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Narrative Review

Preclinical models of endometriosis and interstitial
cystitis/bladder pain syndrome: an Innovative
Medicines Initiative-PainCare initiative to improve
their value for translational research in pelvic pain
Paulina Nunez-Badineza, Bianca De Leoa,*, Alexis Laux-Biehlmanna, Anja Hoffmanna, Thomas M. Zollnera,
Philippa T.K. Saundersb, Ioannis Simitsidellisb, Ana Charruac, Francisco Cruzc, Raul Gomezd, Miguel Angel Tejadad,
Stephen B. McMahone, Laure Lo Ree, Florent Barthasf, Katy Vincentg, Judy Birchh, Jane Meijlinki,
Lone Hummelshojj, Patrick J. Sweeneyk, J. Douglas Armstrongk,l, Rolf-Detlef Treedem, Jens Nagela

Abstract
Endometriosis (ENDO) and interstitial cystitis/bladder pain syndrome (IC/BPS) are chronic pain conditions for which better
treatments are urgently needed. Development of new therapies with proven clinical benefit has been slow. We have conducted a
review of existing preclinical in vivo models for ENDO and IC/BPS in rodents, discussed to what extent they replicate the phenotype
and pain experience of patients, as well as their relevance for translational research. In 1009 publications detailing ENDO models,
41% used autologous, 26% syngeneic, 18% xenograft, and 11% allogeneic tissue in transplantation models. Intraperitoneal
injection of endometrial tissuewas the subcategory with the highest construct validity score for translational research. From 1055 IC/
BPS publications, most interventions were bladder centric (85%), followed by complex mechanisms (8%) and stress-induced
models (7%). Within these categories, the most frequently used models were instillation of irritants (92%), autoimmune (43%), and
water avoidance stress (39%), respectively. Notably, although pelvic pain is a hallmark of both conditions and a key endpoint for
development of novel therapies, only a small proportion of the studies (models of ENDO: 0.5%-12% and models of IC/BPS: 20%-
44%) examined endpoints associated with pain. Moreover, only 2% and 3% of publications using models of ENDO and IC/BPS
investigated nonevoked pain endpoints. This analysis highlights the wide variety of models used, limiting reproducibility and
translation of results. We recommend refining models so that they better reflect clinical reality, sharing protocols, and using
standardized endpoints to improve reproducibility. We are addressing this in our project Innovative Medicines Initiative-PainCare/
Translational Research in Pelvic Pain.

Keywords: Preclinical research, Endometriosis, Interstitial cystitis/bladder pain syndrome, Translational research, Pelvic pain, In
vivo, Animal model, Rodent

1. Introduction

Animal models play a crucial role in research, helping to improve
disease understanding and laying the foundation to develop new
drug therapies. A wide spectrum of animal models has been

developed and proven to be a useful tool in translational research.
Ideally, such models need to replicate the aetiology and
symptoms of the disorder under investigation as closely as
possible. However, achieving this ideal situation is no easy task
and may be hampered by an incomplete understanding of the
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disorder targeted for evaluation. Depending on the primary goal,
animal models might replicate a disease of interest to different
degrees. On the one hand, some animal models focus on further
understanding basic science by looking into specific aspects of
the disease; in these cases, they may resemble the disease alone
partially. On the other hand, when models are designed to be
used for the development of new therapies, they need to replicate
both aetiology, disease mechanisms (construct validity), and
disease symptoms (face validity).

Endometriosis (ENDO) is a chronic, hormone-dependent,
peripheral neuroinflammatory condition associated with devas-
tating pelvic pain.56 The defining hallmark of the disorder is the
presence of tissue fragments (lesions), similar to the endome-
trium, outside the uterine cavity, rather than in the centre of the
uterus (eutopic endometrium). Three major subtypes of ENDO
have been defined based on lesion locations: superficial
peritoneal, ovarian (endometrioma/cysts), and deep ENDO.
There are no effective biomarkers for ENDO, and definitive
diagnosis is based on imaging (deep, ovarian cyst) or laparo-
scopic visualisation of the pelvis. Endometriosis is estimated to
affect 6% to 10% of women of reproductive age44 and up to 50%
of infertile women.95 The natural history of the disease remains
poorly understood although genetic, immunological, and hor-
monal factors are all believed to contribute to disease severity.44

Notably, although research has identified changes in the central
nervous system of patients with ENDO, investigators report a
poor correlation between pain severity and the amount, location,
and subtype of endometriotic lesions, with some affected
patients even being asymptomatic.32 Currently, there is no cure
for ENDO, and it is difficult to treat, with most patients offered
surgery or drugs that symptomatically and inadequately treat pain
or suppress oestrogen action/production causing temporary
chemical castration. There are high recurrence rates after
surgery, with estimates that lesions return in 40% to 50% of
patients within 5 years.49 Medical treatments are highly variable in
their efficacy and acceptability,133 with many patients having
unwanted side effects including suppression of fertility and
“menopausal” symptoms. Surveys of patients and health care
professionals have consistently cited the need for development of
new, effective, and noncontraceptive drugs to successfully
control chronic pain symptoms.14,57

Interstitial cystitis/bladder pain syndrome (IC/BPS) is a de-
bilitating condition of unknown aetiology and without effective
treatment. Interstitial cystitis/bladder pain syndrome is a
symptom-based diagnosis requiring exclusion of other diseases
and may have several different causes. A global consensus
definition does not exist.88 However, 2 distinct subtypes of
patients have been distinguished: those with and those without
Hunner lesions, which are diagnosed on the basis of cystoscopy.
Management depends on the patient’s subtype but is always
symptomatic.84 Recent epidemiological surveys estimated the
prevalence of IC/BPS at around 45/100,000 in women and 8/
100,000 in men.103 To establish a diagnosis of IC/BPS, patients
have to present chronic bladder pain and urinary symptoms such
as urgency and frequency.87 In addition, IC/BPS can be
associated with a broad spectrum of comorbidities. These
variations combined with the lack of knowledge concerning
pathophysiology may explain why existing treatments have low
efficacy.

Chronic pelvic pain (CPP)/urogenital pain is defined as “pain
symptoms perceived to originate from pelvic organs/structures
typically lasting more than 6 months. It is often associated with
negative cognitive, behavioral, sexual, and emotional conse-
quences as well as with symptoms suggestive of lower urinary

tract, sexual, bowel, pelvic floor, myofascial, or gynecological
dysfunction.”5 Examples of conditions associated with CPP are
irritable bowel syndrome, vulvodynia, prostatitis, ENDO, and IC/
BPS; all of them with a high medical need for new, effective
treatments.5

In ENDO and IC/BPS, particularly, it has been reported that
these conditions can also occur simultaneously.25 Furthermore,
ENDO patients have approximately a 4 times higher risk of
developing IC/BPS compared with non-ENDO controls.141 In
addition, among patients with suspected IC/BPS, when sub-
jected to cystoscopy, patients comorbid with ENDO have a
stronger correlation with typical IC/BPS findings such as Hunner
lesions, and reduced functional bladder capacity, compared with
patients without ENDO.54 All in all, because each condition
individually has a strong impact on pelvic pain,41,61,123 the quality
of life of patients with both conditions, or with CPP, is
consequently markedly reduced.17,117,121,128

Encouraging reports of progress towards new therapies based
on preclinical research are tempered by relatively low success
rates in subsequent clinical trials. A major factor for this
discrepancy may relate to reproducibility, reliability, and robust-
ness of the animal models used and whether they adequately
reflect the full spectrum of symptoms and disease pathophysi-
ology in patients,50 especially regarding pain.16 In this review, we
have addressed this issue by considering evidence of the
endpoints that have been explored in preclinical models of 2
different pelvic pain disorders: ENDO and IC/BPS. Rigorous
evaluation of these endpoints needs to be considered to improve
translational research for these disorders. Reviews highlighting
the latest advances using preclinical models for each of these 2
diseases have been performed and discussed previously.11,119 It
is not the intention of this review to replicate findings, but rather to
analyse, quantify, and compare the methodologies applied in the
development of preclinical models and the outcome measures
reported for each model type, with a critical view on parameters
that may be of relevance in the clinic.We believe that by rigorously
analysing these data, we can contribute to the development of
improved preclinical models for both ENDO and IC/BPS, one of
the main goals in our Innovative Medicines Initiative (IMI)-
PainCare project, subproject Translational Research in Pelvic
Pain (TRiPP) (https://www.imi-paincare.eu/PROJECT/TRIPP/).

2. Methods

2.1. Literature search

Two independent literature searches were performed using the
advanced search engine from the Embase database (https://
www.embase.com/#advancedSearch/default). For the first
search, the terms “endometriosis” and “model” were used. For
the second search, the terms “interstitial cystitis” or “bladder pain
syndrome” were used. The advanced search settings included
the following mapping options: “map to preferred term in
Emtree,” “search also as free text in all fields,” “explode using
narrower Emtree terms,” and “search as broadly as possible.”
The first 2 searches were limited to show results published in the
last 20 years (between 1998 and May 2019). Subsequently, 2
new searches with the same search criteria were performed in
June 2020 covering all publications that arose betweenMay 2019
and June 2020.

