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Abstract 

Endometriosis is a chronic inflammatory disease that affects 1 in 10 

women of childbearing age. It is characterized by the growth of 

endometrium in extrauterine locations and is associated with chronic 

pelvic pain and infertility. This persistent pain is linked to emotional 

distress and loss of working ability that negatively impact the quality of 

life of the patients. Current clinical management provides 

unsatisfactory outcomes and produces unwanted side effects. Thus, 

the development of more effective therapeutic strategies is still an 

unmet clinical need, and their development relies on the establishment 

of animal models that recapitulate the features of clinical 

endometriosis. The present Thesis has characterized a surgical model 

of endometriosis that shows nociceptive, affective-like behaviors and 

impaired cognition, reproducing the symptoms observed in 

endometriosis patients. In this model of endometriosis, natural 

cannabinoids alleviate nociceptive behaviors, restore cognitive 

function and inhibit the development of endometriotic growths. A 

kappa opioid receptor agonist also shows strong pain-relieving 

properties in this model, although affective and cognitive disturbances 

persist regardless of the complete alleviation of pain. A minimally 

invasive model of endometriosis that also mimics the symptoms of 

human endometriosis was used to explore the neuroinflammatory 

changes induced by the presence of ectopic endometrial cells. In this 

model, minimal endometriosis leads to neuroinflammation in brain 

areas related to pain, emotion and cognitive processes. 
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Resumen 

La endometriosis es una enfermedad inflamatoria crónica que afecta a 

1 de cada 10 mujeres en edad fértil. Se caracteriza por el crecimiento 

de tejido endometrial fuera del útero y se asocia con dolor pélvico 

crónico e infertilidad. Este dolor persistente está relacionado con 

alteraciones emocionales y disminución de la capacidad de trabajo que 

impactan negativamente en la calidad de vida. Los tratamientos 

actuales proporcionan resultados insatisfactorios y producen efectos 

secundarios. Por lo tanto, se necesitan estrategias terapéuticas más 

eficaces y su desarrollo depende de la disponibilidad de modelos 

animales que recapitulen las características de la endometriosis clínica. 

La presente Tesis ha caracterizado un modelo quirúrgico de 

endometriosis que muestra alteraciones nociceptivas, afectivas y 

cognitivas, reproduciendo los síntomas observados en pacientes con 

endometriosis. En este modelo, el tratamiento con cannabinoides 

naturales proporciona alivio de las manifestaciones nociceptivas, 

restaura la función cognitiva e inhibe el desarrollo del tejido 

endometrial ectópico. El tratamiento con un agonista del receptor 

opioide kappa también proporciona alivio de las manifestaciones 

nociceptivas observadas en este modelo, aunque las alteraciones 

afectivas y cognitivas persisten pese al alivio del dolor. Se ha utilizado 

un modelo mínimamente invasivo, que también reproduce los 

síntomas de la endometriosis humana, para explorar los cambios 

neuroinflamatorios inducidos por la presencia de células 

endometriales ectópicas. En este modelo, la endometriosis mínima-

leve provoca neuroinflamación en áreas del cerebro relacionadas con 

el dolor, las emociones y los procesos cognitivos. 
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1 Pain 

Thomas Lewis wrote in the preface to his monograph entitled Pain: 

“Reflection tells me that I am so far from being able to define pain that 

the attempt could serve no useful purpose” (Lewis, 1942). Defining the 

concept of pain in a concise and precise manner represents, indeed, a 

challenge. In 2020, the International Association for the Study of Pain 

(IASP) published a definition adopted the following definition of pain: 

“an unpleasant sensory and emotional experience associated with, or 

resembling that associated with, actual or potential tissue damage” 

(Raja et al., 2020). This new definition does not rely upon the ability to 

describe the experience of pain, and therefore includes populations 

such as neonates and infants, demented people, unconscious 

individuals, and nonhuman animals that can not verbally communicate 

their pain.  

Both sensorial and emotional elements compose the experience of 

pain (Baños et al., 2006). The sensorial or nociceptive element is the 

painful sensation consequence of the transmission of a noxious 

stimulus from peripheral sensory nerves to the central nervous system. 

The emotional component comprises the unpleasant character of pain 

perception, and it is influenced to varying degrees by the previous 

experience and by several psychological and social factors. 

1.1 Classification of pain 

Pain has been classified according to several criteria, including 

anatomical localization, intensity, etiology, duration and 

pathophysiological mechanisms, among others.  
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1.1.1 According to duration 

Acute and chronic pain differ in the physiological and 

pathophysiological mechanisms involved, as well as in their temporal 

duration (Aliaga et al., 2002). Acute pain is an immediate, short-lasting 

event caused by a noxious stimulus. It serves a biological function as a 

warning mechanism, and it resolves with healing of the injured tissue. 

In contrast, chronic pain lasts or recurs for more than 3 months, and 

may persist beyond the injury, remaining after tissue healing and losing 

its biological purpose. Chronic pain is, indeed, considered a disease of 

its own (Treede et al., 2019), which is usually associated with significant 

emotional distress and functional disability (Nicholas et al., 2019). 

Chronic pain may progress from acute pain as a consequence of 

repeated nerve stimulation, resulting in functional and structural 

changes at peripheral and central levels (Feizerfan and Sheh, 2015; 

Kuner and Flor, 2016). 

1.1.2 According to the mechanisms involved 

Nociceptive pain is described as pain that arises from actual or 

threatened damage to non-neural tissue occurring with a normally 

functioning somatosensory nervous system. Nociceptive pain is caused 

by the activation of specialized high-threshold sensory fibers and 

continues as long as the noxious stimulus is present (Treede, 2018). 

Inflammatory pain results from activation of nociceptors by 

inflammatory mediators released in response to damage and 

inflammation. Acute inflammatory pain is necessary for protective 

reflexes and wound healing; on the other hand, persistent 

inflammation may lead to peripheral and central sensitization (Woolf, 
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2011). Neuropathic pain is caused by a lesion or disease of the 

somatosensory nervous system, including peripheral fibers and central 

neurons (Colloca et al., 2017). Cerebrovascular diseases, spinal lesions, 

diabetes, infections, chemotherapy or inflammatory disorders are 

examples of conditions that may cause neuropathic pain. This type of 

pain is maladaptive, since it lengthens beyond the injury and remains 

once the lesion disappears (Costigan et al., 2009). Nociplastic pain 

arises from altered nociception despite no clear evidence of actual or 

threatened tissue damage or evidence of a possible cause of lesion or 

disease of the somatosensory nervous system. This term was recently 

proposed to describe pain states characterized by clinical and 

psychophysical findings that suggest altered nociception despite the 

absence of clear evidence of actual or threatened damage (Kosek et al., 

2016). 

1.2 The route of pain transmission 

1.2.1 Detection of noxious stimuli in the periphery 

Nociceptors are high-threshold sensory receptors of the peripheral 

somatosensory nervous system that detect and transduce noxious 

thermal, mechanical and chemical stimuli. Nociceptors are the 

peripheral terminals of primary afferent neurons that have the cellular 

body in dorsal root ganglia (DRG) or the trigeminal ganglion. The 

peripheral axonal branch of these neurons innervates the target tissue 

or organ, and the central axon synapses with second-order neurons in 

the dorsal horn of the spinal cord or the trigeminal nucleus caudalis 

(Basbaum et al., 2009; Dubin and Patapoutian, 2010). 
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There are two main types of nerve fibers conveying pain signals. The 

first includes medium diameter (1 – 5 µm) thinly-myelinated Aδ fibers 

that conduct well-localized first and fast (5-30 m/s) pain signals 

(Basbaum et al., 2009). They can be divided into two categories: type I, 

which mediate the first pain response to intense mechanical stimuli, 

and type II, which have a low heat threshold and mediate fast 

responses to noxious heat. C fibers are small diameter (0.2 – 1.5 µm) 

unmyelinated fibers that conduct slow (2 m/s), diffuse and longer-

lasting pain. Most C fibers are polymodal, responsive to mechanical, 

thermal and chemical stimuli (Dubin and Patapoutian, 2010), although 

there is a group of C fibers (the so-called “silent nociceptors”) that are 

only heat responsive but develop mechanical sensitivity after injury. C 

fibers can be divided into peptidergic or non-peptidergic. Both types 

express the transient receptor potential vanilloid 1 (TRPV1), which 

responds to heat and capsaicin, but only peptidergic C fibers express 

the neuropeptides substance P and calcitonin gene related peptide 

(CGRP) (Usoskin et al., 2015). Peptidergic C fibers mainly mediate 

thermal pain transmission, whereas non-peptidergic C fibers transmit 

noxious thermal, mechanical and chemical stimuli (Basbaum et al., 

2009).  

Under normal conditions, Aδ fibers immediately conduct localized pain 

signals, which are followed by diffuse pain conducted by C fibers. 

However, in the setting of an injury, damaged tissue, nociceptors and 

immune cells release mediators including peptides, neurotransmitters 

and cytokines that lead to the development of peripheral sensitization 

(Scholz and Woolf, 2002; Schaible, 2007; Gold and Gebhart, 2010). 
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Under these sensitizing circumstances, Aδ fibers and C fibers become 

activated by low-threshold stimuli, provoking exaggerated stimulus-

evoked painful sensations like allodynia (pain induced by non-noxious 

stimuli) and hyperalgesia (increased response to noxious stimuli) 

(Schaible, 2007). 

1.2.2 Ascending spinal pain pathways and supraspinal 

integration 

The central terminals of primary afferent fibers transmitting 

nociceptive information enter the spinal cord through the dorsal roots 

and project to different layers of spinal grey matter, the laminae. Aδ 

and C fibers contact to second order neurons in laminae I, II and V 

(D’Mello and Dickenson, 2008). The majority of primary afferents 

synapsing in the dorsal horn of the spinal cord use glutamate as 

neurotransmitter. Glutamate exerts an excitatory effect via the post-

synaptic α-amino-3-hydroxy 5-methyl-4-isoxazeloproprionic acid 

(AMPA) receptor, N-methyl-d-aspartate (NMDA) receptors, kainate, 

and G-protein coupled metabotropic (mGluR) receptors (D’Mello and 

Dickenson, 2008). Substance P, CGRP, brain-derived neurotrophic 

factor (BDNF) and purines (ATP) also contribute to pain transmission in 

the spinal cord (Willis, 1985; Julius and Basbaum, 2001; Basbaum et al., 

2009). These neuromodulators are overexpressed in the setting of 

persistent inflammation or nerve injury, contributing to the 

development of central sensitization (Latremoliere and Woolf, 2009). 

Central sensitization refers to a state of hyperexcitability established in 

the central nervous system that leads to enhanced processing of 

nociceptive signals, generating allodynia and hyperalgesia. Numerous 
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mechanisms are implicated in central sensitization, including the 

participation of Aβ fibers, which normally respond to innocuous 

mechanical stimulation, in the transmission of nociceptive responses 

(Basbaum et al., 2009). 

Besides neuronal cells, resident microglia and astrocytes also 

modulate pain transmission. Microglia are macrophage-related cells 

that conduct a constant immune surveillance in the central nervous 

system. Upon activation by an injury or an infection, microglia release 

proinflammatory factors that contribute to central sensitization (Tsuda 

et al., 2005). Astrocytes become activated with a slower onset and for 

longer time than microglia in several models of chronic pain (Ji et al., 

2019). Astrocytes are involved in the regulation of almost all aspects of 

neuronal functioning in the central nervous system, such as 

extracellular ion homeostasis, neurotransmitter reuptake and release, 

and metabolic control (Gosselin et al., 2010). In the setting of an injury, 

astrocytes are activated and release mediators that modulate 

excitatory and inhibitory synaptic transmission, further contributing to 

central sensitization and transition from acute to chronic pain (Ji et al., 

2013). 

In pathological conditions, other cells of the innate immune system 

including mast cells, macrophages, basophils, eosinophils and 

neutrophils, interact with neuronal cells to modulate pain transmission 

(Baral et al., 2019). Cells of the adaptative immune system, namely T 

and B cells, which are hardly detectable in the nervous system of naïve 

animals, also contribute to the regulation of pain transmission has 
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demonstrated in recent studies in animal models of chronic pain (Sorge 

et al., 2015; Cabañero et al., 2020). 

From the spinal cord, nociceptive signaling ascends to supraspinal 

areas through one of the tracts that constitute the anterolateral system 

(Figure 1). Axons of second order neurons localized in the spinal cord 

decussate and ascend via the spinothalamic tract to synapse directly in 

the contralateral thalamus via the spinoreticulothalamic tract, 

synapsing indirectly in the reticular formation, or as 

spinomesencephalic, spinotectal or spinohypothalamic fibers that 

synapse in brainstem nuclei (Patestas and Gartner, 2016). 

Figure 1. Main ascending pain pathways. Nociceptive signals travel from the 

spinal dorsal horn to the thalamus, which distributes the information to areas of 

the cortex concerned with both discrimination and affect (blue line), or directly to 

regions involved in the cognitive and affective aspects of pain (red line). RVM, 

rostroventral medial medulla; PB, Parabranchial area; PAG, periaqueductal gray; 

VMH, ventral medial nucleus of the hypothalamus; Hipp, hippocampus. Adapted 

from (Bee and Dickenson, 2007). 
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The thalamus acts as a key relay station for the transmission of 

nociceptive information to other supraspinal areas (Ab Aziz and 

Ahmad, 2006). Thalamic projections conduct tactile, proprioceptive 

and nociceptive signals to the somatosensory cortex, which mediates 

the sensory discriminative aspects of pain such as quality, location and 

intensity. The thalamus also projects to limbic structures including the 

prefrontal, anterior cingulate and insular cortices and the amygdala, 

contributing to the cognitive and affective-motivational components of 

pain (Groh et al., 2017). The spinoreticulothalamic tract conducts 

nociceptive signals to the thalamus by forming multiple synapses in the 

reticular formation, a region involved in arousal and wakefulness that 

alerts the organism of an injury (Martins and Tavares, 2017). 

Spinomesencephalic fibers project to the parabrachial nucleus, which 

sends fibers to the amygdala. The amygdala receives nociceptive 

inputs also from the thalamus and the cortex, contributing to the 

emotional processing of nociceptive information and to certain 

cognitive aspects such as pain-related decision-making  (Ji et al., 2010). 

Spinotectal fibers conduct the nociceptive signal mainly to the superior 

colliculi, and spinohypothalamic fibers ascend to the hypothalamus, 

structures that are associated with the autonomic responses to 

nociception (Patestas and Gartner, 2016). 

1.2.3 Descending pain modulation 

The descending modulatory circuit modulates the complex experience 

of pain (Figure 2) through changes in pain thresholds as a response to 
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attention, emotion, context, expectations and internal states  (Millan, 

2002; Chen and Heinricher, 2019).  

Figure 2. Descending pain pathway. The amygdala and the hypothalamus project 

to the periaqueductal grey, where descending information is distributed to lower 

brainstem to regulate nociceptive and autonomic responses that follow noxious 

stimulation. RVM, rostroventral medial medulla; PAG, periaqueductal gray; VMH, 

ventral medial nucleus of the hypothalamus. Adapted from (Bee and Dickenson, 

2007). 

The periaqueductal gray (PAG) receives inputs from higher brain 

regions such as the ventral tegmental area (VTA), the prefrontal cortex, 

the hypothalamus and the amygdala. Neurons in the PAG project to the 

rostral ventromedial medulla (RVM), which also receives nociceptive 

information from the thalamus, the parabrachial area, the locus 

coeruleus and the parabrachial tract. From the RVM, projections to the 

spinal dorsal horns and the trigeminal nucleus caudalis exert a 
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bidirectional modulatory effect. OFF-and ON-cells from the RVM send 

outputs to the spinal cord or the trigeminal nucleus caudalis, inhibiting 

or facilitating pain perception, respectively (Chen and Heinricher, 

2019). The PAG-RVM circuit integrates information from higher brain 

centers involved in the emotional and cognitive aspects of pain. Thus, 

the descending pathway modulates pain thresholds as a response to 

attention, mood, context and expectations, allowing environmental, 

contextual and cognitive factors to influence the pain experience 

(Ossipov et al., 2010). 
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2 Endometriosis  

Endometriosis is defined as the presence of endometrial cells outside 

the uterine cavity, mainly, but not exclusively, in the pelvic 

compartment (Zondervan et al., 2020). It is associated with pelvic pain 

and infertility; however, the same symptoms can be associated to other 

etiologies, and endometriosis can be present in the absence of obvious 

lesions (Johnson et al., 2017). From a clinical perspective, 

endometriosis could be better defined as a chronic, estrogen-

dependent, inflammatory and systemic disease that commonly 

presents as pelvic pain and infertility (Agarwal et al., 2019). 

2.1 Epidemiology 

Endometriosis is estimated to affect 10% of females in reproductive 

age, which translates to 190 million people worldwide (Zondervan et 

al., 2020). The number of affected people is probably underestimated, 

since the definitive diagnosis of endometriosis requires direct 

visualization of lesions (Agarwal et al., 2019). The prevalence ranges 

from 2 to 11% in adult asymptomatic females, from 5 to 50% in females 

with fertility problems, and 5 to 21% in females hospitalized for pelvic 

pain (Shafrir et al., 2018). Among symptomatic adolescents, the 

prevalence of endometriosis ranges from 49% of those with chronic 

pelvic pain to 75% of those with pain that is unresponsive to medical 

treatment (Shafrir et al., 2018). 

Endometriosis has a heterogeneous presentation (Figure 3). Superficial 

peritoneal and serosal lesions of different colors, cysts in the ovaries 

(endometriomas) or infiltrating nodules of more than 5 mm in depth 



Introduction 

18 
 

(deep endometriosis) that are often accompanied by fibrosis and 

adhesions, and many other forms of extra-pelvic lesions can be found 

in endometriosis patients (Zondervan et al., 2018). The American 

Fertility Society (AFS) and the American Society of Reproductive 

Medicine (ASRM) classify endometriosis according to a point system 

that takes into account the location, extent and depth of lesions 

(Revised American Society for Reproductive Medicine classification of 

endometriosis:  1996., 1997). Stage I or minimal comprises a low 

number of superficial endometriotic spots or adhesions. Stage II or mild 

can be a few, deep peritoneal lesions solely or in combination with 

superficial lesions and filmy adhesions. Stage III or moderate often 

includes an endometrioma by itself or in combination with superficial 

or deep endometriosis and/or dense adhesions. Stage IV or severe is 

characterized by all of the above as well as bilateral ovarian 

endometrioma and/or dense adhesions that can lead to an obliteration 

of the pelvic cavity (Revised American Society for Reproductive 

Medicine classification of endometriosis:  1996., 1997). Notably, the 

severity of endometriosis according to this system does not correlate 

with the severity and location of the symptoms, the treatment 

response or the prognosis of the disease (Schliep et al., 2015; Johnson 

et al., 2017). 
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Figure 3. Different presentations of endometriosis. (A) Superficial red peritoneal 

endometriotic lesion and hyperemia. (B) Chocolate cyst in the ovary. (C) 

Endometriosis with bowel adhesions to the uterus. (D) Deep nodules (black 

arrows) and red, brown, and black peritoneal endometriotic lesions (white 

arrows). Adapted from (Zondervan et al., 2020). 

Symptoms are also variable among patients of endometriosis. The 

most frequent manifestations of endometriosis are dysmenorrhea 

(pelvic pain during menstruation), dyspareunia (pelvic pain during or 

after sexual intercourse) and cyclical and non-cyclical abdominopelvic 

pain (Zondervan et al., 2020). Dyschezia (painful defecation), as well as 

other effects on bowel habits such as diarrhea or constipation, are 

common in cases of deep infiltrating endometriosis (Fauconnier et al., 

2002), while painful urination or cyclical presence of blood in the urine 

are associated to endometriosis affecting the bladder (Chung et al., 

2002). Some endometriosis patients also experience regional 

hyperalgesia and allodynia (Stratton et al., 2015), as well as chronic 

fatigue (Sinaii et al., 2002). These manifestations overlap with 

symptoms of interstitial cystitis and irritable bowel disease, conditions 

that often co-exist with endometriosis (Surrey et al., 2018). 
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2.1.1 Impact on quality of life 

Patients of endometriosis usually present psychiatric comorbidities 

that exert a negative effect on their quality of life. Endometriosis pain 

is accompanied by anxiety in 28 to 87% of the cases and by depression 

in 14 to 86% of the patients (Sepulcri and do Amaral, 2009; Friedl et al., 

2015). Dyspareunia and chronic pelvic pain associated to 

endometriosis usually impact sexual life, compromising overall sexual 

activity, self-esteem and sexual satisfaction (Montanari et al., 2013). 

Furthermore, patients report that endometriosis affects their social, 

family and work relationships, principally due to the perceived lack of 

understanding and support (Seear, 2009; Rush and Misajon, 2018).  

The symptoms of endometriosis can also affect work productivity and 

professional development (Sperschneider et al., 2019). Patients 

included in a cross-sectional study reported a substantial impact of 

symptoms in work productivity and daily life activities. They  also 

reported a 13% of average loss in work time and disturbances in 65% 

of their work (Fourquet et al., 2011). Benign chronic pain has been 

associated to impairments in several cognitive outputs, including 

attention, learning, memory and decision-making (Dick et al., 2002; 

Apkarian et al., 2004; Muñoz and Esteve, 2005). However, the effects 

of endometriosis pain on specific cognitive functions have not been 

investigated yet. 

The causal relationship between pain and emotional and cognitive 

alterations is complex, since chronic pain leads to a negative affective 

and cognitive state and, in turn, this negative state contributes to pain 

perception (Bushnell et al., 2013). Indeed, women with anxiety 
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disorders show higher pain sensitivity (Keogh and Mansoor, 2001; 

Defrin et al., 2008), although both pain-attenuating and exacerbating 

effects of depressive disorders have been described (Bär et al., 2005; 

Chiu et al., 2005; Schwier et al., 2010). On the other hand, social 

support has been associated with lower pain intensity (Montoya et al., 

2004). 

2.2 Pathogenesis and pathophysiology 

The retrograde menstruation hypothesis, proposed by Sampson in the 

1920s, is the most accepted hypothesis for the pathogenesis of 

endometriosis. It states that menstrual debris containing viable 

endometrial glands and stroma reach the peritoneal cavity through the 

fallopian tubes during menstruation (Sampson, 1927). The association 

of a higher risk of endometriosis with shorter menstrual cycles and 

obstructed menstrual flow supports this theory (Missmer et al., 2004; 

Shafrir et al., 2018). Retrograde neonatal uterine bleeding containing 

stem or progenitor endometrial cells could also explain premenarchal 

endometriosis and severe endometriosis in adolescents  (Gargett et al., 

2014). Another postulated origin of endometriosis is the coelomic 

metaplasia hypothesis, which arises from the transformation of 

mesothelium into endometrial-like tissue. This hypothesis has been 

suggested as an origin of extra-pelvic endometriosis (Davis and 

Goldberg, 2017) and in patients with Müllerian duct defects (Troncon 

et al., 2014). Alternative explanations include the lymphatic and 

vascular metastasis hypothesis, which implies the transport of 

endometrial cells from the uterus to distant ectopic sites through 
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lymphatic and blood vessels,  and could explain endometriosis 

occurring outside the pelvis  (Jerman and Hey-Cunningham, 2015). 

The altered hormonal milieu plays a key role in the proliferation of 

ectopic endometrial cells. In ectopic endometrium, overexpression of 

the steroidogenic factor 1 (SF1) and aromatase increases estradiol 

synthesis, while decreased expression of hydroxysteroid 17β 

dehydrogenase 2 (HSD17B2) reduces estradiol degradation (Bulun et 

al., 2004; Xue et al., 2011). High local concentrations of estradiol, 

together with an upregulation of the estrogen receptor β (ERβ), induce 

endometriotic cell mitogenesis (Pellegrini et al., 2012) and diminish 

estradiol induction of the progesterone receptor (PR) (Burney et al., 

2007). Alteration of these signaling pathways causes progesterone 

resistance, which is associated to increased adhesive properties of the 

tissues, activity of matrix metalloproteinases (MMPs) and angiogenic 

response in the lesion microenvironment (Al-Sabbagh et al., 2012). In 

this setting, the epithelial–mesenchymal transition (EMT) occurs in 

endometriotic cells, which acquire an invasive mesenchymal 

phenotype and trigger fibroblast-to-myofibroblast trans-

differentiation and collagen production, further contributing to 

formation of adhesions and fibrosis (Vigano et al., 2018). 

An altered immune surveillance also sustains the growth and 

maintenance of ectopic endometrium (Shigesi et al., 2019). Patients 

with endometriosis have defective natural killer (NK) cells (Kang et al., 

2014) and macrophages with decreased phagocytic capacity (Symons 

et al., 2018) that may contribute to immune evasion of endometrial 

cells. Aberrant responses of cells of the adaptative immune system may 
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also contribute to the development of endometriosis, since T 

lymphocytes from endometriosis patients show a lower response to 

autologous endometrial cells (Dmowski et al., 1981; Helvacioglu et al., 

1997). 

Ectopic endometrial tissue develops their own neural and vascular 

supplies through neuroangiogenesis processes. Indeed, the peritoneal 

fluid of endometriosis patients presents increased amounts of 

neurotrophic and angiogenic factors such as BDNF, vascular endothelial 

growth factor (VEGF), nerve growth factor (NGF), neurotrophins 4 and 

5 (NT4/5) or nerve injury-induced protein 1 (Ninj1) (Shifren et al., 1996; 

Barcena de Arellano et al., 2013; Miyashita et al., 2019). 

2.3 Physiopathology of endometriosis pain 

2.3.1 Pain originated from endometriotic lesions  

Endometriosis pain may originate directly from endometriotic lesions, 

which are innervated by nociceptive, sympathetic and parasympathetic 

fibers. A high density of unmyelinated C-fiber sensory afferents and an 

upregulation of TRPV1 have been found in endometriotic lesions 

(Tokushige et al., 2006b; Wang et al., 2009b; Bohonyi et al., 2017), 

suggesting that fibers iinervating the lesions are involved in the 

generation of pain associated to endometriosis. In fact, patients whose 

endometriotic lesions are highly innervated report more severe pain 

symptoms (Mechsner et al., 2009; McKinnon et al., 2012; Kajitani et al., 

2013). 

