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1.1. Alcohol Use Disorder: A complex behavioural disease 

According to the American National Institute on Alcohol Abuse and 

Alcoholism “Alcohol use disorder (AUD) is a medical condition characterised by an 

impaired ability to stop or control alcohol use despite adverse social, occupational, 

or health consequences.” This term includes alcohol-related affections such as 

alcoholism and alcohol addiction, dependence, and abuse (National Institute on 

Alcohol Abuse and Alcoholism, 2021). AUDs are so complex that their diagnosis is 

based on 11 symptoms comprised in several grouping criteria, namely 

pharmacological, impaired control over substance use, social impairment, and risky 

use (Guha, 2014). The number of symptoms shown by the patient is directly related 

to the severity of the AUD: mild (2-3 symptoms), moderate (4-5 symptoms), and 

severe (>6 symptoms), with addiction being the term used for the most severe grade 

of the AUD.  

The total number of people affected by an AUD has not stopped increasing 

since 283 million people were diagnosed with an AUD in 2016 compared to the 76 

million diagnosed in 2008 (World Health organisation, 2008; 2018). AUD is also more 

prevalent in Europe and in America, specifically in wealthier countries (World Health 

organisation, 2018). In fact, the latest “Encuesta sobre alcohol y otras drogas en 

España” (EDADES; Survey about alcohol and other drugs in Spain) shows that 

although the alcohol consumption rate has not changed in the last few years, it 

remains the most consumed drug of abuse in Spain with a prevalence of 

consumption at some point during people’s lifespans of 82.1% in men and 70.8% in 

women of between 15 and 64 years old (Ministerio de Sanidad de España, 2023).  

Moreover, EDADES also uses the AUD identification test (AUDIT) to assess intense 

alcohol consumption. The latest EDADES shows an increase in the AUDIT score in the 
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last couple of years with a current score of 7.2 in men and a 4.8 in women, which is 

close to risky alcohol consumption according to the test (8 in men and 6 in women). 

It is also important to notice that excessive alcohol consumption accounts 

for many chronic and harming physiological and psychological comorbidities, such as 

brain and liver damage, cancer, depression, and social isolation. Altogether, these 

conditions can eventually lead to deadly situations. In fact, according to the World 

Health Organisation, in 2016 there were more than 3 million deaths related to AUDs 

(World Health organisation, 2018), which supposes a burden to all health systems. 

Unfortunately, the available pharmacological approaches to treat AUDs are 

inefficient and do not prevent relapse, which continues to be a great challenge. In 

fact, up to 80% of AUD patients following a treatment relapse within the first year of 

treatment (Menon and Kandasamy, 2018). This fact has its root in the complexity of 

alcohol activity and metabolism (Bergmark, 2008; Spanagel 2009).  

1.1.1. Mesocorticolimbic system: From reward to drug addiction 

Ethanol molecules possess physical characteristics that allow them to act at 

very different levels within the organism. Concretely, alcohol modifies the 

permeability of the blood brain barrier (BBB), gaining access to the brain, where it 

produces neuroadaptations and direct toxic damage (Vore and Deak, 2022). The 

mesocorticolimbic system (MCLS) is one of the most affected neuronal pathways 

since it processes reward and aversion. In the absence of a drug of abuse, natural 

reinforcers activate this system to facilitate behaviours that lead to survival (Fields 

et al., 2007). In order to do so, it comprises brain areas that play a crucial role in 

reward management. Concretely, nucleus accumbens (NAc), prefrontal cortex (PFC), 

amygdala (AMY), ventral tegmental area (VTA), hippocampus and hypothalamus are 

the main brain structures that shape the neural reward circuitry. All these areas 
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participate in the three-stage recurring cycle that conceptualises any substance use 

disorder. Firstly, the learning process is aberrant during the binge/intoxication stage, 

which leads to the acquisition of non-positive behaviours. Secondly, motivation is 

highly impacted by the negative affect and stress derived from the withdrawal 

phase. Finally, brain structures related to executive functions get activated and, 

under aversive situations or negative emotions, they induce seeking behaviours in 

the preoccupation/anticipation stage, after which the cycle is repeated (Koob and 

Volkow, 2016). 

Dopamine (DA) is the neurotransmitter of the MCLS par excellence. In fact, 

in the presence of a natural reinforcer DA neurons start firing and, thereby, DA is 

released within the structures of the system. Alcohol, among other drugs of abuse, 

disrupts this mechanism of survival by overstimulating DA neurons. High levels of DA 

cheat the brain into thinking that the drug is required for the endurance of the 

organism, which makes it want to repeat the action of taking the drug (Koob and 

Volkow, 2016). The cell bodies of most of the DA neurons within the MCLS are in the 

VTA.  This brain structure takes part in cognition, reward, and motivation processes 

(Sanchez-Catalan et al., 2014). VTA DA neurons project to other brain areas of the 

system, namely NAc and PFC.  

On the one hand, researchers have traditionally considered NAc to be the 

neuralgic centre of reward by raising motivation towards relevant goals and 

promoting the avoidance of aversive behaviours (Floresco, 2015).  It is important to 

highlight that NAc can be subdivided into two different sections, NAc Shell (NAcS) 

and Core (NAcC), according to the innervations and cell types in them. When they 

receive the DA input from VTA, local neurons get activated and filter the information 

that comes from the reinforcer. NAcS is part of the extended AMY and processes the 

“liking” part of the reward (Zahm, 1999; Castro and Berridge, 2014), whereas NAcC 
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is in the inner part of the NAc and processes the reward and reinforcement-related 

motor function, which facilitates the acquisition of behaviours that lead to new 

exposures to the reward (Zahm, 1999). 

On the other hand, PFC also receives direct DA input from VTA. It makes the 

connection between the reinforcer and the context in which the reinforcer was 

acquired. Therefore, PFC determines whether a behaviour needs to be acquired by 

integrating the information received (Floresco and Ghods-Sharifi, 2007).  

1.1.2. Alcohol and neuroinflammation 

The immune system, both innate and adapted, is the first line of defence 

against any pathogen and toxic substance (Zou and Crews, 2010). Several studies 

demonstrated that alcohol irrupts the normal immune response. In fact, after a long-

term alcohol exposure, there is an increase in the incidence of other illnesses such 

as pneumonia, human immunodeficiency viruses (HIV), and hepatitis C (Moss et al., 

2003; Joshi and Guidot, 2007; Szabo and Mandrekar, 2009; Witt, 2010; Szabo and 

Zakhari, 2011). Although ethanol altering the immune response has been repeatedly 

proven in the past, there is still a lack of knowledge regarding the thorough 

mechanisms that underlie this phenomenon.  

Microglial cells are the resident macrophages of the brain. Their primary role 

resides in the protection of the brain tissue by means of inflammatory mechanisms 

and phagocytosis (Prinz et al., 2019). However, the homeostasis reached by neurons 

and microglia can be easily disturbed by an overactivation of the latter (Marinelli et 

al., 2019). Astrocytes also play a role in protective and pathological 

neuroinflammation, which contributes to neuronal homeostasis (Colombo and 

Farina, 2016). Both acute and chronic ethanol exposure impact microglia and 

astrocytes. In fact, they trigger the release of neuroinflammatory mediators such as 
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cytokines and chemokines and stimulate the production of reactive oxygen species, 

which, in turn, has a repercussion on the neuronal welfare that might eventually 

facilitate the development of an AUD (Bachtell et al., 2017; Henriques et al., 2018; 

Kane and Drew, 2021).  

Toll-like receptors (TLRs) seem to play an important role in alcohol-induced 

neuroinflammation and neurodegeneration in the brain (Vallés et al., 2004; Qin et 

al., 2008; Fernandez-Lizarbe et al., 2009; Alfonso-Loeches et al., 2010; Zou and 

Crews, 2010; Cantacorps et al., 2017). TLRs are a type of pattern recognition 

receptors (PRRs) belonging to the innate immune system, which get activated in the 

presence of molecules coming from both pathogens and tissue damage (Iwasaki and 

Medzhitov, 2004).  In the brain TLRs are mainly found in glial cells (Okun et al., 2009) 

and their activation triggers signalling cascades that regulate the activity of 

transcriptional factors such as nuclear factor (NF)κB and activator protein 1 (AP1), 

which participate in the transcription of neuroinflammation-involved genes (Kawai 

and Akira, 2006; 2007). Nucleotide-binding oligomerisation domain (NOD)-like 

receptors (NLRs) are intracellular immune receptors that also play a role in acute and 

chronic alcohol-derived neuroinflammation (Lippai et al., 2013; Alfonso-Loeches et 

al., 2014; 2015). NLRs participate in the formation of multiprotein complexes known 

as inflammasomes, the role of which is promoting the proteolytic activity of 

Caspase1. This process ends with the release of proinflammatory cytokines such as 

interleukin (IL)1β, and IL18 (Sutterwala et al., 2006; Schroder and Tschopp, 2010; 

Wen et al., 2013). Finally, there is evidence of a crosstalk between TLRs and NLRs in 

alcohol pathology in glial cells, which is based on a TLR priming of the NLR function 

(Alfonso-Loeches et al., 2014; 2015). The mechanism explained in this section is 

illustrated in Figure 1. 
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Figure 1. Traditional ethanol exposure-induced neuroinflammatory pathway. 

Ethanol exposure might lead to the activation of TLRs, namely TLR2 and TLR4, which 

translocates the transcriptional factor NFκB to the nucleus. This induces the 

transcription of neuroinflammatory mediators such as cyclooxygenase 2 (COX2), 

inducible nitric oxygen synthase (iNOS), and immature cytokines such as IL1β, and 

IL18. Then cytokines are processed by inflammasomes before their release. The 

NALP3/Caspase1 inflammasome is ensembled after it detects not only damage-

associated molecular patterns (DAMPs) but also ethanol. Figure adapted from 

Franchi et al. (2012).  
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1.2. Pain: General mechanisms 

The International Association for the Study of Pain defines pain as “an 

unpleasant sensory and emotional experience associated with, or resembling that 

associated with, actual or potential tissue damage” (Raja et al., 2020). Moreover, 

pain is a complex pathology that comprises sensorial, emotional, cognitive, and 

motivational components (Seminowicz and Moayedi, 2017).  The most common way 

of classifying pain is according to its duration. Acute pain refers to a pain condition 

that exists for less than three months. It usually presents with vegetative nervous 

system hyperactivity, tachycardia, perspiration, and paleness. However, if the pain 

condition persists in time and, therefore, beyond normal tissue healing time, it is 

defined as chronic pain (Raja et al., 2020). Interestingly, chronic pain has a high 

prevalence in the world, affecting all kinds of people. In fact, epidemiologic data 

shows that around 18% of adults in developed countries suffer from chronic pain 

(Reid et al., 2011), which poses a huge burden to healthcare systems. Moreover, 

chronic pain vastly impacts the MCLS leading to many comorbidities such as anxiety, 

depression, and AUDs. 

1.2.1. Central mechanisms of pain 

Pain processing is carried out by an ascending and a descending pathway 

which comprise several neuronal structures (Figure 2). The ascending nociceptive 

pathway begins with the nociceptors, which are the receptors in charge of detecting 

painful stimuli and transmitting the signal to the corresponding nerve fibres that, 

eventually, will carry the information to the brain areas in charge of processing it 

(Fenton et al., 2015). These receptors consist of free nerve endings, which are 

activated when facing mechanical, thermal, and chemical stimuli that could be 

detrimental for the organism (Pinho-Ribeiro et al., 2017). These free nerve endings 
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are formed by pseudomonopolar neurons, which are characterised by an axon 

divided in two branches. One of these branches innervates the peripheral tissues and 

the other one takes the information to the central nervous system since their cell 

bodies are in the dorsal root ganglia (DRG) in the spinal cord (Basbaum et al., 2009; 

Kuner, 2010). These cells transduce noxious stimuli into action potentials and 

transmit them to the dorsal horn, where they synapse with other neurons that take 

the information to the brainstem and the thalamus to eventually reach cortical 

structures that control different aspects of the pain experience, including 

somatosensory, anterior cingulate and insular cortices (Fields, 2004; Nestler et al., 

2009). Interestingly, the thalamus mediates the sensory discriminative and affective-

motivational components of pain, which plays a role in the development of pain 

comorbidities (Lenz et al., 2004).  

Figure 2. Schematic representation of 

afferent and efferent pathways 

underlying the sensation and modulation 

of pain. When an organ receives a painful 

stimulus, it activates the primary afferent 

nociceptor which takes the information to 

the dorsal horn. Then, it is transmitted to 

the thalamus which distributes it to 

cortical regions, which analyse the danger 

and exert a response. Moreover, some of 

these brain areas modulate the pain 

response by sending axons to the 

periaqueductal gray, which, with the help of the rostral ventral medulla, interrupts 

pain signalling. Figure adapted from Fields, (2004). 
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The descending nociceptive pathway initiates from pain-associated cortical 

areas to spinal and trigeminal dorsal horn while synapsing in several brainstem 

regions. Among those areas, the periaqueductal gray (PAG) stands out for being one 

of the main actors in endogenous analgesia by facilitating or inhibiting the flow of 

painful stimuli. PAG merges inputs from the limbic forebrain, the hypothalamus and 

the neocortex and projecting to the rostral ventromedial medulla (RVM) and the 

dorsolateral pontine tegmentum (DLPT), the afferents of which get to the spinal cord 

(Reynolds 1969; Mayer and Liebeskind, 1974; Mayer et al., 1971). RVM can also 

modulate pain intensity through the activity of its “on cells” and “off cells” (Fields et 

al., 1995; Urban and Gebhart, 1999; Porreca et al., 2002; Fields 2004). 

1.2.2. Pain: A neuroinflammatory disease 

Pain processing is tightly related to neuroinflammation. Immune cells 

participate in enhancing and inhibiting pain conditions at different levels. 

Nociceptors in the periphery contain receptor for some cytokines, which promote 

the start of the pain condition (Pinho-Ribeiro et al., 2017). In fact, inhibitors of IL6, 

IL1β and tumour necrosis factor α (TNFα) attenuate the development of pain (Raoof 

et al., 2018). In the central nervous system, concretely in the spinal cord, pain 

induces the chemoattraction of monocytes and macrophages, which contribute to 

the persistence of the pain condition (von Banchet et al., 2009; Massier et al., 2015). 

Microglia, on the other hand, play a dual role in pain management. In the presence 

of a pain condition, they proliferate and change their phenotype in the spinal cord 

(Gu et al., 2016; Locke et al., 2020). This microgliosis strengthens the synapses in the 

DRG facilitating long-term potentiation (Ho et al., 2020). This is managed by 

increasing brain-derived neurotrophic factor (BDNF) release, which contributes to 

central sensitisation and neuroplasticity (Cappoli et al., 2020). Microglia also release 

proinflammatory cytokines in the DRG in the presence of a pain condition, modifying 
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cells excitability and increasing hypersensitivity (Kawasaki et al., 2008; Inoue and 

Tsuda, 2018). Nonetheless, microglia also play a pivotal role in protecting the 

organism against pain depending on the environment. If fact, it has been observed 

that specific microglial phenotypes produce cytokines with analgesic effects such as 

IL10, IL3, transforming growth factor β (TGFβ) and IL1 receptor antagonist (Vergne-

Salle and Bertin, 2021).  

