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Abstract: Chronic pain induced by endometriosis is a maladaptive pain experienced by half of
women with this disease. The lack of pharmacological treatments suitable for the long-term relief of
endometriosis-associated pain, without an impact on fertility, remains an urgent unmet need. Pro-
gress has been slowed by the absence of a reproducible rodent endometriosis model that fully rep-
licates human physiopathological characteristics, including pain symptoms. Although pain assess-
ment in rodents is a complicated task requiring qualified researchers, the choice of the behavioral
test is no less important, since selecting inappropriate tests can cause erroneous data. Pain is usually
measured with reflex tests in which hypersensitivity is evaluated by applying a noxious stimulus,
yet this ignores the associated emotional component that could be evaluated via non-reflex tests.
We conducted a systematic review of endometriosis models used in rodents and the number of
them that studied pain. The type of behavioral test used was also analyzed and classified according
to reflex and non-reflex tests. Finally, we determined the most used reflex tests for the study of
endometriosis-induced pain and the main non-reflex behavioral tests utilized in visceral pain that
can be extrapolated to the study of endometriosis and complement traditional reflex tests.

Keywords: endometriosis models, pain, reflex and non-reflex test

1. Introduction

Endometriosis is a chronic inflammatory disorder produced by the implantation and
growth of functional endometrial tissue at extrauterine sites. The disease is estimated to
affect 10% of women of reproductive age [1-4], which represents about 193 million
women worldwide [5]. Around 50% of those with endometriosis show associated symp-
toms, including pelvic pain [6,7] and/or infertility [8]. Chronic pain is a disabling symp-
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tom of disease, present in approximately 50-60% of affected women [2] and has a high
impact on quality of life [9,10], as well as elevated socioeconomic costs in health care ex-
penditure [11-13].

Endometriosis is a progressive disease, but diagnosis is often delayed by 7-10 years
after symptoms onset [14] worsening the patient condition [15]. Although great efforts are
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being made for early and non-invasive diagnosis, no biomarkers capable of robustly de-
tecting endometriosis are currently known [16-18].

Despite advances in research into the mechanism of action, therapeutic tools against
endometriosis are still far from optimal. There is currently no cure for this pathology, and
pharmacological treatments are mostly intended to alleviate symptoms and interfere with
disease progression. Pain is the most distressing symptom associated with this pathology,
the principal reason for doctor’s appointment, and thus the main clinical end point of in-
terest. The clinical treatment of endometriosis-associated pain is variable, not always ef-
fective and limited by side-effects. Treatments of choice will depend on the severity of
symptoms and the extent and location of the lesion. Most commonly, drugs that interfere
with hormonal support are the first choice prescribed to alleviate pain as estrogens are
required for lesion growth and activity. Side effects of antiestrogenic therapy are well
known: induction of a pseudomenopausal state that cannot be prolonged over time
[16,18].

Inflammation is assumed to contribute to the pain sensation through the irritating
actions of proinflammatory cytokines, such as prostaglandins released in the peritoneal
fluid by infiltrating immune cells [19,20], as well as by the ectopic endometrial tissue itself.
Cytokines, such as TNF-a, IFN-vy, L-6, IL-8, IL-1f3, IL-10, and VEGF, among others [21-24],
also contribute to the perpetuation of the pathological situation by recruiting further im-
mune cells and by promoting the adhesion, implantation, and survival of ectopic endo-
metrial cells [23]. When such an inflammatory situation persists over time, the manifesta-
tion of continuous pain can cause the sensitization of nociceptive neurons, thus leading to
the development of chronic pain [25]. In line with this, treatments to reduce endometrio-
sis-associated pain are intended to abolish the noxious effect caused by proinflammatory
cytokines. The most widely non-hormonal drugs used for such purposes are NSAIDs (see
Table 1) [23,25]. However, when pain is not mediated by peripheral mediators of inflam-
mation, but rather by sensitization at the central nervous system level, neuromodulator
drugs (such as gabapentin or opioids) are used for endometriosis treatment [16]. The lat-
ter, however, are not free of serious side effects and only to minimize symptoms [18,26].

Surgery is especially indicated in cases refractory to pharmacological intervention
[18,23,25,27] (see Table 1) and notably effective in interrupting pain sensation [28,29]. Un-
fortunately 15-20% of patients can develop postsurgical pain [30,31], and the recurrence
rate of lesions is about 40-50% after 5 years [32,33].

In this context, there remains an urgent unmet medical need for novel pharmacolog-
ical targets to develop new, more effective drugs with fewer side effects to combat endo-
metriosis. A requirement to properly address this task is the implementation of reliable
and reproducible pre-clinical models able to reproduce the physiopathological character-
istics of the disease, especially pain.

Table 1. Summary of endometriosis treatment.

Mechanism of

Treatment . Side Effects Ref
Action
Combined . Erratic bleeding,
oral Ovulation and
contraceptiv decidualization nausea, [16,18,
P . headaches, breast 23,34]
es and suppression tenderness
Hormonal  progestins
treatment
Produce Abnormal uterine
Progesteron endometrial bleeding, [18,35,
e atrophy inducing vomiting, breast 36]

decidualization of discomfort, and
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endometrial cells depression
Gonadotrop Vaginal dryness, hot
hin releasing Ovarian flushes, ' 16,18,
Hormone supDression reduced bone mineral 23,34]
(GnRH) PP density, mood !
agonists instability
dot
}izizle(;;iip Vaginal dryness, hot
& Ovarian flushes, [16,18,
Hormone . .
suppression reduced bone mineral 34]
(GnRH) )
. density
antagonists
Blocki t
f(f dgﬁ;i;:ﬁf n Vasomotor symptoms,
Aromatase p n y decreased libido, loss [16,18,
inhibitors L. of calcium in the bones,  23,34]
endometriotic
lesions nausea, and headaches
Potential ulcers,
bleeding,
perforation of the
stomach and [16,18,
NSAIDs COX2 inhibitors intestine, increased risk  23,34,3
of heart attack, stroke, 7]
Non- and related
hormonal cardiovascular
treatment conditions
Dizziness, tiredness,
Central nervous drowsiness, change in
Neuromodul svstem mood, visual [16,18,
atory drugs deser}llsitization disturbance, shortness 34,38]
of breath, among
others
Possibility of disease
Remove the recurrence and [18,23,
Surgery .
lesion by surgery development of 32,33]

postsurgical pain

Although endometriosis only appears spontaneously in menstruating primates,
there is a need to model clinical aspects of the disease in rodents for pragmatical and eth-
ical purposes. Mimicking endometriosis in mice brings advantages associated to the ease
of use, low cost, deep understanding of rodent biology, possibility of using transgenic
animals, and ability to perform tests with a higher number of individuals [39-42]. Some
drawbacks can be found, however, such as physiological differences (absence of men-
strual cycle, among others) and the phylogenetic distance between rodents and humans.
As a consequence, species-specific effects might appear in such a way that the effective-
ness of some drugs tested in rodents may not translate to humans. Nonetheless, endome-
triosis model development in rodents is expected to be beneficial for advancing disease
understanding and developing potential effective treatments. In line with this, initiatives,
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such as the IMI-PainCare or WERF harmonization projects, have been launched to im-
prove the face and generated validity of rodent endometriosis models.

Research into pain using experimental animals is commonly performed through a
battery of behavioral tests evaluating responses to noxious stimuli [43]. However, pain is
a more complex sensation than a mere physical response to a painful stimulus. Indeed,
pain can be generated in the absence of external stimuli, and there is also an emotional
sensation related to the affectation of well-being [44]. Moreover, those who suffer from
endometriosis may present with pain-associated symptoms, including fatigue, anxiety,
and depression [16]. During the last years, a series of behavioral non-reflex tests have
emerged, in an attempt to identify this sick feeling and non-evoked manifestations of pain
in rodents. Overall, such tests are aimed to quantify discomfort and fatigue-like symptoms
and/or behaviors related to the reduction of social interactions as one would expect to
happen in humans suffering pain [43].