Overall, searches for ENDO and IC/BPS led to 3309 and 7266
results, respectively, which were exported into RIS (research
information system) file format and opened in the software
EndNote X7 (Clarivate, Philadelphia, PA) for further analyses.
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Data from the search results were further automatically and
manually analysed for systematic article selection and subcate-
gorisation of preclinical models (Fig. 1). A detailed description of

article selection, definition of subcategories, and analysis of
construct and face validity can be found in the supplementary
data (available at http://links.lww.com/PAIN/B319).

Figure 1. Selection of relevant research articles using endometriosis and IC/BPS preclinical models. Articles from the Embase database were imported into the
software EndNote and classified. The order of classification was defined as shown in the flow chart: first, “reviews and editorials,” then “clinical studies,” then “in
vitro/ex vivo/in silico studies,” then “not rodent preclinical models,” and finally “not endometriosis” or “not IC/BPS models.” To avoid duplication of data, all poster
presentations that had led to publications were excluded from the analysis, as well as poster presentations of the same data published more than once. Articles
remaining were categorized as “ENDO preclinical rodent models” or “IC/BPS preclinical rodent models” and consequently analysed. ENDO, endometriosis; IC/
BPS, interstitial cystitis/bladder pain syndrome.
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3. Results

3.1. Preclinical models of endometriosis

During the last 2 decades, 4 different transplantation techniques
havemainly been used: xenograft transplantation (transplantation
of endometriotic tissue of human origin into immunocompro-
misedmice), syngeneic transplantation (transplantation of uterine
tissue of murine origin into recipient mice), autologous trans-
plantation (transplantation of uterine tissue (uterine horn/uterus
fragments) of rodent origin into the diverse pelvic regions of the
same animal), and allogeneic transplantation (transplantation of
uterine tissue from one mouse into the same mouse).

In our search, we found that from a total of 1009 scientific
publications using preclinical models of ENDO (Fig. 2A) 41%
used autologous transplantation, 26%syngeneic transplantation,
18% xenograft transplantation, and 11% used allogeneic trans-
plantation. A minority of publications (3%) did not specify the
model used, and very few used other means to induce ENDO, eg,
CRISPR/Cas gene editing. We evaluated the number of articles
being published per year for each category, and it was apparent
that the most commonly used ENDO model was also the first
widely established methodology in rodents: publications using
autologous transplantation increased every year until 2015,
reaching a peak of 43 publications (Fig. 2B). Since then, there
has been a slight reduction and a plateau, likely reflecting the
adoption of other models as detailed below. Syngeneic trans-
plantation is the secondmost widely usedmethod, and starting in
2008, there was a rapid increase in the number of publications
using this model, peaking in 2019 with 41 publications. The
xenograft transplantation model (first described in 1999) has not
been as widely used, likely reflecting limitations in access to
human tissue/cells and the requirement for immunosuppressed
recipients. Although the number of publications increased
between 2008 and 2015, reaching a peak of 28 publications,
there was a decrease in the following years. The allogeneic
transplantation model is the least used model variant. This was
first described in 2000 and was increasingly reported from 2010,
reaching a peak in 2016 with 13 publications. It is important to
note that during the analysis of the search results it became clear
that a contributing factor to the high number of publications within
each category comes from laboratory groups publishing their
discoveries using the same model repeatedly over time (not
shown), and that this is also of concern when reproducibility of
data becomes an issue.

Furthermore, differences exist between the model subcate-
gories in themethods used to deliver endometriotic/uterine tissue
and the location of the tissue implants (Figs. 2C–J). In the
autologous transplantationmodel, suture is the onlymethod used
to develop “lesions” (Figs. 2C and D). Considering the location of
implanted tissue fragments, 33% of publications reported suture
to the “peritoneum,” followed by the “abdominal wall” (26%).
Since both refer to the same target tissue area, together they
accounted for 59%, ie, the most targeted area in this model
category. In addition, 19% of publications located tissue on
mesenteric arteries/vessels, 3% on ovaries, and a minority (3% of
total, 6 publications) in the colorectal region. Eight percent of
publications sutured tissue fragments to other locations (eg,
gastrocnemius muscle,4 bowel mesothelium,9 sciatic nerve,23

and hypochondriac regions20 or used dorsal skinfold cham-
bers72). Ten percent of publications did not specify the location of
implanted tissue fragments.

In the syngeneic transplantation model (Figs. 2E and F), the
most common route of delivery was by intraperitoneal injection of
homogenized tissue fragments (62% of all publications in this

category), followed by suturing or gluing uterine fragments
intraperitoneally (32% of publications), and, finally, a minority of
publications reported subcutaneous injection of suspended
tissue (less than 2% of publications37). Four percent of
publications within this category did not specify either the route
of delivery or the location of the implanted tissue.

In the xenograft transplantation model (Fig. 2G and H), the
most common route of delivery was intraperitoneal injection of
suspended endometriotic tissue (53% of all publications in this
category), followed by suturing or gluing endometriotic tissue
fragments (24% of publications) and, finally, subcutaneous
injection of suspended tissue (15% of publications). Nine percent
of publications within this category did not specify either the
delivery route or location of the implanted tissue.

In the allogeneic transplantation model (Figs. 2I and J),
suturing was the most common method used to secure uterine
tissue implants. The “peritoneum” (53%) was themost commonly
targeted area, followed bymesenteric arteries/vessels (21%), and
the “abdominal wall” (15%). Together, the “peritoneum” and the
“abdominal wall” represent 68% of publications of the model
category. Eleven percent of all publications did not disclose
where tissue fragments were implanted.

3.2. Construct validity for preclinical models of
endometriosis for translational research

We developed an algorithm with a 3-point scale to determine the
models and delivery methods better suited for translational
research in terms of construct validity. We found that the
construct validity ranking for ENDO models was as follows (Fig.
3): the highest rank was reached by the syngeneic model
performed by intraperitoneal injection of suspended tissue, with a
score of 12 points. The second rank, with a score of 8 points, is
shared by the allogeneic model and the syngeneic model, both
performed by surgery. The third rank, with 6 points, is shared by
the xenograft model by intraperitoneal injection and the autolo-
gous transplantation model, which is performed by surgery. The
fourth rank, with 4 score points, is shared by xenograft performed
by surgical implantation and syngeneic transplantation by sub-
cutaneous injection. Finally, in the last rank with 2 points is
xenograft transplantation performed by subcutaneous injection
of endometriotic tissue. Interestingly, the model subcategory with
the highest ranked score in our construct validity scale, syngeneic
transplantation by intraperitoneal injection, is also the second
overall most used preclinical model of ENDO, with 167
publications, and the most used model per year since 2017.

3.3. Face validity in preclinical models of endometriosis

All in all, the lesion size was the most addressed endpoint
parameter in model subcategories of ENDO, being analysed in
53% of publications using the autologous transplantation model,
74% from syngeneic, 77% from xenograft, and 80% from the
allogeneic transplantation model (Figs. 4A–D). The second most
reported endpoint was inflammation, being measured in 31% of
publications using autologous, 40% using syngeneic, 19% using
xenograft, and 47% using allogeneic transplantation models.
Although adhesions occur in a high proportion of patients, a
specific evaluation of adhesions in the preclinical models was
rarely evaluated (12%, 8%, 5%, and 14% of publications from
each model subcategory as defined above).

Notably, one of the key clinical symptoms reported by those
with ENDO is CPP, and this has not been rigorously and
reproducibly analysed in preclinical models of ENDO. As pain
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Figure 2. Preclinical models of endometriosis. (A) Four main categories of preclinical models of endometriosis were found. Blue fraction: autologous transplantation,
turquoise fraction: syngeneic transplantation, green fraction: xenograft transplantation, and brown fraction: allogeneic transplantation. (B) Number of publications of
themodel categories published between 1998 and 2019. (C)Within the autologous transplantationmodel, tissue fragments may be implanted in different areas. Dark
blue fraction: peritoneum, blue fraction: abdominal wall, cyan fraction: mesenteric arteries/vessels (A/V), light blue fraction: ovary, white fraction: colorectal region, lilac
fraction: other regions, andgray fraction: not specified. (D) Scientific articlespublishedper year using the autologous transplantationmodel between1998and2019. (E)
Variants of the syngeneic transplantation model. Dark turquoise fraction: publications using intraperitoneal injection of suspended tissue and turquoise fraction:
publications using suture. Light turquoise fraction: publications using subcutaneous injection of suspended tissue. Gray fraction: articles where it was not specified. (F)
Publications per year using the syngeneic transplantation model between 1998 and 2019. (G) Variants of the xenograft transplantation model. Dark green fraction:
intraperitoneal injection of suspended tissue. Green fraction: suture of endometriotic tissue. Light green fraction: subcutaneous injection of suspended tissue. (H)
Publications per year using the xenograft transplantation model between 1998 and 2019. (I) Allogeneic transplantation model variants. Brown fraction: peritoneum.
Mustard fraction: mesenteric arteries/vessels (A/V). Light brown fraction: abdominal wall. Dark yellow: not specified. Gray: subcutaneous injection. (J) Publications per
year using the allogeneic transplantation model between 1998 and 2019. N/S, not specified.
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perception cannot be reported by rodents, surrogate measures
based on altered behaviours and/or altered response to stimuli
are used.125,126 The model subcategory having the biggest
proportion of publications addressing pain is autologous trans-
plantation with 12%, followed by syngeneic 10%, allogeneic 6%,
and xenograft transplantation with 0.5%. Within the autologous
transplantation model, for example, a model of viscero-visceral
hyperalgesia was developed. In this model, female rats with
previously induced ENDO were also subjected to ureteral
calculosis. Spontaneous pain behaviour was observed for several
days in rats having ENDO and stone implantation, in contrast to
ENDO alone, or sham ENDO controls.43,60,82 This model
provides better insights into preclinical models regarding the
occurrence of viscero-visceral hyperalgesia that also occurs in
ENDOpatients. However, it is unclear whether or not the reported
observations may be due to the surgical induction of ureteral
calculosis. From all publications studying nociception and pain,
87% used evoked-pain measures. By contrast, only 17% of
publications measured nonevoked pain readouts. Within sub-
categories, the syngeneic transplantation model variant had the
highest number of publications studying nonevoked pain: 11
publications accounting for 42% of the publications addressing
pain in this subcategory.13,36,47,73,74,106 Sub/infertility, another
common symptom reported by women with ENDO, was also
surprisingly understudied, accounting for up to only 1%–6% of
publications from all model subcategories.