Sensory fibers innervating endometriotic lesions may converge into the 

same spinal pathways that the peripheral fibers they originally 
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sprouted from (Malykhina, 2007). Therefore, pelvic organs and 

endometriotic lesions may converge in the same central terminals 

within the spinal cord (Costa et al., 2004). This cross-sensitization might 

be a partial explanation of widespread visceral hypersensitivity (Hsu et 

al., 2011) and high comorbidity rates between endometriosis and other 

chronic pain diseases, such as irritable bowel syndrome or interstitial 

cystitis (Surrey et al., 2018). 

2.3.2 Inflammatory pain mechanisms in endometriosis 

When located in ectopic sites, endometrial cells produce CC 

chemokines that attract monocytes, T cells and eosinophils, and CXC 

chemokines that attract monocytes and neutrophils (Reis et al., 

2013). Macrophages also invade endometriotic lesions and 

overexpress proinflammatory cytokines such as the tumor necrosis 

factor alpha (TNF-α), interleukin 6 (IL-6), and interleukin 1 (IL-1) 

(Symons et al., 2018). The production of cytokines is also promoted by 

overactivation of the nuclear factor kappa B (NF-κB) pathway, the 

production of reactive oxygen species (ROS), and the activation of 

mitogen-associated kinase (MAPK) signaling pathways (Beste et al., 

2014). 

Similar to eutopic endometrium, endometriotic lesions suffer cyclical 

bleeding in response to hormonal variations (Halme et al., 1984; 

Burney and Lathi, 2009). Cell death during endometrial breakdown 

exacerbates the already ongoing inflammatory response caused by the 

presence of endometrial cells in ectopic sites (Figure 4). Degenerating 

endometriotic tissue releases numerous damage-associated molecular 

patterns (DAMPs), including calgranulins and soluble extracellular 
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matrix components (Gilabert-Estelles et al., 2005; Ferrero et al., 2008) 

and enriches lesion environment with ROS, prostaglandins (PGE2), iron 

and protons (Kobayashi et al., 2009; Sacco et al., 2012) that directly 

stimulate nociceptors in close proximity to endometriotic lesions. 

These products also activate macrophages and mast cells through the 

NF-κB pathway (Lousse et al., 2008; Morgan and Liu, 2011), provoking 

further release of NGF, interleukins 8 and 1 beta (IL-8 and IL-1β) and 

TNF-α. In patients with endometriosis, elevated levels of these 

proinflammatory and pronociceptive mediators are associated with a 

higher severity of pain symptoms (Scholl et al., 2009; McKinnon et al., 

2015). 

Nerve fibers themselves also participate in the generation of 

inflammatory endometriosis-associated pain through the release of 

inflammatory neuropeptides, causing neurogenic inflammation. These 

neuropeptides include CGRP and substance P (SP), which have been 

detected in sensory nerve fibers close to endometriotic lesions 

(Tokushige et al., 2006b; Wang et al., 2009a). CGRP and SP induce mast 

cell degranulation, edema and activation of macrophages that release 

more proinflammatory cytokines (Ottosson and Edvinsson, 1997; Brain 

and Grant, 2004). Re-activation of sensory nerve fibers by these 

cytokines completes a vicious cycle that sustains the inflammatory 

milieu and contributes to the generation of pain in endometriosis 

patients. 
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Figure 4. Main pathways involved in the pathogenesis of inflammatory pain in 

endometriosis. Endometriotic lesions (A), the innate immune system (B), and the 

peripheral nervous system (C) contribute to inflammatory pain. Endometriotic 

lesions are under the control of sex hormones, thus, proliferation and death of 

endometriotic cells occur cyclically. Mediators released during this process 

directly stimulate sensory nerve endings to generate nociceptive signals. In 

addition, products released from tissue degeneration activate the innate immune 

system. Proinflammatory and pronociceptive mediators are then released by 

activated mast cells and macrophages, which are also able to stimulate 

nociceptors. In response to stimulation, sensory nerves further increase and 

maintain inflammation by secreting proinflammatory mediators. PGE2, 

prostaglandin; OS, oxidative stress; DAMPs, damage-associated molecular 

patterns; NF-κB, nuclear factor kappa B; NGF, nerve growth factor; IL-1β, 

interleukin 1 beta; TNF- α, tumor necrosis factor alpha; SP, substance P; CGRP, 

calcitonin gene related peptide. Adapted from (Laux-Biehlmann et al., 2015). 

2.3.3 Endometriosis-induced sensitization of pain pathways  

Persistent inflammation leads to sensitization of nociceptive fibers 

(Ren and Dubner, 2010). Inflammatory and neurotrophic mediators 

released by endometriotic and immune cells can activate TRPV1-

positive fibers and induce TRPV1 expression, potentiating nociceptor 

sensitization (Wang, 2008). Indeed, elevated expression of TRPV1 

correlates with higher pelvic pain intensity in patients with deep 

infiltrating endometriosis (Bohonyi et al., 2017), suggesting that 
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TRPV1-dependent peripheral sensitization mechanisms may promote 

pain. 

There is rising evidence for the role of central sensitization in chronic 

pelvic pain associated to endometriosis. The fact that endometriosis 

patients often experience persistent pain even after surgical removal 

of endometrial lesions (Shakiba et al., 2008) suggests the presence of 

central mechanisms. Moreover, some endometriosis patients present 

regional hyperalgesia and allodynia (Stratton et al., 2015), further 

supporting the existence of central sensitization. In addition, decreases 

in regional gray matter volume in brain regions associated with pain 

processing, such as the insula or the thalamus, have been found in 

endometriosis patients (As-Sanie et al., 2012), as well as increased 

levels of excitatory neurotransmitters in the insula of patients with 

chronic pelvic pain associated to endometriosis, but not in 

asymptomatic individuals (As-Sanie et al., 2016). 

2.4 Treatment strategies for endometriosis pain 

There is currently no cure for endometriosis. Therefore, the primary 

goal of pharmacological and surgical treatments and their 

complementary approaches is managing endometriosis symptoms. The 

choice of treatment depends on many factors such as the extent of the 

disease, preferences and tolerability of the patient, desire for 

conception, long-term safety and costs (Figure 5) (Dunselman et al., 

2014). 
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Figure 5. Algorithm for management of endometriosis-associated pain. COCs, 

combined oral contraceptives; POPs, progestin-only pills; GnRH, gonadotropin-

releasing hormone. Adapted from (Zondervan et al., 2018). 

2.4.1 Pharmacological treatment of endometriosis pain 

Since endometriosis is an estrogen-dependent disease, 

pharmacological treatments are focused on estrogen suppression. 

These treatments are symptomatic but not cytoreductive, and 

symptom recurrence after treatment cessation is common (Becker et 

al., 2017). 

Combined oral contraceptives (COCs) taken in a continuous or a cyclic 

regimen are the first-line treatment for endometriosis associated pain 

(Dunselman et al., 2014). COCs induce central inhibition of 

gonadotropin secretion, suppress ovulation and reduce secretion of 

ovarian estrogen. This results in the establishment of a hyper-

progestogenic milieu that provokes the decidualization and 

subsequent atrophy of both eutopic and ectopic endometrium (Olive, 

2003).  
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Progestins, administered through oral, sub-cutaneous, intramuscular, 

intrauterine or vaginal route (Vercellini et al., 2009), also induce 

atrophy of endometrial tissues (Olive, 2003) and  lack some of the more 

concerning side effects of estrogen, such its associated risk of 

thromboembolism (Lidegaard et al., 2011). The levonorgestrel-

releasing intrauterine system (LNG-IUS) has also proved effectivity 

reducing dysmenorrhea in endometriosis patients (Abou-Setta et al., 

2013). COCs and progestins show overall safety and efficacy, however, 

they are associated with side effects including irregular bleeding, 

breast tenderness and psychological disturbances (Robakis et al., 

2019). 

Gonadotropin-releasing hormone (GnRH) agonists are second-line 

treatments (Dunselman et al., 2014). GnRH agonists downregulate 

pituitary GnRH receptors inhibiting the hypothalamic pituitary ovarian 

axis and therefore blocking ovarian secretion of estrogen. This 

eventually leads to hypoestrogenism, amenorrhea and regression of 

the endometriotic implants (Olive, 2008). GnRH agonist therapy is 

associated with menopause-like side effects, including bone loss, 

vasomotor symptoms (hot flashes), insomnia, and urogenital atrophy. 

Many of these adverse effects can be mitigated with the use of high-

doses of progestins or low-doses of estrogen–progestin therapies. 

These add-back treatments increase sex steroid levels without 

providing sufficient estrogen for the growth and maintenance of 

endometriosis. Elagolix is the first GnRH antagonist approved in North 

America for the treatment of endometriosis-associated pelvic pain 
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(Taylor et al., 2017). Other GnRH antagonists (linzagolix and relugolix) 

are under evaluation in phase 3 clinical trials. 

Off-label use of aromatase inhibitors for the treatment of 

endometriosis pain is based on the overexpression of aromatase and 

subsequent estrogen production in endometriotic lesions. Used in 

combination with COCs, progestins or GnRH agonists, aromatase 

inhibitors have proven useful in patients with pain refractory to other 

medical or surgical treatments (Nawathe et al., 2008; Ferrero et al., 

2011). However, long-term use of aromatase inhibitors is associated to 

bone-density loss, joint pain and increased multiple-pregnancy rates 

(Verma and Konje, 2009; Alborzi et al., 2011). 

Danazol, a derivative of 17 alpha-ethinyl–testosterone, and 

gestrinones suppress gonadotropin secretion and inhibit steroid 

synthesis, inducing an hyperandrogenic and hypoestrogenic 

environment that hinders the proliferation of endometrial tissues and 

produces amenorrhea (Olive, 2003). Although treatments with danazol 

and gestrinones have proven effective in controlling endometriosis-

associated pain (Fedele et al., 1989; Selak et al., 2007), its use has fallen 

over the years due to their multiple adverse effects that include acne, 

hypertrichosis, weight gain or muscle cramps (Fedele et al., 1989). 

The previously mentioned treatments are often accompanied by 

analgesics. Nonsteroidal anti-inflammatory drugs (NSAIDs) are 

commonly prescribed for endometriosis-associated pain (Dunselman 

et al., 2014) since they are useful for the treatment of primary 

dysmenorrhea (Marjoribanks et al., 2015). However, the effectiveness 

of NSAIDs in treating endometriosis associated dysmenorrhea is not 
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well established (Brown et al., 2017), and frequent use of NSAIDs is 

associated with gastrointestinal complications (Massó González et al., 

2010). Most of the guidelines for the treatment of endometriosis 

(Dunselman et al., 2014; Practice Committee of the American Society 

for Reproductive Medicine, 2014) do not include recommendations for 

the use of strong analgesics. However, other guidelines suggest that 

physicians could prescribe opioids or non-standard analgesics such as 

gabapentin or pregabalin if necessary (Ministerio de Sanidad, 2013). In 

this line, a recent report describes a frequent use of prescription 

opioids by endometriosis patients with unmanageable pain (Lamvu et 

al., 2019). 

Available pharmacological approaches for the treatment of 

endometriosis-associated pain produce, therefore, a large number of 

side effects and show variable efficacy. Furthermore, hormonal 

treatments are not an option for patients with endometriosis who wish 

to conceive. Novel approaches with pain-relieving properties but also 

disease-modifying effects are needed for endometriosis. With these 

objectives, several clinical trials are currently testing different 

nonhormonal treatments, including dopamine agonists, polyphenols or 

cannabinoids (Table 1). 
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Table 1. Active clinical trials of non-hormonal treatments for endometriosis. IL-

1, interleukin 1; IRAK-4 interleukin-1 receptor associated kinase 4; TLR, Toll-like 

receptor; TBD, to be defined; PEA, Palmitoylethanolamide, N/A, not available; 

ATP, adenosine triphosphate; THC, Δ9-tetrahydrocannabinol; CBD, cannabidiol. 

Adapted from (Zondervan et al., 2020). 

Drug  Drug class Assumed 
mechanism 

Application Phase 

Anakira  IL-1 antagonist  Anti- inflammatory  Subcutaneous  1 

Botulinum toxin  Neurotoxic 
protein from 
Clostridium 
botulinum  

Neurotoxic protein 
from Clostridium 
botulinum  

Intramuscular  1/2 

Cabergoline  Dopamine 
agonist  

Anti-angiogenic  Oral 2 

DLBS1442  Bioactive 
fraction of 
Phaleria 
macrocarpa 

Apoptotic Anti- 
inflammatory Anti-
angiogenic  

Oral  2 /3 

Epigallocatechin 
Gallate 

Polyphenol 
(green tea)  

Anti-angiogenic  Oral P 2 

IRAK-4 Inhibition of 
TLR/IL-1 
receptor 
complex  

Reduction in 
expression of 
inflammatory genes 
in immune cells  

TBD  1 

Melatonin  Neurohormone  Analgesic Anti-
oxidant Anti- 
inflammatory 

Oral  2 

Micronized 
PEA-
Transpolydatin  

Endogenous 
fatty acid amide  

Anti- inflammatory 
by inhibition of mast 
cell degranulation  

Oral/sublingual  N/A 

MT-2990  Antibody  Anti- inflammatory Intravenous  2 

P2X3 
Antagonist (BAY 
181708)  

ATP-gated 
channel 
antagonist  

Direct inhibition 
efferent nerve 
signaling  

Oral 1/2 

P2X3 
Antagonist 
(Gefaxipant)  

ATP-gated 
channel 
antagonist  

Direct inhibition 
efferent nerve 
signaling  

Oral  2 

P2X4 
Antagonist  

ATP-gated 
channel 
antagonist  

Immune cell- 
mediated inhibition 
of nerve signaling  

TBD  1 

Quinagolide  Dopamine 2- 
receptor agonist 

Anti-angiogenic and 
Anti- inflammatory 

Vaginal ring 2 

THC/CBD Cannabinoid  Cannabinoid 
receptors 

Inhaler 2 
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2.4.2 Surgical treatment of endometriosis pain 

Surgery should be considered in endometriosis patients with pain 

refractory to the pharmacological treatment. Another indication for 

surgery could be temporary pain relief in patients with desire of a 

future pregnancy (Berlanda et al., 2013). Surgical treatment of 

endometriosis-associated pain aims to eliminate endometriotic lesions 

and remove adhesions to restore the normal anatomy, or to interrupt 

nerve pathways innervating the affected region, usually trough 

laparoscopy. The effect of surgery on pain may be temporarily 

satisfactory, however, additional surgical and pharmacological 

treatments are commonly required due to symptom recurrence 

(Nirgianakis et al., 2020). 

Elimination of endometriotic lesions may be achieved by excision, 

drainage, coagulation or vaporization. Conservative excision of ovarian 

endometriomas has been associated with greater pain alleviation and 

lower recurrence than vaporization or coagulation (Hart et al., 2005), 

although a combination of these different techniques may be a better 

approach to limit damage to the gonadal reserve (Donnez et al., 2010; 

Tsolakidis et al., 2010). On the other hand, elimination of peritoneal 

lesions through coagulation and excision provide similar pain relief 

(Wright et al., 2005; Healey et al., 2010). Deep endometriotic lesions 

are usually excised effectively, although the procedure is associated 

with a high risk of complications and post-surgical pain (Donnez and 

Squifflet, 2010). 

Hysterectomy, with or without oophorectomy, and removal of all 

visible lesions should be considered only in patients that have already 
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completed childbearing or have no desire to retain reproductive 

function and failed to respond to conservative treatments (Dunselman 

et al., 2014). Since hysterectomy is effective in many, but not all cases 

of endometriosis (Martin, 2006), it is important to inform the patient 

that this procedure does not necessarily cure endometriosis or its 

symptoms. Furthermore, surgical menopause induced by 

hysterectomy is associated to a variety of long-term health outcomes 

including cardiovascular disease, fracture risk, pelvic floor dysfunction 

and alterations in neurologic functions (Stewart et al., 2012). 

Pelvic nerve transection procedures may be carried out during the 

course of conservative surgery to interrupt pelvic nerve pathways in 

endometriosis patients. Laparoscopic uterosacral nerve ablation 

(LUNA) is one of the most common nerve transection procedures for 

the treatment of chronic pelvic pain, however, studies show that it is 

not effective reducing endometriosis-associated pain, nor offers any 

additional benefit over excision surgery alone (Vercellini et al., 2003). 

Presacral neurectomy (PSN) involves the excision or incision of the 

uterus innervation. Although it may be beneficial for the treatment of 

dysmenorrhea as an adjunct to conservative surgery (Proctor et al., 

2005), it is associated with adverse effects such as bleeding, 

constipation and urinary urgency (Zullo et al., 2003). 

2.4.3 Complementary strategies for endometriosis pain 

Current treatments for endometriosis may be insufficient or have 

undesirable effects for many patients. For this reason, they often use 

self-care or lifestyle interventions to manage their symptoms and the 

adverse effects of medications (Table 2).  
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Table 2. Self-management strategies used for endometriosis, listed from most 

to least common, and perceived pain relief. Adapted from (Armour et al., 2019; 

Sinclair et al., 2020). 

Self-management modality 
Users Reported pain relief (0-10 scale) 

N % Mean Standard deviation 

Heat 259 70 7.6 2.0 

Rest 252 68 6.5 1.7 

Meditation/Breathing 175 47 6.4 2.4 

Dietary choices 163 44 6.3 3.0 

Exercise 158 42 6.3 1.6 

Stretching 148 40 5.5 2.7 

Yoga/Pilates 131 35 5.5 2.1 

Massage 118 32 5.3 2.1 

Herbal medicines 61 16 4.9 2.4 

Alcohol 51 14 4.8 2.5 

Cannabis 48 13 4.7 2.3 

Acupressure 29 8 4.6 2.1 

Cold 18 5 4.6 2.1 

Hemp oil/CBD oil 12 3 4.5 2.0 

Taichi/Qigong 8 2 4.0 1.7 

 

The most common forms of self-management among endometriosis 

patients are heat, rest, meditation and breathing exercises (Armour et 

al., 2019; Schwartz et al., 2019). Although there are no studies on the 

effectivity of local heat relieving endometriosis related pain, studies 

suggest that it can reduce primary dysmenorrhea (Akin et al., 2004). On 

the other hand, mindfulness meditation has proved effective reducing 

pain associated to endometriosis in a 6-year follow-up study (Hansen 

et al., 2017). Dietary choices, such as gluten-free, vegan or low 

monosaccharides and polyols (known as FODMAP) diets are also 
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commonly adopted by endometriosis patients. Although there is a 

complex relationship between diet and endometriosis, gluten-free and 

FODMAP diets have shown positive effects reducing pain (Marziali et 

al., 2012) and gastrointestinal symptoms (Moore et al., 2017), 

respectively. Some endometriosis patients also use physiotherapy to 

reduce pain symptoms, although the evidence of its efficacy is limited 

(Fuentes-Márquez et al., 2019). Cannabis and hemp or cannabidiol 

(CBD) oil use is popular among endometriosis patients (Armour et al., 

2019), which self-report a high effectiveness of cannabis improving 

pain, sleep and nausea and vomiting, allowing them to even reduce 

pharmaceutical medications (Sinclair et al., 2020). 

2.5 Animal models of endometriosis 

Endometriosis occurs spontaneously in human and nonhuman 

primates (D’Hooghe et al., 2009). A high prevalence of endometriosis 

has been observed in colonies of ageing rhesus macaques (Zondervan 

et al., 2004), and endometriosis has also been experimentally induced 

in baboons by intrapelvic injection of autologous menstrual affluent 

(D’Hooghe et al., 1995; Fazleabas, 2010). Although endometriosis in 

these animals closely resembles human condition, the use of 

nonhuman primates is limited by economical and ethical issues 

(D’Hooghe et al., 2009). Rodents do not develop endometriosis 

spontaneously, but they are cost-effective and widely available 

(Grümmer, 2006). Furthermore, there is a vast variety of genetically 

modified mice that can be applied to study the role of specific genes on 

endometriosis.  
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Heterologous rodent models have been developed through 

xenotransplantation or injection of human endometrial tissue (ectopic, 

eutopic, menstrual or cultured stromal and epithelial cells) into 

immunodeficient animals (Greaves et al., 2017b). These models can be 

very useful to evaluate potential therapies on endometriotic lesions 

that maintain human histological characteristics (Hull et al., 2008), as 

well as to investigate species-specific factors involved in lesion 

formation. However, the lack of a normal immunological response 

represents the major limitation of these models.  

Homologous rodent models involve surgical transplantation or 

injection of endometrial tissue from the same animal or a syngeneic 

donor into the pelvic or abdominal cavities of immunocompetent 

animals. On the one hand, autologous models consist in the surgical 

transplantation of uterine fragments into the arterial cascades of the 

small intestine, the peritoneal wall or the ovaries of the same animal 

(Vernon and Wilson, 1985; Berkley et al., 2001). On the other hand, 

syngeneic models do not involve the resection of the uterus from the 

same animal, and allow the study of the contribution of host and donor 

cells on endometriosis (Zhao et al., 2016). Among syngeneic models, 

the ones involving suturing of uterine fragments to the peritoneal lining 

have the advantage of easy localization and analysis of the lesions. 

Endometriosis can also be induced by injection of minced uterine, 

endometrial or “menstrual” (endometrial tissue obtained after a 

menses-like event produced by hormonal manipulation) tissue into the 

peritoneum of a syngeneic animal. These models are less invasive that 

the ones involving surgery, but evaluation of effectivity of disease-
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modifying drug is complicated due to the homogeneity of the lesions 

and the difficulty to identify them unless reporter mice are used as 

donors (Fortin et al., 2003). 

Most of the published rodent models of endometriosis use 

ovariectomized animals supplemented with estradiol, avoiding the 

natural variations in hormone levels across the estrous cycle (Greaves 

et al., 2017b). This manipulation promotes lesion establishment and 

growth; however, it also involves an additional surgery to remove the 

ovaries and an alteration in the hormonal status that may affect animal 

behavior. 
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3 The endocannabinoid system 

The Cannabis sativa plant has been used for therapeutic and 

recreational purposes for millennia (Russo and Guy, 2006). Yet, it took 

until the second half of the XIX century that its mechanism of action 

began to be unraveled. The identification of its major active 

components, the cannabinoids Δ9-tetrahydrocannabinol (THC) and 

cannabidiol (CBD) in the 1960s (Mechoulam and Shvo, 1963; Gaoni and 

Mechoulam, 1964), led to the discovery of the cannabinoid receptors 

(Matsuda et al., 1990; Munro et al., 1993) and their endogenous 

ligands (Devane et al., 1992; Mechoulam et al., 1995) in the early 

1990s. Since then, the endocannabinoid system has been assigned a 

wealth of roles related to the maintenance of homeostasis in 

physiological and pathological conditions (Di Marzo et al., 2004). 

3.1 Components of the endocannabinoid system 

3.1.1 Cannabinoid receptors 

The two canonical receptors of the endocannabinoid system are the 

cannabinoid receptor 1 (CB1R) and 2 (CB2R), which are G protein-

coupled receptors (GPCRs) with seven transmembrane domains (Figure 

6Error! Reference source not found.) (Childers and Deadwyler, 1996). 

Nevertheless, other GPCRs, such as GPR55, GPR18 and GPR110 (Irving 

et al., 2017), TRPV1 (De Petrocellis et al., 2017) and peroxisome‐

proliferator‐activating receptors (PPARs) (O’Sullivan, 2007) can also be 

modulated by cannabinoids. 
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Figure 6. Schematic representation of the human CB1 and CB2 receptors. 

Black circles represent amino acids common to the two receptors, and white 

circles represent different amino acids. CB1, cannabinoid receptor 1; CB2, 

cannabinoid receptor 2. Adapted from (Shire et al., 1996). 

The CB1R is highly expressed in the central nervous system (Figure 7), 

and its distribution has been well characterized in rodents (Tsou et al., 

1998) and humans (Westlake et al., 1994). The high expression of CB1R 

in brain areas such as the cortex, hippocampus, amygdala, basal ganglia 

and cerebellum (Freund et al., 2003) underlies the major psychotropic 

effects of THC and synthetic CB1R agonists. The CB1R is also present in 

pain-processing areas such as the hypothalamus, thalamus, PAG, RVM, 

and the dorsal horn of the spinal cord (Freund et al., 2003). Besides 

being expressed in neurons, CB1R is also expressed in other cells of the 

central nervous system (CNS) such as astrocytes (Han et al., 2012). 

Furthermore, CB1R is expressed in peripheral tissues including male 

and female reproductive organs (Das et al., 1995; Gye et al., 2005), 

urinary bladder (Walczak et al., 2009), liver (Tam et al., 2010) and 

peripheral sensory nerves (Ahluwalia et al., 2000), among others. 

CB1Rs are primarily expressed in presynaptic terminals (Busquets-

Garcia et al., 2018) inhibiting the release of glutamate and gamma-
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aminobutyric acid (GABA), but also acetylcholine, noradrenaline, 

dopamine, serotonin, and cholecystokinin, among other 

neurotransmitters (Szabo and Schlicker, 2005). In addition, 

postsynaptic actions (Maroso et al., 2016) and presence of CB1Rs in 

mitochondria (Bénard et al., 2012) have also been described recently. 

 

Figure 7. Distribution of CB1R in the brain. (A) CB1R localization in the rat brain 

marked by the tritiated ligand CP-55,940 and (B) CB1R gene transcript hybridized 

with a CB1R-specific oligonucleotide probe. (C) CB1R localization in the human 

brain marked by the tritiated ligand CP-55,940. In both rat and human brains, high 

levels CB1R are found in basal ganglia, cerebellum, hippocampus, cortex, and 

caudate putamen. Adapted from (Freund et al., 2003). 