For all of these reasons, rodent models of endometriosis used for translational re-
search purposes would need to complement the evaluation of the physical component of
pain by studying other aspects of behavioral responses (emotional factors), thus obtaining
results that are more comparable to clinical ones. This literature review first summarizes
the most widely used endometriosis models in rodents with their benefits and limitations,
and second, focuses on how many of them measured pain and what type of behavioral
tests were used. Our aim is to provide an overview of endometriosis rodent models and
the main reflex tests used to evaluate the disease-related pain. Due to the infrequent use
of non-reflexive tests in endometriosis models, we describe the most used non-reflexive
tests on visceral pain applicable for the study of endometriosis.

2. Results
2.1. Endometriosis Models in Rodents: Limits and Solutions

In total, we retrieved 1598 papers published over the last 25 years with the parame-
ters described in materials and methods. After limiting the results to Title/Abstract (1570)

and removing the reviews (160), the number of works was reduced to 1410. Following
manual review, the final number of papers was 931 (Figure 1).

Endometrioisis
and pain

Endometrioisis
model
1,570

Figure 1. Flowchart of manuscript selection. The left column represents the total number of articles
that studied endometriosis in rodents, while the right column shows the total number of articles
that studied pain in rodent models of endometriosis.

1,598

265
227

1,410

Two model types were differentiated depending on whether disease was homolo-
gously or heterologously induced (Figure 2A,B). After manually reviewing the articles in
which endometriosis was induced in rodents, the kind of model used was analyzed. Most
manuscripts used the homologous (82%) versus the heterologous (18%) model (Figure
2C). The characteristics and differences between these two models are detailed below.
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Figure 2. Endometriosis models in rodents. Schematic representation of homologous (A) and het-
erologous (B) endometriosis models. (C) Percentage of articles reporting homologous vs. heterolo-
gous disease induction in these two main models of endometriosis from 931 papers reviewed.

2.1.1. Homologous Models

Homologous models (allograft) of endometriosis are obtained by implanting a small
portion of uterus tissue at the intestinal mesenteric vessels and/or at the peritoneal wall
or injecting resuspended tissue into the peritoneal cavity from the donor to recipient ani-
mal. The most commonly used method is inserting a fragment of the uterine horn from
the donor (autologous or from in-bred strain to avoid host graft reaction), which is sutured
or glued with tissue adhesive to the recipient [45].

Among the advantages of homologous models for endometriosis are their immuno-
competence, expected suitability for long-term studies (i.e., no implant rejection) and non-
dependence on obtention of human eutopic/ectopic endometrial tissue as a donor tissue.
Moreover, it seems plausible to expect a similar pattern of altered cytokine and chemokine
expression to that of human endometriosis [46]. In contrast, the main criticism of homol-
ogous models in terms of construct-validity is the limited similarity with humans related
to endometrial physiology, as rodents do not menstruate, but rather have short estrous
cycles without spontaneous decidualization. To overcome this limitation, several groups
have manipulated the hormonal cycle of the mouse and used stimuli to induce decidual-
ization in the uterus of donor mice, which is recovered and transferred into recipient mice
either as decidualized or menstrual tissue. The lesions formed by these tissue samples
were reported to phenocopy features of human endometriosis lesions [47-50].

Criticisms of homologous mouse models of endometriosis are centered on the fact
that implanted ectopic uterine mouse tissue (or its decidualization) does not fully reflect
the characteristics of human endometriotic lesions [51]. Nevertheless, given that this
model mimics the pathophysiological hallmarks of the disease, such as gland and stroma
epithelium in the lesions [49,50,52], as occurs in humans, homologous models are a good
tool to improve the understanding of the disease.

2.1.2. Heterologous Models

The heterologous model (xenograft) is obtained by implanting a portion of an endo-
metrial biopsy from a human donor into an immunosuppressed mouse [52,53]. Although
the implantation rate is around 30%, this percentage can increase to 100% when implants
are sewn or glued using tissue adhesive [52]. Traditionally, the most widely used mice in
these types of studies have been the athymic (Nude-NU), which lack mature T cells. How-
ever, although the mice are immunosuppressed, implants are not functional beyond the
fourth week, due to lymphocytes observed in the third week [52]. One solution employed
to avoid these problems is to use other rodent strains, such as SCID (severe combined
immunodeficient) or NOD/SCID (non-obese diabetic severe combined immunodeficient)
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mice, which lack both T cells and functional B cells. In these severely immunosuppressed
mice, the implantation rate is higher than that in athymic mice and implants are functional
for more than 4 weeks [52]. Due to the role of other immune cells, such as NK and macro-
phages, NOD/SCID /yCnull (NOG) or RAG2/CD47/IL2RG mice were developed lacking
B, T, and natural killer cell lymphocytes, and with impaired dendritic and macrophage
cell functions [53].

The main advantages of the heterologous model over the homologous model in terms
of construct validity is the possibility of using human eutopic or ectopic endometrium as
a donor tissue for the development of lesions. However, a key limitation of these models
is the use of immunosuppressed mice as recipients, so that a full evaluation of immune
responses that play a role in the etiology of the disorder cannot be assessed. To try to
reduce this deficiency, attempts have been made to administer immune cells from donors
themselves [39].

2.2. Pain Assessment

Pain cannot be evaluated directly in rodents as they cannot verbally express the sen-
sation of pain, creating a need to develop tests that quantify pain-associated behavior in
animals [54]. Conventional pain assessment devices are focused on measuring animal re-
sponses upon exposure to a noxious stimulus, where the main responses evaluated are
withdrawal, abdominal stretching, or licking [43]. However, in recent years, a growing
number of studies has examined the emotional component of pain through non-evoked
tests. In these kinds of tests, pain is assessed based on the decrease or absence of natural
behavior in rodents. In this review, we describe the most used reflex and non-reflex tests
in preclinical models for endometriosis and visceral pain. In addition, at the end of the
different tests described, a summary table is included detailing how effective these tests
are in the reviewed articles (Table 2).

Table 2. Summary of effects of endometriosis or visceral pain on different tests. The number of
arrows represents the grade of differences between the group in which pain was induced versus its
control group (one arrow means little differences, two arrows medium, and three high differences).

Diff
Behavioural Test titerences vs Ref
Control

Von Frey 1 [40,53,55-57]

Randall-Selitto No data for endometriosis/visceral

Mechanic pain
al
pressure D
hype'ralge application No data for endoarir;etrlosm/wsceral
Reflex S1a measurement P
tests vaginal
distension M [58,59]
Holt plat 41,57,60
Thermal ot plate il [ |
hyperalge Hargreaves 1 [40,61]
sia
Acetone "M [62]
Pain-like behavi 1
Non- ain-like behavioura t11 [63-65]
reflex responses
tests

Grooming " [56,66]
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Open field ™ [57,67]
Locomotor activity 1 [53,68]
Borrowing 1 [69]
Nesting " [53]
Grimace scale ™ [66,70]
Weight bearing " [55,71-73]

Skinner box 1 [74]

No data for endometriosis/visceral

Novel-object recognition .
pain

2.2.1. Study of Endometriosis-Induced Pain in Rodents

Applying the search parameters in the Medline database yielded 265 manuscripts
with results included in the Title/Abstract. After discarding the reviews (n = 38) and per-
forming a manual review, only 62 papers were found to have studied endometriosis-as-
sociated pain (Figure 1). These data are interesting because the main symptom in those
who suffer from endometriosis is pain, and their greatest wish is pain eradication, or at
least, reduction to manageable levels. Therefore, it is surprising to see that only 6.6% (Fig-
ure 3A) of studies addressing this pathology in rodents focused on pain. Most research
groups aimed to reduce or eradicate endometrial lesions via different mechanisms but
omitted any observations regarding pain development.

To further analyze the type of behavioral test used to measure endometriosis-in-
duced pain, tests were stratified into two groups depending on whether the applied stim-
ulus evokes a reflex or non-reflex response. About 90% of articles used reflex tests to study
this kind of pain, and more than 70% employed this type of test alone. Only 30% of pub-
lications used non-reflex tests to complement selected reflex tests (Figure 3B).

A 1000 - B 100 -
o 9
“5. - : 80 -
2 800 g
0 =
£ 600 - g 60
£ =
5 s
© 400 4 o 40 -
R o
Q
o] L3
£ [=]
5 200 4 o 20
Q.
= e
0 - 04
ENDO ENDO+Pain Reflex Non-Reflex

Figure 3. Preclinical model of endometriosis and pain. (A) Number of research articles that evalu-
ated pain compared to all articles studying endometriosis in rodents. (B) Percentage of research
articles that evaluated endometriosis-associated pain using reflex vs. non-reflex tests.