  



 

 

 CHAPTER 1 

13 

1.3. Pain comorbidities: Role of the mesocorticolimbic system 

A pain stimulus normally presents with a process of cognitive appraisal, in 

which pain sufferers try to determine which potential danger induces the feeling of   

pain and then, react against it. In this sense, organisms perceive pain as a negative 

stimulus, which evokes equally negative emotions, namely fear, anger and/or 

sadness and, therefore, activates aversive emotion processing areas belonging to the 

MCLS (Wiech and Tracey, 2009). 

1.3.1. Pain main comorbidities 

One of the main disorders that comorbid with pain is depression, with a 

prevalence of around 30% comorbidity (Chopra and Arora, 2014). Common 

neurophysiology between both conditions, as shown in human and rodent studies, 

suggests the association of pain with reduced motivation and depression-like 

behaviours that relies on hypodopaminergic states in the MCLS (Serafini et al., 2020). 

Pain has also been shown to act as a stressor. In fact, up to 40% of chronic pain 

patients suffer from anxiety (Csupak et al., 2018; Lorente et al., 2022). Pain-induced 

anxiety and depression-like behaviours have their root in the recruitment of the 

dynorphinergic system within the MCLS, and more specifically within the NAc, 

leading to decreased DA release (Massaly et al., 2016; Lorente et al., 2022). Indeed, 

anhedonic state, in which motivation for natural rewards is diminished (Marbach 

and Lund, 1981), is one of the canonical symptomatologies of depression and 

anxiety.  This DA-dependent behaviour has been observed in animal models of pain 

using progressive ratio paradigms in self-administration boxes with sucrose as a 

reward (Schwartz et al., 2014; Massaly et al., 2019).  
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1.3.2. Pain-induced alcohol use disorders: Motivation, reward, and 

neuroinflammation 

Pain has the evolutionary purpose of eliciting motivations that search for 

either avoiding or escaping harmful behaviours (Wiech and Tracey, 2013). This is why 

the relief of pain conditions is rewarding. In fact, pain relief–motivated behaviours 

can be observed in conditioned place preference (CPP) assays (Navratilova et al., 

2012). Chronic pain disrupts reward and motivation processing by altering the MCLS 

in a molecular, anatomical, and functional way (Seminowicz et al., 2009; Taylor, 

2016). This is partially caused by a downregulation in the amount of DA released in 

NAc (Chang et al., 2014; Taylor et al., 2016), as mentioned in the previous section, 

and the role of the AMY in decision-making, emotional, and memory processes 

(Amunts et al., 2005). The NAc is a key brain area in motivation processing and 

integrates the affective value and saliency of pain stimuli by differentially encoding 

DA release patterns in each NAc subregion (Schultz et al., 2013). Interestingly, these 

changes in the NAc are time-dependent and contribute to the shift from acute pain 

to chronic pain (Apkarian, 2011). In fact, acute pain seems to increase DA in NAc 

whereas chronic pain leads to a hypodopaminergic state (Porreca and Navratilova, 

2017). These hypodopaminergic states modify motivated-behaviours which 

promote mood disorders that are traditionally presented with chronic pain, among 

which substance use disorders stand out (Serafini et al., 2020). 

Reinforcement has a very strong motivational aspect, which is based on the 

different phases of the motivated behaviour: the instrumental phase is DA-

dependent and involves seeking the reward, whereas the consummatory phase is 

DA-independent and is based on the obtention of the goal (Salamone and Correa, 

2012). In this sense, alcohol irrupts this cycle and promotes changes in DA release in 

the NAc. Acute ethanol exposure increases DA release, chronic exposure barely 



 

 

 CHAPTER 1 

15 

induces changes in DA levels, and withdrawal reduces basal DA levels (Dahchour and 

Ward, 2022). As previously mentioned, chronic pain patients show 

hypodopaminergic states in the NAc. Therefore, pain conditions might influence 

alcohol consumption through dopaminergic mechanisms and, consequently, altering 

motivation for alcohol. However, there is evidence that inflammatory pain blunts 

ethanol-evoked DA release in the NAc (Campos-Jurado et al., 2020). This finding 

might mirror previous published data in the opioid field that showed that pain 

decreased heroin self-administration when average doses were provided. 

Interestingly, when heroin concentration was increased, motivation for the reward 

was rescued in animals in pain (Hipólito et al., 2015). This is further discussed in 

section 1.5.3. 

Interestingly, pain promotes neuroinflammation in brain areas of the MCLS. 

In fact, neuropathic pain seems to induce microglial activation in the VTA, the NAc, 

the PFC and the AMY (Taylor et al., 2017). Microglial activation accounts for a 

disruption in the MCLS and its dopaminergic pathways (Taylor et al., 2015). 

Therefore, pain-induced neuroinflammation affects emotional and cognitive pain 

processing areas, linking pain with depression and anxiety disorders (Singhal and 

Baune, 2017). Thus, based on this ground, it seems plausible that pain and its 

comorbidities might be related through neuroimmune mechanisms arising in the 

MCLS. 
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1.4. Alcohol Use Disorders and pain: Focusing on sex 

Men and women are physiologically different, not only at a hormone-related 

homeostasis, but also in the way their organisms behave when facing an illness, a 

stressor, or an exposure to exogenous substances. In fact, there is evidence that their 

immune cells, receptors, and coping mechanisms are different depending on sex 

(Klein and Flanagan, 2016). Bearing in mind that the immune system is involved in 

many processes, it is not uncanny that men and women’s immune system show 

different patterns of action under pathological conditions such as Alzheimer’s 

disease, viral and bacterial infections, pain, anxiety, or drug abuse (Fischer et al., 

2015; Mapplebeck et al., 2016; Bekhbat and Neigh, 2018; Ferretti et al., 2018; 

McHugh et al., 2018). This section will revisit sex-derived differences in AUDs and 

pain found in both preclinical and clinical research.  

1.4.1. Sex-derived factors in Alcohol Use Disorders 

Epidemiological data indicates that, although men show a higher prevalence 

of AUD than women (Grant et al., 2015), in the last couple of decades AUDs 

prevalence in women have increased by 84% whereas in men that increase has been 

35% (Grant et al., 2017). This can be explained by the low representation of women 

in clinical studies until very recently and because traditionally women were excluded 

from social interactions involving drinking (Sanchis-Segura and Becker, 2016). 

AUDs depend on many physiological sex-dependent variables. In fact, 

women are more susceptible to addictive-like behaviours, alcoholism, and ethylic 

intoxication (Hommer, 2003; Anker and Carroll, 2010; Sanchis-Segura and Becker, 

2016). This is derived from the amount of body water and fat, which is different 

between men and women, and which play a role in alcohol pharmacokinetics 



 

 

 CHAPTER 1 

17 

(Epstein and Menges, 2013; McCaul et al., 2019). Another factor that intervenes is 

the more prominent vulnerability of women regarding alcohol-induced alterations 

in stress-related emotional and physiological markers (McCaul et al., 2019). Alcohol 

exposure also affects hormonal regulation. On the one hand, alcohol alters 

testosterone levels in men. In fact, low doses of alcohol increase testosterone, 

whereas high doses in alcohol acute intoxication decrease it (Erol and Karpyak, 

2015). On the other hand, in women, oestradiol, progesterone and their metabolites 

directly correlate with alcohol use and craving (Carroll and Smethells, 2016; McCaul 

et al., 2019). 

Interestingly, not many AUD patients get proper treatment. Concretely, only 

23% of men and 15% of women that suffer from an AUD ever get treatment during 

their lifetimes (Cohen et al., 2007; Alvanzo et al., 2014). These differences between 

men and women are related to female-specific barriers that distance them from 

correct therapeutic approaches, namely stigmas and misbeliefs (McCrady et al., 

2020). Regardless of the difference in treatment access, both psychological and 

pharmaceutical therapies seem to have the same outcome for men and women that 

do receive treatment (Holzhauer et al., 2020).  Nonetheless, naltrexone, one of the 

most used drugs for AUDs, is more efficacious for men than for women (Canidate et 

al., 2017). In fact, some studies even suggest that naltrexone does not have efficacy 

whatsoever for women (Garbutt et al., 2005; O'Malley et al., 2007). 

Alcohol-induced neuroimmunity is also sex specific. In human adolescence, 

boys exposed to alcohol have lower plasma levels of chemokines and cytokines than 

girls of the same age and the same plasma ethanol levels (Pascual et al., 2021). 

Moreover, TLR4 expression and activation is also greater in young women when 

visiting an accident and emergency hospital department after a binge drinking 

session (Pascual et al., 2017). Another study in rodents shows how binge drinking 
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reduced the number of microglial in the PFC in males but not in females. Additionally, 

females presented a primed microglial phenotype, which did not occur in males 

(Barton et al., 2017). 

1.4.2. Influence of sex in pain perception and derived inflammation 

Pain is another pathological condition that is influenced by the sex of the 

patient. In fact, chronic pain is 20% more prevalent in women than in men since they 

are more vulnerable and less tolerant to it (Kurita et al., 2012; Mogil, 2012; Ruau et 

al., 2012; Landmark et al., 2013; Steingrímsdóttir et al., 2017). Hormones play an 

important role in pain perception and may be the reason for the great prevalence of 

chronic pain in women. In this sense, girls show less tolerance to painful stimuli than 

boys after the age of 12 (Boerner et al., 2014).  

Sex also affects pain treatment with opioids. Although women are usually 

prescribed higher doses than men (Campbell et al., 2010; Cheatle, 2015), it is true 

that women are more prone to suffer from opioid-derived negative side effects, 

including respiratory depression, nausea, constipation, dysphoria, vomiting, and 

headache (Myles et al., 1997; Cepeda et al., 2003; Fillingim et al., 2005; Comer et al., 

2010). Nonetheless, male rodents are more likely to report more severe and longer 

opioid withdrawal symptomatology (Cicero et al., 2002; Diaz et al., 2005). There is 

controversy regarding sex-dependent opioid analgesia. Some articles suggest that 

sex does not influence opioid analgesia (Sarton et al., 2000; Fillingim et al., 2005; 

Bijur et al., 2008), whereas others indicate that opioids are less efficacious in female 

rodents and women (Berkley, 1997; Cepeda et al., 2003; Miller and Ernst, 2004; 

Aubrun et al., 2005; Mogil and Bailey, 2010), being this issue still a matter of debate. 

The immune system presents sex-dependent differences in how it reacts to 

pain stimuli. In fact, male and female mice rely on different immune cells in the spinal 
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cord to process chronic pain-induced behaviour. Females mainly depend on T cells 

whereas males prefer microglial cells (Sorge et al.,2015). Additionally, immune 

responses to a pain stimulus differ in male and females, both peripherally and in the 

central nervous system. This has been widely reviewed by Sorge and Totsch (2017). 

For example, in an inflammatory pain murine model, researchers observed how 

males had greater levels of IL1β, IL6, TNFα, and BDNF in the trigeminal ganglia 

(Kuzawińska et al., 2014). In another study, researchers used lipopolysaccharide 

(LPS), a TLR4 ligand, which has been shown to cause allodynia. However, allodynic 

states were only detected in males, although TLR4 mRNA levels in the spinal cord 

were identical in male and females (Sorge et al., 2011).  
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1.5. The opioidergic system: Focusing on the mesocorticolimbic 

system and Mu-Opioid receptors 

Both pain-induced comorbidities and AUDs are partially managed by the 

opioidergic system within the MCLS. This is mainly due to its control over DA release, 

which plays a pivotal role in reinforcement and mood regulation (Gerrits et al., 2003). 

This opioidergic system comprises four rhodopsin-like GPCRs and their ligands. These 

opioid receptors (OR) are called Mu (MOR), Kappa (KOR), Delta (DOR) and Opioid 

Receptor-Like 1 (ORL1) and their endogenous ligands are endorphins, dynorphins, 

enkephalins, and nociceptins, respectively. The present thesis studies MORs and 

how they are involved in pain-induced alcohol relapse while focusing on 

neuroinflammation within the MCLS.  Thereby, Chapter 2 is dedicated to a thorough 

review of MORs life cycle and Chapter 3 deals with the MOR-neuroinflammation 

interaction. 

1.5.1. Mu-Opioid receptors in Alcohol Use Disorders 

Drugs of abuse exert their reinforcing properties through MORs as shown in 

conditioned place preference, self-administration paradigms, and exploratory 

locomotion (Shippenberg and Herz 1987; Hand et al., 1989; Devine and Wise 1994; 

Bontempi and Sharp 1997; Wise, 2004; Le Merrer et al., 2009). This has been 

suggested to occur through MORs control over dopaminergic transmission. In fact, 

MORs agonists administered intra-VTA elicit an increase in DA release in the NAc 

(Gysling and Wang, 1983; Devine et al., 1993; Melis et al., 2000; Jalabert et al., 2011). 

MORs in the VTA are mainly located on GABAergic inhibitory neurons. Moreover, 

their activation usually correlates with an inhibition of neuronal activity. 

Consequently, in the presence of a MOR agonist, MORs stops γ-aminobutyric acid 
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(GABA)ergic neurons from firing and, therefore, promotes the excitation of 

dopaminergic neurons (Le Merrer et al., 2009).  

Interestingly, ethanol also induces DA release in the NAc when administered 

not only intra-VTA (Howard et al., 2008), but also intraperitoneally (Imperato and Di 

Chiara, 1986), intravenously (Howard et al., 2008), and intragastrically (Enrico et al., 

2009). Nonetheless, despite the existing evidence regarding ethanol management of 

DA release in the MCLS, the way ethanol interacts with MOR remains unclear. 

Ethanol is not an opioid-like molecule, which means that it cannot bind MORs per se. 

In this sense, two major hypotheses have been proposed (Font et al., 2013). 

On the one hand, although ethanol is far from being an opioid-like agonist, 

molecules derived from its metabolism do share a biochemical structure with opioids 

and therefore are susceptible to binding MORs. When ethanol reaches the brain 

after crossing the BBB, it can get metabolised to acetaldehyde through pathways 

that involve catalase, cytochrome CYP2E1 and alcohol dehydrogenase (Hipólito et 

al., 2007). Acetaldehyde properties make it a highly reactive molecule, which means 

that it can condensate with a myriad of endogenous molecules creating new ones 

such as salsolinol (Peana et al., 2017).  Salsolinol (1-methyl-6,7-dihidroxy-1,2,3,4-

tetrahydroisoquinoline) is formed as result of the reaction of acetaldehyde and DA 

(Hipólito et al., 2012), has been observed to increase motor activity (Hipólito et al., 

2011; Quintanilla et al., 2016), and induces self-administration (Rodd et al., 2008) 

and conditioned place preference (Hipólito et al., 2011). In most behavioural tests, 

salsolinol had greater potency than ethanol and acetaldehyde (Peana et al., 2017). 