The CB2R is mainly expressed in the periphery, particularly in immune 

cells like macrophages, B and T lymphocytes, neutrophils and 

monocytes  (Galiègue et al., 1995). Examples of other peripheral tissues 

where CB2R are also present are the liver (Julien et al., 2005), pancreas 

(Bermúdez-Silva et al., 2008), ovaries (El-Talatini et al., 2009) and 

sensory neurons (Anand et al., 2008). It was long accepted that the 

expression of the CB2R was restricted to the periphery, however, the 

presence of this receptor has been demonstrated in the CNS in 
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microglial cells (Sánchez et al., 2001), astrocytes (Walter et al., 2003) 

and neurons of the spinal cord and the brain (Van Sickle et al., 2005). 

Although expression levels of CB2R in rat and mouse brains is much 

lower than those of CB1R (Gong et al., 2006; Onaivi et al., 2006), this 

receptor seems to be involved in several central responses, including 

emotional and rewarding processes (Onaivi et al., 2012) and pain 

attenuation (Shang and Tang, 2017). 

Stimulation of CB1R and CB2R leads to the activation of multiple 

signaling pathways. As members of the GPCR superfamily, cannabinoid 

receptors mediate their effects by activating heterotrimeric Gi/o 

proteins (McAllister and Glass, 2002) (Figure 8Error! Reference source 

not found.Error! Reference source not found.). Activation of Gi/o 

proteins is coupled to the inhibition of the adenylyl cyclase activity 

(AC), which causes a decrease in cyclic adenosine monophosphate 

(cAMP) production and the corresponding attenuation of protein 

kinase A (PKA) activity. Coupling to heterotrimeric G i/o proteins also 

leads to stimulation of enzymes of the MAPK family such as 

extracellular signal-regulated kinases 1 and 2 (ERK1/2), p38 and c-Jun 

N-terminal kinase (JNK) (Bosier et al., 2010). In addition, activation of 

complex protein cascades such as those involving the 

phosphoinositide-3-kinase (PI3K) have also been proposed (Piomelli, 

2003). These intracellular events lead to downstream regulation of 

gene transcription. Stimulation of coupled Gi/o proteins is also 

associated to inhibition of voltage activated Ca2+ channels and 

stimulation of inwardly rectifying K+ channels (Kir3) in neurons to inhibit 

neurotransmitter release (McAllister and Glass, 2002). 
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Figure 8. Major signaling pathways of cannabinoids. CB1, cannabinoid 

receptor 1;  CB2, cannabinoid receptor 2; AC, adenylyl cyclase; ATP, 

adenosine triphosphate; cAMP, cyclic adenosine monophosphate; PKA, 

protein kinase A; MAPK, mitogen-activated protein kinase. Adapted 

from (Di Marzo et al., 2004). 

3.1.2 Endocannabinoids 

All identified endocannabinoids are long-chain arachidonic acid 

derivatives (Figure 9Error! Reference source not found.). The different 

endocannabinoids exhibit varying selectivity for CB1R and CB2R, as well 

as for other targets (McAllister and Glass, 2002). The most relevant 

endocannabinoids are N-arachidonoylethanolamine (anandamide or 

AEA) and 2-arachidonoylglycerol (2-AG) (Devane et al., 1992; 

Mechoulam et al., 1995). AEA is a partial agonist of CB1R and CB2R, 

and also has affinity for TRPV1 (Cristino et al., 2008). 2-AG is a full 

agonist of CB1R and CB2R, and is present at higher concentrations than 

AEA in the brain (Sugiura et al., 2006). Other putative 

endocannabinoids with unknown physiological function are 2-

arachidonoylglycerol ether (noladin ether) (Sugiura et al., 1995), N-
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arachidonoyldopamine, (Huang et al., 2002) and O-

arachidonoylethanolamine (virodhamine) (Porter et al., 2002) (Figure 

9). 

Figure 9. Endocannabinoids and putative endocannabinoids and their rank of 

affinity for cannabinoid receptors. Chemical structures of the two best-studied 

endocannabinoids, anandamide and 2-arachidonoylglycerol and three proposed 

endogenous ligands of cannabinoid receptors. CB1, cannabinoid receptor 1; CB2, 

cannabinoid receptor 2. Adapted from (Di Marzo et al., 2004). 

Structurally-related fatty acid amines such as N-acylethanolamines 

(NAEs), N-oleoyl ethanolamine (OEA) and N-palmitoyl ethanolamine 

(PEA) are also widely distributed in the CNS and the periphery, although 

their affinity for CB1R and CB2R is very weak. It has been proposed that 

these compounds may induce indirect activation of the principal 

cannabinoid receptors through the entourage effect increasing the 

activity of endogenous cannabinoids, and through the stimulation of 

TRVP1, PPAR or GPR55 (Petrosino and Di Marzo, 2017).  

Unlike other neurotransmitters, endocannabinoids are not pre-stored 

in secretory vesicles, but are biosynthesized on demand from cell 

membrane lipids, responding to an increase in intracellular calcium 



Introduction 

45 
 

concentration. Endocannabinoids are then released from the 

postsynaptic terminal and travel across the synapse to act as 

retrograde messengers (Freund et al., 2003). As mentioned above, 

activation of presynaptic CB1R leads to the suppression of 

neurotransmitter release on excitatory or inhibitory synapses. 

Endocannabinoid activation of CB1R for a few seconds results in short-

term plasticity characterized by transient depolarization-induced 

suppression of inhibition or excitation, depending on the nature of the 

presynaptic terminal. This mechanism involves direct G protein-

dependent inhibition of presynaptic Ca2+ influx (Castillo et al., 2012). 

Endocannabinoids also mediate long-term depression at both 

excitatory and inhibitory synapses through the inhibition of AC and 

downregulation of the cAMP/PKA pathway in active synapses (Heifets 

and Castillo, 2009). 

3.1.3 Enzymes involved in the biosynthesis and degradation of 

endocannabinoids 

Endocannabinoid levels are the result of a balance between their 

enzymatic synthesis and degradation (Figure 10). AEA synthesis 

involves two enzymatic reactions: glycerophospholipids and 

phosphatidylethanolamine are converted into N-arachidonoyl 

phosphatidylethanolamide (NArPE) by a calcium-dependent N-

acyltransferase (NAT), then, NArPE is hydrolyzed to AEA by the 

phospholipase D (NAPE-PLD) (Di Marzo et al., 1994). 2-AG is also 

synthetized in a two-step process: phospholipase C (PLC) produces sn-

1-Acyl-2-arachidonyl-diacylglycerol (DAG) from glycerophospholipids, 
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which is then hydrolyzed by diacylglycerol lipases (DAGL) into 2-AG 

(Murataeva et al., 2014). 

Once AEA and 2-AG activate their target receptors, AEA degradation is 

carried out by fatty-acid amide hydrolase (FAAH) (Di Marzo et al., 

1994), whereas 2-AG is primarily metabolized by monoacylglycerol 

lipase (MAGL) (Dinh et al., 2002), both on pre- and postsynaptic 

neurons (Chicca et al., 2017). Nevertheless, alternative metabolic 

pathways for the degradation of these endocannabinoids have also 

been described (Jhaveri et al., 2007). 

Figure 10. Synthesis and degradation of endocannabinoids. CB1, cannabinoid 

receptor 1; EC, endocannabinoid; 2-AG, 2-arachidonoylglycerol; PLC, 

phospholipases C; DAGL, diacylglycerol lipase; MAGL, monoacylglycerol lipase; 
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NAT, N-acyltransferase; NAPE-PLD, N-acylphosphatidyl-ethanolamine-specific 

phospholipase D; FAAH, fatty acid amide hydrolase; EMT, endocannabinoid 

membrane transporter; NArPE, N-arachidonoyl-phosphatidyl-ethanolamine. 

Adapted from (Di Marzo et al., 2004). 

3.1.4 Exogenous cannabinoid receptor ligands  

About 100 phytocannabinoids have been isolated from the Cannabis 

sativa plant during the last century. The first cannabinoids to be 

discovered, and also the most studied ones, were Δ9- 

tetrahydrocannabinol (THC), the main psychoactive component of the 

plant, and cannabidiol (CBD), a major bioactive compound that lacks 

important psychotropic effects. Examples of other phytocannabinoids 

are Δ9-tetrahydrocannabivarin, cannabinol, cannabidivarin, 

cannabigerol and cannabichromene (Pertwee, 2006) (Figure 11).  

The structures of these phytocannabinoids have been used as models 

to develop several synthetic compounds with cannabimimetic 

properties (Figure 11). Non-selective cannabinoid agonists include HU-

210, CP55940 and WIN55212. Examples of CB1R and CB2R selective 

agonists are arachidonyl-2′-chloroethylamide (ACEA), and JWH-133, 

respectively. Cannabinoid receptor antagonists have also been 

synthetized, and include SR141716A (rimonabant) and AM251 which 

act on CB1R, and AM630, which acts on CB2R (Pertwee et al., 2010). 
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Figure 11. Chemical structures of some plant and synthetic cannabinoids. Only 

Δ9-tetrahydrocannabinol binds to cannabinoid receptors with high affinity. None 

of the synthetic cannabinoids is selective for one cannabinoid receptor over the 

other. THC, Δ9-tetrahydrocannabinol. Adapted from (Di Marzo et al., 2004). 
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3.2 Physiological functions of the endocannabinoid system 

The endocannabinoid system participates in physiological functions 

and pathological states since it is involved in the regulation of cell, 

organ and organism homeostasis, contributing to the regulation of 

reproductive, cardiovascular, respiratory and gastrointestinal 

functions, metabolism and energy storage, and immune responses, 

among others (Grotenhermen, 2004). At central levels, 

endocannabinoid signaling is implicated in neural functions, including 

movement and motor coordination (de Fonseca et al., 2005), learning 

and memory (Marsicano and Lafenêtre, 2009), emotion (Lutz et al., 

2015), reward and motivation (Manzanares et al., 2018) and pain 

modulation (Woodhams et al., 2017). 

3.2.1 Cannabinoid effects in pain 

The endocannabinoid system plays an important role in the modulation 

of nociception in physiological and pathological conditions. Multiple 

lines of evidence suggest that endocannabinoids naturally suppress 

pain. Indeed, physiological pain stimuli elevate the endocannabinoid 

tone in a rapid and transient manner, while pathological pain 

conditions produce slow but persistent changes in endocannabinoid 

levels (Zogopoulos et al., 2013). The contribution of endocannabinoid 

signaling to pain transmission occurs at both peripheral and central 

levels. Stimulation of cannabinoid receptors in rodent DRG and human 

nociceptors decreases nociceptive transmission in electrophysiology 

studies (Millns et al., 2001; Anand et al., 2008). At the spinal level, CB1R 

mediates long-term depression (LTD) in synapses involving Aδ 

nociceptors, whereas, it prevents the induction of long-term 
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potentiation (LTP) in C-fiber synapses, indicating participation of CB1R 

in synaptic plasticity of nociceptors (Kato et al., 2012). In the cortex, 

suppression of GABAergic inhibition by CB2R but not CB1R agonism has 

also been evidenced using electrophysiological approaches (Morgan et 

al., 2009). 

Studies performed in rodent models of acute pain have shown that the 

elevation of the endocannabinoid tone by exogenous administration of 

endocannabinoids or by inhibition of endocannabinoid degradation or 

uptake produces antinociception (reviewed by Guindon and Hohmann, 

2009). Most of the studies attribute these antinociceptive effects to 

CB1R stimulation (Mason et al., 1999; Hohmann et al., 2005; Suplita et 

al., 2005; Hasanein and Javanmardi, 2008), although others suggest 

that antinociception is mediated through a CB1R-independent 

mechanism (Adams et al., 1998; Wiley et al., 2006). Exogenous 

cannabinoids have also proven effective against thermal (Khanna et al., 

2011), mechanical (Bloom et al., 1977) and chemical stimuli (Sofia et 

al., 1973) in models of acute pain. Transgenic mice lacking CB1R in 

nociceptive (Nav1.8) sensory neurons show increased sensitivity to 

heat and mechanical stimuli (Agarwal et al., 2007), implying that 

peripheral CB1R participate in the modulation of the nociceptive 

responses. CB1R stimulation inhibits pain transmission also on 

supraspinal areas such as the thalamus (Martin et al., 1999) and 

modulates neuronal activity in frontal and limbic structures to 

influence nociceptive responses to heat and chemical  stimuli (Manning 

et al., 2003). Microinjection of cannabinoid agonists into areas involved 

in the descending inhibitory pathway, including the PAG (Martin et al., 
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1999) and RVM (Martin et al., 1998), also results in CB1R-dependent 

analgesia. Endocannabinoids released in these areas have been 

suggested to mediate stress-induced analgesia via CB1R (Hohmann et 

al., 2005). Studies using CB2R knockout mice show that this receptor 

does not play a relevant role in mechanical or heat sensitivity in 

physiological conditions (Racz et al., 2008; Cabañero et al., 2020). 

Nevertheless, others have described that baseline responses to heat 

stimuli increase in mice lacking CB2R (Ibrahim et al., 2006), and that 

besides neuronal cells, immune cells and keratinocytes also participate 

in peripheral CB2R analgesia (Ibrahim et al., 2005). 

Inflammatory pain models such as the carrageenin, the capsaicin and 

the complete Freund’s adjuvant models have been useful to reveal the 

antinociceptive effects of cannabinoid agonists, endocannabinoids, 

and their modulators in inflammatory pain (reviewed by Guindon and 

Hohmann, 2009). Both CB1R and CB2R have been implicated in the 

antinociceptive effects of FAAH inhibition in the carrageenin model 

(Jayamanne et al., 2006; Ahn et al., 2011). Furthermore, it has been 

described that spinal CB1R expressed on nociceptive fibers and local 

interneurons inhibits the release of neurotransmitters involved in pain 

(Drew et al., 2000) and that peripheral CB1R mediates AEA 

antinociceptive and anti-inflammatory effects in this model (Clapper et 

al., 2010). On the other hand, CB2R plays an important role in 

peripheral inflammation, nociception and central sensitization in 

osteoarthritic rats (Burston et al., 2013). Indeed, mechanical allodynia 

is enhanced in osteoarthritic mice lacking CB2R, and attenuated in mice 

overexpressing this cannabinoid receptor (La Porta et al., 2013). 
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Pharmacological increase of endocannabinoid levels also reduces 

nociception in rodent models of neuropathic pain (reviewed by 

Guindon and Hohmann, 2009). Although the upregulation of spinal 

CB1R promotes enhanced antinociceptive effects of cannabinoids in 

nerve-injured rats (Lim et al., 2003), the constitutive lack of CB1R does 

not alter neuropathic pain manifestations in mice (Castañé et al., 

2006). On the contrary, absence of CB1R in peripheral nociceptors 

enhances nociception and reduces the analgesic effects of cannabinoid 

administration, suggesting that the participation of peripheral CB1Rs is 

particularly important in neuropathic pain (Agarwal et al., 2007). 

Indeed, peripheral CB1R mediates AEA antinociceptive and anti-

inflammatory effects in nerve-injured mice (Clapper et al., 2010). On 

the other hand, spinal CB2R expression is also increased during 

neuropathic pain (Zhang et al., 2003), and constitutive and neuronal 

lack of CB2R exacerbate behavioral manifestations of neuropathic pain 

in mice, while lymphocyte CB2R depletion inhibits antinociception 

provided by a selective CB2R agonist (Cabañero et al., 2020). 

Furthermore, exacerbated neuropathic pain behaviors in mice 

constitutively lacking CB2R match with microglia and astrocyte 

activation in the spinal cord (Racz et al., 2008). In supraspinal areas, 

endocannabinoid levels also increase during neuropathic pain 

(Petrosino et al., 2007), although it remains to be investigated whether 

enhancement or blocking of endocannabinoid signaling in these brain 

regions could affect neuropathic pain manifestations. 
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Increases in circulating AEA concentrations have been found in 

patients with chronic pain syndromes, such as fibromyalgia (Kaufmann 

et al., 2008) and complex regional pain syndrome (Kaufmann et al., 

2009). Furthermore, individuals with a single nucleotide polymorphism 

in the gene for FAAH that results in elevated circulating concentrations 

of AEA is associated with lower sensitivity to cold pain (Cajanus et al., 

2016), suggesting that AEA reduces pain perception. Increased 

amounts of circulating 2-AG concentrations have also been reported in 

patients of neuromyelitis optica. In this individuals, 2-AG levels are 

negatively correlated with mechanical pain thresholds, suggesting an 

analgesic role of this endocannabinoid (Pellkofer et al., 2013). On the 

contrary, elevated concentrations of 2-AG correlate with knee pain in 

osteoarthritis patients, indicating that it may also contribute to pain 

perception (La Porta et al., 2015). On the other hand, studies suggest 

that cannabinoids are not effective for acute pain in humans (Beaulieu, 

2006; Holdcroft et al., 2006; Kraft et al., 2008). However, medicinal 

cannabis and cannabinoids are associated with chronic pain relief and 

good tolerability in cancer and non-cancer pain patients (Lynch, 2016; 

Vučković et al., 2018). Nevertheless, there is still insufficient evidence 

to support their long-term use for the management of chronic pain. 

3.2.2 Cannabinoid effects in emotional responses 

The endocannabinoid system is extensively distributed in the CNS and 

plays an important and complex role in the regulation of emotional 

homeostasis. This is illustrated by the fact that THC can cause euphoria, 

relaxation and stress-relieving effects, or dysphoria and anxiety 
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depending on the dose and on the basal status of the individual 

(Maldonado et al., 2020; Mechoulam and Parker, 2013). 

The same complex picture applies to animal studies evaluating the 

effects of exogenous cannabinoids in anxiety-like behavior (Micale et 

al., 2013). Cannabinoid agonists elicit anxiolytic responses at low doses, 

and anxiogenic effects at higher doses (Moreira and Wotjak, 2010), 

although genetic background or environmental context can modify 

these effects. This bimodality has been attributed to differences in the 

baseline stress levels of the animals, recruitment of non-canonical 

cannabinoid receptors, or differential effects of CB1R activation on 

distinct neuronal populations (Häring et al., 2012). Elevation of 

endocannabinoid tone by administration of AEA and 2-AG or blocking 

of FAAH and MAGL induces anxiolytic-like responses in rodents (Rubino 

et al., 2008; Mechoulam and Parker, 2013). Thus, CB1R seems to 

mediate the anxiolytic-like effects produced by increased AEA levels, 

while CB2R seems to contribute mainly to the effects of elevated 2-AG 

(Busquets-Garcia et al., 2011). Studies performed with transgenic mice 

show that the lack of either CB1R or CB2R is associated to increased 

anxiety-like behaviors (La Porta et al., 2015), evidencing a direct 

involvement of both cannabinoid receptors in emotional responses. 

Modulation of the endocannabinoid system also has an impact on 

depressive-like behavior in rodents. Different cannabinoid agonists 

reduce depressive-like behavior via CB1R mechanisms (Patel and 

Hillard, 2009). Results with CB1R and CB2R antagonists are, however, 

inconsistent. While some studies show no effect on depressive-like 

behavior (Bambico et al., 2007; Gobshtis et al., 2007; Onaivi et al., 
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2008), others conclude that cannabinoid receptor antagonism reduces 

this behavior (Steiner et al., 2008a). Studies using knockout animals are 

inconclusive, since they have shown that mice lacking CB1R or CB2R 

display similar  (Jardinaud et al., 2005) or higher (Steiner et al., 2008b; 

Ortega-Alvaro et al., 2011) depressive-like behavior than wild type 

mice, depending on the strain and the experimental conditions.  

Epidemiological studies have demonstrated that cannabis use for 

anxiety is highly prevalent (Kosiba et al., 2019). However, clinical trials 

testing the effects of acute consumption of isolated THC concluded that 

this cannabinoid is associated to anxiogenic responses (reviewed by 

Sharpe et al., 2020). On the contrary, CBD has anxiolytic effects in 

individuals with social anxiety disorders (Bergamaschi et al., 2011) and 

reduces the anxiety induced by acute THC consumption (Zuardi et al., 

1982). 

3.2.3 Cannabinoid effects in cognition 

The components of the endocannabinoid system are present in brain 

areas such as the medial prefrontal cortex or the hippocampus, where 

participate in learing and memory processes. 

CB1R agonists impair emotional and non-emotional memory in naïve 

rodents (Mechoulam and Parker, 2013), while CB2R agonism has 

shown a beneficial or neutral effect on cognition (García-Gutiérrez et 

al., 2013). Blockade of cannabinoid receptors produce a variety of 

effects on cognitive processes. CB1R antagonism and genetic deletion 

of CB1R in mice improve olfactory memory, working memory and 

object recognition memory, although they impair the extinction of 

aversive memories (Terranova et al., 1996; Hampson and Deadwyler, 
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1998; Maccarrone et al., 2002). On the contrary, pharmacological and 

genetic inactivation of CB2R produces cognitive impairments in mice 

(García-Gutiérrez et al., 2013). Nevertheless, others have shown no 

cognitive effects when cannabinoid receptors are blocked or absent 

(Lichtman et al., 2002; La Porta et al., 2016). Some studies show that 

increases in AEA, but not 2-AG, interfere with emotional and non-

emotional memory (Busquets-Garcia et al., 2011), while others have 

reported improvements in memory associated to the elevation of both 

AEA and 2-AG (Varvel et al., 2007; Pan et al., 2011; Mechoulam and 

Parker, 2013). Altogether, these data reveals that the relationship 

between cannabinoid signaling and memory and cognition is complex. 

In humans, cannabis use affects several aspects of cognitive 

performance, including attention, working memory, verbal learning, 

mental flexibility and consolidation of memories (Mechoulam and 

Parker, 2013). These effects are dose-dependent, and although they 

are stronger in the first six hours after acute consumption, impairments 

in cognitive function may be present even after three weeks of 

abstinence and beyond (Crean et al., 2011) 

3.3 The endocannabinoid system in endometriosis  

The endocannabinoid system components coexist in the human 

endometrium. Cannabinoid receptors, endocannabinoids and enzymes 

involved in their biosynthesis and degradation are distinctly expressed 

during the different phases of the menstrual cycle (Scotchie et al., 

2015), suggesting a role of the endocannabinoid system on the proper 

functioning of healthy female reproductive tissues. Thus, the 

involvement of this system in specific mechanisms critical to 
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endometrial growth and maintenance suggest a role of this system in 

endometriosis. 

Cannabinoids modulate cell growth and survival through activation of 

pathways that correlate with the abnormal cell growth occurring in 

endometriosis (Error! Reference source not found.). One of those is 

the PI3K/protein kinase B pathway, primary involved in the regulation 

of cell cycle through apoptosis mediators such as Bax, Bad and caspase 

9. This signaling pathway can be negatively regulated by the 

phosphatase and tensin homolog (PTEN) (Myers and Tonks, 1997). 

PTEN is downregulated in eutopic and ectopic endometrial tissue from 

endometriosis patients, suggesting that these cells may be resistant to 

apoptosis due to a downstream decrease in the pro-apoptotic factor 

Bax (Meresman et al., 2000). 

Cannabinoids reduce levels of the MMP2, a mediator involved in cell 

migration, in cells from murine gliomas (Blázquez et al., 2008). During 

endometriosis, an increased synthesis of MMPs in both eutopic and 

ectopic endometrium (Sanchez et al., 2012) is associated to cell 

migration, as it occurs in cancerous cells. On the other hand, 

endocannabinoids can stimulate cell migration through the activation 

of PI3K/Akt and ERK1/2 pathways. Indeed, this activation is suggested 

to be specifically induced by the CB1R agonist metanandamide, which 

promotes the migration of endometrial stromal cells  in vitro (Gentilini 

et al., 2010). Thus, cannabinoid stimulation could both inhibit or 

promote endometrial cell migration in endometriosis. 

Exogenous and endogenous cannabinoids are emerging as potential 

suppressors of angiogenesis, especially in cancer studies (Bifulco et al., 
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2007). The selective CB2R agonist JWH-133 reduces vascular irrigation 

in a mouse model of glioma (Blázquez et al., 2003) and decreases the 

expression of proangiogenic factors in human glioma cells (Blázquez et 

al., 2004). In contrast, AEA seems to stimulate the fibroblast growth 

factor (FGF) through CB1R, inducing proliferation of human umbilical 

vein endothelial cells (HUVECs) (Pisanti et al., 2011). As it occurs in 

tumors, endometriotic cells require their own vascular supply to 

survive and grow, and the endocannabinoid system may play a role in 

the regulation of angiogenesis during endometriosis. 

Figure 12. Schematic diagram of cannabinoid receptor signaling pathways 

potentially altered in endometriosis. Endometrial cell survival, growth and 

migration could be modulated by cannabinoids in endometriosis. PKB, protein 

kinase B; Bax, pro-apoptotic protein; Bak, anti-apoptotic protein; CB1/2, 

cannabinoid 1/2 receptor; GPCR, G protein-coupled receptor; ERK, extracellular-

regulated kinase; TKR, tyrosin kinase receptor; PI3K, phosphatidyl inositol 3 

kinase; PTEN, phosphatase and tensin homolog; GSK3b, glycogen synthase kinase 

3 b; mTOR, mammalian target of rapamycin complex 1. Adapted from (Sanchez et 

al., 2012). 
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Cannabinoid receptors are expressed in almost every type of immune 

cells in humans and mice (Parolaro, 1999). In agreement, their ligands 

have demonstrated in vivo and in vitro effects on the production and 

function of inflammatory mediators. For example, THC stimulates CB2R 

to inhibit the chemotactic response of murine peritoneal macrophages 

to the RANTES/chemokine C-C motif ligand 5 (CCL5) (Raborn et al., 

2008). On the other hand, CB1R antagonism reduces plasma levels of 

monocyte chemoattractant protein-1 (MCP-1/CCL2) and of interleukin 

12 (IL-12) in a model of atherosclerotic lesion development (Dol-Gleizes 

et al., 2009). In isolated endometrial stromal cells, CB1R expression is 

disrupted after exposure to the inflammatory 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCCD) (Resuehr et al., 2012), suggesting 

an inverse relationship between inflammation and endometrial CB1R 

signaling. On the other hand, activation of CB2R has been associated 

with the release of nitric oxide in endometrial inflammation, suggesting 

that this receptor participates in inflammatory processes in 

endometrial tissues (Iuvone et al., 2008). Furthermore, TRPV1 is 

upregulated in deep-infiltrating endometriosis cells (Bohonyi et al., 

2017), where it may play a role in pain and inflammation. 