Additionally, the main types of behavioral tests used in each category for the evalu-
ation of endometriosis-associated pain were also analyzed (Figure 4) and described in the
next section.
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A REFLEX TESTS B NON-REFLEX TESTS

4%

W Heargreaves M Acetone W Hot plate M Grooming Weight bearing ® Open field

von Frey W Presion M Others W Activity cage  ® Others

Figure 4. Behavioral tests used to assess endometriosis pain. Most frequent types of reflex (A) and
non-reflex (B) tests used for evaluation of endometriosis-induced pain in rodent models.

2.2.2. Reflex Tests

This group includes the most traditional and widely used tests employed to measure
pain in rodents (reflex tests comprise 90% of studies analyzing endometriosis-associated
pain). The most common stimuli are mechanical or thermal, and the responses evaluated
are latency time, frequency of the response, and pain thresholds.

In preclinical models for endometriosis, the most used tests to measure hyperalgesia
are von Frey for the detection of mechanical thresholds and hot plate for the detection of
thermal thresholds (Figure 4A), but other test types were also used for this purpose, as
described below.

Mechanical Hyperalgesia

The main tool to measure mechanical hyperalgesia is with a punctate stimulus deter-
mined by von Frey filaments [55,75]. In this test, animals are placed in a compartment on
a mesh net through which the filaments can be applied to the animals’ test area. The von
Frey test has been developed in both manual (monofilaments of calibrated forces) and
electronic (one single stimulator includes a force sensor) formats, and the measurement
paradigm can be adapted according to the needs of the study. Given that endometriosis-
associated pain occurs in the abdominal area, this test should be primarily conducted in
that zone.

Furthermore, if animals also develop generalized pain, it is possible to measure me-
chanical hyperalgesia on the plantar paw surface [53,56] using either von-Frey filaments
or the paw pressure test (also known as Randall-Selitto test), in which rodents receive
pressure on the hind paw until showing a struggle response [76]. The main differences
between von Frey and Randall-Selitto are 1) the size of the surface area of the stimulation
(a small filament in the first vs. a larger, cone shaped surface in the second), and 2) the
magnitude of force applied, as the Randall-Selitto test is able to apply much larger mag-
nitudes of force to the stimulated area (technically, von Frey monofilaments could exert a
maximum of 52 grams of force (gf) and electronic von Frey devices have a maximum of
100 gf, but Randall-Selitto devices for mice could exert a maximum of 375 gf). This allows
for an evaluation of the activity of nociceptors present in tissues deeper than the ones
innervating the skin.

Another interesting tool to measure mechanical hyperalgesia in deep tissues is the
pressure application measurement (PAM), which is very similar to the Randall-Selitto
principle with the advantages that 1) the pressure thresholds are detected and recorded
automatically and 2) the pressure applicator can be fixed to the operator’s thumb and be
applied in body areas other than the paws. Although this tool has been previously used
in rodent models of osteoarthritis [77], it would be interesting to observe the use of this
method in the abdominal area of endometriosis-induced animals.

Interestingly, the assessment of vaginal mechanical hyperalgesia has also been stud-
ied in preclinical models of endometriosis through a method called vaginal distension
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[58,59]. It consists of inserting a small balloon intravaginally and applying increasing vol-
umes of pressure until a behavioral escape response is detected from the animals. This
method has been established in a rat model of endometriosis performed via the autolo-
gous transplantation of uterine tissue. Animals of this model have decreased thresholds
of vaginal distension compared to those of sham animals. These findings indicate that the
presence of endometriosis lesions may play a role in the development of dyspareunia or
pain during sexual intercourse, an important and often neglected symptom in endometri-
osis patients, and provide a tool for the evaluation of efficacy of potential therapeutic com-
pounds for the treatment of this symptom.

Thermal Hyperalgesia

The two most used tests to evaluate thermal hyperalgesia are the Hargreaves and the
hot plate test. The first consists of stimulation with a beam of radiant heat to the plantar
surface until a withdrawal response is observed [40,61,78]. In the hot plate test, animals
are placed on a hot surface with a high temperature (usually between 45 and 55° C) until
they show hind paw licking, flicks, or jumping or the cut-off is reached [41,60]. The ad-
vantage of the Hargreaves test vs. the hot plate test is that radiant heat application allows
for continuous temperature increases on time, allowing for a more sensitive way to detect
heat-evoked pain thresholds. One disadvantage for both thermal tests is the desensitiza-
tion upon repeated heat stimulation, which may lead to confounding results.

Another, less frequently used test is the acetone test, which evaluates cold sensitivity.
This test consists of applying a drop of acetone directly onto the ventral surface of the
hind paw of the rodent and measuring the time spent licking it [62].

2.2.3. Non-reflex tests

Non-reflex tests measure natural behavior in rodents, which can be decreased in pain
situations. These kinds of tests were used only minimally in the manuscripts published
over the last 25 years; only 19 research articles included non-reflex tests in their studies.
This accounted for 30% of the overall number of articles that studied pain in preclinical
studies on endometriosis. These tests were mainly analyses of grooming behavior, weight
bearing, open field, and in-cage activity (Figure 4B), as detailed below.

Pain-like Behavioral Responses

Rather than a single test, this is a group of several tests aimed at evaluating the pain
induced by endometriosis by observing different behavioral responses in rodents after
model induction, such as abdominal licking, writhing, piloerection, grooming, rearing,
and abdominal stretching. These behavioral responses are the most assessed in endome-
triosis as a non-reflex test using a battery of tests, although not all are usually evaluated
in the same study. Responses are evaluated in different ways; for example, licking, writh-
ing and abdominal stretching are measured by the number of times these actions are re-
peated across a given time [56,63]. Other responses, such as piloerection, are measured
according to a previously defined score [64,65]. Another assessment method comprises
scoring animals depending on whether they show one, two, or more of these different
responses [65]. Moreover, since rodents have inverted circadian rhythms and therefore
show highest activity levels during the dark phase, some researchers record behavior in
the cages overnight and then analyze these pre-recorded responses without the presence
of the researcher in the animal room [79].

Grooming

This test belongs in the category of the previous paragraph (pain-like responses) but
deserves its own section because it is the change in animal behavior evaluated by most
authors who measure endometriosis-associated pain by performing a non-reflex test (Fig-
ure 3B). Like all non-reflex tests, grooming is a natural activity among rodents, and
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animals experiencing pain show reduced or inhibited activity [80]. This simple test can
help to identify pain located in the visceral area and could be a great tool for the identifi-
cation of spontaneous pain caused by endometrial lesions in rodents [56]. Spontaneous
nociceptive behavior can be evaluated by measuring either the time spent grooming
(washing or licking the abdominal area) or by the number of grooming repetitions over a
certain period of time, as selected according to the investigator’s discretion [54,63,66].

Open Field

This test usually is primarily used to measure stress- or anxiety-related behaviors but
can also be used as a pain indicator when locomotor activity is decreased [81]. On the one
hand, rodents show a natural fear of open areas, but on the other hand, they have an irre-
sistible desire to explore new places. When rodents are under pain states, this exploratory
behavior decreases, with a resulting loss of locomotion as they keep closer to the wall.
This shows that the time spent in the center and/or near to the wall can be used as an
indicator of pain [57,67]: the shorter the time spent in the center and the longer they stay
close to the wall, the greater the discomfort experienced by animals.

Locomotor Activity

Exploratory locomotion is a common behavior in rodents. This locomotor activity can
dwindle when animals suffer pain, and this decrease in locomotor activity can be used as
a pain index [82]. Locomotor activity is measured as total distance travelled for a defined
period. Many tests measure this locomotive activity, each with their own particularities
(Table 3). Normally these tests are used to assess pain in models with damage to the hind
limbs, but they can also be used in models of visceral pain. Table 3 shows the different
locomotor activity tests with a brief description.

Table 3. Locomotor activity tests.

Test Brief Description Ref.

