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Abstract 

β-Arrestin belongs to the protein family which has a huge impact not only on GPCR 

signaling, but its role exceeds the function of the membrane channel, its own signaling 

cascade, or as a scaffold protein, etc. Here we aimed to study β-arrestin roles on the MOR 

behaviour in the plasma membrane or -opioid receptor (MOR) signaling and effect on 

adenylyl cyclase (AC) function using the siRNA to decrease the expression of β-arrestin 

isoforms. Furthermore, we focused on investigating the role of β-arrestin on the crosstalk 

between MOR and TRPV1 channels, which are important parts of pain transduction. For 

this purpose, we used HEK293 cells that stably expressed MOR-YFP or transiently 

transfected with TRPV1-CFP. 

We observed that both β-arrestin isoforms have an effect on the lateral mobility of 

MOR in the plasma membrane and the silencing of one or another β-arrestin isoforms 

abolishes the effect of MOR agonists to affect its diffusion in the plasma membrane. 

Interestingly, silencing of β-arrestin1 diminish the internalization of MOR induced by the 

endogenous agonist endomorphin-2. On the other hand, silencing of β-arrestin2 did not 

abolish the endomorphin-2 induced MOR internalization. Moreover, both isoforms exhibit 

a distinct impact on the inhibition of AC induced by the agonists of MOR. 

Forskolin-induced AC activity was enhanced in cells lacking β-arrestin2 and suppressed by 

silencing the β-arrestin1. Furthermore, we observed an important role of Gαs in 

forskolin-induced cAMP accumulation in cells lacking β-arrestins. For the first time, we 

showed a possible interaction of β-arrestin1 with AC activated by isoprenaline. 

The next part of our investigation was to focus on the role of β-arrestin2 in the 

MOR-TRPV1 crosstalk. We observed that the elimination of β-arrestin2 abolished the 

effect of MOR or TRPV1 agonists to induce changes in the lateral mobility of one receptor 

or the other. Furthermore, the level of β-arrestin2 within the plasma membrane was 

decreased after activation of MOR or TRPV1 in cells expressing both receptors and that 

β-arrestin2 plays an important role in MOR-induced ERK1/2 phosphorylation in cells 

expressing TRPV1.  

In the last part of our study, we examined the possible cooperation between TRPV1 

and TLR4 in the plasma membrane and observe potential crosstalk between TLR4 and 

TRPV1 after TRPV1 activation.  



Together, our study demonstrates the differences between the β-arrestin isoforms in 

MOR signaling and in modulation of AC activity and that β-arrestin2 is an important 

mediator in the crosstalk between MOR and TRPV1. 

Key words: β-arrestin, µ-opioid receptor, TRPV1 receptor, TLR4 receptor, 

signaling, adenylyl cyclase, receptor lateral mobility. 



Abstrakt 

β-Arrestin se řadí do rodiny proteinů, které mají velký vliv nejen na signalizaci 

GPCR, ale jeho role je i u membránových kanálů, dále má své vlastní signální kaskády 

nebo jako tzv. “scaffold“ protein atd. V této práci jsme si dali za cíl studovat roli β-arrestinu 

na chování MOR v plazmatické membráně, signalizaci MOR a vliv na funkci AC. Jeho roli 

jsme zkoumali za pomoci siRNA metody, díky které se sníží exprese obou izoforem β-

arrestinu. Dále jsme se zaměřili na zkoumání role β-arrestinu2 v komunikaci mezi MOR a 

TRPV1 kanálem, kdy tyto dva receptory jsou důležitou součástí přenosu bolesti. K tomuto 

účelu jsme použili buňky HEK293 stabilně exprimující MOR-YFP nebo transientně 

transfektované TRPV1-CFP. 

Zjistili jsme, že obě izoformy β-arrestinu mají vliv na laterální mobilitu MOR v 

plazmatické membráně a umlčení jedné nebo druhé izoformy β-arrestinu zabrání změně 

difúze MOR v plasmaticke membráně vyvolané agonisty MOR. Zajímavé je, že umlčení 

β-arestinu1 snižuje internalizaci MOR vyvolanou endogenním agonistou endomorfinem-2. 