Clinical data on the effects of cannabinoid drugs in endometriosis is 

scarce.  Nevertheless, a small open-label study has shown the efficacy 

of ultramicronized PEA and co-micronized PEA/polydatin reducing 

chronic pelvic pain, dysmenorrhea, dyspareunia and dyschezia 

associated to endometriosis, as well as improving overall quality of life  

(Stochino Loi et al., 2019). Hence, the endocannabinoid system could 

be a potential target for the treatment of endometriosis.  
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4 The endogenous opioid system 

Similarly to the Cannabis sativa plant, the opium poppy has been used 

for millennia for ritual, recreative and medicinal purposes (Booth, 

2013). Morphine was isolated from opium in the early XIX century 

(Krishnamurti and Rao, 2016), although it took until the 1970s to 

became apparent that opiate compounds exerted their actions at 

specific receptors in the CNS (McClane and Martin, 1967; Goldstein et 

al., 1971). Soon, endorphins enkephalins and dynorphins were isolated 

and identified as the endogenous compounds that bind to opioid 

receptors (Hughes et al., 1975; Cox et al., 1976; Goldstein et al., 1979). 

The discovery of the opioid receptors and their endogenous opioid 

ligands was the first step to characterize the endogenous opioid 

system. 

4.1 Components of the endogenous opioid system 

4.1.1 Opioid receptors 

Mu (MOR), delta (DOR) and kappa (KOR) opioid receptors are 

considered the three principal opioid receptors (Kieffer, 1999), 

although the nociceptin or orphanin receptor (NOR or opioid receptor-

like 1, ORL-1) has also been accepted as part of the opioid receptor 

family (Bunzow et al., 1994; Mollereau et al., 1994). Opioid receptors 

are seven-transmembrane domain proteins that couple to G proteins 

sensitive to the pertussis toxin (Gαi and Gαo), and display different 

conformations on their inactive and active states Error! Reference 

source not found.) (Granier et al., 2012; Manglik et al., 2012; 

Thompson et al., 2012; Wu et al., 2012). 
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Figure 13. Structures of the four opioid receptors. Crystal structures of the 

inactive state of all four opioid receptors. When an opioid agonist enters the 

binding pocket of the receptor, a conformational change in the transmembrane 

domains allows for intracellular effector molecules to bind and activate 

downstream signalling cascades. Stabilizing nanobodies were used to elucidate 

the active state of MOR. DORP, delta opioid receptor, KORP, kappa opioid 

receptor, NOPR, nociceptin opioid receptor, MOPR, mu opioid receptor. Adapted 

from (Corder et al., 2018). 

Opioid receptors are widely distributed in the peripheral and central 

nervous systems (Mansour et al., 1988; Stein, 1993). In areas of the 

brain such as the cortex, the limbic circuitry and the brain stem, opioid 

receptors are abundant (Mansour et al., 1994; Neal et al., 1999). 

Although the three classical opioid receptors coincide in most 

structures, some regions show higher expression of one particular 

receptor (Error! Reference source not found.). Thus, MOR is the most 

expressed opioid receptor in the amygdala, DOR is the most abundant 

in the olfactory tract, the cortex and the striatum and KOR is highly 

expressed in the basal anterior forebrain (Le Merrer et al., 2009; Lutz 

and Kieffer, 2013). In the spinal cord dorsal horn and DRG, MOR is 

mainly present in C-fibers (Scherrer et al., 2009), whereas DOR is highly 

expressed in myelinated Aβ primary afferents (Bardoni et al., 2014; 

François and Scherrer, 2018). MOR and DOR can also be co-expressed 

in a subset of polymodal Aδ fibers (H.-B. Wang et al., 2010; François 

and Scherrer, 2018). Expression of KOR has been described in low-
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thereshold mechanoreceptor C- fibers and Aδ and Aβ fibers (Snyder et 

al., 2018). 

Opioid receptor expression (mRNA) generally matches the distribution 

of binding sites (protein), implying that opioid receptor synthesis is 

carried out by local neurons. However, the absence of binding sites in 

places where there is mRNA expression suggest that receptors 

synthesized in some brain regions are transported to projection areas 

where they are localized presynaptically (Le Merrer et al., 2009). 

 

Figure 14. Distribution of the classical opioid receptors in the rodent 

brain.  Opioid receptors overlap their localization throughout rodent brain. FCx, 

prefrontal cortex; NAc, nucleus accumbens; BNST, bed nucleus of the stria 

terminalis; Hyp, hypothalamus; Hipp, hippocampus; Hb, habenula; Th, thalamus; 

Amy, amygdala; VTA, ventral tegmental area; DRN, dorsal raphe nucleus; LC, locus 

coeruleus. Adapted from (Lutz and Kieffer, 2013). 

Opioid receptors have also been found in sensory and sympathetic 

fibers innervating peripheral tissues such as the gastrointestinal tract, 

dermis and epidermis, bones or joint tissue (Bigliardi and Bigliardi-Qi, 

2014). Besides their presence in neuronal cells, opioid receptors can be 

found in immune cells and in other peripheral tissues (Hedner and 

Cassuto, 1987). 
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When opioid receptors are activated, G proteins dissociate into Gα and 

Gβγ subunits, which subsequently act on intracellular cascades that 

typically depress neural functions (Error! Reference source not 

found.). The Gα subunit positively interacts with Kir3 (Wickman and 

Clapham, 1995; Torrecilla et al., 2002), while the Gβγ subunit inhibits 

N-, P/Q- and L-type voltage-gated calcium channels (Zamponi and 

Snutch, 1998). The Gα subunit also inhibits AC activity and reduces 

cAMP formation (Law et al., 2000). These processes lead to a strong 

neuronal hyperpolarization and inhibition of neuronal excitability. With 

opioid receptor activation, GPCRs are phosphorylated and can recruit 

β-arrestins, which stimulate components of the MAPK cascade (Al-

Hasani and Bruchas, 2011) including ERK1/2, c-Jun JNK1–3 and p38 to 

modulate the activity of transcription factors, ion channels and 

neurotransmitter transporters among others (Raman et al., 2007). β-

arrestins also regulate desensitization and internalization of the opioid 

receptors (Corder et al., 2018). Although it was initially accepted that 

internalized receptors were inactive (Bohn et al., 1999), latter studies 

have shown that opioid receptors still signal from endosomal 

compartments (Irannejad et al., 2013; Eichel et al., 2016). 
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Figure 15. Opioid receptor signaling pathways. (1) Activated G protein subunits 

(1)  interact with K+ and Ca2+ channels and (2) are phosphorylated causing (3a) 

arrestin recruitment and subsequent (3b) receptor internalization. (4) 

Dissociation of G protein subunits stimulate components of the MAPK cascade. 

(5) Opioid receptors can be recycled to the cell Surface. Βγ, G protein Β-γ subunit; 

Kir3, inwardly rectigying potassium channels; cAMP, cyclic adenosine 

monophosphate; ERK, extracellular signal- regulated kinase; JNK c-jun N-terminal 

kinase; MAPK, mitogen-activated protein kinases; P, phosphorylation. Adapted 

from (Al-Hasani and Bruchas, 2011). 

4.1.2 Endogenous opioids 

There are four major families of endogenous opioid ligands, β-

endorphins, enkephalins, dynorphins, and nociceptin/orphaninFQ, 

(Error! Reference source not found.), which exhibit different affinities 

for each opioid receptor but share a common N-terminal sequence 

(Tyr-Gly-Gly-Phe-Met-Leu) (Akil et al., 1997). β-endorphin acts on both 

MOR and DOR with similar affinity; enkephalins bind to DOR and MOR, 

with higher affinity for DOR; dynorphins can activate KOR, MOR and 

DOR with a greater affinity for KOR; and noiceptin/orphanin FQ binds 

to NOR (Kieffer, 1995; Meunier et al., 1995). 
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Figure 16. Chemical structure of endogenous opioid peptides. Adapted from 

(Corder et al., 2018). 

Endogenous opioids are released into synaptic and extra-synaptic 

spaces (Duggan, 2000; Banghart and Sabatini, 2012; Chavkin, 2013). 

Activation of opioid receptors can occur hundreds of microns away 

from the site where opioid peptides were released (Svingos et al., 1996; 

Glass et al., 2009), implying that opioid synapses include a much 

broader area than typical fast synapses. 

4.1.3 Enzymes involved in the biosynthesis and degradation of 

endogenous peptides 

β-endorphins, enkephalins, dynorphins, and nociceptin/orphanin FQ 

result from proteolytic cleavage of precursor proteins 

proopiomelanocortin (POMC), preproenkephalin (PENK), 

prodynorphin (PDYN) and pronociceptin (PNOC), respectively (Corder 

et al., 2018). Opioid precursors are stored in dense core vesicles in the 

neuron soma and are cleaved during their transport to axon terminals 

(Corder et al, 2018). PENK are abundant and widely expressed in the 
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brain, while POMC cell bodies have been only detected in the 

hypothalamus, the nucleus tractus solitarius, and the pituitary gland.  

PDYN cell bodies are also widespread, but particularly abundant in the 

hypothalamus matching with high KOR density (Le Merrer et al., 2009). 

Dynorphins are also synthetized from PDYN in primary afferents and 

immune cells, which also synthetize and secrete enkephalins (Labuz et 

al., 2016; Maldonado et al., 2018). 

Once released into the synaptic cleft, enkephalins are cleaved by the 

two zinc metallopeptidases endopeptidase neprilysin and 

aminopeptidase N, which catalyze the cleavage of peptide bonds on 

the N-terminal side of Tyr-Gly-Gly and Tyr residues, respectively 

(Roques et al., 2012). Mass spectrometry studies of the metabolism 

products of dynorphins and β-endorphins suggest that these 

endogenous opioids have their own metabolizing enzymes (Reed et al., 

2003, 2008). 

4.1.4 Exogenous opioid receptor ligands 

The term opioid is used broadly to describe all compounds that act on 

opioid receptors. Natural opioids include morphine and codeine, which 

display higher affinity for MOR. Nonetheless, other natural opioids with 

selectivity for specific receptors have been identified, like the KOR-

selective agonist salvinorin A (Roth et al., 2002). A broad spectrum of 

semi-synthetic and synthetic opioid receptor agonist and antagonist 

ligands has been developed. Examples of MOR agonists include 

oxycodone and oxymorphone, tramadol, DAMGO, and the partial 

agonist buprenorphine, which acts also as a KOR antagonist. Naloxone 

and naltrexone are opioid antagonists with preferential affinity for 
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MOR (Jordan et al., 2000). DOR agonists include SNC-80, AZD2327 or 

BU-48, among others; DOR antagonists include naltrindole and 

ICI174,864 (Peppin and Raffa, 2015). U50,488H, U689593 and 

GR89,696, are examples of KOR agonists, and nor-binaltorphimine and 

JDTic are some of the available KOR antagonists (Beck et al., 2019). NOP 

can be activated by agonists such as NNC 63-0532, and blocked by the 

antagonists JTC081 and J113397 (Gear et al., 2014). 

In addition to these ligands, several peripherally-restricted agonists 

have been synthetized to study the contribution of peripheral and 

central mechanisms in opioid signaling and to avoid the centrally-

mediated adverse effects of opioids (Iwaszkiewicz et al., 2013). 

Furthermore, biased agonists that elicit a preferential signaling 

pathway downstream the receptor, activating G-protein or β-arrestin 

cascades, have been developed recently (Faouzi et al., 2020). 

4.2 Physiological functions of the opioid system 

The endogenous opioid system participates in a wide range of functions 

related to behavior, including pain, reward and addiction, stress, 

learning and memory, mood or sociability. This system is also involved 

in the regulation of gastrointestinal transit, and respiratory, 

cardiovascular and immunological functions, among others (Bodnar, 

2017). The role of MOR and DOR in the control of pain has been widely 

investigated, although more recent investigations have centered the 

attention in opioid signaling through KOR. For the aim of this Thesis, 

we will focus on the involvement of KOR in pain, emotions and 

cognition. 
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4.2.1 Role of the kappa opioid receptor in pain 

The endogenous opioid system plays a crucial role in modulating pain 

transmission at the periphery and the CNS (Corder et al., 2018). At the 

peripheral level, immune cells release opioid peptides that inhibit pain 

transmission locally (Rittner et al., 2008). In the DRG, each opioid 

receptor preferentially controls distinct types of pain and 

somatosensory modalities, with KOR mainly controlling visceral pain 

(Kivell and Prisinzano, 2010; Vanderah, 2010; Naser and Kuner, 2018). 

At the spinal level, opioid signaling modulates nociceptive responses by 

inhibiting activity in synapses between primary afferent nociceptive 

neurons and second-order neurons. Indeed, dynorphins and 

enkephalins are expressed by interneurons in the dorsal horn (Boyle et 

al., 2017; François et al., 2017) and are upregulated following 

peripheral injury  (Xu et al., 2004; Lai et al., 2008; Podvin et al., 2016). 

KOR is expressed in neurons, interneurons and astrocytes at this level 

of the pain transmission route (Eckert and Light, 2002; Xu et al., 2007). 

Supraspinally, KOR mediates descending antinociception particularly in 

the dorsal raphe nucleus (Zhao et al., 2007; Land et al., 2009). The KOR-

dynorphin system also gates affective information from the basolateral 

amygdala and the locus coeruleus (Crowley et al., 2016; McCall et al., 

2017), and mediates pain-induced negative affect by acting on the 

nucleus accumbens circuitry (Liu et al., 2019; Massaly et al., 2019). 

KOR agonists are able to attenuate acute pain in different animal 

models. Administration of KOR agonists reduce acute pain in response 

to thermal stimuli via serotonergic (Vonvoigtlander et al., 1984) and 

GABAergic pathways (Nemmani and Mogil, 2003). KOR agonists also 
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inhibit pain responses to chemical stimulus in rodents (Craft et al., 

1995; McCurdy et al., 2006; Labuz et al., 2007). However, mechanical 

stimuli elicit similar responses in mice lacking either KOR or PDNY and 

wild type mice (Negrete et al., 2017). The antinociceptive effects of 

KOR on inflammatory pain have also been investigated. Exogenous 

KOR ligands reduce pain behaviors in carrageenin (Amarante et al., 

2004), formalin (Clemente et al., 2004), capsaicin (Lomas et al., 2007) 

and complete Freund’s adjuvant (Auh and Ro, 2012) inflammation 

models. Studies using knockout mice show that the absence of either 

KOR or PDYN is associated to exacerbated mechanical allodynia and 

increased spinal microglial activation in a model of osteoarthritis 

(Negrete et al., 2017). 

KOR is also involved in chronic neuropathic pain. Administration of 

peripherally-selective KOR agonists reduces pain behaviors in a rat 

model of nerve injury (Catheline et al., 1998; Walker et al., 1999), 

indicating that activation of peripheral KOR induces antinociception in 

neuropathic pain conditions. The KOR antagonists norbinaltorphimine 

and 5'-guanidinonaltrindole (GNTI) enhance mechanical and thermal in 

rodent models of neuropathic pain (Obara et al., 2003), providing 

further evidence of the role of KOR in pain associated to nerve injuries. 

Nevertheless, rodents subjected to different models of neuropathic 

pain show enhanced expression and pronociceptive actions of 

dynorphin at spinal levels (Xu et al., 2004; Lai et al., 2008; Podvin et al., 

2016), suggesting that dynorphin can also promote pain in certain 

conditions. 
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Clinical and preclinical studies suggest a sexual dimorphism in the 

effects of KOR agonists on pain. Some studies report that KOR agonists 

exert higher antinociceptive effects in male rodents (Barrett et al., 

2002; Terner et al., 2003; Sternberg et al., 2004). However, others show 

greater antinociception in females  (Bartok and Craft, 1997; Lawson et 

al., 2010). In rodent models of inflammatory pain, KOR agonists are 

more efficient reducing pain behaviors in males (Lomas et al., 2007; 

Rasakham and Liu-Chen, 2011; Auh and Ro, 2012), or females (Bereiter, 

2001; Clemente et al., 2004; Lawson et al., 2010), depending on the 

model and the experimental conditions. Estrogen-dependence of KOR-

mediated antinociceptive effects could, at least partially, explain these 

differences (Lawson et al., 2010).  

In humans, mixed KOR/MOR agonists including pentazocine, 

nalbuphine and butorphanol produce greater analgesia for 

postoperative pain following molar extraction in women than in man 

(Gear et al., 1996a, 1996b, 1999). Furthemore, the analgesic effect of 

pentazocine against thermal and ischemic pain is also more robust in 

women (Mogil et al., 2003), although no sex differences on its effect 

against heat, ischemic and pressure pain have also been reported 

(Fillingim et al., 2004). Moreover, butorphanol provides better 

analgesia in men in the cold-water stimulus pain assay (Zacny and 

Beckman, 2004), but is equaly effective in both sexes for heat an 

preassure pain (Sibille et al., 2011). 

Substantial evidence shows that KOR stimulation produces strong 

analgesic effects. Furthermore, KOR agonists are free from the abuse 

potential and some of the adverse effects of MOR agonists. However, 
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KOR agonists produce as well severe undesirable effects such as 

diuresis, salivation, emesis and sedation (Y. Wang et al., 2010), which 

limit their use in the clinic. 

4.2.2 Role of the kappa opioid receptor in emotional responses 

The abundance of components of the opioid system in the cortex, 

limbic areas and other brain regions related to mood control indicates 

that this system plays a crucial role in emotional processing. Indeed, 

increases in the levels of enkephalins and endorphins by exogenous 

administration or by inhibition of catabolic enzymes is associated to 

reduced anxiety and depressive-like behaviors (Kastin et al., 1978; 

Tejedor-Real et al., 1993; Nieto et al., 2005; Jutkiewicz et al., 2006; 

Peppin and Raffa, 2015). 

The role of KOR in anxiety and depression-like behaviors has been 

investigated using pharmacological and genetic approaches. Systemic 

KOR agonists induce anxiogenic and pro-depressant effects in rodents 

(Knoll and Carlezon, 2010; Chartoff and Mavrikaki, 2015; Chavkin and 

Koob, 2016). It has been proposed that KOR stimulation may reduce 

extracellular dopamine levels in the nucleus accumbens (Carlezon et 

al., 2006), an area playing a crucial role in depression (Nestler and 

Carlezon, 2006). It has also been hypothesized that the activation of 

KOR in the locus coeruleus diminishes neural discharge evoked by 

engaging either glutamate or corticotropin-releasing factor inputs. In 

turn, noradrenergic signaling in forebrain areas decreases, potentially 

contributing to the pro-depressive effect of KOR agonists (Kreibich et 

al., 2008). 
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Opposite effects are observed when KOR is blocked with selective 

antagonists, producing antidepressant and anxiolytic-like behavioral 

effects (Shirayama et al., 2004; Beardsley et al., 2005; Knoll et al., 2007; 

Zhang et al., 2007). It has been proposed that KOR antagonists 

attenuate the behavioral effects of elevated cAMP response element-

binding (CREB) expression within the nucleus accumbens by 

disinhibiting KOR-mediated neurotransmitter release from mesolimbic 

dopaminergic neurons, thus contributing to an antidepressant-like 

effect (Pliakas et al., 2001). Furthermore, ablation of KOR from 

dopamine neurons (Van’t Veer and Carlezon, 2013) or from 

glutamatergic neurons that project from the basolateral amygdala to 

the medial prefrontal cortex (Tejeda et al., 2015) results in an anxiolytic 

phenotype. Others have shown that the lack of KOR or PDYN does not 

alter anxiety and depression-like behaviors in basal conditions. 

However, the absence of these genes is associated to exacerbated 

depressive-like behavior and slightly reduced anxiety-like behavior in 

animals subjected to a model of osteoarthritis pain (Negrete et al., 

2017). 

In humans, KOR agonism is associated with dysphoria, anxiety, 

depression and psychotomimetic effects (Pfeiffer et al., 1986; Chappell 

et al., 1993; González et al., 2006). On the other hand, the MOR 

agonist/KOR antagonist buprenorphine has shown antidepressant 

efficacy in major depressive disorder studies (Nyhuis et al., 2008; Karp 

et al., 2014). 
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4.2.3 Role of the kappa opioid receptor in cognition 

KOR and its endogenous ligand dynorphin are present in the 

hippocampus and amygdala, areas closely related to learning and 

memory processes. It has been described that dynorphins modulate 

signal transmission between the dentate gyrus and the CA3 region of 

the hippocampus by decreasing excitatory glutamatergic signaling and 

therefore diminishing hippocampal activity (Bilkei-Gorzo et al., 2014). 

Most of the behavioral studies in rodents show that KOR agonists cause 

cognitive impairments. Several KOR agonists produce attention 

deficits and learning disruptions, which can also be blocked by 

pretreatment with selective KOR antagonists (Shannon et al., 2007; 

Nemeth et al., 2010; Abraham et al., 2018b). In this line, KOR agonists 

also cause prepulse inhibition deficits that can be prevented by KOR 

antagonists (Bortolato et al., 2005), although others report no changes 

on this behavior after KOR stimulation (Tejeda et al., 2010). 

Pharmacological KOR activation also produces aversive emotional 

behaviors that contribute to stress-induced learning and social memory 

dysfunctions in mice (A. N. Carey et al., 2009; Bertran-Gonzalez et al., 

2013). 

Similar effects of KOR agonists have been found in humans. A clinical 

trial in healthy adults found that salvavorin A induces impairments in 

recall and recognition memory in a dose-related manner (MacLean et 

al., 2013). Interestingly, a genetic study revealed that a rare gene 

polymorphism associated with reduced PDYN expression is associated 

with better episodic memory in humans (Kölsch et al, 2009). 
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4.3 The endogenous opioid system and endometriosis 

The endogenous opioid system plays a role in the regulation of 

reproductive physiology at multiple sites (Rosen et al., 1990). Opioid 

peptides inhibit the secretion of GnRH at hypothalamic level and also 

the tonic release of luteinizing hormone (Mehmanesh et al., 1988; 

Yilmaz and Gilmore, 1999; Kumru et al., 2001). Furthermore, there is a 

growing body of evidence indicating that the opioid system participates 

in the regulation of reproductive function through a direct local action 

in healthy reproductive tissues (Jin et al., 1988) which, by extension, 

may also occur in endometriotic growths. 

Opioid receptors and peptides are present in human (Wahlström et al., 

1985; Petraglia et al., 1986; Makrigiannakis et al., 1992; Chatzaki et al., 

2000)  and rodent (Zhu et al., 1998) endometrial cells. This denotes a 

role of this system in the functioning of the endometrium. It has been 

described that dynorphin participates in apoptotic processes of 

endometrial tissue remodeling, such as menstruation, via the Fas/FasL 

pathway (Chatzaki et al., 2001). Like the cells of the eutopic 

endometrium, ectopic endometrial cells proliferate and suffer 

apoptosis cyclically, and the opioid system could be involved in their 

survival and growth. 

Opioid signaling may be involved in the establishment of ectopic 

endometrial lesions, since it has been described that MMPs drive cell 

migration in endometriosis (Sanchez et al., 2012). In this line, morphine 

can decrease MMP secretion from fibrosarcoma cells (Shariftabrizi et 

al., 2006), although agonists targeting the different opioid receptors 
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have also been described to induce MMP secretion in bladder cancer 

cells, increasing migration, adhesion, spreading and invasion through a 

rapid modification of the MAPK signaling cascade and the cytoskeleton 

distribution (Vassou et al., 2011). Thus, exogenous opioid receptor 

agonists could both inhibit and enhance migration of endometrial cells 

in endometriosis. 

Angiogenesis, another crucial event in the development and 

maintenance of endometriotic lesions, can be modulated by opioids. 

Pro-angiogenic effects of morphine have been described in breast 

cancer xenograft models (Bimonte et al., 2015) and allograft tumor 

models with mammary carcinoma and adenocarcinoma cells (Farooqui 

et al., 2007; Ustun et al., 2011). In an spontaneous breast cancer model, 

morphine-promoted angiogenesis correlated with enhanced 

degranulation of mast cells and elevated levels of tryptase (Nguyen et 

al., 2014). The number of mast cells increases in the vicinity of 

endometriotic lesions, where tryptase may contribute to fibrosis and 

inflammation (Kempuraj et al., 2004). On the other hand, there are 

studies reporting anti-angiogenic effects of morphine in lung 

carcinoma (Koodie et al., 2014) and melanoma (Yamamizu et al., 2013) 

mouse models. It has been proposed that morphine could inhibit VEGF 

synthesis via the MAPK cascade in cancerous cells, inhibiting  

angiogenesis (Koodie et al., 2010). Another possibility is an angiogenic 

effect of morphine associated to a reduction of tumor-infiltrating 

neutrophils and monocyte and macrophage cells (Koodie et al., 2014), 

which can act as VEGF donors (Chanmee et al., 2014). Interestingly, it 

has been reported that administration of KOR agonists also reduce 
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vascularization of B16 melanomas in mice by inducing VEGF receptor 

down-regulation (Yamamizu et al., 2013). Since KOR agonism had no 

effect on angiogenesis in mice lacking KOR, it is likely that this process 

requires KOR activity. Thus, VEGF receptors could be co-internalized 

and degraded with stimulated KORs (Yamamizu et al., 2013), or, their 

expression may be down-regulated through protein kinase C (PKC) 

activity, which initiates VEGF receptor internalization and degradation 

(Singh et al., 2005). 