Time and distance spent by animals near walls, in center

or in total [68,83]

Activity cage

Total distance voluntarily travelled by animals on the

wheel [84]

Activity wheels

Distance travelled and interactions between animals in
Automated home cage the same home cage, also during in dark phases when  [53]
the rodents are more active

Burrowing and Nesting

Burrowing and nesting are natural activities in highly evolutionarily conserved ro-
dents [85]. These animal instincts can be used to assess pain. The burrowing test consists
of a dark tube, open and elevated on one side and filled with gravel or another similar
substrate. The animals will burrow in this place, extracting the substrate from the tube as
they do in nature, and the extracted substrate is subsequently weighed [69].

Nesting is performed by some rodents (mice and rats) for shelter, accommodation,
and to maintain temperature. Parameters evaluated include the quality of the nest, the
time spent building it, or quantifying the clear areas where material was previously put
to build the nest, among those selected by different investigators [53].

When animals do not feel well, these behaviors are reduced, and they extract less
substrate when burrowing [69] or build worse or even no nests in the nesting test [86].
Since decreased activity in these two tests has been used as an indicator of pain states,
these are therefore potentially good tools to identify the presence of visceral pain evoked
by endometriosis.
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Grimace Scale

Pain can induce changes in facial gestures in humans, and these changes can also be
identified in rodents [87]. This method is widely used to measure nociception and in-
volves examining facial changes induced by pain stimulation. Although this test has not
been reported in our survey of research articles evaluating endometriosis-associated pain,
many studies have employed it in visceral pain models [70]. Although expensive equip-
ment is not required, the evaluator must be trained due to the difficulty of identifying
these pain gestures. Facial recognition software has recently been developed to make this
work faster and more objective [88].

Weight Bearing

The objective of this pain assessment test is to observe changes in rodent posture in
response to interference with their physical functioning. Under normal conditions, weight
distribution between hind paws in rodents is equal, but pain can induce postural changes
that can modify this [89]. This test is usually used to measure weight-bearing changes after
damage to one of the hind paws, but some authors have used it in visceral pain models
[71,72], in which animals rest more weight on the front paws. As with other visceral pain
models, this test could be useful to observe weight distribution differences in animals suf-
fering from endometriosis [73].

Likewise, other models, such as CatWalk™ or Digigait™, can also be used to evaluate
endometriosis-associated pain. In addition to evaluating weight distribution, these sys-
tems can measure other parameters, such as swing phases (paw time in the air) and dura-
tion of stance (paw time on the floor) [90,91].

Skinner Box

This test is not frequently used, but it is an interesting option because it is simple,
economical, and gives valuable information. The test comprises an operant chamber with
a barrier that the rodent has to climb to reach a reward, such as a sugar pellet. When ani-
mals pass through the barrier, pressure increases on the abdomen. If the animals feel ab-
dominal pain, they cross this barrier fewer times compared to that wit healthy animals.
This novel test was recently developed to assess endometriosis pain [74].

Novel-Object Recognition

This test is frequently used to evaluate learning and memory deficits, but changes in
nociception sensitivity have also been associated with impaired object recognition in mice
[92]. Rodents are curious in nature, so they tend to spend more time around a new object
introduced into their cage. When animals feel pain, they employ less time on novel-object
recognition [92]. After antinociceptive treatment in other pain models, such as osteoar-
thritis, animals not only regain the normal threshold for mechanical stimuli, but also ex-
perience improved cognitive impairment [93]. Despite the absence of data on preclinical
models of endometriosis using novel-object recognition in the literature review, this test
has similar usability as other pain models to evaluate endometriosis-associated pain and
also the cognitive improvement produced by potential treatments.

3. Experimental Section

A literature search was performed using the Medline database to track original re-
search articles published in English about endometriosis, as well as endometriosis and
pain, in rodents over the last 25 years (from January 1997 to December 2021). We analyzed
the models used to induce endometriosis and the number of these articles studying pain
generated by this disease, as well as the type of tests used for this purpose.
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3.1. Identification of Manuscripts That Studied Endometriosis in Rodents and Model Type Used

The terms used in the Medline searches to determine how many articles have studied
endometriosis in rodents was “endometriosis AND (mouse OR mice OR rat OR rodent)”.
The result was limited to Title/Abstract, and the reviews were discarded. As some studies
in humans contain the words used in the search method in their abstract, a manual review
was carried out to discard them. In the same manual review the kind of model used to
induce endometriosis was analyzed (see Figure 1).

3.2. Identification of Manuscripts That Studied Pain

As in the previous section, to quantify the number of articles studying pain in endo-
metriosis, the terms employed in the Medline database were “endometriosis AND (pain
OR nociceptive OR nociception OR analgesia) AND (mouse OR mice OR rat OR rodent)”.
The same search parameters as in the previous section were applied, the results were lim-
ited to the Title/Abstract, and the reviews were removed. A manual review was per-
formed to eliminate the articles only commenting on but not evaluating the pain in this
disease (see Figure 1).

3.3. Study of Behavioral Tests Used in Endometriosis Rodent Models

The manual review performed in the previous paragraph to identify pain research
was also used to classify whether behavioral tests to measure pain were mediated by re-
flex or non-reflex stimuli, and each test used was included in each category.

4. Conclusions

Endometriosis is a puzzling disease of unclear origin, which commences as a result
of genetic, environmental, and immunological factors. About 50% of women with endo-
metriosis suffer pain, and with this review, we only aimed to call attention to the relevance
of pain assessments in research in preclinical models. Additionally, we intended to high-
light the availability of non-evoked tests, commonly neglected, for evaluation transla-
tional research on this disease. Pain is indeed the most universal parameter shared
amongst all affected women and the main clinical endpoint of interest. In line with that,
pain would be expected to be the most widely tested/explored parameter in research pa-
pers where preclinical models are employed to explore the physiopathology of endome-
triosis. Paradoxically, however, based on our results only a minor fraction (i.e., 6.6%, see
Figure 3A) of manuscripts of this kind published in the last 25 years included an evalua-
tion/assessment of endometriosis-associated pain.

Reasons beneath this paradox are uncertain but might rely on the unfamiliarity of
researchers in the endometriosis field with pain assessment. Evaluation of pain requires
staff trained for such purposes, a research profile that might not be common in endome-
triosis research groups. Amongst articles assessing pain in rodent models of endometrio-
sis, we detected that most tests used for such purposes were of the reflex type, especially
von-Frey and related approaches requiring evoked mechanical/thermal stimuli to achieve
a response (Figure 3B). In our view, in the context of endometriosis assessment, there is
no rationale for such asymmetry in the infra-use of non-evoked tests. Both reflex and non-
reflex tests should be combined for a more powerful and complete evaluation of the pain
experience for two main reasons. The first one is that evoked tests can measure nociceptive
states in response to “external” stimuli but do not take into consideration the spontaneous
pain, which is also a major component of the algesic experience in affected women. In this
regard, von-Frey or related evoked tests might be adequate to detect crossenestation
and/or altered sensitivity to external tactile stimuli as observed in affected women. Even
at some point, evoked tests in animals might cover experiences such dyschezia, dysuria,
or dyspareunia, which are also triggered/exacerbated by internal/external stimuli. How-
ever, it cannot be neglected that chronic pain experienced by affected women is not related
to mechanical stimuli, and therefore, the use of non-evoked tests is an absolute
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requirement to fulfil and somehow replicate in animals the complex experience of pain in
women. This leads to the second reason why pain is not only a simple physiological/phys-
ical response but a more complex phenomenon comprising an emotional component, such
as distress, anxiety, and depression amongst others. When animals feel pain, they some-
how mimic the emotional human experience by stopping in the display of certain innate
behaviors [94]. In this context, it is obvious that non-reflex tests are required to assess
variations in rodent activity. It must be noted that with certain exceptions [58,71], the use
of non-evoked tests to assess pain has been popularized in the last years. This tendency is
not restricted to the endometriosis field [43], pointing to the fact that research groups have
recognized the importance of studying the emotional component of pain.

The final goal of these approaches is to enhance the translatability of the animal mod-
els to the clinic experience, thus contributing to higher success rates of clinical trials and
better treatment options for those who suffer from endometriosis. In our view, enhanced
translatability will require three major actions/efforts to be taken in the future as follows:
1) improving the models in terms of replicating physiology (construct-validity); 2) identi-
fication of and adequate battery of evoked and non-evoked tests to characterize the pain
experience in the model (face-validity); and 3) validation of the model with reference test
drugs.