3.4. Preclinical models of interstitial cystitis/bladder
pain syndrome

In the last 22 years, the majority of preclinical models of IC/BPS
were bladder-centric models, comprising 894 publications and
representing 85% of the total. This was followed by models with
complex mechanisms, which with 86 publications comprise 8%
of total. Finally, the category of stress-induced models with 69
publications accounted for 7% of total (Fig. 5A). Because IC/BPS

is a disorder occurring in both men and women, these results
include publications with both male and female rodents.

For each IC/BPS model category, the number of articles
published per year was analysed (Fig. 5B). The largest model
category, bladder centric, was also the first methodology to be
established, and publications using this model increased almost
continuously every year until 2016, reaching a peak of 71
publications, followed by a plateau and subsequent decrease in
2019 with only 33 publications (Fig. 5B). In the bladder-centric
category, 3methods have been established: instillation of irritants
(92% of publications), altered expression of urothelial targets (5%
of publications), and radiation-induced cystitis (3% of publica-
tions, Figs. 5C and D). Instillation of irritants consists of infusing
the bladder with an agent that damages the urothelium, generally
achieved by transurethral catheterization under anaesthesia.
Irritants commonly used are as follows: acetic acid,66 protamine
sulphate,38 and lipopolysaccharide.83 This category also includes
the cyclophosphamide model which, in contrast to the other
irritants, is administered systemically. This model variant ac-
counts for up to 48% of all publications within the category (426
publications, Figs. 5C and D). Within the subcategory “altered
expression of urothelial targets,” different techniques have been
used aiming to understand the role of gene products in disease
development, including gene therapy, transgenic mice, siRNA,
and exogenous administration of specific peptides or protein
inhibitors.22,29,64,68,98 The subcategory “radiation” consists of
specifically irradiating the bladder one or more times, producing
local tissue damage, and triggering haemorrhagic cystitis.136

Within the “complex mechanisms” category, 5 different
subcategories to induce bladder complications have been
identified (Figs. 5E and F): autoimmunemodel, colonic instillation
of 2,4,6-trinitrobenzenesulfonic acid (TNBS), injection of pseu-
dorabies virus in the tail, pelvic pain comorbidities, and others.
The autoimmunemodel accounted for 43% of publications within
its category, with that being the biggest subcategory, followed by
colonic instillation of TNBS. Colonic instillation of TNBS induces
local inflammation and consequently bladder complications
which are generally measured between 3 and 30 days after
instillation.63,85,130 This subcategory accounted for 20% of
publications in the category. Another model variant consists of
injecting pseudorabies virus in the tail of the animals, inducing
neurogenic cystitis characterized by progressive pelvic pain. The
outcomes from model induction are generally measured 2 to 5
days after injection.21,113,142 This subcategory accounted for
14% of publications in the category. The next subcategory, pelvic
pain comorbidities, includes experimental procedures in which
other pelvic areas were impaired, development of bladder
complications, eg, prostatic inflammation,97,116 constipation,58

or uterine pain.76 Bladder complications aremeasured between 7
days and 4 weeks after model induction. This subcategory
accounted for 8% of publications. Finally, all other complex
mechanisms that could not be related to any of the former
subcategories were grouped together, eg, intake of tranilast, an
antiallergy agent that has been reported to lead occasionally to
IC/BPS in patients99; and systemic administration of peptides/
proteins that modulate the sensory nervous system and/or brain
function.18,89,118 Together, this subcategory accounted for 15%
of publications. In addition, publications using these techniques
have shown a cyclic pattern with 3 different peaks of 6, 7, and 9
publications in the years 2007, 2012, and 2016, respectively,
followed by a plateau and decrease in the respective following
years (Fig. 5F).

Finally, stress-associated IC/BPS models are the newest and
least used models, being first described in 1999 and becoming

Figure 3. Construct validity for translational research of preclinical models of
endometriosis. Based on the score results from our 3-point scale algorithm
specifically developed to determine the construct validity for translational
research purposes. The size of the dots represent the number of publications
within the model, which are indicated on top of each dot as well. Colour of the
dots indicates the model category; blue: autologous transplantation, green:
xenograft transplantation, turquoise: syngeneic transplantation, and brown:
allogeneic transplantation. The endometriosis model with the highest
construct validity was syngeneic transplantation of endometriotic tissue by
intraperitoneal injection of suspended tissue. AL-S, allogeneic transplantation
models, suture; AT-S, autologous transplantation model, suture; SY-IP,
syngeneic transplantation model performed by intraperitoneal injection; SY-S,
syngeneic transplantation model performed by suture; SY-SC, syngeneic
transplantation model performed by subcutaneous injection; XE-IP, xenograft
transplantation model performed by intraperitoneal injection; XE-S, xenograft
transplantation model performed by suture; XE-SC, xenograft transplantation
model performed by subcutaneous injection.
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increasingly used as from 2006. The peak was reached in 2013
with 10 publications (Figs. 5G and H). Within the stress-induced
model category, 5 different methods have been identified: water
avoidance stress, manipulation of the environment, footshock
stress, neonatal maternal separation, and restrainment stress.
The most published model variant is water avoidance stress,
which consists of subjecting the animals to either acute (1 day) or
chronic (10 days) stress by placing the animals for 1 hour on a
platform inside a container full of water. Generally, bladder
complications are measured one day after the last day of the
test.91,107 This subcategory accounted for 39% of publications,
followed by manipulation of the environment. In the latter, the
model variant may be induced by chronic variable stress,51 early
life stress by odour-shock conditioning,78 cold stress,59 or social
stress.96 Outcomes were measured in adulthood and vary
depending on the stress protocol. This subcategory accounted
for 32% of publications within stress-induced model subcate-
gories. Next, the subcategory footshock stress accounted for
13% of publications and consisted of performing an electric foot
shock of 1 mA for 1 second, the animals afterwards being
subjected to functional experiments.112 The subcategory
restrainment stress accounted for 10% of publications within
stress-inducedmodels and consisted of immobilizing the animals
in a restrainer for 3 to 4 hours19,35 before measuring outcomes in
bladder morphology and/or function. Finally, the subcategory
neonatal maternal separation consisted of separating animal
litters from their mother on postnatal days 1-5 to 21-25 daily for 3
hours. Subsequently, bladder complications were measured

when animals reached 1 to 5 months of age.90,108 The number of
publications reporting this model accounted for 7% of
publications.

3.5. Face validity in preclinical models of interstitial cystitis/
bladder pain syndrome

In IC/BPS patients, several clinical features can be observed:
bladder pain, micturition frequency, nocturia, perineal pain,
glomerulations (although they are not IC/BPS specific), Hunner
lesions, and urothelial denuded areas. These aspects have been
mimicked partly in preclinical models of IC/BPS. In this study, we
have categorized them as follows: “bladder morphology,”
“bladder function,” “behaviour,” and “nociception/pain”; the
latter being further classified as “evoked” and/or “nonevoked,”
and finally “others” (Fig. 6).

The endpoint “bladder morphology” indicates that the micro-
scopic bladder structure has been analysed. This allows
evaluation of the degree to which the clinical hallmarks
“glomerulations” and “Hunner lesions” are present in the animal
model by detecting inflammatory markers in bladder tissue and
areas of urothelial denudation. Likewise, with the endpoint
“nociception/pain,” it is possible to evaluate to what degree
bladder and perineal pain are seen in the animal models. Finally,
with the endpoint “bladder function,” both nocturia and
micturition frequency can be evaluated.