The opioid system is involved in inflammatory processes. Systemic 

MOR and KOR agonists, as well as peripherally restricted KOR agonists, 

reduce joint swelling and damage in models of chronic inflammation 

associated to adjuvant arthritis, while KOR antagonism exacerbates 

inflammation (Binder and Walker, 1998). MOR, DOR and KOR agonists 

have also proven effective reducing visceral inflammation in several 

models, including peritonitis and gut inflammation models (reviewed 

by Pol and Puig, 2004). Moreover, pharmacological or genetic 

depletion of MOR increases inflammation in the mouse colon (Philippe 

et al., 2003). All these data suggest the presence of tonic endogenous 

opioid anti-inflammatory actions that could also be occurring in 

endometriosis. Furthermore, since KOR agonists are effective relieving 

inflammatory and visceral pain in females, targeting KOR could be a 

potential strategy for the treatment of endometriosis. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

OBJECTIVES 

  



 

  

 



Objectives 

79 
 

Objective 1 

To determine the effects of the phytocannabinoids Δ9-

tetrahydrocannabinol and cannabidiol on the development of 

endometriosis and its symptoms. 

Article #1 

Disease-modifying effects of natural Δ9-tetrahydrocannabinol in 

endometriosis-associated pain 

Alejandra Escudero-Lara, Josep Argerich, David Cabañero*, Rafael Maldonado* 

eLife 2020;9:e50356 DOI: 10.7554/eLife.50356 

 

Supplementary results I 

The effects of Δ9-tetrahydrocannabinol on cortical 

neuroinflammatory markers are different in mice with ectopic 

endometrium 

Alejandra Escudero-Lara, David Cabañero*, Rafael Maldonado* 

 

Supplementary results II 

Δ9-tetrahydrocannabinol and cannabidiol, alone or in combination, 

inhibit endometriosis manifestations and development 

Alejandra Escudero-Lara, David Cabañero*, Rafael Maldonado* 

 

Article #2 

Surgical induction of endometriosis to female mice 

Alejandra Escudero-Lara, David Cabañero*, Rafael Maldonado* 

Bio-protocol 2020;10(18): e3763. DOI: 10.21769/BioProtoc.3763 
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Objective 2 

To study the effects of kappa opioid receptor stimulation in the 

behavioral and histopathological alterations associated to 

endometriosis. 

Article #3 

Kappa opioid modulation of endometriosis pain in mice 

Alejandra Escudero-Lara, David Cabañero*, Rafael Maldonado* 

Submitted to Neuropharmacology (2021) 

 

Objective 3 

To explore the behavioral al neuroinflammatory changes associated to 

minimal endometriosis. 

Article #4 

Behavioral and neuroinflammatory changes induced by minimal 

endometriosis in mice 

Alejandra Escudero-Lara, David Cabañero*, Rafael Maldonado* 

(In preparation)
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Pro-inflammatory effects of Δ9-tetrahydrocannabinol are absent 

in endometriosis mice  
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Δ9-tetrahydrocannabinol increases mRNA levels of 

neuroinflammatory markers in medial prefrontal cortices of sham 

animals, but not in endometriosis mice  

We found that Δ9-tetrahydrocannabinol (THC) produced amnesic 

effects in control animals and prevented these cognitive deficits in mice 

with ectopic endometrium. Since chronic pain is associated to local 

inflammatory events brain areas involved in memory processing such 

as the medial prefrontal cortex and the hippocampus (Del Rey et al., 

2011; Ong et al., 2019), we investigated in these brain areas expression 

levels of genes related with inflammation, including the genes coding 

for cyclooxygenase 2 (Ptgs2) and interleukin 1 beta (Il1b). 

Endometriosis mice treated with vehicle showed increased expression 

levels of Ptg2 and a trend for increased levels of Il1b in the medial 

prefrontal cortex (Supplementary figure IA). As expected, sham mice 

receiving THC also showed significant overexpression of both markers 

(Error! Reference source not found.a). Interestingly, these effects of 

THC were absent in endometriosis mice, since levels of Ptg2 and Il1b 

were unaltered after the THC treatment in these animals 

(Supplementary figure IA). These neuroinflammatory changes were not 

observed in the hippocampus (Supplementary figure IB). Hence, the 

presence of ectopic endometrium was associated with a pro-cognitive 

effect of THC exposure and with a decrease on the mRNA levels of 

cortical neuroinflammatory markers. 
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Supplementary figure I. Effects of THC on gene expression levels of Ptgs2 and 
Il1b in the medial prefrontal cortex and the hippocampus of mice with ectopic 
endometrium. (a) Cortical expression levels of the genes coding for interleukin 1 
beta (Il1b) and cyclooxygenase 2 (Ptgs2) increased after THC in sham mice but not 
in endometriosis mice. (b) Hippocampal expression levels of these genes 
remained unaltered. THC dose: 2 mg/kg/day for 32 days. Error bars are mean ± 
SEM. (a) Kruskal-Wallis + U Mann Whitney, (b) Kruskal-Wallis. *p<0.05, **p<0.01 
vs sham. ++p<0.01 vs vehicle. Endo, endometriosis; THC, Δ9-
tetrahydrocannabinol; Ptgs2, prostaglandin-endoperoxide synthase 2 
(cyclooxygenase 2, COX2); Il1b, interleukin 1 beta. 

 

a Medial prefrontal cortex

b Hippocampus
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Δ9-tetrahydrocannabinol and cannabidiol inhibit endometriosis 

development and its manifestations 
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Δ9-tetrahydrocannabinol and cannabidiol, alone and in combination, 

alleviate hypersensitivity in the caudal abdomen and prevent 

cognitive deficits associated to endometriosis 

Female mice receiving implants of endometrial tissue (endometriosis 

mice) were treated with vehicle or daily doses of Δ9-

tetrahydrocannabinol (THC, 2 mg·kg-1), cannabidiol (CBD, 2 mg·kg-1) or 

the combination of both (THC/CBD, 2 mg·kg-1/2 mg·kg-1) for 32 days, 

starting the first day after surgery. Mechanical sensitivity in the caudal 

abdomen, anxiety-like behavior and cognitive performance were 

evaluated to assess the effects of these phytocannabinoids on the 

behavioral manifestations of endometriosis. 

Mice receiving vehicle developed a persistent punctate mechanical 

hypersensitivity in the caudal abdominal area that was measured 

through repeated application of von Frey filaments (Supplementary 

figure IIA). THC, CBD and THC/CBD treatments showed similar efficacy 

alleviating such mechanical hypersensitivity during the whole 

experiment (Supplementary figure IIA). Previous experiments 

comparing endometriosis and sham-operated mice treated with 

vehicle revealed that mechanical hypersensitivity in the caudal 

abdomen associated with ectopic endometrium was accompanied by 

increased anxiety-like behavior. THC, CBD or THC/CBD did not modify 

the percentage of time and entries to the open arms displayed by 

endometriosis mice in the elevated plus maze test (Supplementary 

figure IIB) indicating that none of the treatments affected the anxiety-

like behavior associated to endometriotic growths. 
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Supplementary figure II. Effects of THC, CBD and THC/CBD on the behavior of 
mice with ectopic endometrium. (A) Chronic THC, CBD and THC/CBD treatments 
alleviated mechanical hypersensitivity in the caudal abdominal area of 
endometriosis mice in the von Frey test. (B) Endometriosis-associated anxiety-like 
behavior was unaltered in the elevated plus maze test after 23 days of repeated 
administration of the three diferent cannabinoid treatments. (C) THC, CBD and 
THC/CBD improved cognitive performance in endometriosis mice in the novel 
object recognition test. Doses: THC (2 mg·kg-1), CBD (2 mg·kg-1),THC/CBD (2 mg·kg-

1/2 mgkg-1). Error bars are mean ± SEM. (A) mixed model analysis + Bonferroni, (B, 
left and right panels) one-way ANOVA, (C, left panel) one-way ANOVA + 
Bonferroni, (C, right panel) Kruskal-Wallis. ###p<0.001 vs baseline. *p<0.05, 
**p<0.01 vs vehicle. THC, Δ9-tetrahydrocannabinol; CBD, cannabidiol; AUC, area 
under the curve. 
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Previous experiments showed that endometriosis mice treated with 

vehicle have discrimination indices close to 0 in the novel object 

recognition test. As previously described, THC prevented the cognitive 

decline associated with the presence of ectopic endometrium 

(Supplementary figure IIC). Interestingly, CBD also prevented this 

manifestation and the combination of THC/CBD induced similar effect, 

suggesting that these phytocannabinoids protect against cognitive 

impairments in mice with ectopic endometrial implants. Nevertheless, 

the THC/CBD combination did not induce significant improvement 

when compared to vehicle treated mice, possibly due to a ceiling effect 

obtained at these doses of THC and CBD. 

Chronic exposure to Δ9-tetrahydrocannabinol and cannabidiol 

inhibits the growth of ectopic endometrial tissue 

Surgically-implanted endometrium developed into cysts with glandular 

epithelium and stroma. Mice receiving THC, CBD and THC/CBD showed 

reduced endometrial area of their cystic lesions when compared to 

vehicle-treated mice, although the diameter of the cysts was similar 

regardless of the treatment (Supplementary figure III). Therefore, 

cannabinoid treatments inhibited the growth of ectopic endometrium. 
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Supplementary figure III. Effects of THC, CBD and THC/CBD on the behavior of 
mice with ectopic endometrium. Effects of THC, CBD and THC/CBD on ectopic 
endometrium. Ectopic endometrial growths of mice receiving cannabinoid 
treatments had less endometrial tissue than those of mice receiving vehicle (left 
graph), although cyst diameters were similar among groups (right graph). Doses: 
THC (2 mg·kg-1), CBD (2 mg·kg-1), THC/CBD (2 mg·kg-1/2 mgkg-1). Error bars are 
mean ± SEM. (left panel) Kruskal-Wallis + Mann Whitney U; (right panel) one-way 
ANOVA. *p<0.05, ***p<0.001 vs vehicle. THC, Δ9-tetrahydrocannabinol; CBD, 
cannabidiol. 
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Abstract 

Endometriosis is an estrogen-dependent disease that affects 1 in 10 

women in reproductive age and is characterized by the presence of 

endometrial tissue in extrauterine locations. Its main symptom is 

chronic pelvic pain that may lead to emotional and cognitive disorders 

and the neurobiological substrate of these manifestations remain 

unclear. The kappa opioid receptor is a constituent of the endogenous 

opioid analgesia system widely expressed in somatosensory nervous 

pathways and also in endometrial tissues. This work investigates the 

possible involvement of kappa opioid receptor on the nociceptive, 

behavioral and histopathological manifestations of endometriosis in a 

murine model. Female mice receiving endometrial implants develop a 

persistent mechanical hypersensitivity in the pelvic area that is 

stronger during the estrus phase of the estrous cycle. The kappa opioid 

receptor agonist U50,488H produces a dose-dependent relief of this 

mechanical hypersensitivity, regardless of the cycle phase. Repeated 

exposure to a low dose of U50,488H (1 mg/kg/day s.c. for one month) 

provides sustained relief of mechanical hypersensitivity, without 

tolerance development or sedative side effects. Interestingly, this 

treatment also inhibits a decreased rearing behavior associated with 

spontaneous pain or discomfort in endometriosis mice. This KOR-

mediated pain relief does not prevent the anxiety-like behavior or the 

cognitive impairment exhibited by endometriosis mice, and the growth 

of endometriotic cysts is also unaltered. These data provide evidence 

of strong pain-relieving properties of kappa opioid receptor stimulation 

in female mice with endometriosis pain. The persistence of affective 
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and cognitive manifestations suggests that these comorbidities are 

independent of pelvic pain and simultaneous treatment of these co-

morbidities may be necessary for successful management of 

endometriosis. 

 

Highlights 

• Endometriosis mice have increased pelvic mechanical sensitivity 

during estrus 

• Kappa opioid stimulation relieves evoked and spontaneous 

endometriosis pain 

• Endometriosis and kappa opioid agonism disrupt long-term memory 

in female mice 

• Kappa opioid pain relief does not avoid anxiety-like behavior of 

endometriosis mice 

• Low doses of the kappa opioid agonist U50,488H lack sedative effects 

in female mice 

• Exogenous kappa opioid receptor stimulation does not modify 

endometriosis lesions 

 

Keywords 

Endometriosis, chronic pelvic pain, kappa opioid receptor, U50,488H, 

female 
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1. Introduction 

Endometriosis is a chronic disease defined by the presence of 

endometrial tissue outside the uterine cavity. It affects 10% of women 

in reproductive age and is associated with infertility and chronic pelvic 

pain (Zondervan et al., 2020). This persistent pain is often associated 

with emotional and cognitive disorders (Fourquet et al., 2011). Current 

endometriosis treatments involve hormonal and surgical treatments 

that produce important unwanted side effects such as psychiatric 

alterations or persistent post-surgical pain (Garry, 2004; Ross and 

Kaiser, 2017). Therefore, the development of more effective 

therapeutic strategies is still an unmet clinical need, and it is hindered 

by the lack of knowledge of the mechanisms underlying the generation 

of endometriosis pain and its associated co-morbidities. Recent murine 

models of endometriosis reproduce the behavioral and 

histopathological features of endometriosis in women (Arosh et al., 

2015; Escudero-Lara et al., 2020a, 2020b) and represent a novel 

approach for the elucidation of endometriosis mechanisms and the 

possible development of therapeutic alternatives. 

The endogenous opioid system plays a fundamental role in the 

limitation of pain (Nadal et al., 2013; Ossipov et al., 2010; Przewłocki 

and Przewłocka, 2001) and is implicated in  the physiological control of 

emotional (Lutz and Kieffer, 2013) and cognitive responses (Izquierdo 

et al., 1980). It is integrated by the endogenous opioid peptides and the 

opioid receptors mu (MOR), delta (DOR), and kappa (KOR) (Kieffer, 

1995). Among the opioid receptors, KOR play a crucial role in visceral 

and inflammatory pain (Kivell and Prisinzano, 2010; Vanderah, 2010) 
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and their stimulation produces greater analgesia in women than in men 

(Gear et al., 1996b). KOR agonists reduce abdominal pain thresholds in 

patients of non-ulcer dyspepsia (Fraitag et al., 1994) and irritable bowel 

syndrome  (Dapoigny et al., 1995; Delvaux et al., 1999) and KOR 

activation reduces visceral nociception in multiple rodent models of 

visceral and inflammatory pain (Kamp et al., 2003; Rivière et al., 1993; 

Sengupta et al., 1999; Su et al., 1997; Tao et al., 2008). Moreover, KOR 

expression has been described in endometrial tissues of female 

rodents and women (Chatzaki et al., 2000; Makrigiannakis et al., 1992; 

Petraglia et al., 1986; Wahlström et al., 1985; Zhu et al., 1998). Despite 

all the evidence on the role of KOR in pain processing specially in 

females, the possible involvement of this opioid receptor in 

endometriosis is still unknown. 

The aim of this study was to evaluate the efficacy of KOR activation in 

modulating the nociceptive, behavioral and histopathological 

manifestations of endometriosis using a murine model of 

endometriosis that mimics the alterations found in the clinical settings 

(Escudero-Lara et al., 2020a, 2020b). The selective KOR agonist 

U50,488H was used to assess its effects on pelvic sensitivity, anxiety-

like behavior and cognitive impairment associated with endometriosis. 

Locomotor activity and motor coordination were also evaluated to 

identify possible sedative effects and decreases in rearing behavior 

were used as a surrogate measure of spontaneous abdominal pain or 

discomfort. The possible implication of KOR in the development of 

endometriosis lesions was also evaluated by measuring the sizes of 

ectopic endometrial growths.  
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2.Materials and methods 

2.1.Animals 

C57BL/6J female mice (Charles Rivers, Lyon, France), 8-week-old at the 

beginning of the experiment, were used. Mice were housed in cages of 

4 to 5 mice with ad libitum access to water and food. Housing 

conditions were maintained at 21 ± 1°C and 55 ± 10% relative humidity 

in a controlled light/dark cycle (light on between 07:30 AM and 07:30 

PM). Animals were habituated to housing conditions and handling for 

1 week before the start of the experiments. All experimental 

procedures and animal husbandry were conducted following the 

ARRIVE guidelines, in accordance with standard ethical guidelines 

(European Communities Directive 2010/63/EU and NIH Guide for Care 

and Use of Laboratory Animals, 8th Edition) and approved by regional 

(Generalitat de Catalunya, Departament de Territori i Sostenibilitat) 

and local (Comitè Ètic d'Experimentació Animal, CEEA-PRBB) ethical 

committees. Sample size was based on previous studies in our 

laboratory using comparable behavioral approaches (Carcolé et al., 

2019; Escudero-Lara et al., 2020a; La Porta et al., 2016). Whenever 

possible, experiments were performed blinded for surgical and 

pharmacological conditions, and treatments were randomized 

between groups. 

2.2. Drugs  

The KOR agonist U50,488H (trans-(1S,2S)-3,4-Dichloro-N-methyl-N-[2-

(1-pyrrolidinyl) cyclohexyl] benzeneacetamide hydrochloride hydrate; 
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U111, Sigma Aldrich, St. Louis, MO, USA) was diluted in saline and was 

administered subcutaneously in a volume of 10 ml/kg. 

2.3. Estrous cycle determination 

The phase of the estrous cycle was determined by histological 

examination of vaginal smears, as previously described (Escudero-Lara 

et al., 2020b). Briefly, mice were gently restrained and 20 μl of saline 

were flushed into the vagina. The resulting smear was placed onto 

gelatinized slides, dried, stained with methylene blue and observed at 

40X magnification under a light microscope (DM6000 B, Leica 

Biosystems, Nussloch, Germany).  

2.4. Surgical induction of endometriosis 

Endometriotic lesions were surgically induced as previously described 

(Escudero-Lara et al., 2020b). Briefly, uterine horns from donor mice at 

diestrus were excised, opened longitudinally and biopsied into 4 pieces 

(2 x 2 mm). Recipient mice were anesthetized with vaporized isoflurane 

in oxygen (4% V/V for induction; 2.5% V/V for maintenance) and a 

midline incision of 1 cm was made to expose the pelvic compartment. 

Endometriosis mice had 4 uterine fragments sutured to the peritoneal 

wall, whereas sham-operated mice received 4 similar-sized fragments 

of abdominal fat. Transplanted tissues and abdominal muscle and skin 

were stitched using 6-0 black silk (8065195601, Alcon® Cusi S.A., 

Barcelona, Spain).  
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2.5. Experimental protocols 

Expression levels of the genes coding for the opioid receptors were 

measured by RT-PCR in endometriotic cysts obtained from untreated 

mice 32 days after induction of endometriosis. To evaluate the effect 

of acute U50,488H on pelvic mechanical sensitivity, endometriosis and 

sham mice were tested in the von Frey assay after administration of 

vehicle or different doses of U50,488H (0.5, 1, 1.5, 2 and 2.5 mg/kg). 

Measurements were done 60 min after subcutaneous administration 

of U50,488H or vehicle at time points in which endometriotic lesions 

and pelvic hypersensitivity were fully developed (from day 37 to 47). 

To assess the effect of sustained kappa opioid receptor stimulation, 

chronic U50,488H (1 mg/kg) or vehicle were administered once a day 

(9 AM) starting on day 1 after surgery until day 38. After the 

measurement of baseline mechanical sensitivity (day -1), 

endometriosis or sham surgery was performed (day 0), and nociceptive 

responses were assessed again 7, 14, 21 and 28 days after surgery. The 

phase of the estrous cycle was also determined on day 28. Motor 

coordination was assessed on day 18 after surgeries. Anxiety-like 

behavior and cognitive performance were evaluated on days 23 and 27, 

respectively. Locomotor activity was evaluated on day 30. At the end 

of the experimental sequence (day 39), mice were euthanized by 

cervical dislocation for sample collection. 

2.6. Gene expression analysis by RT-PCR 

Ectopic endometrial growths from untreated mice were fresh-frozen 

on dry ice immediately after euthanasia (day 32 after induction of 
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endometriosis) and stored at -80°C until use. Total RNA was isolated 

from frozen endometrial cysts using Trizol® (15596018, Invitrogen, 

Waltham, MA, USA) and subsequently reverse-transcribed to cDNA 

with a High Capacity cDNA Reverse Transcription Kit (4368814, Applied 

Biosystems, Foster City, CA, USA) according to the manufacturer 

instructions. RT-PCR was carried out in triplicate with a QuantStudio 

12K Flex Real-Time PCR System (4471134, Applied Biosystems, Foster 

City, CA, USA) using the SYBR Green PCR Master Mix (04707516001, 

Roche, Basel, Switzerland). The following specific primers were used: 

5’-TCTTCACCCTCTGCACCATG-3’ (Oprm1 forward); 5’-

TCTATGGACCCCTGCCTGTA-3’ (Oprm1 reverse), 5’- 

TTTGGCATCGTCCGGTACAC-3’ (Oprd1 forward); 5’-

AGAGCACAGCCTTGCACAGC -3’ (Oprd1 reverse); 5’-

ATCTGTGTCTTCGTCTTTGCCT-3’ (Oprk1 forward); 5’-

GATTTCGGTCCTTCTCTCGGG-3’ (Oprk1 reverse); 5’-

ATGACTCCACTCACGGCAAAT-3’ (Gapdh forward); 5’-

GGGTCTCGCTCCTGGAAGAT-3’ (Gapdh reverse). Data for each target 

gene were analyzed by the 2-ΔΔCt method (Livak and Schmittgen, 

2001) after normalization to the endogenous control Gapdh. 

2.7. Nociceptive behavior 

Mechanical sensitivity was quantified by measuring the responses to 

von Frey filament stimulation of the pelvic area 60 min after drug or 

vehicle administration. Von Frey filaments (1.65, 2.36, 2.44, 2.83, 3.22 

and 3.61 corresponding to 0.008, 0.02, 0.04, 0.07, 0.16 and 0.4 g; 

Bioseb, Pinellas Park, FL, USA) were applied in increasing order of force, 

10 times each, for 1-2 sec, with an inter-stimulus interval of 5-10 sec. 
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Abrupt retraction of abdomen, jumping and immediate licking of the 

site of application were considered positive responses in the evaluation 

of pelvic mechanical sensitivity. The area under the curve (AUC) was 

calculated by applying the linear trapezoidal rule to the plots 

representing the frequency of response versus the number of von Frey 

filaments, which represent the logarithm of the filament force 

expressed in mg x 10. The percentage of the maximum possible effect 

was calculated as the percentage difference between the measured 

response for each dose and the measured response after vehicle 

administration, divided by the difference between the maximum 

response (response of sham mice treated with vehicle) and the 

measured response after vehicle administration (response of 

endometriosis mice treated with vehicle). 

2.8. Motor coordination 

The accelerating rotarod test was used to evaluate motor coordination. 

The apparatus consists of a 5 cm-diameter black-striated rod with 5 

crossing compartments each 5 cm-wide. Animals were trained using a 

low-speed rotation of 4 rpm. If a mouse fell before a 90-s time limit, it 

was returned to the rod until it was able to stay on it at least 90 s for 2 

consecutive trials. Each mouse carried out a maximum of 15 trials with 

a 2-min rest period between them. Mice that did not accomplish the 

training were excluded from the experiment. The test was performed 

24 h later, 60 min after drug or vehicle administration. The rotarod 

accelerated from 4 to 20 rpm over 50 s and was maintained at 20 rpm 

thereafter. Mice performed a total of 5 trials, with a 2-min period 

between them. In each trial, the latency to fall was recorded 
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automatically, with a cut-off time established at 90 s. The mean fall 

latency of the 5 trials was used for statistical analyses. 

2.9. Anxiety-like behavior 

The elevated plus maze test was used to evaluate anxiety-like behavior 

6 h after drug or vehicle administration in order to discard a possible 

intrinsic effect of the acute drug exposure. A black Plexiglas apparatus 

consisting of 4 arms (29 cm long x 5 cm wide), 2 open and 2 closed, set 

in cross from a neutral central square (5 x 5 cm) elevated 40 cm above 

the floor was used. Light intensity in the open and closed arms was 45 

and 5 lux, respectively. Mice were placed in the central square facing 

one of the open arms and tested for 5 min. The percentage time spent 

in the open and closed arms of the maze was determined as a measure 

of anxiety-like behavior. Mice that fell from the maze were excluded 

from the experiment. 

2.10. Cognitive behavior 

The novel object recognition task was assayed in a V-shaped maze to 

measure cognitive performance (Puighermanal et al., 2009) 6 h after 

drug or vehicle administration in order to discard a possible intrinsic 

effect of the acute drug exposure. On the first day, mice were 

habituated for 9 min to the empty maze. On the second day, mice were 

placed again in the maze for 9 min and 2 identical objects were 

presented at the ends of the arms of the maze. The day of the test, 24 

h later, one of the familiar objects was replaced with a novel one and 

mice were placed back in the maze for 9 min. The time spent exploring 

each object (novel and familiar) was recorded and a discrimination 
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index was calculated as the difference between the time spent 

exploring the novel and the familiar object, divided by the total time 

exploring the 2 objects. A threshold of 10 s of total interaction with the 

objects was set to discard low levels of general activity. 

2.11. Locomotion 

Locomotor activity was evaluated by using individual locomotor activity 

boxes of 10.8 x 20.3 x 18.6 cm (Imetronic, Pessac, France) equipped 

with infrared sensors to detect horizontal activity and an infrared plane 

to detect rearings. Mice were placed in the boxes right after U50,488H 

or vehicle administration. Horizontal activity (number of beam breaks) 

and rearings were recorded for 90 min. 

2.12. Histology of endometriotic lesions 

Endometriotic lesions from mice treated with U50,488H or vehicle 

were harvested from each mouse on day 39 after surgeries. Samples 

were fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) 

for 4 h and cryoprotected in 30% sucrose with 0.1% sodium azide for 6 

days. Then, samples were embedded in molds filled with optimal 

cutting temperature compound (4583, Sakura Finetek Europe B.V., 

Alphen aan den Rijn, The Netherlands) and stored at -80°C until use. 

Endometriotic lesions were serially sectioned at 50 μm with a cryostat 

(CM3050, Leica Biosystems, Nussloch, Germany), mounted onto 

gelatinized slides and stored at -20°C until use. Sections of 

endometriotic lesions were stained with hematoxylin and eosin and 

images were taken under a Macro Zoom Microscope (MVX10, 

Olympus, Tokyo, Japan) for assessment of diameter and area of 
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endometrial tissue. The mean diameter and area of all endometrial 

cysts from each mouse was used for statistical analyses. 