Regarding construct-validity, it is yet undetermined whether a homologous or het-
erologous model is more likely to better replicate the physiology of human lesions. The
advantages and strategies to overcome the disadvantages of both models have been high-
lighted in this review. Currently, the use of homologous models seems to be favored
against heterologous models. The reason for such asymmetry is unclear, but difficulties
in accessing human biopsies and the preservation of the immunocompetency might be
behind the apparent preference of researchers for the homologous model. As immune cell
supplementation techniques improve or endometrial physiology is replicated in rodents,
these models will more faithfully mimic what happens in humans.

Regarding face validity, as mentioned above, appropriate modeling will require a
combination of both evoked and non-evoked tests. Regarding the latter, despite their util-
ity for pain evaluation, these tests are not widely used yet. At this point, we must call
attention to not just the narrow range but the scarce experience with the non-evoked tests
employed for endometriosis-induced pain assessment. Indeed, on the list of non-evoked
tests potentially available, most of them have only been employed once or twice in the
literature. In order to select the most appropriate ones for the purposes of research, we
need tests to be popularized and widely assessed so we can compile the experience, debug
results, and at the end, choose amongst those being the most sensitive to detect the
changes associated with endometriosis induction. As important as establishing an appro-
priate endometriosis model in rodents, it is necessary to select and establish the appropri-
ate tests to evaluate the study endpoints.

Currently, many groups involved in endometriosis studies are using animal models
[45] for the preclinical testing of drugs of interest. In our view, the appropriate modeling
of endometriosis must be validated by showing that compound reference drugs used in
the clinic [55] are also effective in the animal model. For this, complementing the evoked
tests with some non-evoked ones can be useful to discern the analgesic and sedative effect
of the drugs, which is not possible with reflex tests.

Author Contributions: Conceptualization, M.A.T. and R.G.; methodology, M.A.T.; software,
M.A.T,; validation, M.A.T., C.A., and R.G.; formal analysis, M.A.T. and C.A.; investigation, M.A.T.;
resources, R.G.; data curation, M.A.T. and C.A.; writing—original draft preparation, M.A.T.; writ-
ing—review and editing, C.A., P.N.-B.,, B.D.L, A.C, J.N,, K.V, P.T.S,, and R.G.; visualization,
M.A.T.; supervision, R.G.; project administration, R.G.; funding acquisition, R.G. All authors have
read and agreed to the published version of the manuscript.

Funding: This project has received funding from the Innovative Medicines Initiative 2 Joint Under-
taking under grant agreement No [777500]. This Joint Undertaking receives support from the



Int. ]. Mol. Sci. 2023, 24, 2422 14 of 18

European Union’s Horizon 2020 research and innovation programme and EFPIA. Further infor-
mation is found at www.imi-paincare.eu and www.imi.europa.eu. The statements and opinions
presented here reflect the author’s view and neither IMI nor the European Union, EFPIA, or any
Associated Partners are responsible for any use that may be made of the information contained
therein. Additional funding was provided by Carlos III Institute of Health grants PI20/01835 (2020)
awarded to Raul Gémez

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Zondervan, K.T.; Becker, C.M.; Koga, K.; Missmer, S.A.; Taylor, R.N.; Vigano, P. Endometriosis. Nat. Rev. Dis. Primers 2018, 4,
9.

2. Giudice, L.C. Clinical practice. Endometriosis. N. Engl. |. Med. 2010, 362, 2389-2398.

3. Shafrir, A,; Farland, L.; Shah, D.; Harris, H.; Kvaskoff, M.; Zondervan, K.; Missmer, S. Risk for and consequences of endometri-
osis: A critical epidemiologic review. Best Pract. Res. Clin. Obstet. Gynaecol. 2018, 51, 1-15. https://doi.org/10.1016/j.bpob-
gyn.2018.06.001.

4. Adamson, G.D.; Kennedy, S.; Hummelshoj, L. Creating Solutions in Endometriosis: Global Collaboration through the World
Endometriosis Research Foundation. J. Endometr. Pelvic Pain Disord. 2010, 2, 3-6. https://doi.org/10.1177/228402651000200102.

5. Bank, W. Population Projection Tables by Country and Group. Available online: https://genderdata.worldbank.org/topics/pop-
ulation/ (accessed on 4 November 2022).

6. Giudice, L.C.; Kao, L.C. Endometriosis. Lancet 2004, 364, 1789-1799.

7. Hudelist, G; Fritzer, N.; Thomas, A.; Niehues, C.; Oppelt, P.; Haas, D.; Tammaa, A.; Salzer, H. Diagnostic delay for endometri-
osis in Austria and Germany: Causes and possible consequences. Hum. Reprod. 2012, 27, 3412-3416. https://doi.org/10.1093/hum-
rep/des316.

8. Holoch, KJ.; Lessey, B.A. Endometriosis and infertility. Clin. Obstet. Gynecol. 2010, 53, 429-438.

9.  Simoens, S.; Dunselman, G.; Dirksen, C.; Hummelshoj, L.; Bokor, A.; Brandes, I.; Brodszky, V.; Canis, M.; Colombo, G.L.;
DelLeire, T.; et al. The burden of endometriosis: Costs and quality of life of women with endometriosis and treated in referral
centres. Hum. Reprod. 2012, 27, 1292-1299. https://doi.org/10.1093/humrep/des073.

10. Falcone, T., Flyckt, R. Clinical Management of Endometriosis. Obstet. Gymnecol. 2018, 131, 557-571.
https://doi.org/10.1097/a0g.0000000000002469.

11.  Simoens, S.; Hummelshoj, L.; Dunselman, G.; Brandes, I.; Dirksen, C.; D’"Hooghe, T.; EndoCost Consortium Endometriosis Cost
Assessment (the EndoCost Study): A Cost-of-Illness Study Protocol. Gynecol. Obstet. Investig. 2011, 71, 170-176.
https://doi.org/10.1159/000316055.

12. Falcone, T, Lebovic, D.I. Clinical Management of Endometriosis. Obstet. Gynecol. 2011, 118, 691-705.
https://doi.org/10.1097/a0g.0b013e31822adfd1.

13. Soliman, A.M.; Surrey, E.S.; Bonafede, M.; Nelson, ].K.; Vora, J.B.; Agarwal, S.K. Health Care Utilization and Costs Associated
with Endometriosis Among Women with Medicaid Insurance. |. Manag. Care Spéc. Pharm. 2019, 25, 566-572.
https://doi.org/10.18553/jmcp.2019.25.5.566.

14. Husby, G.K,; Haugen, R.S.; Moen, M.H. Diagnostic delay in women with pain and endometriosis. Acta Obstet. Gynecol. Scand.
2003, 82, 649-653.

15. Surrey, E.; Soliman, A.M.; Trenz, H.; Blauer-Peterson, C.; Sluis, A. Impact of Endometriosis Diagnostic Delays on Healthcare
Resource Utilization and Costs. Adv. Ther. 2020, 37, 1087-1099. https://doi.org/10.1007/s12325-019-01215-x.

16. Saunders, P.T.K.; Horne, A.W. Endometriosis: Etiology, pathobiology, and therapeutic prospects. Cell 2021, 184, 2807-2824.

17. Nisenblat, V.; Bossuyt, P.M.M.; Farquhar, C.; Johnson, N.; Hull, M.L. Imaging modalities for the non-invasive diagnosis of
endometriosis. Cochrane Database Syst. Rev. 2016, 2, CD009591. https://doi.org/10.1002/14651858.cd009591.pub2.

18. Horne, A.W.; Missmer, S.A. Pathophysiology, diagnosis, and management of endometriosis. BM] 2022, 379, e070750.

19. Liang, Y.; Wu, J.; Wang, W.; Xie, H.; Yao, S. Pro-endometriotic niche in endometriosis. Reprod. Biomed. Online 2019, 38, 549-559.
https://doi.org/10.1016/j.rbmo.2018.12.025.

20. écieiyr’lska, A.; Komorowski, M.; Soszynska, M.; Malejczyk, J. NK Cells as Potential Targets for Inmunotherapy in Endometri-
osis. J. Clin. Med. 2019, 8, 1468. https://doi.org/10.3390/jcm8091468.