The most addressed endpoint was bladder function, being
analysed in 55% of publications using bladder-centric models

Figure 4. Face validity of preclinical models of endometriosis. Analysis of the outcomes measured in the publications within each model category. (A) Autologous
transplantation model. (B) Syngeneic transplantation model. (C) Xenograft transplantation model. (D) Allogeneic transplantation model. Dark blue bar: percentage
of publications that measured macroscopic changes in either lesion size, volume, weight, or number. Blue bar: percentage of publications that measured of
inflammatory markers. Light blue bar: percentage of publications that quantified adhesions. Purple bar: percentage of articles that measured fertility. Red bar:
percentage of publications that assessed nociception/pain aspects. Coral bar: percentage of publications that assessed evoked-pain readouts. Green bar:
percentage of publications that assessed nonevoked pain readouts. N/P, nociception/pain.
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Figure 5. Preclinical models of IC/BPS. (A) Preclinical models of IC/BPS. Three main categories were found. Dark purple fraction: bladder-centric models. Green
fraction: complex mechanismsmodels. Orange fraction: stress-inducedmodels of IC/BPS. (B) Number of publications of themodel categories published per year
during 1998 to 2019. (C) Variants of the bladder-centric model. Dark purple and fuchsia fractions: instillation of irritants. In fuchsia, the use of cyclophosphamide
(CYP) is highlighted. Purple fraction: models with altered expression and/or function of urothelial targets. Light purple fraction: radiation-induced cystitis. (D)
Publications per year using bladder-centric model variants between 1998 and 2019. (E) Variants of the complex mechanisms model. Dark emerald fraction:
autoimmune models. Emerald fraction: colonic instillation of TNBS. Light emerald fraction: injection of PRV in tail. Mint fraction: chronic pelvic pain (CPP)
comorbidities. Lightmint fraction: others. (F) Publications per year using complexmechanismsmodels between 1998 and 2019. (G) Variants of the stress-induced
model. Dark orange fraction: WAS. Orange fraction: manipulation of the environment. Light orange fraction: footshock stress. Sand fraction: Neonatal maternal
separation (NMS). Light sand fraction: restrainment stress. (H) Publications per year using stress-induced models between 1998 and 2019. IC/BPS, interstitial
cystitis/bladder pain syndrome, PRV, pseudorabies virus; TNBS, 2,4,6-trinitrobenzenesulfonic acid; WAS, water avoidance stress.
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(Figs. 6A), 56% of publications using complex mechanisms
models (Figs. 6B), and 74% of publications using stress-induced
models (Fig. 6C). The second most evaluated endpoint was
bladder morphology, which was evaluated in 50% of publications
using bladder-centric models, 50% of publications using

complex mechanisms models, and 49% of publications using
stress-induced models. Endpoints belonging to the category
“others”—including gene expression/function in tissues other
than the bladder or nonstructural gene expression analyses—
were evaluated among categories almost in the same proportion,
varying between 14% and 20% of total publications within each
subcategory.

Nociception and pain endpoints were evaluated in a subset of
publications investigating preclinical models of IC/BPS. The
model subcategory most covering these outcomes is the stress-
induced model subcategory with 44% of total publications,
followed by complex mechanisms with 43% of publications, and
finally bladder-centric models with 20% of publications. In other
words, the largest model subcategory is also the one with the
smallest proportion of studies including nociception and/or pain
endpoints and vice-versa. However, of all publications studying
nociception and pain within IC/BPSmodel categories, 91% used
evoked-painmeasures, and only 14%measured nonevoked pain
readouts. Within subcategories, “bladder centric” was the model
variant with the highest number and proportion of publications
studying nonevoked pain: 32 publications accounting for 13% of
the publications addressing pain and 4% of the total publications
in this subcategory.

4. Discussion

Recently, the World Health Organisation recognised chronic pain
as a disease in its own right. Within this framework, ENDO and IC/
BPS are categorised as “chronic visceral pain from persistent
inflammation in the pelvic region,” as described in the In-
ternational Classification of Diseases 11th.6 The causes of both
diseases remain unknown; there is no cure, and pain frequently
persists and may worsen.

In this comprehensive literature review of all publications in the
last 22 years using preclinical models of ENDO and IC/BPS in
rodents, we have analysedwhich translational features have been
studied more or less frequently to uncover aspects of high
relevance to patients who have not, or been insufficiently,
evaluated and need to be addressed to improve the development
of new therapies for both conditions. In summary, our results
indicate:

(1) The most frequently used preclinical model of ENDO is
autologous transplantation, followed by syngeneic transplanta-
tion. Although the former seems to be declining in use, the latter
has been increasingly used across the years. By contrast, the
most frequently used preclinical models of IC/BPS were bladder
centric. However, the number of publications in the last 3 years for
bladder-centric models has been on the decline, whereas other
model categories, such as complex mechanisms and stress-
induced, are gaining traction.

(2) By adopting a 3-point scale to evaluate the construct validity
of preclinical models of ENDO in the published literature, we
found that syngeneic transplantation of endometriotic tissue,
specifically performed by intraperitoneal injection, resembles the
physiopathology of ENDO in a more reliable manner than the
other subcategories. Unfortunately, with the current lack of
knowledge of disease aetiology, it was not possible to develop a
construct validity scale for preclinical models of IC/BPS as it
remains unclear with which pathomechanisms the models need
to be compared.

(3) In both pelvic pain disorders, the face validity has mostly
been restricted to demonstrating tissue damage and organ
dysfunction, despite the fact that patients suffer from CPP and
other disease-associated traits (in ENDO: fertility issues, in IC/

Figure 6. Face validity of preclinical models of IC/BPS. Analysis of the
outcomes measured in the publications within each IC/BPS model category.
(A) Bladder-centric models. (B) Complex mechanisms models. (C) Stress-
induced models. Blue bar: percentage of publications that assessed bladder
function by cystometry, voiding spot, or metabolic cages. Light blue bar:
percentage of publications that assessed bladder morphology by histopa-
thology, bladder weight, or immunohistochemistry. Red bar: percentage of
publications that assessed nociception/pain endpoints. Coral bar: percentage
of publications that assessed evoked-pain readouts, such as abdominal von
Frey or VMR. Green bar: percentage of publications that assessed nonevoked
pain readouts, such as observing pain-related behaviours among individuals
during a definite time frame. Purple bar: percentage of publications that
assessed other endpoints such as changes in expression of different markers
in tissues other than the bladder. IC/BPS, interstitial cystitis/bladder pain
syndrome; N/P, nociception/pain; VMR, vasomotor reflex.
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BPS: urinary urgency). In addition, when assessing pain,
preclinical models mostly used evoked pain measures rather
than measuring ongoing pain. However, the latter is a significant
element of the clinical symptoms of both disorders.

4.1. Rationale for the construct validity scale for
translational research

Although all preclinical models of ENDO have been helpful in
improving our understanding of lesion formation and disease
progression, they also have a number of limitations when
considering their relevance for translation to patients. We
developed a scoring system for preclinical models of ENDO
specifically designed to highlight which models are more suitable
for translational research purposes. The scoring system is based
on 3 criteria: first and foremost, it attempts to evaluate howclosely
each model mimics the pathomechanism of ENDO. Then, it aims
to evaluate in each model to what degree the immunoinflamma-
tory components of the animal model can be studied. Finally, it
aims to evaluate which models have the ability to study the
function of specific gene products.

Surgical attachment of endometriotic tissue fragments is
routinely performed in all transplantation model subcategories.
This technique offers the advantage of choosing the areas for
disease establishment and progression. Examples of such areas
include the ovaries, mesenteric arteries/vessels, or colorectal
region.42,52,143 However, surgical implantation is a highly invasive
procedure that encompasses administering general anaesthesia,
opening and exposing tissue layers in the pelvic area, and
suturing tissue implants. This procedure unavoidably induces
postoperative pelvic pain, as well as a risk of infection. Neverthe-
less, when comparing allogeneic vs autologous transplantation,
the advantage of autologous transplantation, which is usually
performed in rats, rather than allogeneic transplantation, which is
performed inmice, is that the size of the animal allows for surgery,
that is, relatively easy to perform. In the allogeneic transplantation
model, because mice are smaller, performing the surgery can be
more challenging although the availability of large numbers of
transgenic lines of mice opens up the possibility of studying the
role of specific genes and cell types in the development of the
disease.34,93

In contrast to surgical procedures, injection of suspended
tissue provides a considerably less invasive way of delivering
endometriotic tissue without causing external or internal tissue
injury. Specifically, intraperitoneal injection resembles more
accurately what would occur during retrograde menstruation in
humans. Retrograde menstruation is the physiological process
involving the backward flux of menstrual debris containing viable
endometrial cells through the fallopian tubes into the pelvic cavity.
This process occurs naturally in over 90% of women of
reproductive age with patent fallopian tubes and provides the
material to potentially develop ENDO.145 However, because only
a fraction of patients with retrograde menstruation will develop
ENDO, additional factors must be involved in the establishment
and development of lesions that underpin disease progression.
These factors likely include endocrine and metabolic (pelvic)
environment, epithelial–mesenchymal transition, and altered
immunity and inflammatory responses in those genetically
susceptible.145

Comparing xenograft and syngeneic transplantation models,
the 2 models that have used intraperitoneal injection of
suspended tissue, xenograft transplantation models are de-
veloped by transplanting human endometriotic tissue or cells
directly from patients, bringing with them all the disease factors

that are actually present within them. The disadvantage of this
model is that for mice to receive tissue of human origin,
immunosuppression is required. Because ENDO is considered
to be an estrogen-dependent inflammatory disorder, the contri-
bution of inflammatory components of the recipient mice can only
partially be studied. Nude mice have deficits in their reproductive
system, including reduced circulating hormone levels.111 Fur-
thermore, because of the lack of T lymphocytes and/or
B lymphocytes, depending on the phenotype, they are more
susceptible to pathogens, and special care must be taken when
performing behavioural studies. Most strikingly, in a model of
colorectal pain, nude mice have shown abnormal pain sensation
which is normalized after supplementation with T cells, demon-
strating the link between T lymphocytes and visceral pain
sensitivity.135