2.13. Statistical analysis 

The adequate statistical test was applied according to the data 

distribution defined by the Shapiro-Wilk normality test. Mixed model 

analyses (surgery and treatment as between‐subject factors, dose or 

day as within-subject factors) were used for repeated measures. 

Kruskal-Wallis followed by U Mann-Whitney and 2-way ANOVA 

followed by Bonferroni post hoc analysis were used for multiple group 

comparisons. Comparisons between two groups were analyzed with U 

Mann-Whitney test. Dose-response curve was fitted and ED50 was 

determined using GraphPad Prism 8 (San Diego, CA, USA). Data are 

expressed as individual data points and mean ± SEM. Values that felt 

outside of the interval determined as the mean ± 2 times the standard 

deviation were excluded from the analyses. All statistical analyses were 

performed using IBM SPSS 24 software (Chicago, IL, USA). Differences 

were considered statistically significant when the p value was below 

0.05. Statistical results are available in supplementary tables. 
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3. Results 

3.1. Acute stimulation of KOR produced dose-dependent 

alleviation of pelvic mechanical hypersensitivity in endometriosis 

mice 

In order to investigate the presence of opioid receptors in ectopic 

endometrial tissues, expression levels of the genes coding for MOR 

(Oprm1), DOR (Oprd1) and KOR (Oprk1) were measured in 

endometriotic cysts obtained from mice 1 month after induction of 

endometriosis (Fig. 1A). The expression level of the gene coding for 

KOR was an average of 10-fold higher than the expression levels of the 

genes coding for MOR (p<0.001) or DOR (p<0.01). The high expression 

of KOR in ectopic endometrium prompted us to investigate the effects 

of KOR stimulation in the endometriosis model. 

Vehicle or increasing doses of U50,488H (0, 0.5, 1, 1.5, 2 and 2.5 mg/kg 

s.c.) were administered to endometriosis and sham mice after 4 weeks 

of the surgical induction of endometriosis or the sham procedure, 

when the behavioral phenotype of endometriosis mice is fully 

developed (Escudero-Lara et al., 2020a). Mechanical sensitivity in the 

pelvic area was evaluated 60 min after drug or vehicle administration 

by measuring the responses to von Frey filament stimulation. 

Endometriosis mice treated with vehicle or U50,488H at 0.5 mg/kg 

showed a pronounced mechanical hypersensitivity in the pelvic area 

when compared to sham mice (p<0.05 vs. sham; Fig. 2B and 2C). 

However, U50,488H doses of 1, 1.5, 2 and 2.5 mg/kg induced significant 

inhibition of pelvic hypersensitivity (NS vs. sham), with the thresholds 

obtained after the acute doses of 2 and 2.5 mg/kg revealing complete 
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pain relief and significant differences with the thresholds obtained 

after vehicle treatment (p<0.05 vs. vehicle; Fig. 2B and 2C). U50,488H 

did not induce significant modification of mechanical thresholds in 

sham mice. Thus, acute U50,488H produced a dose-dependent 

reduction of pelvic mechanical hypersensitivity in endometriosis mice 

with an ED50 of 0.7386 mg/kg (Fig. 2D). Therefore, the alleviation of 

pelvic hypersensitivity through activation of KOR suggests usefulness 

of KOR stimulation for the acute relief of pelvic mechanical sensitivity 

in endometriosis mice. 

Figure 1. Kappa opioid receptor was highly expressed in endometriotic cysts and 

its acute stimulation alleviated pelvic mechanical hypersensitivity in a dose-

dependent manner. (A) Expression levels of the gene coding for KOR (Oprk1) were 

ten-fold higher than expression levels of the genes coding for mu (µ) (Oprm1) and 

delta (∂) (Oprd1) opioid receptors in endometriotic cysts. (B) Acute administration 

of U50,488H 1, 1.5, 2 and 2.5 mg/kg alleviated mechanical sensitivity in 

endometriosis mice without affecting sham mice. (C) Acute administration of 
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increasing doses of U50,488H decreased the frequency of response to von Frey 

filaments in endometriosis mice without affecting sham mice. (D)The ED50 for the 

acute alleviation of mechanical hypersensitivity was 0.7386 mg/kg. Error bars are 

mean ± SEM. (A) Kruskal-Wallis + U Mann Whitney; (B) Mixed model analysis + 

Bonferroni, n=7 mice/group; (C) Mixed model analysis, n=7 mice/group; (D) n=7 

mice. ###p<0.001 vs. Oprm1; @@@p<0.01 vs. Oprd1; *p<0.05 vs. sham; +p<0.05, 

++p<0.01, +++p<0.001 vs. vehicle; ^^^p<0.001 effect of filament. Endo, 

endometriosis; AUC, area under the curve. Detailed statistical analyses are shown 

in Supplementary Table S1. 

 

3.2. Chronic KOR activation provided sustained alleviation of 

pelvic mechanical hypersensitivity in endometriosis mice 

We next evaluated the effects of chronic U50,488H exposure on pelvic 

sensitivity of endometriosis mice. The dose of 1 mg/kg was chosen to 

study the effects of repeated administration based on the dose-

response curve (Fig. 1B and 1C). Thus, vehicle or U50,488H (1 mg/kg) 

were administered once a day for 38 days to sham and endometriosis 

mice, starting the day after the surgeries (Fig. 2). Baseline pelvic 

mechanical sensitivity was similar among groups. On day 7 after 

surgeries, endometriosis and sham mice treated with vehicle showed 

heightened pelvic sensitivity (p<0.001 vs. baseline; Fig. 3A and 3B). At 

this time point, the KOR agonist alleviated pelvic hypersensitivity of 

both endometriosis and sham groups (p<0.05 vs. vehicle; Fig. 3A and 

3B). The heightened pelvic sensitivity of endometriosis mice treated 

with vehicle persisted until the end of the experiment (p<0.001 vs. 

sham-vehicle; Fig. 3A). Conversely, endometriosis mice receiving 

U50,488H showed complete recovery of their baseline sensitivity since 

day 14 after the beginning of the treatment (p<0.001 vs. endo-vehicle; 

Fig. 3A). Similarly, sham mice treated with vehicle recovered their 
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baseline sensitivity on day 14 (Fig. 3A and 3B), whereas sham mice 

treated with U50,488H showed unaltered mechanical thresholds 

during the entire experiment (Fig. 3A and 3B). Thus, chronic KOR 

stimulation provided sustained alleviation of pelvic mechanical 

hypersensitivity in endometriosis mice and antinociceptive tolerance 

was not developed. 

 

Figure 2. Experimental sequence to assess the effects of sustained kappa opioid 

receptor stimulation in mice subjected to a model of endometriosis. After the 

measurement of baseline mechanical sensitivity (day -1), endometriosis or sham 

surgery was performed (day 0). Chronic U50,488H (1 mg/kg) or vehicle were 

administered once a day from day 1 to day 38 after surgery. Nociceptive 

responses were assessed again 7, 14, 21 and 28 days after surgery, and the phase 

of the estrous cycle was also determined on day 28 by histological examination of 

vaginal smears. Motor coordination was assessed on day 18 after surgeries. 

Anxiety-like behavior, cognitive performance and locomotor activity were 

evaluated on days 23, 27 and 30, respectively. On day 39, mice were euthanized 

for sample collection. Scale bar=50 µm. 

Endometriosis pain in women is usually worse during menstruation, 

but an effect of the estrous cycle on endometriosis-related pain in mice 

has not been yet investigated. The stage of the estrous cycle was 

Time line Day-1 0 7 14 21 28

Pelvic mechanical sensitivity
von Frey

Surgery
Endometriosis/sham

Motor coordination
Rotarod

18

Anxiety-like behavior
Elevated plus maze

23 27

Cognitive performance
Novel object recognition

30

Locomotor activity
Actimetry boxes

39

Sample collection

1 38

Chronic administration
Vehicle or U50,488H 1 mg/kg/day

Estrous phase determination
Vaginal smear examination

Estrus ProestrusMetestrus Diestrus
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determined in the mouse model of endometriosis on the last day of 

evaluation of mechanical thresholds (day 28) to study its possible 

influence on pelvic mechanical sensitivity. Mice of the different groups 

were subdivided into those that were in stages of low estrogen levels 

(estrus) and those in stages of high estrogen levels (proestrus, 

metestrus and diestrus), as previously described (Nilsson et al., 2015; 

Zenclussen et al., 2014). Pelvic mechanical sensitivity was significantly 

increased in endometriosis mice treated with vehicle that were in the 

estrus phase (p<0.001 vs. high-estrogen phases; Fig. 3C and 3D). On the 

other hand, sham mice showed similar mechanical sensitivity 

regardless of stage of the cycle or the pharmacological treatment, 

although a trend for increased sensitivity was observed in vehicle-

treated females in estrus (Fig. 3C). Indeed, significant hypersensitivity 

was detected in these females when the data were analyzed separately 

(p<0.05, Fig. 3D). Treatment with U50,488H reduced the mechanical 

sensitivity of endometriosis mice both in low and high-estrogen groups 

(p<0.05 vs endo-vehicle, Fig. 3C and 3D). Therefore, endometriosis 

mice showed greater mechanical sensitivity during estrus, which was 

associated with low estrogen levels, and KOR stimulation was effective 

alleviating pelvic hypersensitivity independently of the estrous cycle 

phase.  
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Figure 3. Chronic KOR activation relieved pelvic hypersensitivity in mice with 

ectopic endometrium. (A) Daily administration of U50,488H 1 mg/kg alleviated 

mechanical hypersensitivity in endometriosis mice without inducing tolerance. (B) 

Endometriosis mice treated with vehicle showed higher frequencies of response 

to von Frey filaments than endometriosis mice treated with U50,488H and sham 

mice treated with vehicle. U50,488H did not affect sham mice. (C) On day 28 after 

surgeries, pelvic hypersensitivity of endometriosis mice in estrous phases 

associated with low estrogen levels (estrus) was greater than the pelvic sensitivity 

of endometriosis mice in estrous phases associated with higher estrogen levels 

(proestrus, metestrus and diestrus). U50,488H abolished pelvic mechanical 

sensitivity in both groups. (D) Frequency of response to von Frey filaments was 

significantly higher in vehicle-treated sham mice that were in the low estrogen 

phase. Although frequency of response was higher in endometriosis mice in 

phases of low estrogen levels than in endometriosis mice in phases of high 

estrogen levels, U50,488H reduced the frequency of response to mechanical 

stimulation in both groups. (E) No significant differences among groups were 

found in the latency to fall from the rotarod. (F) Horizontal locomotor activity 

(number of beam breaks/min) was similar among groups during the first 60 min 
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following U50,488H or vehicle administration and also during the time period of 

evaluation of mechanical sensitivity (60 to 90 min). (G) The presence of ectopic 

endometrium reduced rearing behavior while U50,488H increased it during the 

first 60 min after the treatment (left panel). During the following 30 min (60 to 90, 

right panel), endometriosis mice treated with vehicle performed a lower number 

of rearings compared to vehicle-treated sham mice, but U50,488H prevented this 

alteration in endometriosis mice. (A) Mixed model analysis + Bonferroni, n= 9-10 

mice/group; (B) Mixed model analysis + Bonferroni, n=9-10 mice/group; (C) 

Kruskal-Wallis + U Mann Whitney; (D) Mixed model analysis + Bonferroni, n=3-7 

mice/group; (E) 2-way ANOVA; (F, left and right panels) 2-way ANOVA; (G, left 

panel) 2-way ANOVA + Bonferroni; (G, right panel) Kruskal-Wallis + U Mann 

Whitney. Error bars are mean ± SEM. ###p<0.001 vs. baseline; *p<0.05, **p<0.01, 

***p<0.001 vs. sham; +p<0.05, ++p<0.01, +++p<0.001 vs. vehicle; &p<0.05, 

&&p<0.01, &&&p<0.001 vs low estrogen; ^^^p<0.001 effect of filament. Endo, 

endometriosis; AUC, area under the curve. Detailed statistical analyses are shown 

in Supplementary Table S2. 

KOR agonists can induce sedation in rodents (Vonvoigtlander et al., 

1983) and humans (Rimoy et al., 1994). To investigate possible motor 

effects that could interfere with the observed nociceptive responses, 

motor coordination and locomotor activity were investigated in 

endometriosis and sham mice chronically treated with the low dose of 

U50,488H. First, an accelerating rotarod was used on day 18 of the 

experiment, 60 min after drug or vehicle administration. No significant 

differences among groups were found in the latency to fall from the 

rotarod (NS, Fig. 3E). Spontaneous locomotor activity of endometriosis 

and sham mice receiving either U50,488H or vehicle for 30 days was 

also evaluated. Mice were placed in actimetry boxes immediately after 

the injection and their activity was recorded for 90 min. Horizontal 

activity was unaffected by endometriosis or the pharmacological 

treatment during the first 60 min after drug or vehicle administration 

(NS, Fig. 3F), and similar results were obtained at the time period of 

evaluation of mechanical sensitivity (60-90 min, NS, Fig. 3F). Since 
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motor coordination and horizontal locomotion were not affected by 

endometriosis or U50,488H treatments, we discarded any possible bias 

of disrupted locomotion on the responses to mechanical stimulation. 

Reduced rearing behavior is associated to visceral pain in rodents, and 

can be interpreted as a measure of spontaneous pain or discomfort 

(Lucarini et al., 2020; Salameh et al., 2019; Schwartz et al., 2013). 

Endometriosis mice showed reduced number of rearings/min from min 

0 to 60 after drug or vehicle administration (p<0.05 vs Sham; Fig. 3G), 

and U50,488H induced significant reinstatement of this behavior both 

in sham-operated and endometriosis mice (from min 0 to min 60; 

p<0.01 vs vehicle; Fig. 3G). During the following 30 min (60-90 min), 

endometriosis mice treated with vehicle showed further decrease of 

rearings when compared to vehicle-treated sham mice (from min 60 to 

min 90; p<0.01 vs. sham-vehicle, Fig. 3G). Interestingly, the treatment 

with U50,488H normalized rearing behavior of endometriosis mice at 

this time point (p<0.01 vs. endo-vehicle, Fig. 3G), suggesting acute 

efficacy of this U50,488H dose inhibiting spontaneous pain or 

discomfort. 

3.3. KOR-mediated pain relief did not mitigate the anxiety-like 

behavior or the memory impairment of endometriosis mice 

Chronic pelvic pain is often accompanied by affective disorders in 

women with endometriosis (Fourquet et al., 2011). To assess the effect 

of KOR-mediated pain relief on the anxiety-like behavior revealed in 

endometriosis mice, the elevated plus maze was used 23 days after the 

surgeries. Endometriosis mice spent significantly less time in the open 

arms of the maze (p<0.05 vs sham, Fig. 4A). This increased anxiety-like 
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behavior was present regardless of the treatment with U50,488H or its 

vehicle, suggesting a lack of effect of the KOR agonist on this affective 

behavior.  

 

Figure 4. Sustained KOR stimulation does not modify anxiety-like behavior, 

cognitive impairment or endometriotic cysts in endometriosis mice. (A) 

Endometriosis mice showed an enhanced anxiety-like behavior reflected in lower 

percentages of time spent in the open arms of the elevated plus maze, but the 

treatment with U50,488H did not modify this behavior. (B) Both endometriosis 

and chronic U50,488H impair long-term memory in the novel object recognition 

test. (C) The diameter and endometrial area of endometriotic cysts from 

endometriosis mice were similar regardless of the treatment with U50,488H. 

Scale bar = 1 mm. (A) 2-way ANOVA; (B) Kruskal-Wallis + U Mann Whitney; (C) U 

Mann Whitney. Error bars are mean ± SEM. *p<0.05, **p<0.01 vs. sham; +p<0.05 

vs. vehicle. Endo, endometriosis. Detailed statistical analyses are shown in 

Supplementary Table S3. 

We previously reported that the presence of ectopic endometrium in 

mice was associated with cognitive impairment (Escudero-Lara et al., 

2020a). The effect of chronic U50,488H was evaluated 27 days after the 

surgeries in the novel object recognition task to investigate the impact 

of KOR-mediated pain relief on the memory deficits observed in this 
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model. Endometriosis mice treated with vehicle or U50,488H 

presented a significant decrease in the discrimination index when 

compared to vehicle-treated sham mice (p<0.01 vs. sham-vehicle; Fig. 

4B). Similarly, sham mice chronically treated with U50,488H exhibited 

impairment in object recognition memory (p<0.05 vs. sham-vehicle; 

Fig.4B). Therefore, KOR stimulation did not prevent the cognitive 

impairment of endometriosis mice and showed primary effects 

disrupting long-term recognition memory. 

3.4. KOR stimulation did not modify the growth of ectopic 

endometrial tissue 

Mice were euthanized after the behavioral characterization and their 

pelvic compartment was carefully explored. Only mice receiving 

endometrial implants developed endometrial cysts that were filled of 

fluid and contained glandular epithelium and stroma (Fig. 4C), as we 

previously reported (Escudero-Lara et al., 2020a, 2020b). 

Endometriosis mice treated with vehicle or U50,488H developed 

endometrial cysts of similar diameter and endometrial area (NS; Fig. 

4C). Therefore, exogenous KOR stimulation did not produce significant 

effects on the growth of the ectopic endometrium. 
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4. Discussion 

This study revealed a strong efficacy of kappa opioid receptor (KOR) 

stimulation in the attenuation of evoked and spontaneous pain in a 

murine model of endometriosis that closely mimics this clinical 

condition. Chronic KOR stimulation with a low dose of U50,488H (1 

mg/kg) induced sustained alleviation of pelvic hypersensitivity in 

female mice subjected to the model, and this pain inhibition was more 

efficient during the estrus phase of the estrous cycle, which was 

associated with higher pain sensitivity. Kappa activation did not modify 

anxiety-like behavior nor the cognitive impairment exhibited by mice 

with ectopic endometrium, suggesting that these co-morbidities occur 

through independent mechanisms and anxiety or memory deficits may 

develop in the absence of pain. 

The gene coding for KOR was highly expressed in endometrial cysts 

obtained from mice subjected to the endometriosis model. The 

expression of endogenous opioids and their receptors has been 

previously described in mouse (Zhu et al., 1998), swine (Dziekonski et 

al., 2018) and human (Chatzaki et al., 2000; Makrigiannakis et al., 1992; 

Petraglia et al., 1986; Wahlström et al., 1985) endometrial cells. In line 

with our findings, KOR has been reported as the most abundant opioid 

receptor in human endometrial cells (Hatzoglou et al., 1995). KOR is 

also widely expressed in peripheral nerve fibers (Stein, 2016) and cells 

of the immune system (Sharp, 2006). Since endometrial cysts are 

innervated and contain immune cells (Escudero-Lara et al., 2020a, 

2020b), the presence of KOR in these tissues suggests that this opioid 
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receptor may be implicated in pain transmission and inflammation in 

endometriosis. 

Acute administration of the KOR agonist U50,488H alleviated in a dose-

dependent manner pelvic mechanical hypersensitivity of 

endometriosis mice. Doses in the range of 1 to 2.5 mg/kg alleviated 

pelvic hypersensitivity in these mice without modifying nociceptive 

sensitivity in sham animals. Interestingly, repeated exposure of a low 

dose of U50,488H (1 mg/kg) provided efficient alleviation of 

mechanical hypersensitivity during the complete pharmacological 

treatment. This is in contrast with the tolerance observed after 

administration of higher doses of U50,488H (3-100 mg/kg) to male 

mice (Bhalla et al., 2010; McLaughlin et al., 2004; Narita et al., 2003; 

Vonvoigtlander et al., 1983). To the best of our knowledge, this is the 

first work showing sustained pain-relieving efficacy of a KOR agonist in 

female mice subjected to chronic pain and no signs of antinociceptive 

tolerance were observed. Together with the higher analgesic efficacy 

of KOR agonists in women (Gear et al., 1999, 1996b, 1996a), these 

results suggest that modulation of KOR could represent an effective 

approach for the chronic treatment of endometriosis pain. 

Female mice implanted with ectopic endometrium showed higher 

mechanical sensitivity during estrus, the phase of the estrous cycle in 

which estrogen levels decrease. In agreement, low estrogen levels have 

been associated to higher sensitivity in rats subjected to the tail-flick 

test (Kayser et al., 1996; Martínez-Gómez et al., 1994; Stoffel et al., 

2003). Furthermore, the pain symptoms associated to endometriosis in 

women, are exacerbated during menstruation (Laux-Biehlmann et al., 
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2015) the phase of the menstrual cycle equivalent to the estrus in mice. 

Thus, the mouse model replicates the increased pain sensitivity 

observed during menstruation in women with endometriosis (Laux-

Biehlmann et al., 2015) and is consistent with the reduction of pain 

obtained with contraceptive treatments that prevent menstruation in 

women (Vercellini et al., 2009). However, the role of estrogens in 

animal models of nociception seems complex, since increased 

responses to organ distension have also been described when estrogen 

levels are high (Cason et al., 2003; Holdcroft et al., 2000; Sapsed-Byrne 

et al., 1996). 

KOR activation reduced pelvic hypersensitivity in mice with ectopic 

endometrium  in all the phases of the estrous cycle, in agreement with 

the lack of effect of estradiol administration in the antinociceptive 

efficacy of U50,488H in a rat model of visceral pain (Sandner-Kiesling 

and Eisenach, 2002). However, the antinociceptive effects of KOR 

activation were higher in endometriosis mice during estrus. Previous 

works also describe higher KOR-mediated antinociception in naïve 

mice in estrus (Abraham et al., 2018b). 

Endometriosis mice showed a significant reduction in rearing, an 

exploratory behavior that involves stretching of the abdominal area, 

which has been related to manifestation of spontaneous pain. In 

accordance, decreased number of rearings has been previously 

observed in multiple models of visceral pain in rodents (Lucarini et al., 

2020; Salameh et al., 2019; Schwartz et al., 2013). KOR stimulation 

normalized this rearing behavior in mice with ectopic endometrium. 

Acute U50,488H has been reported  to both increased (Kuzmin et al., 
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2000) or decreased rearing behaviors in male rodents (Kuzmin et al., 

2000; Milman et al., 2006) depending on the dose. Since the number 

of rearings performed by sham mice chronically exposed to this low 

dose of U50,488H was unaffected, our data suggest that normalization 

of the rearing behavior was due to the alleviation of spontaneous pain 

or discomfort. Thus, restoration of rearing behavior provides further 

evidence of the potential analgesic efficacy of KOR agonists in 

endometriosis. 

Sedation is an important side effect of opioids and other analgesic 

prescription drugs (Caplan et al., 2007). The endometriosis model 

showed that repeated exposure to U50,488H (1 mg/kg) did not affect 

horizontal activity or motor coordination of female mice. The sedative 

effects of higher doses (5-30 mg/kg) of U50,488H have been widely 

described in male rodents (Dunn et al., 2018; J. J. Liu et al., 2019; 

Vonvoigtlander et al., 1983), but lower doses (3 mg/kg) have been 

reported to be void of sedative effects (Dunn et al., 2020). In 

agreement with our results, previous studies have described that 1 

mg/kg of U50,488H does not affect horizontal locomotion in female 

mice (Liu et al., 2019). Thus, our data suggest that analgesic efficacy 

can be achieved with doses that lack significant effects on motor 

performance, an advantage against other available treatments for 

chronic pain treatment. 

The anxiety-like behavior of endometriosis mice was unaffected by the 

sustained pain relief achieved through KOR stimulation. Our previous 

work investigating the antinociceptive efficacy of delta-9-

tetrahydrocannabinol in the same endometriosis model also showed 
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persistence of anxiety-like behavior in spite of a complete relief of 

pelvic hypersensitivity (Escudero-Lara et al., 2020a). On the contrary, 

other models of chronic pain have shown reinstatement of normal 

anxiety-like behavior after chronic treatment with antinociceptive 

drugs (Cabañero et al., 2020; La Porta et al., 2016, 2015). Hence, the 

present data suggest that the affective impairment observed in 

endometriosis mice may be independent of the persistent pain 

sensitization. In this line, a primary effect of endometriosis on affective 

behavior has been suggested after the detection of depressive 

symptomatology in women with endometriosis that did not suffer from 

chronic pain (Lorençatto et al., 2006). Therefore, a primary effect of 

endometriosis on the promotion of anxiety and depression could also 

have an impact favoring the development of chronic pain (Boakye et 

al., 2016). On the other hand, anxiogenic (Gillett et al., 2013; Privette 

and Terrian, 1995; Smith et al., 2012; Tejeda et al., 2012), anxiolytic 

(Privette and Terrian, 1995) and no effects (Gillett et al., 2013; Privette 

and Terrian, 1995; Robles et al., 2014) of KOR agonists have been 

described in the literature, depending on the dose, the test and the 

animal model. However, a study addressing this issue in naïve female 

mice shows an absence of effects of U50,488H (2.5-10 mg/kg) on 

anxiety-like behavior (Robles et al., 2014), in accordance with our 

results. Hence, the pain-relieving effects of KOR stimulation had not 

significant effects in the emotional impact of endometriosis and 

simultaneous treatment of pain and affective symptoms may be an 

appropriate approach for endometriosis management. KOR 

stimulation did not modify the cognitive impairment of mice with 

ectopic endometrium and impaired cognitive performance in sham 
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mice. KOR agonists have been reported to impair novel object 

recognition (Carey et al., 2009; Paris et al., 2011), spatial mnemonic 

performance (Daumas et al., 2007) and emotional memory (Castellano 

et al., 1988; Daumas et al., 2007) in male mice. In female mice, 

U50,488H impairs the differential reinforcement of the low-response 

rate task (Abraham et al., 2018a), an operational test of cognition that 

involves timing and behavioral inhibition. Therefore, the memory 

deficits observed in sham mice and the lack of memory improvement 

in mice subjected to endometriosis were expected after U50,488H 

treatment. Although the observed KOR-mediated cognitive 

impairment is in agreement with the literature, it could interfere with 

a possible improvement of memory associated to the alleviation of 

pain.  