21. Symons, L.K,; Miller, J.E.; Tyryshkin, K.; Monsanto, S.P.; Marks, R.M.; Lingegowda, H.; Vanderbeck, K.; Childs, T.; Young, S.L.;
Lessey, B.A.; et al. Neutrophil recruitment and function in endometriosis patients and a syngeneic murine model. FASEB J. 2020,
34, 1558-1575. https://doi.org/10.1096/1j.201902272r.

22. Xu, H.; Zhao, J.; Lu, J.; Sun, X. Ovarian endometrioma infiltrating neutrophils orchestrate immunosuppressive microenviron-

ment.. ]. Ovarian Res. 2020, 13, 44-48. https://doi.org/10.1186/s13048-020-00642-7.



Int. ]. Mol. Sci. 2023, 24, 2422 15 of 18

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Francga, P.R.d.C; Lontra, A.C.P.; Fernandes, P.D. Endometriosis: A Disease with Few Direct Treatment Options. Molecules 2022,
27, 4034. https://doi.org/10.3390/molecules27134034.

Vallvé-Juanico, J.; Houshdaran, S.; Giudice, L.C. The endometrial immune environment of women with endometriosis. Hum.
Reprod. Updat. 2019, 25, 565-592. https://doi.org/10.1093/humupd/dmz018.

Mechsner, S. Endometriosis, an Ongoing Pain-Step-by-Step Treatment. J. Clin. Med. 2022, 11, 467.

Coxon, L.; Horne, A.W.; Vincent, K. Pathophysiology of endometriosis-associated pain: A review of pelvic and central nervous
system mechanisms. Best Pract. Res. Clin. Obstet. Gynaecol. 2018, 51, 53-67. https://doi.org/10.1016/j.bpobgyn.2018.01.014.
Chauhan, S.; More, A.; Chauhan, V.; Kathane, A. Endometriosis: A Review of Clinical Diagnosis, Treatment, and Pathogenesis.
Cureus 2022, 14, 28864. https://doi.org/10.7759/cureus.28864.

Abesadze, E.; Chiantera, V.; Sehouli, J.; Mechsner, S. Post-operative management and follow-up of surgical treatment in the
case of rectovaginal and retrocervical endometriosis. Arch. Gynecol. Obstet. 2020, 302, 957-967. https://doi.org/10.1007/s00404-
020-05686-0.

He, W.; Liu, X.; Zhang, Y.; Guo, S.-W. Generalized Hyperalgesia in Women With Endometriosis and Its Resolution Following
a Successful Surgery. Reprod. Sci. 2010, 17, 1099-1111. https://doi.org/10.1177/1933719110381927.

Simanski, C.J.; Althaus, A.; Hoederath, S.; Kreutz, KW.; Hoederath, P.; Lefering, R.; Pape-Kdhler, C.; Neugebauer, E.A. Inci-
dence of Chronic Postsurgical Pain (CPSP) after General Surgery. Pain Med. 2014, 15, 1222-1229.
https://doi.org/10.1111/pme.12434.

Althaus, A.; Hinrichs-Rocker, A.; Chapman, R.; Becker, O.A.; Lefering, R.; Simanski, C.; Weber, F.; Moser, K.-H.; Joppich, R.;
Trojan, S.; et al. Development of a risk index for the prediction of chronic post-surgical pain. Eur. J. Pain 2012, 16, 901-910.
https://doi.org/10.1002/j.1532-2149.2011.00090.x.

Shakiba, K.; Bena, J.F.; McGill, KM.; Minger, J.; Falcone, T. Surgical treatment of endometriosis: A 7-year follow-up on the
requirement for further surgery. Obstet. Gynecol. 2008, 111, 1285-1292.

Guo, S.-W. Recurrence of endometriosis and its control. Hum. Reprod. Updat. 2009, 15, 441-461. https://doi.org/10.1093/hu-
mupd/dmp007.

Carneiro, M.M. Deciding on the appropriate pharmacotherapy for the treatment of endometriosis. Expert Opin. Pharmacother.
2023, 24, 1-5. https://doi.org/10.1080/14656566.2022.2113383.

Razzi, S.; Luisi, S.; Calonaci, F.; Altomare, A.; Bocchi, C.; Petraglia, F. Efficacy of vaginal danazol treatment in women with
recurrent deeply infiltrating endometriosis. Fertil. Steril. 2007, 88, 789-794. https://doi.org/10.1016/].fertnstert.2006.12.077.
Berlanda, N.; Somigliana, E.; Vigano’, P.; Vercellini, P.P. Safety of medical treatments for endometriosis. Expert Opin. Drug Saf.
2016, 15, 21-30. https://doi.org/10.1517/14740338.2016.1121991.

Park, Y.; Cho, Y.J.; Sung, N.; Park, M.].; Guan, X.; Gibbons, W.E.; O’'Malley, B.W.; Han, S.J. Oleuropein suppresses endometriosis
progression and improves the fertility of mice with endometriosis. J. Biomed. Sci. 2022, 29, 1-20. https://doi.org/10.1186/s12929-
022-00883-2.

Horne, A.W.; Vincent, K.; Hewitt, C.A.; Middleton, L.J.; Koscielniak, M.; Szubert, W.; Doust, A.M.; Daniels, J.P.; Abdi, S.;
Acharya, S.; et al. Gabapentin for chronic pelvic pain in women (GaPP2): A multicentre, randomised, double-blind, placebo-
controlled trial. Lancet 2020, 396, 909-917. https://doi.org/10.1016/s0140-6736(20)31693-7.

Bruner-Tran, K.L.; Carvalho-Macedo, A.C.; Duleba, A.].; Crispens, M.A.; Osteen, K.G. Experimental endometriosis in immun-
ocompromised mice after adoptive transfer of human leukocytes. Fertil. Steril. 2010, 93, 2519-2524.
https://doi.org/10.1016/j.fertnstert.2009.05.076.

Liu, Y.; Qin, X,; Lu, X; Jiang, J. Effects of inhibiting the PI3K/Akt/mTOR signaling pathway on the pain of sciatic endometriosis
in a rat model. Can. J. Physiol. Pharmacol. 2019, 97, 963-970. https://doi.org/10.1139/cjpp-2019-0156.

Nagira, K.; Taniguchi, F.; Nakamura, K.; Tokita, Y.; Tsuchiya, N.; Khine, Y.M.; Harada, T. Tokishakuyakusan, a Kampo medi-
cine, attenuates endometriosis-like lesions and hyperalgesia in murine with endometriosis-like symptoms. Am. . Reprod. Immu-
nol. 2019, 82, €13182.

Greaves, E.; Rosser, M.; Saunders, P.T.K. Endometriosis-Associated Pain—Do Preclinical Rodent Models Provide a Good Plat-
form for Translation? Adv. Anat. Embryol. Cell Biol. 2020, 232, 25-55.

Gonzalez-Cano, R.; Montilla-Garcia, A.; Ruiz-Cantero, M.C.; Bravo-Caparros, L.; Tejada, M.A.; Nieto, F.R.; Cobos, E.J. The search
for translational pain outcomes to refine analgesic development: Where did we come from and where are we going? Neurosci.
Biobehav. Rev. 2020, 113, 238-261.

Yezierski, R.P.; Hansson, P. Inflammatory and Neuropathic Pain From Bench to Bedside: What Went Wrong? J. Pain 2018, 19,
571-588.

Nunez-Badinez, P.; De Leo, B.; Laux-Biehlmann, A.; Hoffmann, A.; Zollner, T.M.; Saunders, P.T.K_; Simitsidellis, I.; Charrua, A.;
Cruz, F.; Gomez, R; et al. 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. Pain 2021, 162, 2349—
2365.

Umezawa, M,; Saito, Y.; Tanaka-Hattori, N.; Takeda, K.; Thara, T.; Sugamata, M. Expression Profile of Extracellular Matrix and
Adhesion Molecules in the Development of Endometriosis in a Mouse Model. Reprod. Sci. 2012, 19, 1365-1372.
https://doi.org/10.1177/1933719112450340.



Int. ]. Mol. Sci. 2023, 24, 2422 16 of 18

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Cheng, C.-W.; Licence, D.; Cook, E.; Luo, F.; Arends, M.].; Smith, S.K; Print, C.G.; Charnock-Jones, D.S. Activation of mutated
K-ras in donor endometrial epithelium and stroma promotes lesion growth in an intact immunocompetent murine model of
endometriosis. J. Pathol. 2011, 224, 261-269. https://doi.org/10.1002/path.2852.