Moreover, intra-VTA administration of salsolinol also induces DA release in the NAc 

(Hipólito et al., 2011; Deehan et al., 2013). Interestingly, salsolinol has been 

suggested to elicit these behaviours and DA release through the action of MORs due 

to its similarity in structure with morphine (Davis and Walsh, 1970) and the fact that 
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it binds ORs (Berríos-Cárcamo et al., 2017). Consequently, salsolinol is considered to 

be MOR agonist. 

On the other hand, some researchers have proposed that the endogenous 

opioid β-endorphin, a MOR agonist, is the molecule from which ethanol gets its 

reinforcing properties (Sanchis-Segura et al., 2005; Xiao et al., 2007; Xiao and Ye, 

2008). Interestingly, β-endorphinic innervations directly project to the VTA, among 

other areas (Mansour et al., 1988; Di Chiara and North 1992; Spanagel et al., 1992). 

There is evidence that ethanol exposure induces the synthesis of β-endorphin 

(Gianoulakis, 1990) and its liberation in the VTA (Rasmussen et al., 1998; Jarjour et 

al., 2009; Leriche and Méndez, 2010). Moreover, β-endorphin seems to play a role 

in ethanol-induced locomotor sensitisation (Dempsey and Grisel, 2012) and 

conditioned place preference (Pastor et al., 2011). It is important to notice that 

ethanol-induced β-endorphin release has been reported to be mediated by the 

presence of ethanol metabolites (Reddy and Sarkar, 1993; Sanchis-Segura et al., 

2005). This last evidence suggests that, most probably, both theories work one 

alongside the other, although further research is required to elucidate this matter. 

1.5.2. Mu-Opioid receptors and pain 

The opioidergic system plays a pivotal role in pain modulation by promoting 

analgesia at different points of the pain system. In this sense MORs are key players 

in analgesia and are highly expressed at all levels of the central pain control network 

(Benarroch, 2012). Both endogenous and exogenous opioids interact with the 

opioidergic system to promote analgesia. In the PAG and the RVM, MOR activation 

leads to the inhibition of GABA release, which in turn activates antinociceptive 

pathways projecting to the dorsal horn (Mika et al., 2011). MORs are also expressed 

in the dorsal horn and in DRG primary nociceptive afferents, in fact, their activation 
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promotes analgesia by both presynaptic and postsynaptic mechanisms (Marvizón et 

al., 2009; Benarroch, 2012). Finally, MORs are also present in primary nociceptive 

afferents and, although they are inactive in basal conditions, they participate in 

systemically administered opioids (Rachinger-Adam et al., 2011). 

As previously mentioned, MORs are also present in the MCLS. Interestingly, 

the existence of a chronic pain condition modifies the availability of ORs within the 

MCLS. Neuropathic pain patients show a decreased availability of ORs in the PFC and 

the insula (Maarrawi et al., 2007), whereas arthritic pain patients showed the 

contrary phenomenon in basal ganglia, insula, caudate, and NAc (Brown et al., 2015). 

Focusing on MOR, Harris et al. (2007) and DosSantos et al. (2012) observed a 

decrease in MORs availability in NAc, AMY, and corpus callosum in patients suffering 

trigeminal neuropathic pain and fibromyalgia. Moreover, the mesocorticolimbical 

MORs density is also altered in the presence of a pain condition. In fact, chronic 

neuropathic pain rats had a lower quantity of MORs in the insula and caudate-

putamen than controls (Thompson et al., 2018). Finally, MORs function in the MCLS 

is also compromised under a pain condition. A murine model showed that 

inflammatory pain blunts or diminished intra-VTA [D-Ala2, N-MePhe4, Gly-ol]-

enkephalin (DAMGO)-induced neuronal activation in basolateral AMY, bed nucleus 

of the stria terminalis and cingulate cortex (Campos-Jurado et al., 2019). 

1.5.3. Pain and Substance Use Disorders: Mu-Opioid receptors as a link 

The relationship between opioid use disorders (OUDs) and chronic pain is a 

well-established one (Sheu et al., 2008). This is mainly due to the high opioid 

prescription rates to relieve pain sufferers in countries such as the United States of 

America and Canada (King et al., 2014). In fact, up to 26% of opioid-treated pain 

patients develop dependence and addictive behaviours (Chou et al., 2015). Pain-
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induced OUDs are controlled by the changes in the opioidergic system described in 

the last section. As seen in many preclinical studies, MOR changes in the MCLS 

modulate DA release at different levels, which in turn modifies behaviour. In fact, 

inflammatory pain impairs morphine (8 mg/kg)-induced CPP by a reduction in the 

levels of morphine-evoked DA release in the NAc (Narita et al., 2005). However, in a 

model of neuropathic pain, CPP was not induced by a low dose of morphine (3.5 

mg/kg) but it was by higher doses (5 or 7 mg/kg; Wu et al., 2014). Something similar 

occurs in opioid self-administration. Hipólito et al. (2015) showed that inflammatory 

pain reduces heroin self-administration for low doses, which does not happen for 

high doses. This effect is not related to the analgesic properties of doses used since 

the nociception threshold was the same among doses. This suggests that pain-

induced changes in the mesocorticolimbical MORs result in a shift in the dose-

response curve of opioids.  

Opposite to pain-induced opioid-intake alterations, not too much is known 

about how pain and AUD are related. However, although there is evidence that 

chronic pain does not predict higher alcohol consumption in patients, it is true that 

it increases the risk of suffering an AUD (Brown et al., 1996; Brennan et al., 2005; 

Von Korff et al., 2005; Demyttenaere et al., 2007; Caldeiro et al., 2008; Lawton and 

Simpson, 2009; Witkiewitz et al., 2015). In this sense, AUDs are 15-20% more 

probable in pain patients, and if the pain condition interferes with daily activities the 

probability reaches 50% (Brennan and SooHoo, 2013). In fact, some clinical studies 

show that the existence of a pain condition is a risk factor leading to alcohol relapse 

in patients with a previous history of alcohol abuse (Jakubczyk et al., 2015; 2016). 

Regarding preclinical models, Campos-Jurado et al. (2020) showed for the first time 

how a low dose of ethanol (52 nmol) directly administered in the VTA failed to induce 

CPP in the presence of inflammatory pain whereas a higher dose (70 nmol) reverted 
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this phenomenon. Furthermore, inflammatory pain blunted DA release in the NAc 

when ethanol was subcutaneously administered at a dose of 1.5 g/kg. These findings 

are fairly like the ones presented for opioids, which suggests that MORs could be 

modulating these phenomena.  
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The general aim of the present doctoral thesis is to study the relationship 

between Mu-Opioid receptors (MORs) and the immune system, and to investigate 

the role this relationship plays in pain-induced alcohol use disorders. With the aim 

of developing this main objective, and with the use of techniques of cellular and 

molecular biology, the following specific objectives are going to be tackled: 

 

Objective 1. Assessing MORs role as neuroinflammation inducers in the 

mesocorticolimbic system (MCLS) through microglial activation and observing the 

effect of pain on it. 

 

Objective 2. Observing if neuroinflammation modulates neuronal MOR activity, 

trafficking, and expression. 

 

 

Objective 3. Studying the sex-dependent pain-induce alcohol relapse phenomenon 

and the role that the MOR-neuroinflammation relationship plays in it. 
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Pain. Cuitavi J, Andrés-Herrera P, Meseguer D, Campos-Jurado Y, Lorente JD, 

Caruana H, and Hipólito L. Glia, 2023. 
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Abstract 

Chronic pain is a burden for many healthcare systems and the use of opioids to treat 

it has contributed to “the opioid epidemic”, which affects many patients that now 

suffer from opioid use disorders (OUDs). Mu-Opioid receptors (MORs) play a pivotal 

role in both pain processing and opioid-driven reward. Additionally, 

neuroinflammation seems to be tightly related to MORs and exert a control over pain 

through the modulation of these receptors. Nonetheless, the intricacies of the 

relationship between neuroinflammation and MOR function remain to be 

elucidated. Here, we investigated the role of the activated microglia secretome in 

neuronal MOR expression and signalling. Our results show that microglial secretome 

increases neuronal MOR expression through the action of proinflammatory 

cytokines. Moreover, microglia-derived cytokines also enhance the [D-Ala2, N-

MePhe4, Gly-ol]-enkephalin (DAMGO)-induced MOR activation. Finally, we show 
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that DAMGO-induced neuroinflammation increases neuronal MOR expression, 

activation, and trafficking. All these new data shed light on the microglia-

neuroinflammation-MOR relationship, which is revealed as a target to consider when 

treating chronic pain-induced OUDs.  

Keywords: Microglia, neuroinflammation, Mu-Opioid receptors, DAMGO, SH-SY5Y 
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Introduction 

Chronic pain, alongside its comorbidities, is a burden for many healthcare systems, 

worsens the quality of life of patients worldwide, and has a high prevalence in the 

world, with epidemiologic data showing that it affects around 18% of people in 

developed countries (Reid et al., 2011; Sá et al., 2019). In addition, opioid use 

disorders (OUDs) are tightly related to chronic pain conditions. In countries such as 

the United States of America, Canada, the United Kingdom, and the Netherlands, 

opioids have been prescribed in great quantities to ease pain conditions (Giraudon 

et al., 2013; King et al., 2014; Fischer et al., 2016; Kalkman et al., 2019), leading to 

what is now known as “the opioid epidemic” (King et al., 2014). Up to 26% of opioid-

treated chronic pain patients develop an OUD (Chou et al., 2015), and it has been 

reported that pharmaceutical opioids are involved in 61% of drug overdoses in the 

United States of America (Rudd et al., 2016; Volkow and Collins, 2017). The Mu-

Opioid receptors (MORs) are G protein-coupled receptors (GPCRs) that play a pivotal 

role in pain management and reinforcement and are therefore suggested targets to 

treat pain-induced OUDs (Cuitavi et al., 2021a). However, while MOR antagonists 

(such as naloxone and naltrexone) and agonists (such as methadone) are widely used 

to address OUDs (Bell and Strang, 2020), treatments with MOR agents alone are not 

always successful. 

Recently, the relationship between the MOR and neuroinflammation has been 

suggested as a potential therapeutic target for OUDs (Cuitavi et al., 2023a). On the 

one hand, there is evidence that MORs within the central nervous system act as 

promoters of neuroinflammation (Johnston et al., 2004; Bianchi et al., 2008; Lin et 

al., 2010; Tekieh et al., 2011; Merighi et al., 2013; Bai et al., 2014; Tian et al., 2015; 

Gessi et al., 2016; Tsai et al., 2016; Shrivastava et al., 2017; Cuitavi et al., 2023b). On 

the other hand, additional evidence shows that proinflammatory cytokines such as 
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IL1β, IL6 and TNFα increase the expression of the OPRM1 gene in several cell types 

(Ruzicka et al., 1996; Vidal et al., 1998; Kraus et al., 2003; Börner et al., 2004), 

including the astrocytoma cell line U97 MG, where the levels of both messenger RNA 

and the protein for MOR were upregulated upon treatment with IL1β (Byrne et al., 

2012). Interestingly, Langsdorf et al. (2011) proposed that reactive oxygen species 

(ROS) also played a role in the regulation of the OPRM1 gene transcription in SH-

SY5Y neuron-like cells. Despite these reports, it is still unclear whether 

neuroinflammation modifies neuronal MOR signalling. Here, we investigated the 

relationship between microglia and MOR with a particular focus on how 

proinflammatory cytokines regulate neuronal MOR expression, activation, and 

trafficking, with the aim of understanding how alterations induced within 

neuroinflammatory processes can affect the action of this important therapeutic 

target. Interestingly, we found that cytokines released by microglia up-regulate the 

expression and activity of the MOR. 

Materials and methods 

Animals 

10 female and 10 male C57BL6/J mice (6-8 weeks old; Jackson Laboratories), and 5 

males and 6 females Sprague Dawley rats (9-12 weeks old; Envigo®) were used. All 

the animals were kept in light/dark (12/12h) controlled cycles, temperature 23±1ºC, 

and 60% humidity. Animals were housed in standard plastic cages (mice: 42×26×14 

cm3; rats:42×27×18 cm3) with food and tap water provided ad libitum throughout 

the experimental period. Animals were housed in the animal facilities of the SCSIE 

from the University of Valencia. Animal protocols followed in this work were 

approved by the Animal Care Committee of University of Valencia, and were strictly 
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adhered to, in compliance with the EEC Council Directive 63/2010, Spanish laws (RD 

53/2013) and animal protection policies. 

Primary microglial cell cultures, treatment, and cytokines production assessment 

Microglial cell cultures were performed as detailed in Bohlen et al. (2019). Briefly, 

male and female mouse brains were extracted, and the cerebellum and the olfactory 

bulbs were removed. Then the tissue was mixed and homogenised, first 

mechanically with a scalpel and then chemically with a gentleMACS™ Dissociator. 

After chemical digestion, tissue was filtered with 40 µm filters. This was followed by 

an immunoprecipitation step using CD11b MicroBeads and MS Columns from 

Miltenyi Biotec to discard non-expressing CD11b cells, CD11b being a marker of 

microglia. Finally, microglial cells were counted and cultured in 6-well plates (50,000 

cells/plate) coated with Poly-D-Lysine (PDL). Cells were maintained at 37°C in a 

humidified atmosphere of 95% air and 5% CO2 in Dulbecco’s modified Eagle’s 

medium with Nutrient Mixture F12 (DMEM/F12) without phenol red supplemented 

with 1% Penicillin-Streptomycin, 1% L-Glutamine, N-Acetylcysteine (5 µg/mL), 

Sodium Selenite (100 pg/mL), Apo-Transferrin (100 µg/mL), CSF-1 (10 pg/mL), TGF-

β2 (2 pg/mL), Heparan Sulphate (1 µg/mL). 

A week after isolation, cells were treated with either 10 ng/mL lipopolysaccharide 

(LPS) for 24 h or the same relative volume of sterile water (control). Then, the cell 

culture medium was collected and filtered with 0.22 µm filters. Cells were also 

collected for the characterisation of the cytokine production profile. The medium 

was profiled by using a Proteome ProfilerTM Mouse Cytokine Array Panel A (R&D 

systems) following the manufacturer’s guidelines, whereas cells underwent a real 

time quantitative polymerase chain reaction (RT-qPCR). For the latter, microglial cells 

were lysed with RLT plus buffer and the RNA was extracted with the RNeasy Plus 
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Micro Kit (QIAGEN) following the manufacturer’s instructions. The RNA obtained was 

then quantified using the Qubit_RNA HS Assay Kit (Thermo Fisher) in a Qubit 

Fluorometer (Thermo Fisher). Then RNA was retrotranscribed to cDNA using the 

PrimeScriptTM RT-PCR Kit (Clontech) according to the manufacturer’s instructions. 

Gene expression analysis was assessed using 10-20 ng of cDNA, specific Taqman 

probes (Applied Biosystems) and the Premix Ex TaqTM (Probe qPCR) Kit (Clontech). 

RT-qPCR was performed in a Step One Plus PCR device (Applied Biosystems). The 

expression level of each gene was obtained by relative quantification (2(–ΔΔCt)) 

using constitutive expression of GAPDH and 18S genes as housekeeping endogenous 

controls. 