Mice showed ectopic endometrial growths of similar size after 38 days 

of treatment with U50,488H or vehicle. It has been reported that KOR 

stimulation increases  the apoptotic rate of human endometrial cells in 

vitro (Chatzaki et al., 2001), but the effects of KOR stimulation on 

ectopic endometrial cells has not been studied in vivo. Our data 

indicate that exogenous activation of KOR does not induce significant 

changes in the development of ectopic endometrial growths in spite of 

the high levels of KOR expression in endometriotic cysts in our model. 

This fact implies that the pain-relieving effects of the KOR agonist are 

not due to an inhibition of the development of endometriosis lesions, 

but to an actual alleviation of pain associated to the presence of ectopic 

endometrium. 
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In summary, our study revealed that KOR stimulation can alleviate and 

prevent chronic pelvic mechanical sensitivity and discomfort in female 

mice subjected to endometriosis. This KOR-mediated pain relief was 

void of antinociceptive tolerance and was highly effective during 

estrus, the phase of the estrous cycle in which mice became more 

sensitive. Such an increased sensitivity resembles the intense 

perimenstrual pain observed in endometriosis patients. Interestingly, 

KOR-mediated pain relief did not modify the anxiety-like behavior or 

the memory impairment of mice with ectopic endometrial growths, 

suggesting that these may represent primary emotional and cognitive 

alterations independent of pain triggered by endometriosis. Thus, a 

multidisciplinary approach simultaneously targeting nociceptive, 

emotional and cognitive alterations of endometriosis may be necessary 

for successful management of the disease in women. 
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Supplementary material 

Supplementary table S1. Statistical results for Figure 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Statistical analysis

(A) Gene expression fold change Kruskal-Wallis Test

Endometriosis F(1,64.428)=10.239; p=0.0021

Dose F(5,26.950)=6.076; p=0.0007

Endometriosis*dose F(1,26.950)=2.846; p=0.0344

Filament F(5, 78.177)=20.247; p=0.0000

Dose F(5,1.912)=3.970; p=0.0942

Filament*dose F(25, 78.177)=0.799; p=0.7313

Filament F(5,69.872)=20.183; p=0.0000

Dose F(5,189.179)=15.570; p=0.0000

Filament*dose F(25,69.872)=0.568; p=0.9424

(Endo) Mechanical sensitivity 

after administration of different 

doses of U50,488H (frequency 

of response)

Mixed Model Analysis

Result

H(2)=15.881; p=0.0004

(B) Dose-response curve of 

U50,488H for pelvic mechanical 

sensitivity

Mixed Model Analysis

(Sham) Mechanical sensitivity 

after administration of different 

doses of U50,488H (frequency 

of response)

Mixed Model Analysis
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Supplementary table S2. Statistical results for Figure 3.  

 

 

   

Statistical analysis

Endometriosis F(1,153.604)=43.772; p=0.0000

Treatment F(1,153.604)=76.339; p=0.0000

Day F(4,62.567)=24.843; p=0.0000

Endometriosis*treatment F(1,153.604)=44.595; p=0.0000

Endometriosis*day F(4,62.567)=5.519; p=0.0007

Treatment*day F(4,62.567)=9.747; p=0.0000

Endometriosis*treatment*day F(4,62.567)=7.451; p=0.0001

Endometriosis F(1,198.289)=2.715; p=0.1010

Treatment F(1,198.289)=0.242; p=0.6232

Filament F(5, 66.027)=34.713; p=0.0000

Endometriosis*treatment F(1,198.289)=0.011; p=0.9149

Endometriosis*filament F(5, 66.027)=1.139; p=0.3487

Treatment*filament F(5, 66.027)=0.600; p=0.7001

Endometriosis*treatment*filament F(5, 66.027)=1.062; p=0.3895

Endometriosis F(1,184.408)=3.392; p=0.0671

Treatment F(1,184.408)=63.352; p=0.0000

Filament F(5, 63.121)=11.156; p=0.0000

Endometriosis*treatment F(1,184.408)=2.551; p=0.1119

Endometriosis*filament F(5, 63.121)=0.174; p=0.9712

Treatment*filament F(5, 63.121)=0.120; p=0.9876

Endometriosis*treatment*filament F(5, 63.121)=0.182; p=0.9684

Endometriosis F(1,207.173)=56.904; p=0.0000

Treatment F(1,207.173)=47.222; p=0.0000

Filament F(5,64.733)=11.011; p=0.0000

Endometriosis*treatment F(1,207.173)=69.197; p=0.0000

Endometriosis*filament F(5,64.733)=0.200; p=0.9614

Treatment*filament F(5,64.733)=0.74; p=0.9959

Endometriosis*treatment*filament F(5,64.733)=0.149; p=0.9796

Endometriosis F(1,192.292)=106.759; p=0.0000

Treatment F(1,192.292)=141.677; p=0.0000

Filament F(5,76.989)=24.656; p=0.0000

Endometriosis*treatment F(1,192.292 )=94.134; p=0.0000

Endometriosis*filament F(5,76.989)=1.379; p=0.2413

Treatment*filament F(5,76.989)=0.288; p=0.9186

Endometriosis*treatment*filament F(5,76.989)=0.448; p=0.8132

Endometriosis F(1,192.594)=90.741; p=0.0000

Treatment F(1,192.594)=159.458; p=0.0000

Filament F(5,61.985)=20.168; p=0.0000

Endometriosis*treatment F(1,192.594)=118.518; p=0.0000

Endometriosis*filament F(5,61.985)=0.131; p=0.9846

Treatment*filament F(5,61.985)=0.270; p=0.9278

Endometriosis*treatment*filament F(5,61.985)=0.151; p=0.9791

(C) Pelvic mechanical sensitivity 

on day 28, in different stages of 

the estrous cycle (AUC)

Kruskal-Wallis Test

(continues)

Result

(A) Pelvic mechanical sensitivity 

 through time (AUC)

Mixed Model Analysis

H(7)=25.166; p=0.0007

(B) (Day -1, baseline) Effect of 

chronic U50,488H on pelvic 

mechanical sensitivity (frequency 

of response)

Mixed Model Analysis

(B) (Day 7) Effect of chronic 

U50,488H on pelvic mechanical 

sensitivity (frequency of 

response)

Mixed Model Analysis

(B) (Day 14) Effect of chronic 

U50,488H on pelvic mechanical 

sensitivity (frequency of 

response)

Mixed Model Analysis

(B) (Day 21) Effect of chronic 

U50,488H on pelvic mechanical 

sensitivity (frequency of 

response)

Mixed Model Analysis

(B) (Day 28) Effect of chronic 

U50,488H on pelvic mechanical 

sensitivity (frequency of 

response)

Mixed Model Analysis
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Filament F(5,27.377)=9.255; p=0.0000

Estrous phase F(1,78.951)=10.578; p=0.0017

Treatment F(1,78.951)=2.400; p=0.1253

Filament*Estrous phase F(5,27.377)=0.162; p=0.9743

Filament*Treatment F(5,27.377)=0.165; p=0.9734

Estrous phase*Treatment F(1,78.951)=4.013; p=0.0486

Filament*Estrous phase*Treatment F(5,27.377)=0.179; p=0.9683

Filament F(5,34.150)=19.068; p=0.0000

Estrous phase F(1,68.174)=50.150; p=0.0000

Treatment F(1,68.174)=399.220; p=0.0000

Filament*Estrous phase F(5,34.150)=2.585; p=0.0436

Filament*Treatment F(5,34.150)=0314; p=0.9009

Estrous phase*Treatment F(1,68.174)=65.502; p=0.0000

Filament*Estrous phase*Treatment F(1,68.174)=0.351; p=0.8779

Endometriosis F(1,33)=3.861; p=0.0579

Treatment F(1,33)=3.970; p=0.0546

Endometriosis*treatment F(1,33)=0.029; p=0.8662

Endometriosis F(1,34)=0.000; p=0.9905

Treatment F(1,34)=0.283; p=0.5980

Endometriosis*treatment F(1,34)=0.147; p=0.7034

Endometriosis F(1,33)=0.093; p=0.7624

Treatment F(1,33)=2.992; p=0.0930

Endometriosis*treatment F(1,33)=0.477; p=0.4946

Endometriosis F(1,31)=5.956; p=0.0206

Treatment F(1,31)=7.9876; p=0.0082

Endometriosis*treatment F(1,31)=0.283; p=0.5985

(G, right panel) Rearings/min 

from min 60 to min 90
Kruskal-Wallis Test

(F, left panel) Horizontal activity 

(beam breaks/min) from min 0 to 

min 60

2-way ANOVA

(E) Motor coordination (latency 

to fall from the rotarod)

2-way ANOVA

(F, right panel) Horizontal activity 

(beam breaks/min) from min 60 

to min 90

2-way ANOVA

(G, left panel) Rearings/min from 

min 0 to min 60

2-way ANOVA

H(3)=16.041; p=0.0011

(D) (Sham) Effects of U50,488H 

on pelvic mechanical sensitivity 

(frequency of response)

Mixed Model Analysis

(D) (Endo) Effects of U50,488H on 

pelvic mechanical sensitivity 

(frequency of response)

Mixed Model Analysis
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Supplementary table S3. Statistical results for Figure 4. 

 

 

 

 

 

 

 

Statistical analysis

Endometriosis F(1,30)=5.524; p=0.0255

Treatment F(1,30)=0.025; p=0.8745

Endometriosis*treatment F(1,30)=2.5; p=0.1244

(B) Cognitive performance 

(discrimination index)
Kruskal-Wallis Test

(C, left panel) Cyst diameter U Mann Whitney

(C, right panel) Cyst endometrial area U Mann Whitney u=33, z=-0.663, p=0.546

Result

(A) Anxiety-like behavior (% of time in 

open arms)

2-way ANOVA

H(3)=10.539; p=0.0145

u=39, z=-0.832, p=0.436



 

  

  



 

  

 

 

 

 

 

Article #4 

 

Behavioral and neuroinflammatory changes induced by minimal 

endometriosis in mice 

 

Alejandra Escudero-Lara, David Cabañero*, Rafael Maldonado* 

 

(In preparation) 

 



 

  



Results 
 

 199 

Behavioral and neuroinflammatory changes induced 

by minimal endometriosis in mice 

Alejandra Escudero-Laraa, David Cabañeroa* and Rafael Maldonadoa,b* 

aLaboratory of Neuropharmacology, Department of Experimental and 

Health Sciences, Universitat Pompeu Fabra. Barcelona, Spain 

bIMIM (Hospital del Mar Medical Research Institute), Barcelona, Spain 

*These authors contributed equally 

 

Corresponding authors 

Rafael Maldonado, MD, PhD 

Laboratory of Neuropharmacology. Department of Experimental and 

Health Science, Universitat Pompeu Fabra 

Barcelona Biomedical Research Park (PRBB), Dr. Aiguader, 88. 08003 

Barcelona, Spain 

E-mail: rafael.maldonado@upf.edu 

Tel.: +34 933 160 824 

 

David Cabañero, DVM, PhD 

Laboratory of Neuropharmacology. Department of Experimental and 

Health Science, Universitat Pompeu Fabra 

Barcelona Biomedical Research Park (PRBB), Dr. Aiguader, 88. 08003 

Barcelona, Spain 

E-mail: david.cabanero@upf.edu 

Tel.: +34 933 160 813 

 

Declarations of interest: none 

 



Results 
 

 200 

Abstract 

Endometriosis is defined by the growth of endometrial cells in 

extrauterine locations and is associated with pain and infertility. 

However, the extent of the ectopic endometrial growths does not 

correlate with the severity of the symptoms. Although altered immune 

function has been associated to this disease, the neuroinflammatory 

changes associated to endometriosis have not been yet investigated. 

Here, we show that minimal endometriosis in immunocompetent mice 

leads to abdominopelvic hypersensitivity, anxiety and depression-like 

behaviors and cognitive deficits that correlate with neuroinflammatory 

changes in the periaqueductal gray, the medial prefrontal cortex and 

the hippocampus. Mice subjected to this model of endometriosis show 

increased expression levels of the inflammatory markers COX2 and 

Il1β, the astrocyte marker GFAP, and of the T lymphocyte markers CD4 

and CD2 in these brain areas. The presence of endometrial cells in the 

peritoneum of mice subjected to this model was confirmed by flow 

cytometry of the peritoneal lavage fluid from mice that received GFP+ 

endometrial cells. This model, which recapitulates the symptoms of 

human endometriosis, may be a useful tool to study the immune 

mechanisms involved in pain and psychological alterations associated 

to minimal endometriosis. 

Keywords 

Endometriosis, female, chronic pelvic pain, lymphocytes 
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Introduction 

Endometriosis is a chronic inflammatory disease that affects 1 in 10 

women of reproductive age. It is defined by the presence of 

endometrial cells outside the uterus and is diagnosed by laparoscopy 

(Agarwal et al., 2019). However, the absence of obvious lesions does 

not eliminate the possibility of endometriosis, and there is no 

correlation between extent of the disease and symptom severity 

(Johnson et al., 2017). The main symptoms of endometriosis are pelvic 

pain and infertility, which are often accompanied by anxiety, 

depression and reduced work productivity (Fourquet et al., 2011).  

Endometriosis has been hypothesized to develop from retrograde 

menstruation and is associated with dysregulation of the immune 

system (Ahn et al., 2015). On the other hand, chronic pelvic pain caused 

by endometriosis has been related to changes in regional gray matter 

volume in patients (As-Sanie et al., 2012). Chronic pain in experimental 

models leads to inflammatory events in brain areas related to pain 

processing, emotional responses and learning and memory (Del Rey et 

al., 2011; Zhuang et al., 2016; Ong et al., 2019). Nevertheless, whether 

endometriosis induces inflammation in the central immune system has 

not been investigated yet. 

This work characterizes the behavioral manifestations showed by mice 

subjected to a model of minimal endometriosis provoked through the 

injection of syngeneic endometrial cells into the peritoneal cavity of 

immunocompetent female mice. Furthermore, it describes the 

neuroinflammatory changes associated to these behavioral alterations. 
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Methods 

Animals 

C57Bl/6J 8-week-old female mice (Charles Rivers) were used in 

behavioral experiments. Female transgenic mice ubiquitously 

expressing enhanced GFP (C57BL/6 background, GPF+ mice) and their 

wild type (WT) littermates were used in the experiment involving 

detection of injected endometrial cells by flow cytometry, and were a 

generous gift from Dr.Pura Muñoz-Cánoves laboratory. Mice were 

housed in cages of 4-5 mice with ad libitum access to water and food. 

Housing conditions were 21 ± 1°C and 55 ± 10% relative humidity in a 

controlled light/dark cycle. Mice were habituated to housing and 

handling for 1 week prior to the experiments. All procedures were 

conducted in accordance with standard ethical guidelines (European 

Communities Directive 2010/63/EU and NIH Guide for Care and Use of 

Laboratory Animals, 8th Edition) and approved by ethical committees. 

Treatment groups were randomly assigned, and experiments were 

performed under blind conditions. 

Endometriosis model 

Endometriosis was induced through the injection of syngeneic 

endometrial fragments as previously described (Somigliana et al., 

1999), with some modifications. Briefly, animals were injected 

subcutaneously with β -estradiol 3 g/mouse (E8875, Sigma) in corn oil 

7 days before induction of endometriosis. The phase of the estrous 

cycle on the day of endometriosis induction was assessed by 

histological examination of cells extracted by vaginal lavage as 
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previously described (Escudero-Lara et al., 2020b), and donor mice at 

diestrus were euthanized by cervical dislocation. Their uterine horns 

were excised and placed on a petri dish with 100μl gentamicin 0.3 

mg/ml solution in saline 0.9% and opened longitudinally. The 

endometrium was separated from the myometrium by scraping with 

two spatulas and suspended in gentamicin 0.3 mg/ml solution up to a 

volume of 0.4 ml. Endometrial cells obtained from a single uterine horn 

were injected into the lower middle abdomen of each recipient mice 

(endometriosis mice) with an 18G syringe. Control mice received 0.4 ml 

of gentamicin solution. 

Study design 

A first experiment evaluated the nociceptive, affective and cognitive 

behaviors of endometriosis mice. Baseline mechanical sensitivity was 

evaluated on day -1, and endometriosis or control injections were 

performed on day 0. Nociceptive responses were measured again on 

days 7, 14, 21 and 28. Anxiety-like, cognitive and depression-like 

behaviors were assessed on days 16, 20, and 33, respectively. On day 

35, mice were euthanized for examination of the peritoneum. 

In a second experiment, endometrium from GFP+ mice was injected to 

wild-type littermates to determine whether endometrial cells could be 

found in the peritoneum 35 days later. The presence of GFP+ cells in 

the fluid obtained by peritoneal lavage was assessed by flow 

cytometry. 
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Behavioral evaluation 

Mechanical sensitivity was quantified by measuring the responses to 

von Frey filament stimulation of abdominopelvic area, anxiety-like 

behavior was evaluated with the elevated plus maze test, and cognitive 

performance was assayed with the novel object recognition task as 

previously reported (Escudero-Lara et al., 2020a). 

The forced swimming test was performed to evaluate depression-like 

behavior. Mice were placed in a cylinder with water (23–25°C), being 

forced to swim for 6 min. Duration of immobility was quantified over 

the last 4 min. 

Gene expression analysis 

Periaqueductal gray, medial prefrontal cortex and hippocampus were 

obtained from untreated mice on day 35. RNA was isolated using 

Trizol® (Invitrogen, cat. 15596018) and reverse-transcribed with a High-

Capacity cDNA Reverse-Transcription Kit (Applied Biosystems, 

cat.4368814). RT-PCR was performed with a QuantStudio 12KFlex Real-

Time PCR System (Applied Biosystems, cat.4471134) using the SYBR 

Green PCR MasterMix (Roche, cat.04707516001). Primers are listed in 

supplementary table 1. Data for each gene were analyzed by the 2-ΔΔCt 

method after normalization to Actb. 

Flow cytometry analysis of peritoneal cells 

Peritoneal lavages were performed on day 35 to wild-type mice that 

received GFP+ endometrial cells. Samples from wild-type and GFP+ 

mice were obtained to establish gate conditions. Immunofluorescence 

was measured using a BDTM LSR II flow cytometer (BD biosciences), and 
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data were analyzed with the FACSDivaTMv6.2 software (BD 

biosciences). 

Statistics 

All statistical analyses were performed using IBM SPSS 24 software 

(Chicago, IL, USA). The adequate statistical test was applied according 

to the data distribution defined by the Shapiro-Wilk normality test. 

Mixed model analyses followed by Bonferroni test were used for 

repeated measures. Comparisons between two groups were analyzed 

with U Mann-Whitney or Student T tests. Data are expressed as 

individual data points and mean ± SEM. Values that felt outside of the 

interval determined as the mean ± 2 times the standard deviation were 

excluded from the analyses. Differences were considered statistically 

significant when the p value was below 0.05. 
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Results and discussion 

The first aim was to investigate the nociceptive, affective and cognitive 

behaviors of female mice receiving endometrial cells (endometriosis 

mice) or control solution. Endometriosis mice showed persistent 

mechanical hypersensitivity in the abdominopelvic area, whereas 

nociceptive behavior of control mice remained unaltered (Fig.1A). 

Endometriosis mice also showed exacerbated anxiety-like behavior 

reflected in lower percentages of entries to the open arms of the 

elevated plus maze (Fig.1B), and increased depression-like behavior 

revealed by longer immobility times in the forced swimming test 

(Fig.1C). Accordingly, previous studies in other models of 

endometriosis described abdominopelvic hypersensitivity (Escudero-

Lara et al., 2020a; Fattori et al., 2020) and affective-like disturbances 

(Escudero-Lara et al., 2020a; Filho et al., 2019; Li et al., 2018). These 

alterations could be a direct consequence of abdominopelvic 

hypersensitivity; however, recent data obtained in a chronic 

neuropathic pain model revealed that a high-anxiety phenotype can 

also contribute to exacerbated nociception (Martínez-Navarro et al., 

2019). Interestingly, higher anxiety, psychoticism and introversion 

scores have been reported in women with endometriosis compared to 

women with other painful gynecological conditions (Low et al., 1993). 

Furthermore, endometriosis mice showed decreased discrimination 

indices in the novel object recognition test (Fig.1D), in agreement with 

our previous study with a surgical endometriosis model (Escudero-Lara 

et al., 2020a). Hence, this model mimics the symptomatology observed 

in clinical endometriosis. 



Results 
 

 207 

 

 

 Fi
gu

re
 1

. 
B

e
h

av
io

ra
l 

an
d

 n
eu

ro
in

fl
am

m
at

o
ry

 a
lt

e
ra

ti
o

n
s 

as
so

ci
at

e
d

 t
o

 t
h

e 
p

re
se

n
ce

 o
f 

ec
to

p
ic

 e
n

d
o

m
et

ri
al

 c
el

ls
. 

En
d

o
m

et
ri

o
si

s 
m

ic
e 

sh
o

w
ed

 (
A

) 
p

er
si

st
en

t 
m

ec
h

an
ic

a
l 

h
yp

er
se

n
si

ti
vi

ty
 i

n
 t

h
e

 a
b

d
o

m
in

o
p

el
vi

c 
ar

ea
 a

ft
er

 s
ti

m
u

la
ti

o
n

 w
it

h
 v

o
n

 F
re

y 
fi

la
m

en
ts

, 
(B

) 
in

cr
ea

se
d

 

an
xi

et
y-

lik
e 

b
eh

av
io

r 
in

 t
h

e 
el

ev
at

ed
 p

lu
s 

m
az

e 
te

st
, (

C
) 

in
cr

ea
se

d
 d

ep
re

ss
io

n
-l

ik
e 

b
eh

av
io

r 
in

 t
h

e 
fo

rc
ed

 s
w

im
m

in
g 

te
st

 a
n

d
 (

D
) 

co
gn

it
iv

e
 

im
p

ai
rm

e
n

t 
in

 t
h

e 
n

o
ve

l o
b

je
ct

 r
ec

o
gn

it
io

n
 t

as
k.

 (
E,

 le
ft

 p
an

el
) 

En
d

o
m

et
ri

o
si

s 
m

ic
e

 s
h

o
w

ed
 in

cr
e

as
ed

 e
xp

re
ss

io
n

 o
f 

th
e 

ge
n

e
s 

co
d

in
g 

fo
r 

in
te

rl
eu

ki
n

 1
 b

et
a 

(I
l1

b
),

 t
h

e
 a

st
ro

cy
te

 m
ar

ke
r 

G
FA

P
 (

G
fa

p
) 

an
d

 t
h

e 
T 

ly
m

p
h

o
cy

te
 m

ar
ke

r 
C

D
4 

(C
d

4)
 in

 t
h

e 
p

er
ia

q
u

ed
u

ct
al

 g
ra

y,
 (

ce
n

tr
al

 

p
an

el
) t

h
e 

ge
n

es
 c

o
d

in
g 

fo
r 

th
e 

T 
ly

m
p

h
o

cy
te

 m
ar

ke
rs

 C
D

4 
(C

d
4

) a
n

d
 C

D
2 

(C
d

2
) i

n
 t

h
e 

m
ed

ia
l p

re
fr

o
n

ta
l c

o
rt

ex
 a

n
d

, (
ri

gh
t 

p
an

el
) t

h
e 

ge
n

es
 

co
d

in
g 

fo
r 

cy
cl

o
o

xy
ge

n
as

e 
2

 (
P

tg
s2

),
 in

te
rl

eu
ki

n
 1

 b
et

a 
(I

l1
b

),
 C

D
4 

(C
d

4)
 a

n
d

 C
D

2
 (

C
d

2
) 

in
 t

h
e 

h
ip

p
o

ca
m

p
u

s.
 (

A
) 

M
ix

ed
 m

o
d

e
l a

n
al

ys
is

, (
B

, 

C
, 

an
d

 D
) 

St
u

d
en

t 
t-

te
st

. 
(D

) 
St

u
d

en
t 

t-
te

st
 o

r 
M

an
n

 W
h

it
n

e
y 

U
. 

##
p

<0
.0

1,
 #

#
#p

<
0.

00
1 

vs
 b

as
el

in
e;

 *
p

<
0.

05
, 

**
p

<0
.0

1,
 *

*
*p

<
0.

00
1 

vs
 

co
n

tr
o

l. 
En

d
o

, 
en

d
o

m
et

ri
o

si
s;

 A
U

C
, 

ar
ea

 u
n

d
er

 t
h

e 
cu

rv
e.

 P
tg

s2
, 

p
ro

st
ag

la
n

d
in

-e
n

d
o

p
er

o
xi

d
e 

sy
n

th
as

e 
2;

 I
l1

b
, 

in
te

rl
eu

ki
n

 1
 b

et
a;

 G
fa

p
, 

gl
ia

l f
ib

ri
lla

ry
 a

ci
d

ic
 p

ro
te

in
; 

A
if

1,
 a

llo
gr

af
t 

in
fl

am
m

a
to

ry
 f

ac
to

r 
1;

 C
D

4,
 c

lu
st

er
 o

f 
d

if
fe

re
n

ti
at

io
n

 4
; C

D
2,

 c
lu

st
er

 o
f 

d
if

fe
re

n
ti

at
io

n
 2

. 