Greaves, E.; Cousins, F.L.; Murray, A.; Esnal-Zufiaurre, A.; Fassbender, A.; Horne, A.W.; Saunders, P.T. A Novel Mouse Model
of Endometriosis Mimics Human Phenotype and Reveals Insights into the Inflammatory Contribution of Shed Endometrium.
Am. ]. Pathol. 2014, 184, 1930-1939. https://doi.org/10.1016/j.ajpath.2014.03.011.

Ferrero, H.; Buigues, A.; Martinez, J.; Simon, C.; Pellicer, A.; Gémez, R. A novel homologous model for noninvasive monitoring
of endometriosis progressiont. Biol. Reprod. 2017, 96, 302-312. https://doi.org/10.1095/biolreprod.116.140756.

Buigues, A.; Ferrero, H.; Martinez, J.; Pellicer, N.; Pellicer, A.; Gomez, R. Evaluation of PAI-1 in endometriosis using a homolo-
gous immunocompetent mouse model. Biol. Reprod. 2018, 99, 326-335. https://doi.org/10.1093/biolre/ioy057.

Griimmer, R. Animal models in endometriosis research. Hum. Reprod. Updat. 2006, 12, 641-649. https://doi.org/10.1093/hu-
mupd/dml026.

Griimmer, R.; Schwarzer, F.; Bainczyk, K.; Hess-Stumpp, H.; Regidor, P.-A.; Schindler, A.E.; Winterhager, E. Peritoneal endo-
metriosis: Validation of an in-vivo model.. Hum. Reprod. 2001, 16, 1736-1743. https://doi.org/10.1093/humrep/16.8.1736.

Tejada, M.A.; Santos-Llamas, A.IL; Escriva, L.; Tarin, J.J.; Cano, A.; Fernandez-Ramirez, M.].; Nunez-Badinez, P.; De Leo, B.;
Saunders, P.T.K,; Vidal, V; et al. Identification of Altered Evoked and Non-Evoked Responses in a Heterologous Mouse Model
of Endometriosis-Associated Pain. Biomedicines 2022, 10, 501. https://doi.org/10.3390/biomedicines10020501.

Mogil, J.5. Animal models of pain: Progress and challenges. Nat. Rev. Neurosci. 2009, 10, 283—294. https://doi.org/10.1038/nrn2606.
Fattori, V.; Franklin, N.S.; Cano, R.G,; Peterse, D.; Ghalali, A.; Madrian, E.; Verri, W.A.; Andrews, N.; Woolf, C.J.; Rogers, M.S.
Nonsurgical mouse model of endometriosis-associated pain that responds to clinically active drugs. Pain 2020, 161, 1321-1331.
https://doi.org/10.1097/j.pain.0000000000001832.

Forster, R.; Sarginson, A.; Velichkova, A.; Hogg, C.; Dorning, A.; Horne, A.W.; Saunders, P.T.K.; Greaves, E. Macrophage-de-
rived insulin-like growth factor-1 is a key neurotrophic and nerve-sensitizing factor in pain associated with endometriosis.
FASEB J. 2019, 33, 11210-11222.

Zheng, P Jia, S.; Guo, D.; Chen, S.; Zhang, W.; Cheng, A.; Xie, W.; Sun, G.; Leng, J.; Lang, ]J. Central Sensitization-Related
Changes in Brain Function Activity in a Rat Endometriosis-Associated Pain Model. J. Pain Res. 2020, 13, 95-107.

Berkley, K.J.; Cason, A.; Jacobs, H.; Bradshaw, H.; Wood, E. Vaginal hyperalgesia in a rat model of endometriosis. Neurosci. Lett.
2001, 306, 185-188. https://doi.org/10.1016/s0304-3940(01)01906-1.

Maddern, J.; Grundy, L.; Harrington, A.; Schober, G.; Castro, J.; Brierley, S.M. A syngeneic inoculation mouse model of endo-
metriosis that develops multiple comorbid visceral and cutaneous pain like behaviours. Pain 2022, 163, 1622-1635.
https://doi.org/10.1097/.pain.0000000000002552.

Liu, M,; Liu, X,; Zhang, Y.; Guo, S.-W. Valproic Acid and Progestin Inhibit Lesion Growth and Reduce Hyperalgesia in Experi-
mentally Induced Endometriosis in Rats. Reprod. Sci. 2012, 19, 360-373. https://doi.org/10.1177/1933719111424453.

Zhou, Q.; Price, D.; Caudle, R M.; Verne, N.G. Visceral and somatic hypersensitivity in a subset of rats following TNBS-induced
colitis. Pain 2008, 134, 9-15. https://doi.org/10.1016/j.pain.2007.03.029.

Liu, Z.; Chen, S; Qiu, C; Sun, Y.; Li, W.; Jiang, J.; Zhang, J.-M. Fractalkine/CX3CR1 Contributes to Endometriosis-Induced
Neuropathic Pain and Mechanical Hypersensitivity in Rats. Front. Cell.  Neurosci. 2018, 12, 495.
https://doi.org/10.3389/fncel.2018.00495.

Pereira, F.; Medeiros, F.D.C.; Rocha, H.A.L,; Silva, K.S.D. Effects of omega-6/3 and omega-9/6 nutraceuticals on pain and fertility
in peritoneal endometriosis in rats. Acta Cir. Bras. 2019, 34, e201900405.

Gonzélez-Cano, R.; Artacho-Corddn, A.; Romero, L.; Tejada, M.A.; Nieto, F.R.; Merlos, M.; Canizares, F.].; Cendan, C.M.; Fer-
nandez-Segura, E.; Baeyens, ].M. Urinary bladder sigma-1 receptors: A new target for cystitis treatment. Pharmacol. Res. 2020,
155, 104724. https://doi.org/10.1016/j.phrs.2020.104724.

Giamberardino, M. A ; Berkley, K.J.; 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, 247-257.
https://doi.org/10.1016/s0304-3959(01)00405-5.

Hassan, A.M.; Jain, P.; Mayerhofer, R.; Frohlich, E.E.; Farzi, A.; Reichmann, F.; Herzog, H.; Holzer, P. Visceral hyperalgesia
caused by peptide YY deletion and Y2 receptor antagonism. Sci. Rep. 2017, 7, 40968. https://doi.org/10.1038/srep40968.
Cordaro, M.; Trovato Salinaro, A.; Siracusa, R.; D'Amico, R.; Impellizzeri, D.; Scuto, M.; Ontario, M.L.; Interdonato, L.; Crea, R.;
Fusco, R;; et al. Hidrox((R)) and Endometriosis: Biochemical Evaluation of Oxidative Stress and Pain. Antioxidants 2021, 10, 720.
Jain, P.; Hassan, A.M.; Koyani, C.N.; Mayerhofer, R.; Reichmann, F.; Farzi, A ; Schuligoi, R.; Malle, E.; Holzer, P. Behavioral and
molecular processing of visceral pain in the brain of mice: Impact of colitis and psychological stress. Front. Behav. Neurosci. 2015,
9, 177. https://doi.org/10.3389/fnbeh.2015.00177.

Leung, V.S.; Benoit-Biancamano, M.-O.; Pang, D.S. Performance of behavioral assays: The Rat Grimace Scale, burrowing activity
and a composite behavior score to identify visceral pain in an acute and chronic colitis model. PAIN Rep. 2019, 4, e718.
https://doi.org/10.1097/pr9.0000000000000712.

George, R.P.; Howarth, G.S.; Whittaker, A.L. Use of the Rat Grimace Scale to Evaluate Visceral Pain in a Model of Chemother-
apy-Induced Mucositis. Animals 2019, 9, 678. https://doi.org/10.3390/ani9090678.



Int. ]. Mol. Sci. 2023, 24, 2422 17 of 18

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Gruen, M.; Laux-Biehlmann, A.; Zollner, T.M.; Nagel, ]. Use of dynamic weight bearing as a novel end-point for the assessment
of abdominal pain in the LPS-induced peritonitis model in the rat. ]. Neurosci. Methods 2014, 232, 118-124.
https://doi.org/10.1016/j.jneumeth.2014.05.017.