Taqman probes: 

• 18S TaqMan_ Probe Thermo Fisher Cat#4331182; Hs99999901_s1 

• GAPDH TaqMan_ Probe Thermo Fisher Cat#4331182; Mm99999915_g1 

• TNFα TaqMan_ Probe Thermo Fisher Cat#4331182; Mm00443258_m1 

• IL1β TaqMan_ Probe Thermo Fisher Cat#4331182; Mm00434228_m1 

• IL6 TaqMan_ Probe Thermo Fisher Cat#4331182; Mm00446190_m1 

Protein fraction isolation 

Cell culture media from primary microglia cell cultures underwent a process of 

separation by centrifuging twice and collecting the supernatant (3000xg for 15 min, 

and 16000xg for 20 min). Samples were then filtered by using 0.22 µm filters and 

concentrated with an Amicon® Ultra-4 tube (Merck). 12 fractions of 100 µL were 

obtained by using a 20 µm pore size column (Merck) loaded with 1mL of stacked 

Sepharose CL-2B (Sigma Aldrich), using PBS as elution buffer. The protein 
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concentration of every fraction was measured using a Micro BCA protein assay kit 

(Thermo Fisher Scientific). Fractions 9-12 were pooled as the most enriched protein 

fractions. Finally, samples were taken to the pre-concentration volume so that all the 

proteins returned to their original concentrations. 

Microdialysis 

Rats underwent a microdialysis experiment to obtain in vivo samples of [D-Ala2, N-

MePhe4, Gly-ol]-enkephalin (DAMGO)-induced extracellular release of cytokines.  

Surgeries were performed under isoflurane (1.5-2 minimum alveolar concentration, 

MAC) anaesthesia under aseptic conditions. Rats were stereotaxically implanted 

(Stoelting) with bilateral vertical guide cannulae (CMA 12) into the nucleus 

accumbens core (NacC; Males – anteroposterior = 1.4 mm, mediolateral = 1.5 mm, 

and dorsoventral = 5.8 mm; Females – anteroposterior = 1.2 mm, mediolateral = 1.4 

mm and dorsoventral = 5.6 mm). 48 h after surgery animals were placed in Plexiglas 

bowls and concentric-style microdialysis probes containing 2 mm of active 

membrane (CMA 12 HighCo; molecular cutoff 100,000 Da) were introduced through 

the cannulae, extending 3.0 mm below the tip of the cannulae. Then, artificial 

cerebrospinal fluid (aCSF; 147 mM NaCl, 4 mM KCl, 2.3 mM CaCl2 at pH = 6) 

containing 0.5 mg/ml BSA was perfused into the probe through a push-pull system, 

which consisted of an inlet tubing attached to a 2.5-mL syringe (Hamilton) mounted 

on a syringe pump (Harvard instruments) and an outlet tubing connected to a 

peristaltic pump (Ismatec®). Pumps were set at 2.2 µL/min. After a 1 h wash of the 

system, 5 dialysates were collected every 100 min. After the collection of the first 

dialysate a treatment with 1 µM DAMGO was administered by retrodialysis for 20 

min. These dialysates were analysed in Cuitavi et al., (2023b) where the production 

of proinflammatory cytokines was characterised by flow cytometry (Fortessa) using 

a customised multiplex approach (LEGENDplexTM, BioLegend®).  
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SH-SY5Y cell cultures and treatments 

SH-SY5Y (ATCC HTB-11) cells were maintained in DMEM/F12 supplemented with 

10% heat inactivated foetal calf serum (FCS) and 2 mM L-Glutamine at 37°C in a 

humidified atmosphere of 95% air and 5% CO2. Transient transfections were 

performed using FuGENE® HD Transfetion Reagent (Promega) at a DNA:FuGENE® 

ratio of 1:3 according to the manufacturer’s guidelines. Cells were transfected with 

different amounts of DNA depending on the experiment: 

• MOR bioluminescence for MOR expression: 1 µg of FLAG-mMOR-Nluc, and 

4 µg of pcDNA3.1. 1 µg of D2-Nluc was used as control. 

• βγ release for G protein activation: 2 µg of Gαi2, 1 µg of Venus155-239–Gβ1, 

1 µg of Venus1-155–Gγ2, 1 µg of masGRK3ct-Rluc8, and 1 µg of SNAP-mMOR. 

• β-Arrestin 2 recruitment: 1 µg of FLAG-mMOR-Nluc, 1 µg of GRK2, and 4 µg 

of β-Arrestin 2–Venus. 

Cells were replated into PDL–coated 96-well plates 24 hours after transfection and 

allowed to adhere for 4 hours. Then the medium was replaced by DMEM/F12 

supplemented with and 2 mM L-Glutamine without FCS, which contains cytokines 

and other inflammatory mediators, and then cells were treated with: 

• Medium from microglia treated with either vehicle or LPS. 

• Protein fraction of the medium coming from microglia treated with either 

vehicle or LPS. 

• TNFα (500 pg/mL), IL6 (1800 pg/mL), IL1β (60 pg/mL) or vehicle. (reported 

to be present in the media of a primary microglial cell culture after a 24 h 

treatment with 10 ng/mL LPS (He et al., 2021)). 
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• The rat brain dialysate pre- and post- DAMGO treatment. 

MOR expression by bioluminescence  

Cells transfected with FLAG-mMOR-Nluc underwent the treatments stated above. 

After 24h incubation, Coelenterazine h (NanoLight Technologies, AZ) was added at a 

final concentration of 5 µM. Luminescence was measured immediately in a 

PHERAstar Omega plate reader (BMG LABTECH, optic module, 475 ± 30). This 

experiment was performed three times in duplicate. Data is expressed as percentage 

of the vehicle-treated group. Cells transfected with D2-Nluc were used as a negative 

control. 

Bioluminescence Resonance Energy Transfer (BRET) 

βγ release and β-Arrestin 2 recruitment were performed 24 h after the treatments 

in cells transfected as described above. Cells are taken out of the incubator and 

washed with DPBS. Then, they were incubated for 30 min with 5 mM glucose in DPBS 

at 37ºC. Coelenterazine h (NanoLight Technologies, AZ) was used as a substrate for 

the luciferase constructs at a final concentration of 5 µM and after its addition cells 

were incubated for 5 min in the dark at 37ºC. Vehicle and 10 µM DAMGO were added 

10 min before dual fluorescence/luminescence measurement in a PHERAstar Omega 

plate reader (BMG LABTECH). The BRET signal was calculated as the ratio of light 

emitted by Venus at 530 nm (optic module 535 ± 30) over the light emitted by NLuc 

or Rluc8 at 430 nm (optic module, 475 ± 30). We repeated BRET experiments three 

times in duplicate. A fold-over basal ratio was obtained by dividing DAMGO-treated 

BRET ratio by the vehicle-treated BRET ratio. 

Statistical analysis 
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Results are shown as mean ± standard error of the mean (SEM). To perform the 

statistical analysis, the 26.0 version of the SPSS program was used. The Kolmogorov–

Smirnov test and Levene’s test were performed to assess the normality and the 

homogeneity of the variance of the data. For the RT-qPCR analysis and the 

experiments where the treatments were either microglial cell media, the protein 

fraction of that media, or dialysates a T-test for independent samples was used. 

When cells were treated with proinflammatory cytokines a one-way ANOVA, 

followed by either Bonferroni or Games-Howell when appropriate, was used. In all 

the statistical tests, a 95% confidence level was set. 

Results 

MICROGLIAL CONTROL OVER NEURONAL MOR EXPRESSION AND SIGNALLING 

Assessment of the production of proinflammatory mediators by microglia 

The production and release of proinflammatory mediators by microglial primary cell 

cultures treated with either vehicle or LPS (10 ng/mL) for 24 h was assessed by RT-

qPCR and proteome cytokine arrays (Fig.1). The mRNA levels of three 

proinflammatory cytokines (TNFα, IL6, and IL1β) were measured by RT-qPCR. The 

mRNA levels for these three cytokines were significantly higher in the LPS-treated 

cells than in the vehicle-treated cells (Fig.1a, TNFα, p=0.0001; Fig.1b, IL6, p=0.0001; 

Fig.1c, IL1β, p=0.0001). On the other hand, the proteome cytokine arrays revealed 

the release of several proinflammatory mediators upon LPS treatment (Fig.1d). 

Indeed, this qualitative analysis showed increased content of I309, siCAM1, IL1α, 

IL1β, IL1ra, IL6, IL7, IL17, KC, MPC1, MCP5, MIP1α, MIP1β, MIP2, RANTES, and TNFα 

in the LPS-treated microglia secretome in comparison to the vehicle-treated one. 

However, we also detected unchanged levels of some inflammatory mediators (BCA-



 

 

 CHAPTER 6 

117 

1, C5a, G-CSF, GM-CSF, eotaxin, INFγ, IL2, IL3, IL4, IL5, IL10, IL12, IL13, IL16, IL23, IL27, 

IP10, I-TAC, M-CSF, MCP-1, MCP-5, MIG, SDF-1, TARC, TIMP1, and TREM-1). 

Figure 1. Cytokine production assessment in microglia secretome. a-c: RT-qPCR 

(n=2-3/group; a: TNFα, b: IL6, c: IL1β). d: Cytokine Array Panel image and data (+ 

indicates higher intensity versus vehicle). Data are expressed as mean ± SEM. 

*p<0.05, ***p<0.005 (T-test for independent samples). Lipopolysaccharide (LPS). 

Detection of MOR expression upon treatment with proinflammatory mediators 

The bioluminescence of the Nluc tag fused to the C-terminus of MOR was used to 

determine the total amount of MOR protein expressed in SH-SY5Y cells when treated 

with activated microglial secretome, the protein fraction of that secretome or 



 

 118 

 CHAPTER 6 

proinflammatory cytokines for 24 h (Fig. 2). Interestingly, the expression of MOR 

protein was significantly increased when SH-SY5Y cells were exposed to all cytokine-

enriched media (Fig. 2a, Microglial secretome (p=0.023), Fig. 2b, Protein fraction 

(p=0.033) and Fig. 2c, cytokines F(3,11)=50.714 p=0.0001, Games-Howell Vh-TNFα 

p=0.019, Vh-IL6 p=0.026, Vh-IL1β p=0.037). To rule out that such increases were not 

due to effects on the activity of the CMV promoter of the pcDNA3.1 plasmid carrying 

the tagged-MOR cDNA, we transfected the cells with a D2R-Nluc construct in the 

same pcDNA3.1 plasmid. None of the treatments did alter D2R expression on SH-

SY5Y cells as shown in Fig.2d-f (Microglial secretome, p=0.181; Protein fraction, 

p=0.725; Cytokines, F(3,11)=3.480 p=0.070). 

Measurement of G protein activation and β-arrestin 2 recruitment by MOR upon 

treatment with proinflammatory mediators 

To assess MOR-induced G protein activation, the βγ release BRET assay (Gillis et al., 

2020) was performed in transfected SH-SY5Y cells. In this assay, activation of MOR 

by 10 µM DAMGO for 10 min is detected as the release of the βγ subunits from the 

activated Gαi subunit of the G protein. The released βγ subunit has high affinity for 

the lipid-modified reporter peptide GRK3ct (masGRK3ct-Nluc) and such interaction 

is measured through BRET. We observed that cells exposed to media obtained from 

LPS-treated microglial cells or to the protein fraction of those media had a 

significantly higher DAMGO-induced G protein activation than those exposed to 

medium or protein recovered from vehicle-treated microglia (Fig.3a-c). The three 

tested cytokines had a similar inducing effect (Fig.3a-c) (p=0.039, p=0.005, and one-

way ANOVA F(3,11)=28.517 p=0.0001; Bonferroni multiple comparisons test Vh-

TNFα p=0.001, Vh-IL6 p=0.001 Vh-IL1β p=0.0001, respectively) (Fig.3a-c). 
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Figure 2. MOR and D2 protein expression in SH-SY5Y cells treated with microglial 

secretome, its protein fraction, or proinflammatory cytokines. a-c: MOR 

(n=3/group; a: secretome, b: protein fraction, c: cytokines). d-f: D2 (n=3/group; d: 

secretome, e: protein fraction, f: cytokines). Data are expressed as mean ± SEM. 

*p<0.05 (T-test for independent samples or one-way ANOVA followed by Games-

Howell when appropriate). Lipopolysaccharide (LPS), mu-opioid receptor (MOR), 

dopamine D2 receptor (D2), nano luciferase (NLuc), vh (vehicle). 

Upon activation, phosphorylated MORs recruit β-arrestins to mediate receptor 

internalisation. We thus assessed whether the increases in G protein activation were 

also manifested when β-Arrestin 2 recruitment to the MOR was monitored (Gillis et 

al., 2020). For this, the BRET between β-Arrestin 2-Venus and MOR-Nluc was 

measured upon activation of the MOR with 10 µM DAMGO for 10 min. Fig.3d-f show 

how, although β-Arrestin 2 was being recruited upon activation of the receptor with 

DAMGO, no differences were found between groups in any of our analysis for 

microglial secretome, protein fraction of the secretome and cytokines (Microglial 

secretome, p=0.799; Protein fraction, p=0.838; Cytokines, F(3,11)=0.926 p=0.471).  

ACTIVATION OF MOR ON RAT NAcC RELEASES FACTORS THAT CONTROL MOR 

EXPRESSION AND SIGNALLING IN NEURONAL CELLS  

Alongside other authors (Johnston et al., 2004; Bianchi et al., 2008; Lin et al., 2010; 

Tekieh et al., 2011; Merighi et al., 2013; Bai et al., 2014; Tian et al., 2015; Gessi et al., 

2016; Tsai et al., 2016; Shrivastava et al., 2017), we have previously demonstrated 

that MOR activation can trigger neuroinflammation (Cuitavi et al., 2023b). Therefore, 

we assessed whether neuroinflammatory mediators released upon MOR 

pharmacological activation can also regulate neuronal MOR expression and 

signalling.  
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Figure 3. G protein activation and β-arrestin 2 recruitment to MOR in cells treated 

with microglial secretome, its protein fraction, or proinflammatory cytokines. a-c: 

βγ release (n=3/group; a: secretome, b: protein fraction, c: cytokines). d-f: β-arrestin 

2 recruitment (n=3/group; d: secretome, e: protein fraction, f: cytokines). Dotted lines 

indicate baseline. Data are expressed as mean ± SEM. *p<0.05, **p<0.01, 

***p<0.005 (T-test for independent samples or one-way ANOVA followed by 

Bonferroni when appropriate). Bioluminescence resonance energy transfer (BRET), 

lipopolysaccharide (LPS), mu-opioid receptor (MOR), nano luciferase (NLuc), Renilla 

luciferase 8 (RLuc8), β-arrestin 2 (β-Arr2), vh (vehicle), [D-Ala2, N-MePhe4, Gly-ol]-

enkephalin (DAMGO). 