4.2. Technical considerations on the syngeneic
transplantationmodel performed by intraperitoneal injection
model variant

Between research groups performing this model variant,
differences in the methodology are apparent. For example, after
extracting and splitting the uterus horn from donor mice, some
groups report cutting the tissue fragments or mincing the uterine
tissue to obtain tissue fragments,2,77,81,120,124,139 whereas others
first remove the serosa layer and myometrium and use the
remaining tissue as a source of tissue fragments for injec-
tion,7,33,46,53,55,104,114 and others have reported squeezing the
uterine horn to obtain endometriotic tissue.27 These differences in
experimental protocols might seem slight but, in fact, provide
recipient mice with different amounts and ratios of cell types.
Another example of variation is to regulate the hormonal cycle of
the animals and to induce menstruation in mice. These protocols
include one or more of the following procedures: performing
ovariectomy in mice to suppress the endogenous hormone
activity, administrating donor mice with oestrogen (17b-oestra-
diol) for a period of time (usually 7 days), administering
progesterone in donor mice to induce decidualisation before
tissue harvest, as well as supplementing recipient mice with
oestrogen before and/or after intraperitoneal injection of endo-
metriotic tissue fragments. These artificial hormonal interventions
in rodentsmight have positive effects in construct validity, but only
when carefully calibrated to replicate menstruation as well as the
hormone fluctuations that occur in ENDO patients. It is important
to note that because rodents do not menstruate naturally,
intraperitoneal injection of suspended tissue fragments from
cycling mice may therefore introduce a different mix of cells to
those introduced by retrograde menstruation in women.

In this regard, a new variant of the syngeneic transplantation
was established in 2014 in whichmenstrual tissue was generated
in and collected from donor mice and injected intraperitoneally in
recipient mice.46 Generation of menstrual tissue for use with the
syngeneic mouse model of ENDO involves the use of donor mice
which undergo a protocol of artificial decidualisation and
progesterone withdrawal to induce menstruation.46 Specifically,
donor mice are ovariectomised to deplete endogenous steroid
hormones and then treated with a hormone regime that mimics
the normal menstrual cycle of women.46 Decidualisation occurs
by intrauterine oil administration which simulates blastocyst
attachment followed by withdrawal of progesterone, which
results in endometrial breakdown.46 The “menstrual” tissue is
injected into recipient mice, and progression of ENDO can be
monitored. It is important to note that although this model
resembles the physiological processes believed to be involved in
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lesion formation as a consequence of retrograde menstruation, it
also entails the added complexity of inducing artificial menstru-
ation in donor mice, which needs to be taken into account. Both
the frequency and the extent of decidualisation in donor mice can
vary between experimental runs, with anecdotal evidence
suggesting that stress levels of mice may have an impact on
decidualisation. In addition, the decidualised endometrium is
minced and injected into recipient mice, with no control over
which tissue fragments will attach to form lesions, meaning that
the cellular composition of the tissue fragments which will end up
forming lesions can vary between animals, attachment sites, and
experimental runs. Although this can be a drawback regarding
controlled reproducibility, it does better resemble the lesion
heterogeneity observed in those with ENDO. Interestingly, the
established lesions in thesemice demonstrated several hallmarks
of the human disease, including lesion components, changes in
oestrogen receptor expression, as well asmacrophage infiltration
and inflammation. Along the same lines, a new model of
retrograde menstruation in rats was recently developed,105 with
promising insights into behavioural assessments of ongoing pain.

We recommend careful revision and discussion of these
protocols, aiming to reach a consensus within the scientific
community to improve understanding of the range of physiolog-
ical parameters involved in these models. We hope to obtain
greater insights into this regard in our IMI-PainCare project
through controlled comparison of experimental protocols and
performing multicentre staff training towards validated methods
and comparable standard operating procedures.

4.3. Construct validity scale for preclinical models of
interstitial cystitis/bladder pain syndrome

Interstitial cystitis/bladder pain syndrome is a difficult condition to
diagnose, and there is limited understanding of the disease
mechanism. Moreover, global consensus on definitions and
treatment possibilities has not yet been achieved, and standard
terminology is constantly evolving.138 Based on this, it was not
possible to establish a construct validity scale for IC/BPS. Given
that the patient population is very heterogeneous in terms of
detectable pathological changes, as well as local extension of the
disease and comorbidities, we recommend that research
focuses its efforts on deep patient phenotyping procedures.
Patient phenotyping and subgrouping are likely to be essential to
unlock major advances in the state of the art. Patients report a
variety of different symptoms for both pain and urinary symptoms:
In some patients, symptoms extend beyond the bladder, and in
some, the disease is accompanied by different comorbidities.
The multiplicity of symptoms and signs will require the use of
different and appropriate animal models to progress translational
studies of IC/BPS. In addition to the pain or the micturition
phenotype, themolecular signature obtained from the analyses of
urine, blood, or saliva samples of the patients will help to choose
more appropriate animal models to address the putative diverse
pathophysiological mechanisms of IC/BPS, pointing us towards
to effective diagnostic tools and treatments.

Most of the bladder-centric models have limitations in
reflecting the chronicity and comorbidities of IC/BPS. For
example, models in the subcategory “instillation of irritants”
generally induce an acute, short-term effect, and therefore, these
experiments are often performed terminally. So far, there is no
cure for IC/BPS,30 which means that patients have to learn to live
with the symptoms throughout their life, often with a tendency to
accumulate comorbidities with time.110 It will be worth refining the
preclinical models to obtain more insights into these aspects, eg,

by modulating the strength and duration of a trigger to induce a
potentially milder but chronic disease state. A surprisingly high
proportion of publications within the instillation of irritants
subcategory used the cyclophosphamide model (48% of
publications). Cyclophosphamide, which was originally adminis-
tered in cancer patients as a chemotherapeutic agent, is
metabolised into acrolein/ifosfamide, which accumulates in the
bladder and in turn induces irritation of the urothelium, in-
flammation, and pain,31, 71 whereas it may also irritatemany other
tissues. In contrast with the rest of the irritants in the model
category, this model variant can be administered systemically
(generally injected intraperitoneally), which might explain why it
has been preferred over the classic transurethral catheterization
under anaesthesia commonly used for the rest of the irritants in
the subcategory. In 2014, a chronic cyclophosphamide model
was characterized,45 and these mice, after repeated systemic
injections of cyclophosphamide, have shown signs of mild
inflammation, urothelium hyperplasia, and local changes in
metabotropic glutamate receptor expression. However, these
traits do not entirely represent what occurs in the bladder of IC/
BPS patients, where fibrosis rather than hyperplasia may be
observed in the urothelium of some patients,12,65 and it is not
clear to what extent these local changes in expression of
glutamate receptors play a role in IC/BPS patients. Other traits
thatmay occur in the cyclophosphamidemodel, such as increase
in urinary frequency and/or urgency, can also be attributed to
haemorrhagic cystitis, rather than IC/BPS. Therefore, the chronic
cyclophosphamide administration model has limitations for
translational research on IC/BPS.

A new bladder-centric model has been proposed as an
alternative to normal irritants. This model is based on the
breakdown of the urothelium’s apical cell layer because of
disruption of the glycosaminoglycan layer by enzymatic di-
gestion.100 The authors have presented 2 protocols of enzymatic
deglycosilation: acute and chronic. They have found that after 2
hours of enzymatic digestion of the extracellular matrix of the
urothelium, the mice replicate various pathological phenotypes
found in patients as follows: disruption of the mucosal barrier with
loss of the urothelial cell plaques, macrophage infiltration,
increased urinary frequency and urgency, suprapubic hyper-
algesia, and increased nociceptive activity.100 A potential
limitation of this model is that the effects induced by enzymatic
digestion are reversed 7 days after model induction because of
tissue repair which unfortunately does not occur in IC/BPS
patients.

Acknowledgment of the limitations of the bladder-centric
models in comparison with the complex clinical situation has
probably driven the emergence of the complex mechanism
models as well as the stress-induced models, as they apply
stimuli beyond the bladder and thus shift the focus from the
bladder to a more systemic origin of the disease, making it
impossible to reliably score construct validity. Autoimmune
models acknowledge the fact that in a significant number of
patients IC/BPS occurs in association with autoimmune
diseases such as Sjögren syndrome, rheumatoid arthritis,
lupus erythematosus, and others.11,79,131 In this model
variant, an autoimmune response is triggered in the animals
by injecting immunogen agents and/or homogenate of
bladder tissue combined with complete Freund’s adjuvant.
Bladder function and morphology are assessed between 10
days and 4 months after induction.10,62,144 The bladders from
these animals show changes in both bladder tissue compo-
sition as well as bladder function, compared with control
animals.79
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Inside the complex mechanism category, chronicity of the
models varies greatly, lasting up to 16 weeks,122 with most of the
models measuring their endpoints 1 to 12 weeks after model
induction.3,62,67,79,80 In the same way, within the stress-induced
model category, chronicity varies between 8 and 12
days1,40,91,137 and up to 8 weeks of age.108 These long-term
effects on the animals after model induction could be advanta-
geous in construct validity for translational research; neverthe-
less, evaluation has to distinguish between acute and chronic
effects, and those outcomes should then be carefully compared
with patient outcomes. Nevertheless, these model categories
might reflect the clinical situation only partially, and ultimately, it is
unclear whether the pathophysiological alterations induced
artificially in the animal models mimic the origin of the human
disease. Moreover, the clinical situation does not easily allow
separation of origin and consequence. Although there is evidence
that traumatic experiences may be part of the disease history/
origin in some patients,24,28,92 it is known that stress and
psychological perturbations also occur as a consequence of a
disease which has a significant psychosocial impact on daily life,
may reduce quality of life, impair sleep, and lead to
depression.70,132