Laux-Biehlmann, A.; Boyken, J.; Dahlléf, H.; Schmidt, N.; Zollner, T.; Nagel, ]. Dynamic weight bearing as a non-reflexive
method for the measurement of abdominal pain in mice. Eur. |. Pain 2016, 20, 742-752. https://doi.org/10.1002/ejp.800.
Persoons, E.; De Clercq, K.; Van den Eynde, C.; Pinto, S.J.P.C.; Luyten, K.; Van Bree, R.; Tomassetti, C.; Voets, T.; Vriens, J.
Mimicking Sampson’s Retrograde Menstrual Theory in Rats: A New Rat Model for Ongoing Endometriosis-Associated Pain.
Int. ]. Mol. Sci. 2020, 21, 2326. https://doi.org/10.3390/ijms21072326.

van Aken, M.A; Groothuis, P.G.; Panagiotou, M.; van Duin, M.; Nap, A.W; van Rijn, T.C.; Kozicz, T.; Braat, D.D.; Peeters, A.B.
An objective and automated method for evaluating abdominal hyperalgesia in a rat model for endometriosis. Lab. Anim. 2020,
54, 365-372. https://doi.org/10.1177/0023677219856915.

Chaplan, S.R.; Bach, F.W.; Pogrel, ] W.; Chung, ] M.; Yaksh, T.L. Quantitative assessment of tactile allodynia in the rat paw. J.
Neurosci. Methods 1994, 53, 55-63. https://doi.org/10.1016/0165-0270(94)90144-9.

Tejada, M.A.; Montilla-Garcia, A.; Cronin, S.J.; Cikes, D.; Sanchez-Fernandez, C.; Gonzalez-Cano, R.; Ruiz-Cantero, M.C.; Pen-
ninger, ].M.; Vela, ].M.; Baeyens, ].M.; et al. Sigma-1 receptors control immune-driven peripheral opioid analgesia during in-
flammation in mice. Proc. Natl. Acad. Sci. USA 2017, 114, 8396-8401. https://doi.org/10.1073/pnas.1620068114.

Leuchtweis, J.; Imhof, A.-K.; Montechiaro, F.; Schaible, H.-G.; Boettger, M. Validation of the digital pressure application meas-
urement (PAM) device for detection of primary mechanical hyperalgesia in rat and mouse antigen-induced knee joint arthritis.
Methods Find. Exp. Clin. Pharmacol. 2010, 32, 575-583. https://doi.org/10.1358/mf.2010.32.8.1532102.

Hargreaves, K.; Dubner, R.; Brown, F.; Flores, C.; Joris, ]. A new and sensitive method for measuring thermal nociception in
cutaneous hyperalgesia. Pain 1988, 32, 77-88. https://doi.org/10.1016/0304-3959(88)90026-7.

Iuvone, T.; Affaitati, G.; De Filippis, D.; Lopopolo, M.; Grassia, G.; Lapenna, D.; Negro, L.; Costantini, R.; Vaia, M.; Cipollone,
F.; et al. Ultramicronized palmitoylethanolamide reduces viscerovisceral hyperalgesia in a rat model of endometriosis plus
ureteral calculosis: Role of mast cells. Pain 2016, 157, 80-91.

Oz, H.S. Multiorgan chronic inflammatory hepatobiliary pancreatic murine model deficient in tumor necrosis factor receptors
1 and 2. World ]. Gastroenterol. 2016, 22, 4988-4998. https://doi.org/10.3748/wjg.v22.i21.4988.

Pitzer, C.; La Porta, C.; Treede, R.-D.; Tappe-Theodor, A. Inflammatory and neuropathic pain conditions do not primarily evoke
anxiety-like behaviours in C57BL/6 mice. Eur. ]. Pain 2019, 23, 285-306. https://doi.org/10.1002/ejp.1303.

Harada, T.; Takahashi, H.; Kaya, H.; Inoki, R. A test for analgesics as an indicator of locomotor activity in writhing mice. Arch.
Int. Pharmacodyn. Ther. 1979, 242, 273-284.

Satat, K.; Cios, A.; Wyska, E.; Salat, R.; Mogilski, S.; Filipek, B.; Wieckowski, K.; Malawska, B. Antiallodynic and antihyperalgesic
activity of 3-[4-(3-trifluoromethyl-phenyl)-piperazin-1-yl]-dihydrofuran-2-one compared to pregabalin in chemotherapy-in-
duced neuropathic pain in mice. Pharmacol. Biochem. Behav. 2014, 122, 173-181. https://doi.org/10.1016/j.pbb.2014.03.025.
Luna-Sanchez, M.; Diaz-Casado, E.; Barca, E.; Tejada, M.A.; Montilla-Garcia, A.; Cobos, E.J.; Escames, G.; Acuna-Castroviejo,
D.; Quinzii, C.M.; Lopez, L.C. The clinical heterogeneity of coenzyme Qo deficiency results from genotypic differences in the
Coq9 gene. EMBO Mol. Med. 2015, 7, 670-687. https://doi.org/10.15252/emmm.201404632.

Deacon, R. Burrowing: A sensitive behavioural assay, tested in five species of laboratory rodents. Behav. Brain Res. 2009, 200,
128-133. https://doi.org/10.1016/j.bbr.2009.01.007.

Alexander, K.S.; Rodriguez, T.R.; Sarfo, A.N.; Patton, T.B.; Miller, L. Effects of monoamine uptake inhibitors on pain-related
depression of nesting in mice. Behav. Pharmacol. 2019, 30, 463—470. https://doi.org/10.1097/fbp.0000000000000469.
Tappe-Theodor, A.; King, T.; Morgan, M.M. Pros and Cons of Clinically Relevant Methods to Assess Pain in Rodents. Neurosci.
Biobehav. Rev. 2019, 100, 335-343. https://doi.org/10.1016/j.neubiorev.2019.03.009.

Tuttle, A.H.; Molinaro, M.].; Jethwa, J.F.; Sotocinal, S.G.; Prieto, ].C.; Styner, M.A.; Mogil, ].S.; Zylka, M.]. A deep neural network
to assess spontaneous pain from mouse facial expressions. Mol. Pain 2018, 14. https://doi.org/10.1177/1744806918763658.
Schétt, E.; Berge, O.-G,; Angeby—Méller, K.; Hammarstrom, G.; Dalsgaard, C.-].; Brodin, E. Weight bearing as an objective meas-
ure of arthritic pain in the rat. |. Pharmacol. Toxicol. Methods 1994, 31, 79-83. https://doi.org/10.1016/1056-8719(94)90046-9.
Hamers, F.P.; Lankhorst, A.].; van Laar, T.J.; Veldhuis, W.B.; Gispen, W.H. Automated Quantitative Gait Analysis During Over-
ground Locomotion in the Rat: Its Application to Spinal Cord Contusion and Transection Injuries. J. Neurotrauma 2001, 18, 187—
201. https://doi.org/10.1089/08977150150502613.

Liu, L.; Tian, D.; Liu, C; Yu, K; Bai, J. Metformin Enhances Functional Recovery of Peripheral Nerve in Rats with Sciatic Nerve
Crush Injury.. Experiment 2019, 25, 10067-10076. https://doi.org/10.12659/MSM.918277.

Olechowski, C.J.; Tenorio, G.; Sauve, Y.; Kerr, B.J. Changes in nociceptive sensitivity and object recognition in experimental
autoimmune encephalomyelitis (EAE). Exp. Neurol. 2013, 241, 113-121. https://doi.org/10.1016/j.expneurol.2012.12.012.
Carcolé, M.; Zamanillo, D.; Merlos, M.; Fernandez-Pastor, B.; Cabafero, D.; Maldonado, R. Blockade of the Sigma-1 Receptor
Relieves Cognitive and Emotional Impairments Associated to Chronic Osteoarthritis Pain. Front. Pharmacol. 2019, 10, 468.
https://doi.org/10.3389/fphar.2019.00468.

Negus, S.S.; Vanderah, T.W.; Brandt, M.R,; Bilsky, E.J.; Becerra, L.; Borsook, D. Preclinical Assessment of Candidate Analgesic
Drugs: Recent Advances and Future Challenges. Experiment 2006, 319, 507-514. https://doi.org/10.1124/jpet.106.106377.



Int. ]. Mol. Sci. 2023, 24, 2422 18 of 18

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