To do so, we carried out a microdialysis experiment in rats in which we obtained 

dialysates from NacC every 100 min. The first dialysate was used as basal whereas 

the next four were cytokine-enriched dialysates that followed a retrodialysis 

administration of 1 µM DAMGO at a 2.2 µL/min flow rate for 20 min (see Cuitavi et 

al., 2023b for more details). Fig.4 shows how treatment of SH-SY5Y with dialysates 

from in vivo DAMGO-induced neuroinflammation significantly increased MOR 

protein levels (Fig.4a, p=0.014) without altering D2 levels (Fig.4b, p=0.080). 

Moreover, dialysates enriched with DAMGO-induced cytokines significantly 

increased MOR-mediated βγ release when compared to cells treated dialysates 

obtained prior to the administration of DAMGO to the rats (Fig.4c, p=0.025). 

Interestingly, cells treated with dialysates enriched with DAMGO-induced cytokines 

show significant higher levels of β-Arrestin 2 recruitment than when treated with 

pre-DAMGO-exposed dialysates (Fig.4d, p=0.026), which did not occur in the 

experiments involving microglial cells (Fig.3). 
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Figure 4. MOR and D2 protein expression, G protein activation, and β-arrestin 2 

recruitment in cells treated with DAMGO-induced cytokines-enriched dialysates 

from rat NAcC (n=3/group; a: MOR protein expression, b: D2 protein expression, c: 

βγ release, d: β-arrestin 2 recruitment). Data are expressed as mean ± SEM. *p<0.05 

(T-test for independent samples) Bioluminescence resonance energy transfer (BRET), 

mu-opioid receptor (MOR), dopamine D2 receptor (D2), nano luciferase (NLuc), 

Renilla luciferase 8 (RLuc8), β-arrestin 2 (β-Arr2), vh (vehicle), [D-Ala2, N-MePhe4, 

Gly-ol]-enkephalin (DAMGO), nucleus accumbens core (NAcC). 

Discussion 

Here, we present how the activation of microglial cells can alter MOR expression and 

signalling in a neuron-like cell through the release of proinflammatory cytokines. We 

also show that in vivo MOR-mediated cytokine release accounts for an increase in 

neuronal MOR expression and signalling, which hints the existence of a positive 

feedback in MOR activation. Altogether our results and previous published data 

strongly support that glial MORs might impact on neuronal MORs functioning 

through neuroimmune events. 

Several reports have shown an increase in the expression of the MOR mRNA induced 

by proinflammatory cytokines in different cell types (Ruzicka et al., 1996; Vidal et al., 

1998; Kraus et al., 2003; Börner et al., 2004). Of these, only Börner et al. (2004) used 

neuron-like cells (SH-SY5Y) to show an IL6-induced increase in the OPRM1 

expression. Langsdorf et al. (2011), using an approach similar to the one described 

here, showed that the medium from macrophage-like cells activated with LPS also 

increased OPRM1 expression in SH-SY5Y cells. Our results confirm the role of TNFα, 

IL6, IL1β and as MOR upregulators in SH-SY5Y cells. Furthermore, our data suggest 

that the upregulation occurs at the level of the mRNA since the MOR detected in our 
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experiments is transcribed from an exogenous plasmid the promoter of which is 

unaffected by proinflammatory cytokines exposure. We also report that LPS-induced 

microglial activation can increase MOR expression in neuron-like cells through the 

release of proteins, including but not limited to TNFα, IL6, and IL1β. Our results also 

show a microglial cytokines-induced increase in the activity of the MORs in the SH-

SY5Y cells. This is likely a direct consequence of the increase in MOR expression, 

although further concentration-response curves of MOR activity will reveal whether 

the effect observed results from increased potency and/or efficacy of DAMGO at the 

MOR.  

As neuronal MOR activity is tightly related to pain processing (Fields, 2004) and 

microglia activation-driven neuroinflammation plays a role in the chronicity of pain 

(Matsuda et al., 2019) our results provide mechanistic insight with regards to the 

relationship between neuroinflammatory processes and MOR anti-nociceptive 

activity among other related roles of these receptors. Indeed, microglial cells and 

MORs play important roles in reward and thus, in substance use disorders (Cuitavi et 

al., 2021a), specially under pain conditions (Hipólito et al., 2015; Cuitavi et al., 

2021b). Therefore, this mechanistic insight between microglial activation and 

neuronal MORs activity might be used for future research aiming to find new 

therapies focusing on pain analgesia while limiting the development of OUDs or 

other substance use disorders. Of note, DAMGO-induced β-Arrestin 2 recruitment 

by MORs remains unaffected by cytokines exposure, which might indicate that 

neuroinflammation does not alter MOR internalisation. However, as β-Arrestin 2 

recruitment is a less amplified process than G protein activation when measured by 

βγ release, it cannot be ruled out that the lack of effect in β-Arrestin 2 recruitment 

is related to assay sensitivity. Other different orthogonal approaches might need to 

be used to shed light onto this matter. Interestingly, opposite to the results obtained 
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with the microglial secretome, DAMGO-induced β-Arrestin 2 recruitment is 

increased in SH-SY5Y cells after a treatment with the cytokines-enriched dialysates 

derived from DAMGO-treated animals. Although we have previously shown in 

Cuitavi et al. (2023b) that MOR activation in areas of the MCLS triggers cytokines 

release and neuroinflammation, it is possible that dialysates contain other mediators 

that may influence MOR activity in a manner that β-Arrestin 2 recruitment to the 

receptor becomes more apparent.  

Altogether our and others’ data suggest that microglia-neuron communication plays 

a key role in chronic pain, opioid tolerance, and opioid-induced hyperalgesia. On the 

one hand, chronic pain has a very important inflammatory component that is present 

in different areas that process pain (Hore and Denk, 2019), which would participate 

in local MOR desensitisation. On the other hand, there is evidence that opioids 

induce neuroinflammation (Cahill and Taylor, 2017), which might be partially 

produced due to their interaction with MORs (Cuitavi et al., 2023b). Therefore, 

opioid drugs might be promoting tolerance, hyperalgesia, OUD through 

proinflammatory cytokines, a process enhanced in the presence of pain. Through the 

work presented here we suggest a relationship between microglial activation, 

cytokine release, and neuronal MOR expression and activation. Future research is 

required to further clarify the nature of this relationship, its temporal dynamics and 

its behavioural consequences. Moreover, we suggest a new mechanism by which 

pain might become chronic and opioids might be inducing tolerance, hyperalgesia 

and alterations in opioid reward through its indirect impact on neuronal MOR 

signalling and expression mediated by microglia. In this context, further experiments 

with opioids used in clinical settings, such as morphine and fentanyl, to induce 

microglial and MOR activation would also be interesting to elucidate if they replicate 

the results obtained with the reference agonist DAMGO. 



 

 

 CHAPTER 6 

127 

References 

Bai, L. Zhai, C. Han, K. Li, Z. Qian, J. Jing, Y. Zhang, W., Xu, J. T. (2014). Toll-like receptor 

4- mediated nuclear factor-κB activation in spinal cord contributes to chronic 

morphine-induced analgesic tolerance and hyperalgesia in rats. Neuroscience 

bulletin, 30(6), 936-948. https://doi.org/10.1007/s12264-014-1483-7 

Bell, J., Strang, J. (2020). Medication treatment of opioid use disorder. Biological 

psychiatry, 87(1), 82-88. https://doi.org/10.1016/j.biopsych.2019.06.020 

Bianchi, M. Franchi, S. Ferrario, P. Sotgiu, M. L., Sacerdote, P. (2008). Effects of the 

bisphosphonate ibandronate on hyperalgesia, substance P, and cytokine levels in a 

rat model of persistent inflammatory pain. European journal of pain, 12(3), 284-292. 

https://doi.org/10.1016/j.ejpain.2007.06.005 

Bohlen, C. J., Bennett, F. C., Bennett, M. L. (2019). Isolation and culture of 

microglia. Current protocols in immunology, 125(1), e70. 

https://doi.org/10.1002/cpim.70 

Börner, C. Kraus, J. Schröder, H. Ammer, H., Höllt, V. (2004). Transcriptional 

regulation of the human μ-opioid receptor gene by interleukin-6. Molecular 

pharmacology, 66(6), 1719-1726. https://doi.org/10.1124/mol.104.003806 

Byrne, L. S. Peng, J. Sarkar, S., Chang, S. L. (2012). Interleukin-1 beta-induced up-

regulation of opioid receptors in the untreated and morphine-desensitized U87 MG 

human astrocytoma cells. Journal of neuroinflammation, 9(1), 252. 

https://doi.org/10.1186/1742-2094-9-252 

Cahill, C. M., Taylor, A. M. (2017). Neuroinflammation—a co-occurring phenomenon 

linking chronic pain and opioid dependence. Current opinion in behavioral 

sciences, 13, 171-177. https://doi.org/10.1016/j.cobeha.2016.12.003 



 

 128 

 CHAPTER 6 

Chou, R., Turner, J. A., Devine, E. B., Hansen, R. N., Sullivan, S. D., Blazina, I., Dana, T., 

Bougatsos, C., Deyo, R. A. (2015). The effectiveness and risks of long-term opioid 

therapy for chronic pain: a systematic review for a National Institutes of Health 

Pathways to Prevention Workshop. Annals of internal medicine, 162(4), 276-286. 

https://doi.org/10.7326/M14-2559 

Cuitavi, J., Andrés‐Herrera, P., Meseguer, D., Campos‐Jurado, Y., Lorente, J. D., 

Caruana, H., & Hipólito, L. (2023). Focal mu‐opioid receptor activation promotes 

neuroinflammation and microglial activation in the mesocorticolimbic system: 

Alterations induced by inflammatory pain. Glia. https://doi.org/10.1002/glia.24374 

Cuitavi, J., Hipólito, L., Canals, M. (2021a). The life cycle of the mu-opioid 

receptor. Trends in Biochemical Sciences, 46(4), 315-328. 

https://doi.org/10.1016/j.tibs.2020.10.002 

Cuitavi, J., Lorente, J. D., Campos-Jurado, Y., Polache, A., & Hipólito, L. (2021b). 

Neuroimmune and Mu-Opioid Receptor Alterations in the Mesocorticolimbic System 

in a Sex-Dependent Inflammatory Pain-Induced Alcohol Relapse-Like Rat 

Model. Frontiers in immunology, 3722. 

https://doi.org/10.3389/fimmu.2021.689453 

Cuitavi, J., Torres-Pérez, J. V., Lorente, J. D., Campos-Jurado, Y., Andrés-Herrera, P., 

Polache, A., Agustín-Pavón, C., Hipólito, L. (2023a). Crosstalk between Mu-Opioid 

receptors and neuroinflammation: Consequences for drug addiction and 

pain. Neuroscience & Biobehavioral Reviews, 105011. 

https://doi.org/10.1016/j.neubiorev.2022.105011 

Fields, H. (2004). State-dependent opioid control of pain. Nature Reviews 

Neuroscience, 5(7), 565-575. https://doi.org/10.1038/nrn1431 



 

 

 CHAPTER 6 

129 

Fischer, B., Kurdyak, P., Goldner, E., Tyndall, M., Rehm, J. (2016). Treatment of 

prescription opioid disorders in Canada: looking at the ‘other epidemic’?. Substance 

abuse treatment, prevention, and policy, 11(1), 12. https://doi.org/10.1186/s13011-

016-0055-4 

Gessi, S. Borea, P. A. Bencivenni, S. Fazzi, D. Varani, K., Merighi, S. (2016). The 

activation of μ‐opioid receptor potentiates LPS‐induced NF‐kB promoting an 

inflammatory phenotype in microglia. FEBS letters, 590(17), 2813-2826. 

https://doi.org/10.1002/1873-3468.12313 

Gillis, A., Gondin, A. B., Kliewer, A., Sanchez, J., Lim, H. D., Alamein, C., ... & Canals, 

M. (2020). Low intrinsic efficacy for G protein activation can explain the improved 

side effect profiles of new opioid agonists. Science Signaling, 13(625), eaaz3140. 

https://doi.org/10.1126/scisignal.aaz3140 

Giraudon, I., Lowitz, K., Dargan, P. I., Wood, D. M., Dart, R. C. (2013). Prescription 

opioid abuse in the UK. British journal of clinical pharmacology, 76(5), 823-824. 

https://doi.org/10.1111/bcp.12133 

He, Y., Taylor, N., Yao, X., Bhattacharya, A. (2021). Mouse primary microglia respond 

differently to LPS and poly (I: C) in vitro. Scientific reports, 11(1), 1-14. 

https://doi.org/10.1038/s41598-021-89777-1 

Hipólito, L., Wilson-Poe, A., Campos-Jurado, Y., Zhong, E., Gonzalez-Romero, J., Virag, 

L., ... & Morón, J. A. (2015). Inflammatory pain promotes increased opioid self-

administration: role of dysregulated ventral tegmental area μ opioid 

receptors. Journal of Neuroscience, 35(35), 12217-12231. 

https://doi.org/10.1523/JNEUROSCI.1053-15.2015 



 

 130 

 CHAPTER 6 

Hore, Z., Denk, F. (2019). Neuroimmune interactions in chronic pain–an 

interdisciplinary perspective. Brain, behavior, and immunity, 79, 56-62. 

https://doi.org/10.1016/j.bbi.2019.04.033 

Johnston, I. N. Milligan, E. D. Wieseler-Frank, J. Frank, M. G. Zapata, V. Campisi, J. 

Langer, S. Martin, D. Green,P. Fleshner, M. F. Leinwand, L, Maier, S. F., Watkings, L. 

R. (2004). A role for proinflammatory cytokines and fractalkine in analgesia, 

tolerance, and subsequent pain facilitation induced by chronic intrathecal morphine. 

Journal of Neuroscience, 24(33), 7353-7365. 

https://doi.org/10.1523/JNEUROSCI.1850-04.2004 

Kalkman, G. A., Kramers, C., van Dongen, R. T., van den Brink, W., Schellekens, A. 

(2019). Trends in use and misuse of opioids in the Netherlands: a retrospective, 

multi-source database study. The Lancet Public Health, 4(10), e498-e505. 

https://doi.org/10.1016/S2468-2667(19)30128-8 

King, N. B., Fraser, V., Boikos, C., Richardson, R., Harper, S. (2014). Determinants of 

increased opioid-related mortality in the United States and Canada, 1990–2013: a 

systematic review. American journal of public health, 104(8), e32-e42. 

https://doi.org/10.2105/AJPH.2014.301966 

Kraus, J. Börner, C. Giannini, E., Höllt, V. (2003). The role of nuclear factor κB in tumor 

necrosis factor-regulated transcription of the human μ-opioid receptor gene. 

Molecular pharmacology, 64(4), 876-884. https://doi.org/10.1124/mol.64.4.876 

Langsdorf, E. F., Mao, X., Chang, S. L. (2011). A role for reactive oxygen species in 

endotoxin-induced elevation of MOR expression in the nervous and immune 

systems. Journal of neuroimmunology, 236(1-2), 57-64. 

https://doi.org/10.1016/j.jneuroim.2011.05.009 



 

 

 CHAPTER 6 

131 

Lin, S. L. Tsai, R. Y. Tai, Y. H. Cherng, C. H. Wu, C. T. Yeh, C. C., Wong, C. S. (2010). 