4.4. Face validity of preclinical models of endometriosis and
interstitial cystitis/bladder pain syndrome

In over 2 decades of research using preclinical models of ENDO,
most scientific articles (between 53%and 80%, depending on the
model subcategory) measured the lesion size in their animal
models as a primary endpoint. This endpoint has been used both
as a proof-of-principle as well as to evaluate the effectiveness of a
potential treatment. By contrast, only 0.5% to 12% of these
scientific publications measured pain outcomes, and only 1% to
6% have measured fertility. This is a striking observation,
considering that the most common symptoms of ENDO in
patients are pain and infertility.15 Moreover, the lesion size does
not correlate with pain levels and fertility.127,134 In IC/BPS, the
most measured aspects in preclinical models were bladder
function and bladder morphology, whereas measures of noci-
ception and/or pain were only included in 20% to 44% of
publications. Most strikingly, nonevoked pain outcomes com-
prised 0% to 4% of publications within the categories. Therefore,
we highly recommend that the scientific community pays more
attention to these aspects when pursuing development of new
medicines, especially regarding pain-related outcomes.

Pain symptomatology in patients suffering from these chronic
pain conditions is diverse: In ENDO, up to 80% of patients suffer
from cyclic dysmenorrhea (pain during menstruation), up to 50%
suffer from CPP, 40% to 50% suffer from deep dyspareunia (pain
during intercourse), and a small percentage of patients (1%-2%)
suffer from dysuria (pain during urination), and/or dyschezia
(rectal pain during bowel motion or in some patients because of
rectal bleeding during menstruation).15,115 In IC/BPS, the most
severe pain symptoms are bladder pain and overall pain, pelvic
pain, abdominal pain, bloating pain, dysmenorrhea, back pain,
pain during bladder filling, and dyspareunia.26 With sustained
pain over time, central sensitization is also a phenomenon
occurring in patients with ENDO48 and IC/BPS.69,102 Both
somatic and visceral pain should be studied in detail in preclinical
models of ENDO and IC/BPS to refine them for improved face
validity. Importantly, neurogenic inflammation should also be
considered as a possible mechanism in the development of both
conditions. It has been proposed that retrograde menstruation is
the first step in the development of ENDO-associated pain75. In

this theory, ENDO-associated pain (EAP) would occur through
local release of proinflammatory mediators by the same sensory
neurons that respond to the presence of pronociceptive
mediators. These, in turn, sustain the presence of immune cells,
tissue degeneration, and release of more pronociceptive
mediators, creating a positive feedback loop of sustained pain
sensation, called neurogenic inflammation.75 In IC/BPS, neuro-
genic inflammation may also manifest itself through inflammatory
components in the bladder triggering pain sensation and
sensitization of the sensory neurons innervating the bladder,
contributing to chronic pain.

Pain research has evolved over the years, shifting from
measuring physiological pain thresholds and determining hyper-
algesia and allodynia to the study of chronic pain by measuring
ongoing pain with nonevoked pain measures. Detection of pain
thresholds and the existence of hyperalgesia and/or allodynia are
helpful in the detection of acute and chronic pain states and also
to help determine central sensitization. Nevertheless, these
readouts may also exert stress and anxiety in animal models,
and the lack of observation of these phenomena does not
exclude that they do not exist but may be due to technical
characteristics of the experimental design (eg, no difference in
hyperalgesia levels between sham and verum after surgical
induction of the model, in which the surgical intervention for both
groups masks any difference in pain levels between groups), or
even to the time when the test is performed. Nowadays, there is
growing acknowledgement of the need for longitudinal studies to
quantify and characterize the ongoing pain that occurs in chronic
pain conditions.126 In this regard, several alternatives to measure
nonevoked pain have been proposed, including voluntary wheel
running,39,86,109 recording of ultrasonic vocalisations in ro-
dents,101,140 and recording spontaneous rodent behaviour in
home-cage monitoring systems. In the latter, a few providers
allow simultaneous recording of animals in social groups,8,129

opening the possibility of analysing the social effects of pain in
rodents, and investigating how these might translate to the social
effects of pain in patients.

We argue that further development of these ongoing obser-
vations of pain-related behaviours are highly valuable for
monitoring outcomes in preclinical models of chronic pain,
especially for ENDO and IC/BPS, and would substantially
increase their face validity for translational research. Therefore,
these methodologies should be taken into account in the
experimental design of preclinical models aiming to discover
future therapies to treat and hopefully cure ENDO and IC/BPS, as
well as improve the patient’s quality of life.

As part of our collaborative work between consortium
members, the section below includes the perspective of 3
partners representing patient organizations: Judy Birch (The
Pelvic Pain Support Network), Lone Hummelshoj (endometriosis.
org), and Jane Meijlink (the International Painful Bladder
Foundation).

4.5. Patients’ perspective on

4.5.1. Pelvic pain and endometriosis

This analysis demonstrates that pain has rarely featured in
published articles which aim to establish an effective mouse
model for developing treatments for the pelvic pain conditions:
ENDO and IC/BPS. It seems from the analysis that there aremore
articles reporting on pain in IC/BPS than in ENDO, which is
puzzling. It is hugely disappointing and surprising/shocking that
the importance of pain has received relatively little attention in the
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translational research field in these pelvic pain conditions, despite
several decades of awareness raising by patients/patient
representatives highlighting pain as a priority among clinicians,
academics, researchers, policy makers, and the public. This is
especially so in the case of ENDOwhich, despite having attracted
increased publicity in recent years, is woefully underfunded in
terms of research investment. Regretfully, there has been no
consensus to date around a suitable model to develop urgently
needed new treatments, addressing not only the pain symptoms
associated with ENDO, but also other symptoms including
infertility and fatigue. We hope this analysis together with
developing a way of accurately assessing pain in rodents may
be addressed by the IMI-PainCare TRiPP project ultimately
leading to the development of more effective treatments for
ENDO and IC/BPS.

4.5.2. Interstitial cystitis/bladder pain syndrome

Interstitial cystitis/bladder pain syndrome covers awide spectrum
of severity, varying from very mild to devastatingly severe and can
be an immensely stressful disease. Its hallmark symptoms of pain
or discomfort associatedwith an urgent and frequent need to void
day and night can cause great stress, anxiety, and depression,
with some patients afraid to leave their home for fear of not finding
a toilet in time. The impact on work and (sexual) relationships
causes further stress. Many patients say that getting IC/BPS not
only changed their life but also their whole character. The fact that
it may take years and many doctors to obtain the right diagnosis
creates more anxiety and loss of self-confidence and may have a
long-lasting detrimental psychosocial effect on the patient. Even
in today’s world, women’s urogenital complaints are still often
dismissed in Freudian style as hysteria, and this can lead to long
delays in getting treatment.

Because of the fact that in recent decades many patients with
unidentifiable bladder pain and urinary symptoms have been piled
onto the miscellaneous, heterogeneous heap now known as IC/
BPS, treatment continues to be trial and error, whereas many
patients never find a successful treatment to relieve their
symptoms. Finding an effective treatment for the individual
patient will continue to be difficult without meaningful subtyping
and phenotyping for both research and treatment purposes.

Many IC/BPS patients suffer from one or multiple comorbid
diseases, thereby increasing suffering and making treatment
even more complex. More research is needed into the relation-
ship between these comorbidities and IC/BPS and to ascertain
whether the bladder disorder forms part of a systemic autoim-
mune disease in some of these patients.

Where research is concerned, in recent years, too much
attention has been focused on the evoked pain aspect alone to
the exclusion of urgency and frequency symptoms—which in
practical terms may cause the most bother in many patients—as
well as nonevoked pain readouts. This has led many drug trials
based on evoked pain to fail or to new drugs helping only very few
patients. Research can therefore be improved by (1) taking all key
symptoms into account including nonevoked pain readouts,
sensory urgency,94 and urinary frequency and b) phenotyping the
patients. For clarification, the term “evoked pain” means the use
of sensory stimuli to detect and quantify pain thresholds. By
contrast, the term “nonevoked pain” means to record and
quantify pain-related behaviour without applying sensory stimuli.

Preclinical research with rodents has tended to look at stress-
induced pain behaviour, whereas little research has been
performed into the stress and anxiety caused to the patient by
the disease itself, by inadequate treatment, by a lack of

understanding and indeed empathy regarding the consequences
of the disease and by failure to take a serious look at what is
needed to limit the impact of these consequences so as to
improve the patient’s (psychosocial) quality of life.

4.6. Future perspectives

Chronic pelvic pain/urogenital pain conditions as a whole are
underresearched in comparison with other chronic pain condi-
tions. The IMI PainCare with the subproject TRiPP comprises a
large public–private partnership between the European Union
and the European Federation of Pharmaceutical Industries and
Associations. The TRiPP subproject aims to improve disease
understanding of 2 specific conditions associated with CPP in
women: ENDO because of its prevalence and IC/BPS, a less
common condition but associated with a significant impact on
quality of life.