Na druhou stranu umlčení β-arrestinu2 nemělo téměř žádný efekt na internalizaci MOR 

vyvolanou endomorfinem-2. Obě izoformy navíc vykazují odlišný vliv na inhibici AC 

vyvolanou agonisty MOR. Aktivita AC indukovaná forskolinem byla zvýšena v buňkách s 

nedostatkem β-arestinu2 a potlačena umlčením β-arestinu1. Kromě toho jsme pozorovali 

důležitou roli Gαs v produkci cAMP vyvolané forskolinem v buňkách, kterým chybí obě 

formy β-arrestinu. Poprvé jsme prokázali možnou interakci β-arrestinu1 s AC aktivovanou 

isoprenalinem. 

V další části našeho zkoumání jsme se zaměřili na úlohu β-arrestinu2 v komunikaci 

mezi MOR-TRPV1. Pozorovali jsme, že knockdown β-arrestinu2 anuluje účinek agonistů 

MOR nebo TRPV1 na vyvolání změn laterální pohyblivosti jednoho nebo druhého 

receptoru. Kromě toho byla hladina β-arrestinu2 v plazmatické membráně snížena po 

aktivaci MOR nebo TRPV1 v buňkách exprimujících oba receptory. β-Arrestin2 hraje 

důležitou roli v MOR indukované fosforylaci ERK1/2 v buňkách exprimujících TRPV1.  

V poslední části naší studie jsme se zabývali možnou spoluprací mezi TRPV1 a 

TLR4 v plazmatické membráně a pozorovali jsme potenciální vzájemné ovlivňování mezi 

TLR4 a TRPV1 po aktivaci TRPV1.  



Celkově naše studie poukazuje na rozdíly mezi izoformami β-arrestinu v signalizaci 

MOR a modulaci aktivity AC a také že β-arrestin2 je důležitým mediátorem v komunikaci 

mezi MOR a TRPV1. 

Klíčová slova: β-arrestin, µ-opioidní receptor, TRPV1 receptor, TLR4 receptor, 

signalizace, adenylát cykláza, laterální pohyblivost receptoru 
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1 Introduction 

β-Arrestins play a crucial role in regulating the signaling of G protein-coupled 

receptors (GPCRs), which are a large family of membrane receptors that mediate various 

physiological processes in the body. Originally, β-arrestins were discovered as molecules 

that "arrest" the activation of GPCRs by preventing further G protein signaling after 

receptor activation. However, it is now known that β-arrestins also serve as key regulators 

of GPCR signaling, by serving as scaffolding proteins that recruit other signaling molecules 

to the receptor, leading to the activation of additional signaling pathways such as the 

mitogen-activated protein kinase (MAPK) pathways or internalization of receptors. 

Β-Arrestins may affect not only GPCRs, but also channels or receptor tyrosine kinase 

(RTKs). 

MOR and TRPV1 have been shown to interact and modulate each other's activity. 

MOR is involved in pain relief and addiction, and its activation by opioids leads to 

inhibition of neurotransmitter release, which reduces pain signaling. However, opioids are 

highly addictive due to their ability to produce a sense of euphoria and pain relief, which 

can lead to repeated use and eventually addiction. Furthermore, side effects caused by 

opioid use can have a significant impact on patient lives. β-Arrestins play a crucial role in 

regulating the signaling of MOR, and recent research has revealed that they can modulate 

the signaling of MOR in a biased manner. This means that different ligands can selectively 

activate different signaling pathways downstream of the receptor, leading to different 

physiological effects. TRPV1, on the other hand, is a thermosensitive ion channel involved 

in pain signaling and inflammation. As with MOR, β-arrestin can affect the TRPV1 

function and is important in desensitization of TRPV1. Clearly, both receptors play an 

important role in pain sensation and relief, which makes them interesting targets for the 

research and development of new therapeutic approaches to pain management. 

Unfortunately, the lack of convenient and accurate methods to study the crosstalk 

of both receptors and simultaneously the involvement of β-arrestins creates a poorly 

explored scientific area. It is even more important to understand the molecular mechanisms 

underlying the β-arrestin function in the signaling pathways of both receptors. Here, our 

objective was to investigate the involvement of β-arrestins in mu-opioid receptor (MOR) 

and TRPV1 signaling crosstalk and in addition the possible new partner for β-arrestin 

signaling such as adenylyl cyclase. 
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2 Literature overview 

2.1 β-Arrestin 

β-arrestins act as important signaling and scaffolding proteins that can interact and 

affect many non-receptor proteins in cells. Due to the ability of the β-arrestins to bind to a 

large number of different signaling proteins, β-arrestins may play a crucial role in several 

cell events such as cell survival, cell migration, apoptosis, cell proliferation, cytoskeletal 

organization, or development (Laporte and Scott 2019). We may classify 4 different 

arrestin isoforms as arrestin1, 2, 3, and 4. Arrestin1 and 4 are in the subclass of visual 

arrestins, and arrestin2 and 3 belong to the nonvisual class of arrestins. First, visual arrestins 

were discovered to be part of the retinal photoreceptor region (Dorey and Faure 1977). 