Ultra-low dose naloxone upregulates interleukin-10 expression and suppresses 

neuroinflammation in morphine-tolerant rat spinal cords. Behavioural brain 

research, 207(1), 30-36. https://doi.org/10.1016/j.bbr.2009.09.034 

Matsuda, M., Huh, Y., Ji, R. R. (2019). Roles of inflammation, neurogenic 

inflammation, and neuroinflammation in pain. Journal of anesthesia, 33(1), 131-139. 

https://doi.org/10.1007/s00540-018-2579-4 

Merighi, S. Gessi, S. Varani, K. Fazzi, D. Stefanelli, A., Borea, P. A. (2013). Morphine 

mediates a proinflammatory phenotype via μ-opioid receptor–PKCɛ–Akt–ERK1/2 

signaling pathway in activated microglial cells. Biochemical pharmacology, 86(4), 

487-496. https://doi.org/10.1016/j.bcp.2013.05.027 

Reid, K. J., Harker, J., Bala, M. M., Truyers, C., Kellen, E., Bekkering, G. E., Kleijnen, J. 

(2011). Epidemiology of chronic non-cancer pain in Europe: narrative review of 

prevalence, pain treatments and pain impact. Current medical research and 

opinion, 27(2), 449-462. https://doi.org/10.1185/03007995.2010.545813 

Rudd, R. A., Seth, P., David, F., Scholl, L. (2016). Increases in drug and opioid-involved 

overdose deaths—United States, 2010–2015. Morbidity and mortality weekly 

report, 65(50 & 51), 1445-1452. https://doi.org/10.15585/mmwr.mm655051e1 

Ruzicka, B. B. Thompson, R. C. Watson, S. J., Akil, H. (1996). Interleukin‐1β‐Mediated 

Regulation of μ‐Opioid Receptor mRNA in Primary Astrocyte‐Enriched Cultures. 

Journal of neurochemistry, 66(1), 425-428. https://doi.org/10.1016/s0306-

4522(96)00669-0 



 

 132 

 CHAPTER 6 

Sá, K. N., Moreira, L., Baptista, A. F., Yeng, L. T., Teixeira, M. J., Galhardoni, R., & de 

Andrade, D. C. (2019). Prevalence of chronic pain in developing countries: systematic 

review and meta-analysis. Pain reports, 4(6), e779. 

Shrivastava, P., Cabrera, M. A., Chastain, L. G., Boyadjieva, N. I., Jabbar, S., Franklin, 

T., Sarkar, D. K. (2017). Mu-opioid receptor and delta-opioid receptor differentially 

regulate microglial inflammatory response to control proopiomelanocortin neuronal 

apoptosis in the hypothalamus: effects of neonatal alcohol. Journal of 

neuroinflammation, 14(1), 1-19. https://doi.org/10.1186/s12974-017-0844-3 

Tekieh, E. Zaringhalam, J. Manaheji, H. Maghsoudi, N. Alani, B., Zardooz, H. (2011). 

Increased serum IL-6 level time-dependently regulates hyperalgesia and spinal mu 

opioid receptor expression during CFA-induced arthritis. EXCLI journal, 10, 23. 

https://doi.org/10.17877/DE290R-8841 

Tian, Y. Liu, M. Mao-Ying, Q. L. Liu, H. Wang, Z. F. Zhang, M. T. Wang, J. Li, Q. Liu, S. 

B. Mi, W. L. Ma. H. J. Wu, G. C., Wang, Y. Q. (2015). Early single Aspirin-triggered 

Lipoxin blocked morphine anti-nociception tolerance through inhibiting NALP1 

inflammasome: involvement of PI3k/Akt signaling pathway. Brain, behavior, and 

immunity, 50, 63-77. https://doi.org/10.1016/j.bbi.2015.06.016 

Tsai, R. Y. Wang, J. C. Chou, K. Y. Wong, C. S., Cherng, C. H. (2016). Resveratrol 

reverses morphine-induced neuroinflammation in morphine-tolerant rats by 

reversal HDAC1 expression. Journal of the Formosan Medical Association, 115(6), 

445-454. https://doi.org/10.1016/j.jfma.2015.05.010 

Vidal, E. L. Patel, N. A. Fiala, M., Chang, S. L. (1998). Interleukin-1 induces the 

expression of μ opioid receptors in endothelial cells. Immunopharmacology, 38(3), 

261-266. https://doi.org/10.1016/s0162-3109(97)00085-4 



 

 

 CHAPTER 6 

133 

Volkow, N. D., Collins, F. S. (2017). The role of science in addressing the opioid 

crisis. New England Journal of Medicine, 377(4), 391-394. 

https://doi.org/10.1056/NEJMsr1706626 

Statements and declarations 

Data availability statement 

The raw data supporting the conclusions of this article will be made available by the 

authors, without undue reservation. 

Compliance with ethical standards 

The authors declare that the research was conducted in the absence of any 

commercial or financial relationships that could be construed as a potential conflict 

of interest.  

The animal study was reviewed and approved by the Ethics Committee in 

Experimentation and Animal Welfare of the University of Valencia and the local 

Government of Valencia (Conselleria d’Agricultura, Desenvolupament Rural, 
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CHAPTER 7 

Pain-Induced Alcohol Relapse: Role of Mu-Opioid 

Receptors and Neuroinflammation 

Neuroimmune and Mu-Opioid Receptor Alterations in the Mesocorticolimbic 

System in a Sex-Dependent Inflammatory Pain-Induced Alcohol Relapse-Like Rat 

Model. Cuitavi J, Lorente JD, Campos-Jurado Y, Polache A, and Hipólito L. Frontiers 

in Immunology, 2021. 
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In general, the results obtained in the present doctoral thesis following the 

set objectives bring to light a deep connection between the immune system and the 

opioidergic system, specifically Mu-Opioid receptors (MORs) and their role in pain-

induced alcohol relapse. On the one hand, [D-Ala2, N-MePhe4, Gly-ol]-enkephalin 

(DAMGO), a selective MOR agonist, elicits proinflammatory cytokines release in the 

nucleus accumbens (NAc) and microgliosis in the ventral tegmental area (VTA). 

Moreover, intra-VTA DAMGO alters microglial proliferation in areas of projection. 

Interestingly, inflammatory pain alters these microgliosis pattern and induces 

microglial proliferation in some brain areas in the absence of DAMGO. On the other 

hand, microglial activation plays a role in neuronal MORs expression and signalling. 

It is important to notice that MOR activation-induced neuroinflammation also 

increases neuronal MOR expression and activation. Altogether, these results seem 

to be key to understand the pain-induced alcohol relapse phenomenon, only given 

in females, since microglial activation, proinflammatory mediators release, and MOR 

levels seem to correlate in areas of the mesocorticolimbic system (MCLS) in the 

relapsing animals.  

This section will try to answer several questions that arise given the results 

obtained in the present doctoral thesis: (1) How tight is the relationship between 

MORs, microglia, and pain? (2) What are the implications of microglial control over 

neuronal MORs? (3) How does the MORs-neuroinflammation relationship influence 

sex-dependent pain-induced alcohol relapse?  
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8.1. How tight is the relationship between Mu-Opioid receptors, 

microglia, and pain? 

MORs have traditionally been thought to be located only on neurons, in 

which they exert their main role in reinforcement and pain management (Cuitavi et 

al., 2021). However, there is evidence that MORs can also be found in glial cells, and 

more concretely in microglia, which opens a great deal of new possibilities in the 

study of pain and substance use disorders. The results of the present doctoral thesis 

also hint that microglia express MORs, since we can observe how they are activated 

in the presence of a MOR agonist. However, despite our, and others’, contribution 

to the field, whether MORs can be found in microglia or not is still controversial. 

Until very recently, the expression or function of MORs in microglia had 

mainly been tested in vitro (Chao et al., 1997; Calvo et al., 2000; Turchan-Cholewo et 

al., 2008; Horvath and DeLeo, 2009; Merighi et al., 2012; 2013; Mika et al., 2014; 

Gessi et al., 2016; Popiolek-Barczyk et al., 2017). However, Maduna et al. (2019) 

found, while using microglia datasets, that microglial cells from cerebral cortex, 

hippocampus, striatum, and spinal cord express the OPRM1 gene. Nonetheless, 

there is controversy regarding this matter. In fact, Kao et al. (2012) failed to find a 

colocalisation between the microglial marker ionized calcium-binding adapter 

molecule 1 (IBA1) and MOR mRNA in the spinal cord.  

Surprisingly, there are not many research papers dealing with the protein 

expression of MOR in microglia. Maduna and collaborators indicate that 35.4-51.6% 

of microglial cells in different brain areas (frontal cortex, central amygdala, ventral 

tegmental area, and periaqueductal gray), and 36.8-42.4% of microglia in the spinal 

cord express protein MOR (Maduna et al., 2019). Another research carried out by 

Horvath et al. (2010) also shows MOR protein expression in spinal microglia. 
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Recently, Reiss et al. (2022) developed a conditional knockout mouse line in which 

microglial cells do not express MORs. Interestingly, this mouse line showed none or 

reduced opioid-induced hyperalgesia and dependence. This piece of research 

indicates, although indirectly, that microglia express MOR. Moreover, it is one of the 

first papers wherein a possible role for microglial MORs is suggested. Nonetheless, 

another piece of research indicates that the loss of microglial MORs does not play a 

role in opioid-induced hyperalgesia and tolerance (Corder et al., 2017). It is clear that 

there is a lack of consensus when addressing this matter and we hope that our results 

will help to clarify this matter, although further research will be needed to clarify if 

microglial MORs are a plausible target to approach chronic pain and analgesia.  

Microglial MOR activation accounts for neuroinflammation (Merighi et al., 

2013; Gessi et al., 2016), which very possibly plays a role in pain processing. In fact, 

microglia contribute to pain pathogenesis through its control over synaptic plasticity 

in the spinal cord (Chen et al., 2018). Moreover, it is well-stablished that pain induces 

microgliosis in the spinal cord (Gilmore, 1975; Glimore and Skinner, 1979). However, 

whether other parts of the central nervous system experience this pain-induced 

microgliosis remains a barely explored subject. In this sense, the MCLS is 

compromised in the presence of a pain condition, which leads to a variety of 

comorbidities (Seminowicz et al., 2009; Taylor, 2016). Nonetheless, although there 

is evidence that neuropathic pain produces microgliosis within this system (Taylor et 

al., 2017), to the best of our knowledge, the results of this doctoral thesis are the 

first ones to present this phenomenon in an inflammatory pain model.  

All in all, the results obtained in the present doctoral thesis not only 

corroborate the findings exposed and discussed in this section but also go a step 

further. We provide evidence of a complex regulatory system that involves MOR 

signalling in the MCLS, microgliosis, and a clear influence of pain in controlling the 
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system. This discovery is important when addressing pain-induced comorbidities, 

especially drug use disorders. In this sense, MORs within the MCLS play a critical role 

in the development of opioid use disorders derived from opioid prescription to treat 

pain. By knowing more about how microglial MORs interact with opioids or other 

MOR agonists in the presence of pain, more accurate treatment will be developed.  
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8.2. What are the implications of microglial control over neuronal 

Mu-Opioid receptors? 

Microglia are immune cells in charge of protecting the central nervous 

system. However, there is evidence that they can also participate in the disruption 

of the homeostasis of this very system under pathological conditions (Marinelli et 

al., 2019). In fact, they contribute to substance use disorders and chronic pain by 

releasing cytokines, chemokines, and reactive oxygen species (Kawasaki et al., 2008; 

Gu et al., 2016; Bachtell et al., 2017; Henriques et al., 2018; Inoue and Tsuda, 2018; 

Catale et al., 2019; Locke et al., 2020; Kane and Drew, 2021). Nonetheless, further 

research is needed to deepen the knowledge about how microglia disrupt 

homeostasis in substance use disorders and chronic pain. The results of the present 

doctoral thesis shed light on this matter and propose a new way of communication 

between microglia and neurons by which microglia release proinflammatory 

cytokines which affect neuronal MOR expression and signalling. Briefly, MOR 

agonism induces the release of proinflammatory cytokines and microgliosis in a 

dose-dependent fashion, which is altered by the presence of an inflammatory pain 

condition. Generally, the presence of pain impairs the agonist-elicited effect. 

Furthermore, the resulting inflammation modifies neuronal MOR signalling induced 

by the presence of an agonist and expression.  

The organism relies on microglia to control pain transmission and analgesia 

(Tsuda et al., 2013; Tsuda, 2019) by inducing microgliosis in the spinal cord (Gu et al., 

2016; Locke et al., 2020). Our results suggest that this microgliosis would be 

increasing MORs expression and activation which would have a direct impact on the 

mechanism of endogenous analgesia. However, we can only suggest this mechanism 

for acute pain since our experiments were set at 24 h. It would be interesting to test 
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this microglia-neuronal MOR connection for longer periods of time since this 

information would be very useful to improve chronic pain current treatments. 

Moreover, in vivo studies are needed to further confirm our results and observe 

possible sex-dependent factors that may alter the results obtained. 

In this doctoral thesis we also provide evidence that acute inflammatory pain 

induces microglial proliferation in some areas of the MCLS, which has previously 

been described for neuropathic pain (Taylor et al., 2017). It is very likely that this 

microgliosis contributes to alterations in mesocorticolimbical MORs. It is extremely 

complicated to predict how these changes would affect pain-induced comorbidities. 

On the one hand, MORs are widespread in the system and their function greatly 

depends on the neuron they are expressed in and in which part of it they are localised 

(Cuitavi et al., 2021). On the other hand, we have shown in this doctoral thesis that 

the presence of a MOR agonist modifies both microglial and neuronal MOR 

responses. However, based on the existing literature, we can hypothesise that, in the 

presence of pain and an opioid-like drug, when neuroinflammation and the opioid-

like drug are widespread in the brain stem, the microglia-MOR relationship would be 

promoting substance use disorders. In this sense, insightful in vivo experiments 

focused on how this relationship acts in specific neurons within concrete brain areas 

would be very useful to further clarify the role it plays in pain-induced substance use 

disorders. 
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8.3. How does the Mu-Opioid receptors-neuroinflammation 

relationship influence sex-dependent pain-induced alcohol 

relapse? 

There is a lot of information regarding the sex-dependency inherent to 

substance abuse biology and epidemiology, specifically about alcohol use disorders 

(AUDs; Hommer, 2003; Anker and Carroll, 2010; Sanchis-Segura and Becker, 2016; 

Grant et al., 2017). Moreover, pain also affects men and women in different ways 

(Kurita et al., 2012; Mogil, 2012; Ruau et al., 2012; Landmark et al., 2013; 

Steingrímsdóttir et al., 2017). In this sense, the results of the present thesis alongside 

previous published work from our research group (Lorente et al., 2022) show how 

female rats with inflammatory pain are more prone to suffer from alcohol 

deprivation effect than females without inflammatory pain and males in general. 