The subproject TRiPP will be adopting new approaches to
stratify patients by identifying underlying mechanistic pathways,
leveraging cross-disciplinary knowledge of pain mechanisms
with state-of-the-art biomarker discovery. We will implement a
back-translational approach to these conditions, characterising
thewomen suffering with these 2 forms of CPP in our clinical work
package and then refining preclinical models of these conditions
in light of these findings in our preclinical work packages.

For this purpose, the team is conducting one noninterventional
trial (TRiPP NIT1) on deep phenotyping of women with EAP and
IC/BPS and will use the findings to evaluate whether women with
EAP and IC/BPS can be stratified and to back translate into more
relevant preclinical models and improve the translational path to
clinical studies.

Thus, our review focuses on these 2 conditions as relevant to
this project. Although it would be interesting to expand these
analyses of preclinical models of other CPP conditions and of
BPS in males, this is beyond the scope of this project/review.
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[35] Ercan F, Çetinel Ş, Erin N, Aydin H, Hürdaǧ C, Parker T, Parker K,
Mayhew T. Volume of nerve fibers in the stress-induced bladder of adult
rats following capsaicin treatment. Urol Int 2003;71:393–8.

[36] Fattori V, Franklin NS, Gonzalez-Cano R, Peterse D, Madrian E, Verri
WA, Andrews N, Woolf CJ, Rogers MS. A non-surgical murine model of
endometriosis-associated pain that predicts response to clinically active
drugs. Reprod Sci 2019;26:86A.

2362 P. Nunez-Badinez et al.·162 (2021) 2349–2365 PAIN®

http://www.imi.europa.eu/
http://www.imi-paincare.eu/
http://links.lww.com/PAIN/B319


[37] Ferrero H, Buigues A, Martinez J, Simon C, Pellicer A, Gomez R. A novel
homologous model for noninvasive monitoring of endometriosis
progression. Biol Reprod 2017;96:302–12.

[38] Fraser MO, Chuang YC, Lavelle JP, Yoshimura N, de Groat WC,
Chancellor MB. A reliable, nondestructive animal model for interstitial
cystitis: intravesical low-dose protamine sulfate combined with
physiological concentrations of potassium chloride. Urology 2001;57(6
suppl 1):112.

[39] Fuentes I, Pierce A, Eller-Smith O, Christianson J. Voluntary wheel
running can improve increased urogenital sensitivity and function
resulting from neonatal maternal separation in male mice. J Pain 2017;
18:S10.

[40] Fuentes IM, Pierce AN, Di Silvestro ER, Maloney MO, Christianson JA.
Differential influence of early life and adult stress on urogenital sensitivity
and function in male mice. Front Syst Neurosci 2017;11:97.

[41] Gater A, Wichmann K, Seitz C, Gerlinger C, Taylor F. Assessing the patient-
reported symptoms and impacts of endometriosis—development of the
endometriosis symptom diary and endometriosis impact scale.
J Endometriosis 2013;5:S40.

[42] Ghersa F, Delsouc MB, Goyeneche AA, Vallcaneras SS, Meresman G,
Telleria CM, Casais M. Reduced inflammatory state promotes
reinnervation of endometriotic-like lesions in TNFRp55 deficient mice.
Mol Hum Reprod 2019;25:385–96.

[43] Giamberardino MA, Berkley KJ, Affaitati G, Lerza R, Centurione L,
Lapenna D, Vecchiet L. Influence of endometriosis on pain behaviors
and muscle hyperalgesia induced by a ureteral calculosis in female rats.
PAIN 2002;95:247–57.

[44] Giudice LC. Clinical practice. Endometriosis. N Engl J Med 2010;362:
2389–98.

[45] Golubeva AV, Zhdanov AV, Mallel G, Dinan TG, Cryan JF. The mouse
cyclophosphamide model of bladder pain syndrome: tissue
characterization, immune profiling, and relationship to metabotropic
glutamate receptors. Physiol Rep 2014;2:e00260.

[46] Greaves E, Cousins FL, Murray A, Esnal-Zufiaurre A, Fassbender A,
Horne AW, Saunders PT. A novel mousemodel of endometriosismimics
human phenotype and reveals insights into the inflammatory
contribution of shed endometrium. Am J Pathol 2014;184:1930–9.

[47] Greaves E, Horne AW, Jerina H, Mikolajczak M, Hilferty L, Mitchell R,
Fleetwood-Walker SM, Saunders PT. EP2 receptor antagonism reduces
peripheral and central hyperalgesia in a preclinical mouse model of
endometriosis. Sci Rep 2017;7:44169.

[48] Guo S, He W, Liu X. Evidence for central sensitization in women with
endometriosis. Int J Gynecol Obstet 2009;107:S196–7.

[49] Guo SW. Recurrence of endometriosis and its control. Hum Reprod
Update 2009;15:441–61.

[50] Guo SW. Methodological issues in preclinical mouse efficacy studies of
adenomyosis. Curr Obstet Gynecol Rep 2012;1:138–45.

[51] Han DY, Jeong HJ, Lee MY. Bladder hyperactivity induced by chronic
variable stress in rats. Low Urin Tract Symptoms 2015;7:56–61.

[52] He Y, Zeng JF, Liu YH. Comparison of autotransplantation sites in
endometriosis rat model. Acad J Sec Mil Med Univ 2016;37:513–16.

[53] Heard ME, Velarde MC, Giudice LC, Simmen FA, Simmen RC. Kruppel-
like factor 13 deficiency in uterine endometrial cells contributes to
defective steroid hormone receptor signaling but not lesion
establishment in a mouse model of endometriosis. Biol Reprod 2015;
92:140.

[54] Heaton RL, Walid MS. Endometriosis/adenomyosis is associated with
more typical cystoscopic findings of interstitial cystitis in patients with
elevated PUF scores. Gynecol Surg 2010;7:353–7.

[55] Hirata T, Osuga Y, Yoshino O, Hirota Y, Harada M, Takemura Y,
Morimoto C, Koga K, Yano T, Tsutsumi O, Taketani Y. Development of
an experimental model of endometriosis using mice that ubiquitously
express green fluorescent protein. Hum Reprod 2005;20:2092–6.

[56] Horne AW, Saunders PTK. SnapShot: endometriosis. Cell 2019;179:
1677–.e1671.

[57] Horne AW, Saunders PTK, Abokhrais IM, Hogg L. Endometriosis priority
setting partnership steering G. Top ten endometriosis research priorities
in the UK and Ireland. Lancet 2017;389:2191–2.

[58] Iguchi N, Pineda R, Carrasco A, Dönmez MI, Malykhina A, Wilcox D.
Constipation induces overactive bladder through alterations of nicotinic
and purinergic pathways in mouse bladders. J Urol 2018;199:e506.

[59] Imamura T, Ishizuka O, Aizawa N, Zhong C, Ogawa T, Nakayama T,
Tanabe T, Nishizawa O. Cold environmental stress induces detrusor
overactivity via resiniferatoxin-sensitive nerves in conscious rats.
Neurourol Urodyn 2008;27:348–52.

[60] Iuvone T, Affaitati G, De Filippis D, Lopopolo M, Grassia G, Lapenna D,
Negro L, Costantini R, Vaia M, Cipollone F, Ialenti A, Giamberardino
MA. Ultramicronized palmitoylethanolamide reduces viscerovisceral

hyperalgesia in a rat model of endometriosis plus ureteral calculosis:
role of mast cells. PAIN 2016;157:80–91.

[61] Jia SZ, Leng JH, Shi JH, Sun PR, Lang JH. Health-related quality of life in
women with endometriosis: a systematic review. J Ovarian Res 2012;5:
861–70.

[62] Jin XW, Liu BK, Zhang X, Zhao ZH, Shao Y. Establishment of a novel
autoimmune experimental model of bladder pain syndrome/interstitial
cystitis in C57BL/6 mice. Inflammation 2017;40:861–70.

[63] Kawamorita N, Yoshikawa S, Kashyap M, Tyagi P, Arai Y, Chancellor
MB, Yoshimura N. Liposome based intravesical therapy targeting nerve
growth factor ameliorates bladder hypersensitivity in rats with
experimental colitis. J Urol 2016;195:1920–6.

[64] Keay S, Leitzell S, Ochrzcin A, Clements G, Zhan M, Johnson D. A
mouse model for interstitial cystitis/painful bladder syndrome based on
APF inhibition of bladder epithelial repair: a pilot study. BMC Urol 2012;
12:17.

[65] Kim A, Han JY, Ryu CM, Yu HY, Lee S, Kim Y, Jeong SU, Cho YM, Shin
DM, Choo MS. Histopathological characteristics of interstitial cystitis/
bladder pain syndrome without Hunner lesion. Histopathology 2017;71:
415–24.

[66] Kitta T, Nonomura K, Yoshimura N. Effect of Adenosine A2A receptor
antagonist on bladder overactivity in rats with chemical cystitis. J Urol
2010;183:e651.

[67] Kogan P, Xu S, Wang Y, O’Donnell MA, Lutgendorf SK, Bradley CS,
Schrepf A, Kreder KJ, Luo Y. Sub-noxious intravesical
lipopolysaccharide triggers bladder inflammation and symptom onset
in A transgenic autoimmune cystitis model: a MAPP network animal
study. Sci Rep 2018;8:6573.