C
o

n
tr

o
l

E
n

d
o

0

2
0

4
0

6
0

8
0

% entries to open arms

**

C
o

n
tr

o
l

E
n

d
o

-0
.4

-0
.2

0
.0

0
.2

0
.4

0
.6

Discrimination index

**
*

C
o

n
tr

o
l

E
n

d
o

0

5
0

1
0
0

1
5
0

2
0
0

2
5
0

Immobility time (s)

*

B

7

14

21

28

0369

1
2

1
5

T
im

e
 (

d
a
y
s
) 

Mechanical sensitivity (AUC)

**
**

**
#
#
#

#
#
#

#
#

*
C

o
n
tr

o
l

E
n
d
o

E
P

e
ri

a
q

u
e
d

u
c
ta

l
g

ra
y

M
e
d

ia
l 
p

re
fr

o
n

ta
l c

o
rt

e
x

H
ip

p
o

c
a
m

p
u

s

B
7

14
21

28

0369

1
2

1
5

T
im

e
 (

d
a
y
s
) 

Mechanical sensitivity (AUC)

**
**

**
#
#
#

#
#
#

#
#

*
C

o
n
tr

o
l

E
n
d
o

Pt
g

s2
Il1
b

G
fa

p
A
if1

Cd
4

Cd
2

02468

1
0

Fold change

*
*

Pt
g

s2
Il1
b

G
fa

p
A
if1

Cd
4

Cd
2

02468

1
0

Fold change

*
**

*
*

Pt
g

s2
Il1
b

G
fa

p
A
if1

Cd
4

Cd
2

02468

1
0

Fold change

**
*

*

G
F

P
W

T
W

T
 +

 G
F

P
+
 c

e
ll
s

GF
P

W
T W

T+G
FP

0
.0

0
.1

0
.2

0
.3

0
.48
0

1
0

0

% of GFP+ cells

F



Results 
 

 208 

The presence of macroscopic endometriotic growths in mice receiving 

endometrial cells could not be confirmed. Nonetheless, flow cytometry 

analysis of the peritoneal lavage fluid of wild-type mice receiving GPF+ 

endometrial cells revealed the presence of GFP+ cells (0.0950.042%) 

35 days after injection (Fig.2). This indicates that mice subjected to this 

model could develop microscopic lesions that led to behavioral 

alterations. In endometriosis patients, the extent of endometriotic 

lesions is not correlated with symptom severity, with minimal 

endometriosis being able to cause high degrees of pain (Johnson et al., 

2017). 

Figure 2. Flow cytometry analysis of peritoneal fluid from wild type mice 

receiving GFP+ endometrial cells. A percentage 0.0950.042 GFP+ cells was 

identified in the peritoneum of WT mice 35 days after the injection. GFP, green 

fluorescent protein; WT, wild type. 
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Supplementary Table 1. Sequences of the primers used in gene expression 

analyses. 

 

 

 

 

 Forward Reverse 

Ptgs2 5’-CAGACAACATAAACTGCGCCTT-3’ 5’-GATACACCTCTCCACCAATGACC-3’ 

Il1b 5’-GAAGTTGACGGACCCCAAAA-3’ 5’-TGATGTGCTGCTGCGAGATT -3’ 

Gfap 5’-CAGAGGAGTGGTATCGGTCTAAGTT-3’ 5’-CGATAGTCGTTAGCTTCGTGCTT-3’ 

Aif1 5’-CCCCCAGCCAAGAAAGCTAT-3’ 5’-GCCCCACCGTGTGACATC-3’ 

Cd4 5’- CCCAGGTCTCGCTTCAGTTT -3’ 5’-GGGAGAGGTAGGTCCCATCA-3’ 

Cd2 5’- ACCAACCTGAACGCACCATT -3’ 5’- CCAAGAGCACCAAGAGGAGT -3’ 

Actb 5’-CGTGAAAAGATGACCCAGATCA-3’ 5’-CACAGCCTGGATGGCTACGT-3’ 
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The overall purpose of this Doctoral Thesis was to explore the 

possibility of targeting endogenous analgesia systems for the 

treatment of endometriosis, as well as to investigate the role of the 

adaptative immune system on endometriosis pain and its associated 

behavioral alterations. 

A mouse model of endometriosis to test new therapeutic approaches 

Available pharmacological and surgical therapies for endometriosis 

have important adverse effects and fail providing long-term alleviation 

of the symptoms (Falcone and Flyckt, 2018). Hence, new therapeutic 

strategies are needed, and their development relies on the 

establishment of animal models that recapitulate the features of 

clinical endometriosis. In this Thesis, two different models of 

endometriosis have been developed to evaluate at the same time 

nociceptive, cognitive and emotional manifestations of endometriosis 

in naturally-cycling immunocompetent mice. The first model consisted 

of a surgical implantation of endometrial tissue into the peritoneal wall 

of the abdominal compartment of syngeneic recipient mice. The 

second model was induced through the injection of endometrial tissue 

into the peritoneum of syngeneic recipient mice, and will be discussed 

in the last section of the Discussion. 

Mice subjected to the surgically-induced model of endometriosis 

developed persistent mechanical hypersensitivity in the caudal 

abdominal area, but not in the hind paw, indicating that pain 

sensitization did not generalize to other sites in this model. 

Endometriosis mice also exhibited increased nocifensive behaviors to 

mechanical stimuli, revealing a component of negative affect 
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associated to abdominal hypersensitivity. In agreement, studies in 

other rodent models of endometriosis have found increased sensitivity 

to mechanical stimuli in the lower abdomen (Arosh et al., 2015; 

Greaves et al., 2017a). Mice subjected to this model of endometriosis 

also displayed a reduced number of rearings, a behavior that involves 

stretching of the abdomen and that can be interpreted as a measure of 

abdominal pain or discomfort. Indeed, reduced rearing behavior has 

been described in multiple models of visceral pain (Schwartz et al., 

2013; Salameh et al., 2019; Lucarini et al., 2020). Furthermore, mice 

receiving ectopic endometrial implants showed enhanced anxiety-like 

behavior, as previously reported in different models of endometriosis 

(Li et al., 2018; Filho et al., 2019). In patients, pelvic pain associated to 

endometriosis is commonly accompanied by anxiety (Laganà et al., 

2017). Notably, endometriosis patients report higher psychoticism and 

anxiety scores than individuals with pelvic pain of other origins (Low et 

al., 1993). Thus, the exacerbated anxiety-like behavior found in mice 

subjected to the endometriosis model could be consequence of 

persistent hypersensitivity, and, in turn, the chronification of this 

hypersensitivity could also be favored by the increased anxiety-like 

behavior associated to the presence of ectopic endometrium. 

Mice receiving ectopic endometrial implants also developed a 

pronounced impairment in long-term memory. In line with this finding, 

cognitive deficits have been reported in rodent models of inflammatory 

and neuropathic chronic pain (La Porta et al., 2015; You et al., 2018). It 

has not been investigated whether endometriosis could affect 

cognitive function in humans, however, endometriosis patients often 
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report loss of working ability and productivity (Fourquet et al., 2011; 

Sperschneider et al., 2019). 

Ectopic endometrial implants grew into cysts filled with fluid and 

immune cells and with a wall consisting of glandular epithelium and 

stroma. The surface of these endometrial cysts was innervated by 

neurites, in agreement with previous studies in rodents (Berkley et al., 

2004; Arosh et al., 2015) and endometriosis patients (Tokushige et al., 

2006a; Wang et al., 2009b). Mice receiving endometrial implants also 

developed increased uterine innervation, suggesting that the presence 

of ectopic endometrial lesions facilitated nerve sprouting in the eutopic 

endometrium. Accordingly, women with endometriosis show high 

density of uterine nerve fibers, which may contribute to chronic pelvic 

pain (Tokushige et al., 2006a; Miller EJ, 2015). Therefore, this mouse 

model of surgically-induced endometriosis recapitulates the 

histological and behavioral features of human endometriosis, providing 

a valuable tool to study the efficacy of potential treatments in the 

development of endometriosis and its symptoms. 

Cannabinoids as potential treatments for endometriosis 

Cannabis consumption is one of the self-management strategies that 

many endometriosis patients adopt to complement their medical 

treatments (Armour et al., 2019). However, it is unknown how cannabis 

and cannabinoids like THC, the main psychoactive component of the 

plant, and CBD, which lacks important psychotropic properties, can 

affect endometriosis and its symptoms. With the objective of 

determining the effects of these cannabinoids on endometriosis, they 
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were chronically administered to mice subjected to the above-

described surgical model of endometriosis. 

On the one hand, acute THC reduced abdominal mechanical 

hypersensitivity in a dose-dependent manner in mice with fully 

developed endometriotic cysts. On the other hand, repeated 

administration of a moderate dose THC (2 mg/kg) starting right after 

induction of endometriosis or when the mechanical hypersensitivity 

was already developed, provided sustained alleviation of abdominal 

hypersensitivity. Interestingly, female mice subjected to this model did 

not become tolerant to the antinociceptive effects of this dose of THC, 

in contrast to the studies describing the development of tolerance to 

higher THC doses in other pain models (Greene et al., 2018; Lafleur et 

al., 2018). Subchronic THC treatment also inhibited nocifensive 

behaviors in mice with ectopic endometrium, although acute THC 

administration produced variable effects in this measure of pain 

unpleasantness. A separate experiment evaluated the effects of the 

non-psychoactive cannabinoid CBD (2 mg/kg), alone or in combination 

with THC (2 mg/kg), in the mechanical hypersensitivity associated to 

the presence of ectopic endometrium. CBD and CBD/THC treatments 

were as effective as THC alone relieving abdominal hypersensitivity. 

Although synergetic interactions between THC and CBD have been 

described in models of chronic pain (Casey et al., 2017), no additive 

effects of the two cannabinoids were observed, since they already 

provided complete alleviation of mechanical hypersensitivity when 

administered alone. 
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Repeated exposure to THC, CBD or their combination did not modify 

the increased anxiety-like behavior of mice receiving endometrial 

implants, suggesting that pain relief was not sufficient to prevent this 

affective-like alteration. However, since THC shows anxiogenic and 

anxiolytic-like effects at slightly higher and lower doses (Viñals et al., 

2015), possible relief of pain-related anxiety-like behavior provided by 

THC could have been hindered by its intrinsic effects on this behavior. 

On the other hand, although anxiolytic-like effects of CBD have been 

widely described in the literature (reviewed by Blessing et al., 2015), 

absence of effects of this cannabinoid alone or in combination with THC 

have also been reported in female mice (Kasten et al., 2019), in 

accordance with this result. 

Interestingly, chronic treatment with THC reverted the cognitive 

impairment shown by mice with ectopic endometrial implants, while it 

caused the expected memory deficits in sham animals, suggesting 

protective effects of THC in endometriosis. In agreement, recent 

studies have shown cognitive improvements after THC exposure in old 

male and female mice (Bilkei-Gorzo et al., 2017; Sarne et al., 2018) 

associated to THC  effects in brain areas related to cognitive function, 

such as the prefrontal cortex and the hippocampus. The cognitive 

deficits of endometriosis mice treated with vehicle and sham mice 

receiving THC were associated with increased expression COX2 and 

IL1  in the medial prefrontal cortex, but not in the hippocampus. 

Remarkably, THC did not produce such effects in mice with ectopic 

endometrial implants. Both aging and chronic pain are associated to 

local inflammatory events in these brain areas (Di Benedetto et al., 
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2017; Ong et al., 2019). These data suggest that the effects of THC on 

cognitive function and neuroinflammation are different in the presence 

of an inflammatory condition. Similarly to the THC treatment, the 

repeated administration of CBD and the combination of both 

cannabinoids increased discrimination indices in mice with ectopic 

endometrial implants, although the improvement provided by 

THC/CBD did not reach statistical significance possibly due to a ceiling 

effect at these doses. Furthermore, a recent study has shown that 

repeated administration of the combination THC/CBD to naive female 

mice causes a stronger cognitive impairment than the treatment with 

each cannabinoid alone (Kasten et al., 2017). This effect could also 

explain the slightly lower protective effect of THC/CBD on cognitive 

function of mice subjected to the model of endometriosis. 

The studied cannabinoids also affected the growth of the endometrial 

implants in this model. A one-month treatment with THC inhibited the 

development of endometriotic lesions, without effects on the size of 

the eutopic endometrium, suggesting that this antiproliferative effect 

in endometrial cells was restricted to ectopic locations. Furthermore, 

estrogen levels in plasma were positively correlated with cyst diameter, 

showing an influence of this hormone on ectopic endometrial lesions. 

Nevertheless, estrogen levels did not correlate with endometrial area 

of the cysts, suggesting independent THC effects on this change. The 

treatments with CBD and the THC/CBD combination also inhibited the 

growth of the ectopic endometrium. This is in agreement with previous 

studies showing antiproliferative effects of WIN 55212-2 in 

endometrial cells in vitro and in an endometriosis model in 
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immunodepressed mice (Leconte et al., 2010). However, THC did not 

produce any change in the innervation of the cysts. Since a previous 

study described that ACPA, a specific CB1 receptor agonist, enhanced 

nerve sprouting of cysts in a rat model of endometriosis (Han et al., 

2017), this finding suggests that other cannabinoid receptors may 

modulate the effect of cannabinoids on cyst innervation. On the other 

hand, repeated exposure to THC also modified the altered uterine 

innervation observed in this model. While THC increased the 

expression of neuronal markers in the uteri of sham mice, THC 

prevented this increase in mice with ectopic endometrium. This result 

suggests again that THC exposure may have different effects under this 

chronic condition. Since THC has been suggested to inhibit 

folliculogenesis and ovulation (Adashi et al., 1983; El-Talatini et al., 

2009), the numbers of ovarian preantral follicles, antral follicles and 

corpora lutea were determined. These numbers were similar in all 

groups, suggesting that the implantation of ectopic endometrial tissue 

and the THC treatment lacked overt effects on ovarian follicle 

maturation and luteinization. 

In summary, the phytocannabinoids THC, CBD and the THC/CBD 

combinations relieved mechanical pain sensitivity in a surgical model 

of endometriosis without inducing tolerance to its antinociceptive 

effects. THC also inhibited the negative affect associated to abdominal 

hypersensitivity. In addition, the three cannabinoid treatments 

prevented the cognitive impairment associated to the presence of 

ectopic endometrial cysts, with THC inducing cortical expression of 

neuroinflammatory markers in sham animals but reducing such 
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neuroinflammatory changes in mice subjected to endometriosis. 

However, the increased anxiety-like behavior was not modified by any 

of the treatments regardless of the complete alleviation of abdominal 

hypersensitivity, suggesting that anxiety and pain are independent 

events. Interestingly, THC, CBD and the combination of THC/CBD 

treatments inhibited the growth of ectopic endometrial cysts. The 

observed pain-relieving and disease modifying effects of cannabinoids 

in this model underline the possibility of targeting the 

endocannabinoid system for the treatment of endometriosis. Indeed, 

the effects of cannabinoids in endometriosis are already being 

evaluated in clinical trials (#NCT03875261 and gynica.com) that will 

provide evidence on the translatability of these results to the clinic. 

Targeting the kappa opioid receptor for endometriosis pain 

The surgical model of endometriosis was also used to study the effects 

of kappa opioid receptor (KOR) stimulation in the behavioral and 

histopathological alterations associated to endometriosis. It is known 

that KOR plays a crucial role in visceral and inflammatory pain (Kivell 

and Prisinzano, 2010; Vanderah, 2010), however, the involvement of 

this receptor in endometriosis had not been previously investigated. 

This model allowed to study the expression of the three classical opioid 

receptors in ectopic endometrial growths. KOR was highly expressed in 

endometriotic cysts, in line with the studies reporting that it is the most 

abundant opioid receptor in endometrial cells (Hatzoglou et al., 1995). 

On the other hand, since endometrial cysts are innervated and filled 

with fluid with immune cells, KOR could be involved in pain 
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transmission and inflammation in endometriosis. Hence, KOR could be 

a druggable target for endometriosis treatment. 

Administration of the KOR agonist U50,488H provided acute dose-

dependent alleviation of pelvic mechanical hypersensitivity in mice 

with ectopic endometrial implants. Repeated exposure to a low dose 

of U50,488H (1 mg/kg) also provided sustained alleviation of 

mechanical hypersensitivity during the entire experiment. The use of 

such a low dose of U50,488H could explain the lack of tolerance 

development to the antinociceptive effects of this KOR agonist, which 

is in contrast with the tolerance described for male rodents after 

administration of higher doses (McLaughlin et al., 2004; Bhalla et al., 

2010). Notably, mice subjected to this model of endometriosis showed 

higher mechanical sensitivity during estrus, the phase of the estrous 

cycle associated to the lowest estrogen levels. The role of estrogens in 

animal models of nociception is complex, since both increased 

(Martínez-Gómez et al., 1994; Kayser et al., 1996) and decreased 

(Holdcroft et al., 2000; Cason et al., 2003) pain sensitivities have been 

reported in rodents in phases with low estrogen levels. Nevertheless, 

this model of endometriosis replicates the increased pain observed in 

women during menstruation (Laux-Biehlmann et al., 2015), the phase 

of the menstrual cycle in which estrogen levels are at their lowest. 

Interestingly, KOR activation reduced pelvic hypersensitivity in mice 

with ectopic endometrium independently of the phase of the estrous 

cycle. Therefore, U50,488H produced the greatest alleviation of 

hypersensitivity during estrus, in agreement with the higher KOR-

mediated antinociception described in naïve mice in this phase of the 
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estrous cycle (Abraham et al., 2018a). Administration of U50,488H also 

normalized the decreased rearing behavior in mice with ectopic 

endometrium, suggesting that KOR stimulation induced alleviation of 

spontaneous pain or discomfort. Notably, the low dose of U50,488H 

used in this study did not affect horizontal activity or motor 

coordination in female mice, indicating that analgesic efficacy can be 

achieved with low doses that lack significant effects on motor 

performance. 

The increased anxiety-like behavior of mice subjected to the model of 

endometriosis was not affected by the U50,488H treatment. In 

agreement, it has been reported that this KOR agonist lacks effects on 

anxiety-like behavior in female mice (Robles et al., 2014). Therefore, 

although the chronic treatment with U50,488H provided relief of 

mechanical and spontaneous pain behaviors in endometriosis mice, 

the increased anxiety-like behavior was not prevented. This result was 

similar to the observed with chronic THC, suggesting again that the 

affective disturbances shown by mice with ectopic endometrium may 

be independent of the increased pain-like behaviors. In this line, 

depressive symptomatology has been observed in a significant 

percentage of women with endometriosis without chronic pain 

(Lorençatto et al., 2006) indicating that endometriosis could have a 

primary effect on emotional disturbances. 

The treatment with the KOR agonist did not modify the cognitive 

impairment of mice with ectopic endometrium. Since the U50,488H 

produced cognitive deficits in sham mice, the lack of memory 

improvement in mice subjected to the model of endometriosis was 
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expected. Accordingly, KOR agonists have been widely reported to 

disrupt cognitive functions in female and male rodents (Daumas et al., 

2007; Amanda N. Carey et al., 2009; Paris et al., 2011; Abraham et al., 

2018b). Therefore, the observed amnesic effect of U50,488H is in 

agreement with the literature, but, unfortunately, it could have 

interfered with a possible improvement of memory associated to the 

alleviation of the nociceptive manifestations of endometriosis. 

The chronic treatment with the KOR agonist did not affect the size of 

ectopic endometrial growths. It has been reported that activation of 

KOR stimulates apoptosis in cultured human endometrial cells 

(Chatzaki et al., 2001), although the effects of KOR agonism in vivo had 

not been studied before. On the one hand, this result indicates that 

KOR stimulation in endometriotic cysts did not affect their growth. On 

the other hand, it indicates that the observed alleviation of pain-

behaviors was due to the antinociceptive effects of U50,488H and not 

to an inhibition of the development of endometriosis.  

In summary, KOR stimulation alleviated chronic hypersensitivity in mice 

subjected to a surgical model of endometriosis without inducing 

tolerance to its antinociceptive effects. KOR-mediated analgesia was 

particularly effective in estrus, the phase of the estrous cycle 

associated to the lowest levels of estrogen and in which endometriosis 

mice showed higher mechanical sensitivity. Exogenous KOR activation 

also normalized rearing behavior in mice with ectopic endometrium 

without altering motor coordination or horizontal activity, suggesting 

an alleviation of spontaneous abdominal pain or discomfort. 

Interestingly, KOR-mediated pain relief did not modify the anxiety-like 
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behavior and the cognitive deficits of endometriosis mice, suggesting, 

together with the results obtained in the study with THC, that pain, 

anxiety and cognitive alterations are independent processes in 

endometriosis. Therefore, a successful strategy for the management of 

endometriosis should be multidisciplinary and target simultaneously 

the different symptomatology. 

Neuroinflammatory changes associated to minimal endometriosis 

The second model of endometriosis used in this Thesis consisted of an 

injection of endometrial tissue into the peritoneum of syngeneic 

recipient mice. Female mice subjected to this model also showed 

sustained mechanical hypersensitivity in the abdominopelvic area and 

increased anxiety- and depression-like behaviors. Similarly to anxiety, 

exacerbated depression-like behaviors have also been previously 

reported in rodent models of endometriosis (Li et al., 2018; Filho et al., 

2019). As in the surgical model, mice receiving ectopic endometrial 

cells through an intraperitoneal injection also displayed impairments in 

long-term memory, indicating that experimental endometriosis is 

strongly associated to cognitive deficits.  

Interestingly, mice subjected to this model of endometriosis showed 

neuroinflammatory changes in brain areas related to pain, emotion, 

and cognitive processes. On the one hand, ectopic endometrial cells 

induced increases in the expression of IL1 in the periaqueductal gray 

and the hippocampus, where expression of COX2 was also increased. 

In agreement, endometriosis has been found to increase COX2 

expression in the spinal cord, the thalamus and the cortex of mice that 

displayed pain-like behaviors (Greaves et al., 2017a). On the other 
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hand, mice subjected to this model of endometriosis showed 

overexpression of the astrocyte marker GFAP in the periaqueductal 

gray, in line with the spinal astrocytosis previously described in a 

different model of endometriosis (Dodds et al., 2019). On the contrary, 

ectopic endometrial cells did not induce changes in the expression of 

the microglia marker IBA1, although others have found microgliosis in 

the spinal cord (Liu et al., 2018)  and the rostromedial medulla (Chen 

et al., 2015) associated to endometriosis. Therefore, changes in 

microglia activity in other areas besides the studied ones could not be 

discarded. Surprisingly, ectopic endometrial cells produced an elevated 

expression of the T lymphocyte markers CD4 and CD2 in the 

periaqueductal gray, the medial prefrontal cortex and the 

hippocampus. This result suggests that cells of the adaptative immune 

system may have infiltrated the brain of mice receiving ectopic 

endometrial cells. Hence, this model of endometriosis revealed 

neuroinflammatory changes in response to ectopic endometrial cells, 

and therefore, it could be a suitable model to study the contribution of 

the immune system to the behavioral manifestations of endometriosis. 

Injection models of endometriosis are less invasive that the ones 

involving surgery, however, identification of endometriotic lesions is 

often difficult unless reporter mice are used as donors (Fortin et al., 

2003). In fact, mice subjected to this second model of endometriosis 

did not show macroscopic endometriotic growths one month after 

induction of endometriosis, although the presence of microscopic 

lesions could not be excluded. Indeed, when GFP+ endometrial cells 

were injected into the peritoneal cavity of wild type mice, the presence 
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of GFP+ cells one month after injection was detected by flow cytometry 

in the peritoneal lavage fluid of recipient mice. Hence, mice subjected 

to this model could develop microscopic endometriotic lesions able to 

induce nociceptive, affective-like and cognitive alterations. Since very 

small endometriotic growths are able to cause high degrees of pain in 

patients (Johnson et al., 2017), this mouse model could be useful to 

investigate the behavioral manifestations of minimal endometriosis. 

In conclusion, the present Thesis has characterized two models of 

endometriosis and has described the effects of cannabinoid and kappa 

opioid receptor stimulation on the behavioral and histopathological 

features of experimental endometriosis. On the one hand, the data 

presented in this Thesis have revealed that natural cannabinoids could 

have beneficial effects in the context of endometriosis, limiting its 

development and symptoms. On the other hand, the results obtained 

in the study with the kappa opioid agonist suggest that the different 

manifestations of endometriosis may constitute separate events, and 

therefore a multidisciplinary approach targeting the different 

symptoms could be necessary for an effective management of 

endometriosis. 
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The main conclusions of the work presented in this Thesis can be 

summarized as follows:  

1. The presence of ectopic endometrium leads to persistent 

abdominopelvic pain sensitivity and associated negative affect, 

spontaneous abdominal pain, enhanced anxiogenic behavior and 

severe impairments in long-term memory. 

2. Acute administration of THC produces a dose-dependent 

reduction of abdominopelvic mechanical hypersensitivity. 

3. Repeated exposure to moderate doses of THC staring the day after 

induction of endometriosis provides sustained alleviation of 

abdominopelvic hypersensitivity and the associated negative 

affect without inducing tolerance. 

4. THC is equally effective reducing pain-related behaviors when 

repeated administration starts once the painful symptomatology 

is established. 

5. Chronic treatment with THC does not alter the enhanced anxiety-

like behavior of endometriosis mice, suggesting that pain and 

affective disorders in endometriosis may constitute independent 

processes. 

6. Chronic THC induces memory loss associated to cortical 

inflammatory changes, but it restores cognitive function in 

endometriosis mice without provoking the inflammatory 

alterations. This suggests that the presence of chronic 

inflammation modifies the consequences of THC exposure. 

7. THC shows a striking effect limiting the growth of ectopic 

endometrium, without inducing apparent effects on the eutopic 
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endometrium or the ovarian follicle maturation of endometriosis 

mice. 

8. Chronic treatments with THC, CBD and THC/CBD, show similar 

efficacy alleviating abdominopelvic mechanical hypersensitivity 

and restoring cognitive function in endometriosis mice. 

9. The exacerbated anxiety-like behavior displayed by endometriosis 

mice is not modified by THC, CBD or THC/CBD treatments. 

10. THC, CBD and the combination of both inhibit the growth of 

ectopic endometrium. 

11. Repeated KOR stimulation with a low dose of the specific agonist 

U50,488H alleviates pelvic mechanical hypersensitivity and 

spontaneous pain associated to endometriosis without inducing 

antinociceptive tolerance. 

12. This KOR-mediated pain relief is particularly effective during 

estrus, the phase of the estrous cycle in which mice are more 

sensitive to mechanical stimuli. 

13. Sustained KOR-mediated pain relief does not modify the anxiety-

like behavior or the memory impairment of mice with ectopic 

endometrial growths. 

14. KOR is highly expressed in endometriotic cysts in this model, 

however, exogenous activation of KOR does not modify the 

development of ectopic endometrial growths. 

15. Minimal endometriosis induces nociceptive, affective-like and 

cognitive manifestations that correlate with neuroinflammatory 

changes in the periaqueductal gray, the medial prefrontal cortex 

and the hippocampus. 
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