Furthermore, in this doctoral thesis we show how only relapsing females present 

with dynamic changes in different areas of the MCLS in microglia proliferation, 

proinflammatory cytokines release, and MOR levels during abstinence and after 

relapsing. Moreover, after the reintroduction of ethanol, the aforementioned 

changes correlated. These alterations suggest that the bidirectional relationship 

between MOR and microglia, studied in the present doctoral thesis, could be playing 

a role in the pain-induced alcohol relapse phenomenon in a sex-dependent way. 

Additionally, it is important to pinpoint that we did not observe sex differences when 

we measured cytokine release derived from the treatment with a MOR agonist. This 

suggests that pain is most probably the factor that shapes the sex differences in 

microglial activation in our model. 

As mentioned in the previous sections, sex is a factor that we need to further 

study when observing the connection between MORs and microglia since our work 
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has been mainly carried out in males and in vitro. However, we can hypothesise that 

these sex-dependent changes observed in this doctoral thesis are probably linked to 

differences in MORs expression and microglial reaction.  In fact, there is evidence 

that MOR density in the brain, including areas of the MCLS, varies between males 

and females (Zubieta et al., 1999; Wang et al., 2012; Zamfir et al., 2022). Additionally, 

the immune system is widely affected by sex hormones (Klein and Flanagan, 2016), 

including microglial cells, which also work in a sex-dependent manner (Lenz and 

McCarthy, 2015; Han et al., 2021). Bearing in mind everything that has been 

discussed in this section, the need to test both sexes in preclinical and clinical studies 

is highlighted once again. In this sense, it would be interesting to carry out further 

clinical research in AUDs to observe in detail risk factors such as pain and how they 

behave when dividing the population by sex. This would be extremely useful to 

approach treatments for AUDs in a more personalised manner, which would increase 

the rates of success.  
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The most relevant conclusions derived from the data obtained in the present 

doctoral thesis are: 

 

Conclusion 1. Mu-Opioid receptors (MORs) activation in the mesocorticolimbic 

system (MCLS) induces proinflammatory cytokines release and microgliosis within 

the system. 

 

Conclusion 2. Inflammatory pain alters microglial proliferation in areas of the MCLS. 

 

Conclusion 3. Inflammatory pain irrupts in the neuroinflammation triggered by MOR 

activation within the MCLS. 

 

Conclusion 4. Microglial activation induces neuronal MOR activation and expression 

through proinflammatory cytokines signalling. 

 

Conclusion 5. MOR activation-induced neuroinflammation leads to an increase in 

neuronal MOR expression and signalling. 

 

Conclusion 6. Inflammatory pain induces alcohol relapse only in female rats. 

 

Conclusion 7. The levels of microglial cells, IL1β, and MORs correlate in females 

suffering from inflammatory pain in an alcohol deprivation effect model suggesting 

that their all implicated in pain-induced alcohol relapse in female rats. 
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10.1. Objecte i objectius de la tesi 

 Els trastorns per consum d’alcohol (AUD) són una condició mèdica 

caracteritzada per l’impediment a l’hora de controlar l’ús de begudes alcohòliques 

malgrat les conseqüències adverses a nivell social, ocupacional, o de salut. És 

important remarcar que, actualment, existeix una tendència a l’alça en el nombre 

d’afectats per AUD a nivell global, i la magnitud d’aquesta problemàtica esdevé 

major si tenim en compte la complexitat del diagnòstic i l’estigma social que 

representa el AUD. Una altra cosa que es precís considerar és que el sexe juga un 

paper fonamental en l’epidemiologia del AUD. De fet, en les últimes dècades la 

prevalença de AUD  en dones s’ha incrementat en un 84%, mentre que en els 

homes només un 35%. És cert que, fins fa poc, les dones estaven 

infrarepresentades en els estudis clínics, i que per convencions socials tenien 

menys accés a begudes alcohòliques, però estudis previs han demostrat que les 

dones son més susceptibles a desenvolupar comportaments relacionats amb el 

consum de substàncies i intoxicacions etíliques. A més a més, hi ha diversos factors 

que influeixen en el desenvolupament i manteniment del AUD. En este sentit, 

recentment, s’ha relacionat la presència de condicions doloroses amb les 

recaigudes en el consum d’alcohol.  No obstant això, degut a la incipiència 

d’aquesta troballa, les evidències científiques que indaguen en el substrat 

bioquímic subjacent són escasses.   

 El dolor es defineix com una experiència sensorial i emocional 

desagradable que va associada o que pareix que va associada a un dany tissular 

existent o potencial. D’acord amb la duració de la condició dolorosa podem 

classificar-lo en dolor agut o crònic. Per un costat, el dolor agut té una duració de 

menys de 3 mesos i va associat a una hiperactivitat del sistema nerviós vegetatiu, 
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taquicàrdia, sudoració, i pal·lidesa. D’altra banda, el dolor crònic apareix quan 

persisteix durant més temps del necessari per a la guarició de l’organisme. És 

important remarcar que, en països desenvolupats, al voltant d’un 18% d’adults 

sofreixen de dolor crònic. Al igual que en el AUD, el dolor crònic està molt 

condicionat pel sexe. En efecte, aquesta condició és un 20% més prevalent en 

dones que en homes. 

 Tant el AUD com el component emocional del dolor comparteixen 

connexions neuronals dins del sistema cerebral de reforç i aversió, conegut com 

sistema mesocorticolimbic (MCLS). Dins d’aquest sistema, les neurones que el 

connecten estan estretament regulades pel sistema opioidèrgic endogen, 

composat principalment pels receptors opioides. Entre ells, el receptor Mu-opioide 

(MORs) destaca en la regulació de processos d’analgèsia i recompensa. Els MORs 

estan codificats al gen OPRM1. Durant la traducció del seu RNA missatger esdevé el 

fenomen de “splicing” alternatiu el qual dóna lloc a diverses isoformes que es 

caracteritzen per la quantitat de dominis transmembrana que posseeixen. Una 

vegada a la membrana, els MORs actuen com receptors acoblats a proteïna G amb 

diferents rutes de senyalització que regulen l’entrada i eixida d’ions, així com la 

producció d’AMPc. Després d’acomplir la seua tasca els receptors s’internalitzen 

mitjançant l’acció de quinases com les GRK i de proteïnes inductores de la 

internalització com les arrestines.  

Així mateix, tant el dolor com el AUD són patologies que tenen una vessant 

neuroinflamatòria important. De fet, les citocines proinflamatòries, les espècies 

reactives d’oxigen, i altres mediadors de la inflamació són una de les causes 

principals de cronificació del dolor, i també es postulen com una de les causes del 

desenvolupament i cronificació del AUD. Des dels anys 90, es ve estudiant de 

manera intermitent la relació entre els MORs i els mecanismes neuroinflamatoris, 
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així com el seu paper en la modulació del dolor en la medul·la espinal.  En aquest 

sentit,  estudis previs indiquen que certes citocines proinflamatòries incrementen 

l’expressió del RNA missatger i proteica del MOR en diferents tipus de cèl·lules tant 

immunològiques com neuronals. A més a més, s’ha observat que diversos agonistes 

dels MORs com, per exemple, alguns opioides indueixen un ambient inflamatori, 

encara que la majoria de assajos s’han fet in vitro. Tanmateix, hi ha una mancança 

de bibliografia d’aquesta temàtica i les investigacions d’aquesta relació MOR-

neuroinflamació en AUD són nul·les.  

 Tenint en compte la informació exposada en aquesta secció, l’objectiu 

principal d’aquesta tesi doctoral és l’estudi de la relació existent entre els MORs i el 

sistema immune, i la investigació de com aquesta relació juga un paper principal en 

AUD induïts per dolor que, a més a més, tenen un component dependent del sexe 

que també es proposa analitzar. Per tal de desenvolupar aquest objectiu principal, 

es plantegen els següents objectius específics: 

Objectiu 1. Validar el paper dels MORs com inductors de neuroinflamació en el 

MCLS a través de l’activació de cèl·lules de micròglia i observar quin és l’efecte del 

dolor en aquesta relació. 

Objectiu 2. Observar si la neuroinflamació modula l’activitat, la internalització, i 

l’expressió dels MORs neuronals. 

Objectiu 3. Estudiar el fenomen dependent del sexe de la recaiguda l’alcohol 

induïda per dolor i el paper que hi juga la relació MOR-neuroinflamació. 
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10.2. Plantejament i metodologia emprats 

 Els objectius es desenvolupen al llarg de tres capítols de la tesi. El capítol 5 

“Mu-Opioid Receptors: Neuroinflammation Drivers” (Receptors Mu-Opioides: 

Inductors de neuroinflamació) correspon a l’objectiu 1. En ell, es revisen i 

discuteixen resultats de diversos experiments en els que l’activació focal dels MORs 

indueix processos immunes que varen ser mesurats amb tècniques de biologia 

molecular, i com la presència d’una condició dolorosa altera aquests processos.  

 Per un costat, el primer experiment està basat en l’ús de la microdiàlisi com 

a mètode per a l’obtenció de citocines proinflamatòries. En aquest experiment 

vàrem implantar quirúrgicament sondes de microdiálisis en els nuclis accumbens 

(NAc), un àrea fonamental per a entendre el reforç dins del MCLS, de rates mascle i 

femella. 48 h després de la implantació vàrem recollir 5 dialitzats, un cada 100 min. 

D’aquests dialitzats, el primer va ser el basal i la resta els vàrem recollir després 

d’un tractament per retrodiàlisis de 1 µM [D-Ala2, N-MePhe4, Gly-ol]-encefalina 

(DAMGO), un pèptid agonista dels MOR, durant 20 min a un flux de 2,2 µL/min. 

Seguidament, la presència i quantitat de citocines proinflamatòries als dialitzats es 

varen  mesurar en un citòmetre de flux amb l’ajuda d’un kit comercial 

personalitzat. És interessant remarcar que les concentracions de les citocines IL1α, 

IL1β, i IL6 varen experimentar un increment significatiu després del tractament 

amb DAMGO.  

 Per altre costat, en el segon experiment vàrem microinjectar DAMGO (7 ng 

i 14 ng) o líquid cefalorraquidi artificial (aCSF) en el àrea ventral tegmental (VTA) en 

rates mascle. A més a més, vàrem triar el model de dolor inflamatori de l’adjuvant 

complet de Freund (CFA), el qual va ser induït 48 h abans de les microinjeccions, de 

manera que la meitat d’animals per grup varen ser injectats en la pota amb salí 
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com a control i l’altra meitat amb CFA. És important dir que vàrem observar que les 

microinjeccions en el VTA no varen afectar el llindar nociceptiu mecànic en el test 

de Von Frey. Els resultats varen revelar que 7 ng DAMGO, però no 14 ng, va induir 

microgliosi en l’àrea d’injecció. Addicionalment, les diferents dosis de DAMGO en 

VTA van produir canvis en la proliferació microglial en àrees de projecció. Per últim, 

la presència de dolor inflamatori va alterar els resultats obtinguts.  

Comptat i debatut, l’activació farmacològica del MOR en diferent àrees del 

MCLS indueix mecanismes neuroinflamatoris com la proliferació de la micròglia i 

l’alliberament de citocines proinflamatòries que, a més a més, tenen un efecte més 

enllà de l’àrea de tractament. Així mateix, el dolor inflamatori altera aquests 

esdeveniments neuroinflamatoris, indicant que la micròglia del MCLS és 

fonamental per entendre el desenvolupament de les comorbiditats del dolor en les 

que un agonista dels MOR com els opiacis està present. 

El capítol 6 amb títol “Microglial control over Mu-opioid receptors 

signalling and activation” (Control microglial sobre la senyalització i l’activació dels 

receptors Mu-opioides) desenvolupa l’objectiu 2. En aquest capítol s’utilitzen 

tècniques in vitro de cultiu cel·lular i de biologia molecular que mostren com la 

micròglia és capaç d’alterar la senyalització del MOR neuronal. Este capítol conta 

amb dos experiments principals. 

En primer lloc, en un dels experiments vàrem realitzar cultius primaris de 

micròglia, els quals vàrem tractar amb 10 ng/mL lipopolisacàrid (LPS) o vehicle 

durant 24 h. Després, vàrem caracteritzar el perfil d’alliberament de citocines 

proinflamatòries al medi extracel·lular amb reaccions en cadena de la polimerasa 

(PCRs) i un array de proteïnes. Això ens va permetre observar increments 

significatius en la producció d’IL1β, TNFα, i IL6. A més a més, vàrem extraure la part 
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proteica de la meitat de les mostres de medi obtingudes. A continuació, vàrem 

procedir a la realització d’assajos de “bioluminescence resonance energy transfer” 

(BRET) en cèl·lules SH-SY5Y. Aquestes cèl·lules tenen un origen neuronal i, per tant, 

els resultats obtinguts en elles són traslladables a les alteracions que esdevenen al 

sistema nerviós central en organismes complexes. Es varen emprar dos assajos 

BRET diferents: (1) observació de l’alliberament de la subunitat βγ de la proteïna G 

com a mesura d’activació dels MORs en presència de 10 µM DAMGO, i (2) estudi 

del reclutament de la β-Arrestina 2 per part dels MOR com a mesura 

d’internalització dels mateixos front a 10 µM  DAMGO. En aquests assajos vàrem 

tractar les cèl·lules SH-SY5Y durant 24 h amb el medi de la micròglia per un costat, i 

amb la part proteica d’eixe medi per l’altre. Addicionalment, vàrem emprar les 

citocines L1β, TNFα, i IL6 a concentracions detectades en el medi després del 

tractament amb LPS (60 pg/µL, 500 pg/µL, i 1800 pg/µL respectivament) com a 

control positiu per investigar si són elles, almenys parcialment, les responsables 

dels possibles efectes observats amb el medi i la seua fracció soluble. És interessant 

remarcar que l’activació dels MORs en presència de DAMGO es va veure 

incrementada tant quan les cèl·lules SH-SY5Y varen ser tractades amb el medi o la 

seua fracció soluble com amb les citocines proinflamatòries. Malgrat això, no 

aconseguirem veure canvis en la internalització del receptor en les condicions del 

nostre experiment, probablement degut a limitacions de sensibilitat de la tècnica. 

Per últim, vàrem observar si el secretoma de micròglia activada, la seua part 

soluble, i les citocines emprades podien  alterar l’expressió del receptor mitjançant 

una tècnica de biolumiscència en cèl·lules SH-SY5Y. Com és en el cas de l’activació 

del receptor, tots els tractaments incrementaren significativament l’expressió dels 

MORs en comparació als controls adients.  
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En el segon experiment, vàrem utilitzar els dialitzats obtinguts de 

l’experiment de microdiálisis del capítol 5, concretament el basal i el segon dialitzat 

després del tractament amb DAMGO on ja veiem un increment significatiu en 

l’alliberament de citocines proinflamatòries. Vàrem emprar aquests dialitzats per a 

tractar durant 24 h les cèl·lules SH-SY5Y i fer els mateixos assajos que a 

l’experiment anterior. Els resultats d’aquest experiment mostren com els dialitzats 

després del tractament amb DAMGO incrementen significativament l’activació, la 

internalització, i l’expressió dels MORs neuronals quan comparem amb els dialitzats 

basals. 