[68] Kouzoukas DE, Ma F, Meyer-Siegler KL, Westlund KN, Hunt DE, Vera
PL. Protease-activated receptor 4 induces bladder pain through high
mobility group Box-1. PLoS One 2016;11:e0152055.

[69] Lai HH, Gardner V, Ness TJ, Gereau IRW. Segmental hyperalgesia to
mechanical stimulus in interstitial cystitis/bladder pain syndrome:
evidence of central sensitization. J Urol 2014;191:1294–9.

[70] Lai HH, Thu JHL, Moh FV, Paradis A, Vetter J. Clustering of patients with
interstitial cystitis/bladder pain syndrome and chronic prostatitis/chronic
pelvic pain syndrome. J Urol 2019;202:546–51.

[71] Lanteri-Minet M, Bon K, de Pommery J, Michiels JF, Menetrey D.
Cyclophosphamide cystitis as a model of visceral pain in rats: model
elaboration and spinal structures involved as revealed by the expression
of c-Fos and Krox-24 proteins. Exp Brain Res 1995;105:220–32.

[72] Laschke MW, Elitzsch A, Vollmar B, Vajkoczy P, Menger MD. Combined
inhibition of vascular endothelial growth factor (VEGF), fibroblast growth
factor and platelet-derived growth factor, but not inhibition of VEGF
alone, effectively suppresses angiogenesis and vessel maturation in
endometriotic lesions. Hum Reprod 2006;21:262–8.

[73] Laux-Biehlmann A, Boyken J, Koch M, Dahllof H, Zollner TM, Nagel J,
Schmidt N. Retrograde menstruation causes pain and inflammation in
mice. Reprod Sci 2015;22:207A.

[74] Laux-Biehlmann A, Buiakova O, Hayward MD, Zollner TM, Nagel J.
Anxiety related behaviors in a mouse model of endometriosis. Reprod
Sci 2016;23:163A.

[75] Laux-Biehlmann A, d’Hooghe T, Zollner TM. Menstruation pulls the
trigger for inflammation and pain in endometriosis. Trends Pharmacol
Sci 2015;36:270–6.

[76] Li J, Micevych P, McDonald J, Rapkin A, Chaban V. Inflammation in
the uterus induces phosphorylated extracellular signal-regulated
kinase and substance P immunoreactivity in dorsal root ganglia
neurons innervating both uterus and colon in rats. J Neurosci Res
2008;86:2746–52.

[77] Liang B, Wu L, Xu H, Cheung CW, Fung WY, Wong SW, Wang CC.
Efficacy, safety and recurrence of new progestins and selective
progesterone receptor modulator for the treatment of endometriosis: a
comparison study in mice. Reprod Biol Endocrinol 2018;16:32.

[78] Ligon C, Mohammadi E, Ge P, Hannig G, Higgins C, Greenwood-Van
Meerveld B. Linaclotide inhibits colonic and urinary bladder
hypersensitivity in adult female rats following unpredictable neonatal
stress. Neurogastroenterol Motil 2018;30:e13375.

[79] Lin YH, Liu G, Kavran M, Altuntas CZ, Gasbarro G, Tuohy VK,
Daneshgari F. Lower urinary tract phenotype of experimental
autoimmune cystitis in mouse: a potential animal model for interstitial
cystitis. BJU Int 2008;102:1724–30.

[80] Liu W, Deyoung BR, Chen X, Evanoff DP, Luo Y. RDP58 inhibits T cell-
mediated bladder inflammation in an autoimmune cystitis model.
J Autoimmun 2008;30:257–65.

[81] Long Q, Liu X, Guo SW. Surgery accelerates the development of
endometriosis in mice. Am J Obstet Gynecol 2016;215:
320.e321–320.e315.

September 2021·Volume 162·Number 9 www.painjournalonline.com 2363

www.painjournalonline.com


[82] Lopopolo M, Affaitati G, Fabrizio A, Massimini F, Lapenna D,
Giamberardino MA, Costantini R. Effects of tramadol on viscero-
visceral hyperalgesia in a rat model of endometriosis plus ureteral
calculosis. Fundam Clin Pharmacol 2014;28:331–41.

[83] Lv J, Huang Y, Zhu S, Yang G, Zhang Y, Leng J, Bo J, Liu D. MCP-1-
induced histamine release from mast cells is associated with
development of interstitial cystitis/bladder pain syndrome in rat
models. Mediators Inflamm 2012;2012:358184.

[84] Malde S, Palmisani S, Al-Kaisy A, Sahai A. Guideline of guidelines:
bladder pain syndrome. BJU Int 2018;122:729–43.

[85] Malykhina AP, Qin C, Lei Q, Pan XQ, Greenwood-Van Meerveld B,
Foreman RD. Differential effects of intravesical resiniferatoxin on
excitability of bladder spinal neurons upon colon-bladder cross-
sensitization. Brain Res 2013;1491:213–24.

[86] Manzanares G, Brito-da-Silva G, Gandra PG. Voluntary wheel running:
patterns and physiological effects in mice. Braz JMed Biol Res 2018;52:
e7830.

[87] Marcu I, Campian EC, Tu FF. Interstitial cystitis/bladder pain syndrome.
Semin Reprod Med 2018;36:123–35.

[88] Marcu I, Westrich DJ, Hammami MB, Vareedayah A, Mogalapalli A,
Mogalapalli N, McFerrin CA, Campian EC, Marsicano EV. Relationship
between interstitial cystitis (IC) with orwithout cystoscopic findings and
gastroenterological (GI) functional andmucosal disorders. Female Pelvic
Med Reconstr Surg 2018;24:S146.

[89] Matos R, Cordeiro JM, Coelho A, Ferreira S, Silva C, Igawa Y, Cruz F,
Charrua A. Bladder pain induced by prolonged peripheral alpha 1A
adrenoceptor stimulation involves the enhancement of transient
receptor potential vanilloid 1 activity and an increase of urothelial
adenosine triphosphate release. Acta Physiol 2016;218:265–75.

[90] Matos R, Cruz F, Charrua A. Childhood stressful events induce chronic
bladder pain in adulthood through a TRPV1 dependent mechanism.
J Urol 2017;197:e380–1.

[91] Matos R, Serrão P, Rodrigues L, Birder LA, Cruz F, Charrua A. Thewater
avoidance stress induces bladder pain due to a prolonged adrenergic
(alpha1A) stimulation of the bladder. Eur Urol Supplements 2017;16:
e350–1.

[92] McKernan LC, Johnson BN, Reynolds WS, Williams DA, Cheavens JS,
Dmochowski RR, Crofford LJ. Posttraumatic stress disorder in
interstitial cystitis/bladder pain syndrome: relationship to patient
phenotype and clinical practice implications. Neurourol Urodyn 2019;
38:353–62.

[93] Mei J, Zhou WJ, Zhu XY, Lu H, Wu K, Yang HL, Fu Q, Wei CY, Chang
KK, Jin LP, Wang J, Wang YM, Li DJ, Li MQ. Suppression of autophagy
and HCK signaling promotes PTGS2high FCGR32NK cell
differentiation triggered by ectopic endometrial stromal cells.
Autophagy 2018;14:1376–97.

[94] Meijlink J. An urgent case for sensory urgency: a patient perspective.
Neurourol Urodyn 2020;39:2008–10.

[95] Meuleman C, Vandenabeele B, Fieuws S, Spiessens C, Timmerman D,
D’Hooghe T. High prevalence of endometriosis in infertile women with
normal ovulation and normospermic partners. Fertil Steril 2009;92:
68–74.

[96] Mingin GC, Heppner TJ, Tykocki NR, Erickson CS, Vizzard MA, Nelson
MT. Social stress in mice induces urinary bladder overactivity and
increases TRPV1 channel-dependent afferent nerve activity. Am J
Physiol 2015;309:R629–38.

[97] Mizoguchi S, Wolf-Johnson AS, Suzuki T, Takaoka E, DeFranco DB,
Wang Z, Birder LA, Yoshimura N. Bladder urothelial and afferent
dysfunctions underlying bladder overactivity in rats with chemically
induced prostatic inflammation. J Urol 2018;199:e599.

[98] Mo L, Cheng J, Lee EYHP, Sun TT, Wu XR. Gene deletion in urothelium
by specific expression of Cre recombinase. Am J Physiol 2005;289:
F562–8.

[99] Nishijima S, Sugaya K, Kadekawa K, Ashitomi K, Ueda T, Yamamoto H.
High-dose tranilast administration to rats creates interstitial cystitis-like
symptoms with increased vascular permeability. Life Sci 2013;93:
897–903.

[100] Offiah I, Didangelos A, O’Reilly BA, McMahon SB. Manipulating the
extracellular matrix: an animal model of the bladder pain syndrome.
PAIN 2017;158:161–70.

[101] Oliveira AR, Barros HM. Ultrasonic rat vocalizations during the formalin
test: a measure of the affective dimension of pain? Anesth analgesia
2006;102:832–9.

[102] Orr N,Wahl K, Noga H, Albert A, Smith K, Yong P. 072 increased central
sensitization among women with painful bladder syndrome and deep
dyspareunia. J Sex Med 2019;16:S26–7.
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