És interessant remarcar que els resultats d’aquest capítol mostren una 

clara regulació dels MOR neuronals per part de la micròglia a través de processos 

neuroinflamatoris, cosa que té una alta rellevància en processos de trastorn per 

consum de drogues i en la regulació del dolor i el seu tractament amb medicaments 

que contenen opiacis. A més a més, veiem com aquests mateixos efectes ocorren 

conjuntament amb mecanismes neuroinflamatoris derivats de l’activació de MORs 

glials, la qual cosa té una gran importància a nivell de tractaments amb opiacis. 

Per últim, l’objectiu 3 s’enquadra en el capítol 7 titulat “Pain-Induced 

Alcohol Relapse: Role of Mu-Opioid Receptors and Neuroinflammation” (Recaiguda 

al alcohol induïda per dolor: Paper dels receptors Mu-Opioides i de la 

neuroinflamació). En aquest capítol s’explica el desenvolupament i replicació d’un 

nou model animal de recaiguda induïda pel desenvolupament d’una condició 

dolorosa, fet observat a estudis en pacients en abstinència en el context clínic. A 

més a més, s’utilitzen tècniques de biologia molecular per detectar i quantificar 

variacions en proteïnes claus durant les diferents fases del model animal. 
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En primer lloc vàrem establir el nou model en rata combinant dos models 

preexistents, el model de CFA de dolor inflamatori i el model d’accés intermitent a 

alcohol en un paradigma de dues botelles. En este sentit, rates mascle i femella 

varen estar exposades a una botella d’aigua i una d’alcohol 20% en aigua tres 

vegades a la setmana (dilluns, dimecres i divendres) durant 8 setmanes, de manera 

que la botella d’alcohol es posava al començament del seu període d’activitat i es 

retirava 24 h després. En acabar aquest període d’adquisició, vàrem retirar les 

botelles d’alcohol forçant l’abstinència que va tindre una duració de 3 setmanes. El 

primer dia de la tercera setmana d’abstinència forçada, vàrem injectar els animals 

amb CFA o solució salina estèril. En acabar les 3 setmanes d’abstinència, les 

botelles d’alcohol es varen reintroduir durant 5 noves sessions d’accés a alcohol. 

Els animals es varen sacrificar en dos punts del procés, al final de les 3 setmanes 

d’abstinència forçada i després de les 5 sessions de reintroducció. En ambdós 

sacrificis s’extragueren els cervells i es processaren per fer 

immunoelectrotransferència i immunohistoquímica. Els resultats mostren com 

només les rates femella varen incrementar significativament el consum d’alcohol 

quan comparem el consum de les 5 sessions prèvies a l’abstinència i les 5 sessions 

post abstinència. És interessant remarcar que aquests resultats sexe dependents 

mostren una realitat que no s’havia observat prèviament a la literatura. 

Addicionalment, les tècniques de biologia molecular emprades ens varen proveir 

de dades d’expressió de proteïnes de la cascada de senyalització de inflamació 

(pNFκB), de mediadors neuroinflamatoris (iNOS, COX2 i IL1β) i antiinflamatoris 

(Il10), IBA1, i MOR al còrtex prefrontal (PFC), al NAc, i a l’Àrea Ventral Tegmental 

(VTA). Els resultats mostren alteracions dinàmiques en les tres àrees estudiades al 

llarg de les diferents fases del model. A més a més, els mascles quasi no van 

experimentar canvis d’expressió en les proteïnes analitzades, cosa que correlaciona 
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amb les dades de comportament del model. Per altra banda, les alteracions 

observades en relació al marcador de micròglia IBA1 i als MORs  correlacionen al 

PFC i al NAc en femelles amb dolor inflamatori en el període de post abstinència, 

suggerint que les interaccions MOR-micròglia estudiades als capítols 5 i 6 poden 

estar jugant un paper clau en les recaigudes al alcoholisme induïdes per dolor. És 

també important subratllar que l’expressió de l’IL1β sofreix les mateixes alteracions 

que els MORs, sent indicatiu de la possible regulació del MOR per part d’aquesta 

citocina en el model. 

Els resultats obtinguts en el capítol 7 esclareixen el paper fonamental del 

factor sexe i de la presència de dolor inflamatori en les recaigudes en el consum 

d’alcohol. A més a més, suggereixen que la relació descrita en capítols anteriors 

entre els MORs i mecanismes neuroinflamatoris pot estar intervenint en el procés 

de recaiguda. No obstant això, precisem de més recerca per poder dictaminar la 

profunditat del paper d’aquesta interrelació. 
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10.3. Aportacions originals 

Les principals aportacions de la present tesi doctoral es poden resumir en 

tres: (1) L’aprofundiment de l’estudi de la interrelació entre els MORs, la micròglia, 

i la neuroinflamació, (2) el paper que el dolor inflamatori perifèric juga en el control 

del sistema immunològic en àrees concretes del sistema nerviós central 

pertanyents al sistema de reforç, i (3) la rellevància del factor sexe, dolor i 

interrelació MOR-micròglia en les recaigudes en el consum d’alcohol.  

En relació al primer punt, aquesta tesi doctoral ha suposat un impuls 

vertaderament important dins del camp d’investigació en el qual s’enquadra. Això 

és així per dues raons principals. En primer lloc, hem vist com l’activació 

farmacològica dels MOR indueix l’alliberament de molècules amb un caràcter 

inflamatori a més a més d’incrementar el número de cèl·lules IBA1 positives. Els 

estudis anteriors basen les seues troballes en experiments majoritàriament in vitro 

i en evidències indirectes. El nostre estudi aporta un punt de vista in vivo i ex vivo 

que complementa i correlaciona amb resultats extrets de la literatura. 

Addicionalment, els nostres experiments s’han realitzat en àrees cerebrals del 

sistema de reforç i no en zones típicament involucrades en el processament del 

dolor com la medul·la espinal com en experiments prèviament publicats, cosa que 

els fa traslladables a una innumerable llista de malalties neuropsiquiàtriques 

basades en alteracions mesocorticolímbiques com la depressió, l’ansietat, o els 

trastorns per consum de drogues. Per altra banda, també hem aprofundit en com 

mecanismes neuroinflamatoris modifiquen l’expressió dels MORs neuronals 

mitjançant la senyalització de citocines proinflamatòries. Açò ja es coneixia des dels 

anys 90 del segle passat, però va quedar sense resoldre als començament dels 

2000. La present tesi doctoral indica que l’increment en la expressió dels MORs 
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neuronals esdevé per mecanismes de control del RNA missatger. També presentem 

una nova relació que ningú ha descrit amb anterioritat en la que la micròglia regula 

l’activitat dels MORs també a través de citocines proinflamatòries. Finalment, 

aportem evidència de com l’activació farmacològica dels MORs, probablement 

microglials, també modifiquen l’expressió i la senyalització dels MORs neuronals, 

cosa que suggereix la presència d’un mecanisme regulador de tipus 

retroalimentació positiva. A més a més, esta troballa suposa un gran avanç a l’hora 

d’entendre com actuen fàrmacs de tipus opioide i molècules similars que tenen 

afinitat pels MORs.  

El segon punt es recolza en literatura prèvia en la qual s’ha observat com la 

presència d’una condició dolorosa produeix microgliosi en medul·la espinal. 

Tanmateix, els nostres resultats aporten una nova visió en la qual una condició de 

dolor inflamatori agut incrementa la proliferació microglial en diferents àrees del 

sistema de reforç. Açò vol dir que el dolor inflamatori no només altera la resposta 

immunològica en zones del sistema nerviós central dedicades al processament de 

la sensació dolorosa, sinó que a més a més modifica l’activitat de la micròglia en 

àrees mesocorticolímbiques, cosa que és molt reveladora i podria suposar un avanç 

en l’estudi de com el dolor indueix el desenvolupament de comorbiditats 

neuropsiquiatriques. Addicionalment, en la present tesi doctoral es posa de 

manifest el paper que el dolor inflamatori té en el control dels mecanismes 

neuroinflamatoris derivats de l’activació dels MOR en el sistema de reforç. 

Aquestes dades impacten directament al camp de les comorbiditats del dolor, en 

concret el trastorns per consum de drogues, i aporten un nou punt de vista en 

relació als tractaments del dolor.  

Per últim, al tercer punt, tractant de traslladar la recerca bàsica a situacions 

clíniques, desenvolupem i validem un model en rata de recaiguda en el consum 
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d’alcohol desenvolupada per dolor i estudiem el factor sexe. En primer lloc, 

aquesta tesi doctoral descriu com les femelles tenen una major vulnerabilitat a les 

recaigudes en el consum d’alcohol quan sofreixen una condició dolorosa. El nostre 

grup és el primer en observar aquest fenomen, encara que un treball anterior va 

observar com els mascles eren més propensos a iniciar el consum d’alcohol que les 

femelles quan sofrien de dolor inflamatori. Tant els nostres resultats com els 

aportats prèviament pel grup del Dr. Kash son fonamentals per poder tractar d’una 

manera molt més personalitzada i adient als pacients amb un AUD. Aquest punt és 

essencial, ja que en moltes investigacions bàsiques modelant condicions 

patològiques humanes només empren mascles als seus experiments, cosa que 

ignora un factor biològic tan important com és el sexe. Addicionalment, els nostres 

resultats suggereixen que la interrelació MORs-micròglia regulada per la presència 

de dolor inflamatori explicada en els dos punts anteriors pot estar jugant un paper 

essencial en el procés de recaiguda en el consum d’alcohol induïda per dolor en 

femelles. En el moment d’escriptura de la present tesi doctoral som l’únic grup de 

recerca que presenta aquesta evidència amb un interès molt important en els AUD 

degut al seu component inflamatori.  
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10.4. Conclusions 

Les principals conclusions derivades de les dades compilades en la present 

tesi doctoral són les següents: 

Conclusió 1.  L’activació dels MORs en el sistema de reforç indueix l’alliberament 

de citocines proinflamatòries i microgliosi en aquest sistema. 

Conclusió 2. El dolor inflamatori altera la proliferació microglial en àrees del 

sistema de reforç. 

Conclusió 3. El dolor inflamatori irromp en la neuroinflamació desencadenada per 

l’activació dels MORs en el sistema de reforç. 

Conclusió 4. L’activació microglial indueix l’activació i l’expressió dels MORs 

neuronals a través de la senyalització mitjançant citocines proinflamatòries.  

Conclusió 5. La neuroinflamació induïda per l’activació dels MORs porta a un 

increment en l’expressió i la senyalització dels MORs neuronals. 

Conclusió 6. El dolor inflamatori indueix la recaiguda en el consum d’alcohol només 

en rates femella. 

Conclusió 7. Els nivells de cèl·lules microglials, IL1β, i MORs correlaciona en 

femelles que sofreixen de dolor inflamatori en un model de privació d’alcohol, cosa 

que suggereix que estan tots implicats en les recaigudes en el consum d’alcohol 

induïdes per dolor en rates femella.  
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10.5. Futures línies d’investigació 

Al llarg d’aquest resum s’han mencionat diverses mancances i limitacions 

de la nostra investigació que, per raons obvies de la temporalitat de la tesi 

doctoral, no han pogut ser abordades. En aquesta secció no només aprofundirem 

en nous enfocaments i experiments per cobrir aquestes mancances sinó que, a més 

a més, n’afegirem de noves.  

En primer lloc, malgrat el gran paper que juga la perspectiva de gènere en 

la present tesi doctoral, els resultats obtinguts al capítol 5 es deriven de, 

principalment, rates mascle. Seria, per tant, interessant repetir els experiments 

realitzats en rates femella per veure si es repliquen els resultats. Aquest punt és 

essencial si tenim en compte que les diferències observades en el model de 

recaiguda en el consum d’alcohol induïda per dolor inflamatori tenen un 

component de gènere molt important. Addicionalment, encara que hem emprat 

ratolins mascle i femella de manera conjunta en el capítol 6 per fer els cultius 

primaris de micròglia, és possible que al fer una distinció de sexe a l’hora de la seua 

realització observem uns resultats una mica diferents. 

Altre punt a considerar és la possibilitat de que els mecanismes 

neuroinflamatoris i la seua relació amb els MOR també esdevinga amb altres 

receptors de la mateixa família com els Kappa (KOR) o els delta (DOR). De fet hi ha 

evidència de que aquesta relació existeix, encara que el mecanisme pel qual ocorre 

és del tot desconegut. Si es descobrira  que els KOR i els DOR interactuen de 

manera estreta amb cèl·lules glials, s’obriria un nou camp de recerca que utilitzaren 

aquesta relació com a diana per millorar les vides de pacients amb dolor crònic i 

trastorns per consum de substancies.  
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Per altra banda, emprem el CFA com model de dolor inflamatori i no hem 

fet ús de cap model de dolor neuropàtic, el qual en ocasions es comporte de 

manera diferent als models de dolor inflamatori. Tenint en compte que el sistema 

immunològic és fonamental en el processament del dolor inflamatori i nosaltres 

ens focalitzem en canvis neuroimmunològics, és de suposar que ambdós tipus de 

dolor actuaran de manera distinta. A més a més, seria interessant observar les 

alteracions que es produeixen en la relació entre els MORs i la micròglia amb altres 

insults perifèrics de caràcter inflamatori. 

Una continuació clara de la tesi doctoral seria també iniciar-se en l’estudi 

d’un possible tractament farmacològic que tinguera com diana terapèutica la 

relació entre els MORs i la neuroinflamació per tal d’evitar les recaigudes en el 

consum d’alcohol induïdes per dolor o altres comorbiditats relacionades. Una 

possibilitat seria la inhibició de l’activitat de les cèl·lules microglials amb agents 

com l’ibudilast. A més a més, s’hauria d’estudiar el mecanisme d’administració del 

fàrmac per tal d’evitar que afecte a la perifèria de manera no intencionada. Per 

aconseguir-ho, podríem utilitzar diferents tipus de formes farmacèutiques 

innovadores que vehiculen el fàrmac principalment a la diana terapèutica. Aquesta 

recerca és inherent a l’àmbit de la tecnologia farmacèutica. 

A més a més, en el nostre model de recaiguda en el consum d’alcohol 

induïda per dolor examinem les alteracions dinàmiques al MCLS produïdes durant 

els períodes d’abstinència i recaiguda. Tanmateix, desconeguem si aquestes 

diferències provenen de canvis que ja es produeixen durant l’etapa d’adquisició. A 

més a més, també desconeixem de quina manera el dolor inflamatori modifica els 

mecanisme immunològics al MCLS, ja que no hi ha massa bibliografia al respecte i 

la que hi ha es centra fonamentalment a la medul·la espinal. 
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També seria lògic aprofundir en altres trastorns per consum de substàncies 

com el opiacis o la cocaïna, per tal de veure si la relació entre els MORs i la 

neuroinflamació derivada de l’activació de les cèl·lules microglials juga un paper en 

aquests. Sobretot, caldria focalitzar la recerca en les diferents parts del procés 

d’addició a cadascuna d’aquestes drogues d’abús.  

Finalment, el nostre laboratori té la intenció de continuar amb les línies de 

recerca propostes com a part de futures tesis doctorals. 