Lately, non-visual arrestins were identified as a component of β2-adrenergic receptor 

desensitization machinery and based on their discovery, arrestin2 and 3 are named 

β-arrestin1 and β-arrestin2, respectively (Attramadal et al. 1992; Parruti et al. 1993). 

2.1.1 Structure 

β-Arrestin1 and β-arrestin2 share more than 75% sequence identity. Their inactive 

or basal states are very similar. β-Arrestins are mostly folded from anti-parallel β-strands 

connected with small loop regions (Zhan et al. 2011). Two main domains (N and C 

domains) are linked with the middle loop and upon activation, the N and C domain undergo 

approximately 20° rotation with respect to each other. The C tail of the β-arrestins is folded 

back in the N domain, supporting the basal state of the β-arrestins (Figure 1). However, 

upon activation, the C tail is released from the N domain and can interact with proteins of 

the endocytic machinery such as adaptor protein 2 (AP2) and clathrin. However, a recent 

study observed that β-arrestin1 may undergo activation upon the binding of 

phosphatidylinositol 4,5-bisphosphate (PIP2) to its C domain without releasing the C tail 

of the β-arretsin1 (Zhai et al. 2023). Additionally, the basal state of the β-arrestins is 

supported by two interdomain interactions known as polar core and three-element 

interaction (Chen et al. 2018) (Figure 1). 

We may describe three parts of β-arrestins as sensors that can recognize the 

activated GPCR. First, the phosphorylation sensor is located in the N domain of the 

β-arrestin together with the C tail. This sensor is capable of recognizing the phosphorylated 

receptor at its C terminus or intracellular loop 3 (ICL3) (Shukla et al. 2013). The activation 
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sensor consists of the finger loop and the C loop. The finger loop typically interacts with 

the transmembrane core of activated GPCR (Kang et al. 2015). The last sensor is called the 

membrane sensor located in the C domain. The C domain includes mainly hydrophobic and 

hydrophilic residues that can interact with the phosphoinositide groups in the inner layer of 

the plasma membrane and generate a tighter interaction between the β-arrestins and 

receptors (Lally et al. 2017) (Figure 1). 

It is interesting to point out that there are only 5 published structures of activated 

β-arrestins together with the hormone-responsive GPCR. All structures were resolved 

within the last 4 years and were determined mostly together with conformation-selective 

antibodies such as Fab30 or ScFv16 which support and stabilize the structure of the 

complex. Individually, there are arrestin structures with M2-muscarinic receptor (M2R) 

(Staus et al. 2020), β1-adrenergic receptor (β1AR) (Lee et al. 2020), vasopressin receptor 2 

(V2R) (Bous et al. 2022) and two with neurotensin receptor 1 (NTSR1) (Yin et al. 2019; 

Huang et al. 2020). 

Figure 1 The structure of β-arrestin1 in its inactive state. The inactive state is stabilized by 

two interdomains “polar core” and “three-element interaction” showed in a detail. N 

domain is presented in blue colour and C domain in grey colour. Amino acid residues for 

the phosphorylation sensor and membrane sensors are showed in yellow and green, 

respectively. Activation sensor is created by finger loop and C loop represented by purple 

colour (Chen and Tesmer 2022). 
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2.1.2 β-Arrestins and GPCRs 

Nevertheless, β-arrestins are mostly known for their regulation of seven transmembrane 

receptors recognized as GPCR. GPCRs are G protein-coupled receptors that are largely 

expressed among tissues and cells. GPCRs are widely studied due to their involvement in 

many diseases, sense of smell or taste, etc. as they respond to hormones, metabolites, 

neurotransmitters, or cytokines. We can divide GPCRs into six classes according to their 

functions, Class A - rhodopsin receptors (chemokine receptors, opioid receptors, 

angiotensin receptors, adrenergic receptors, etc.), Class B - secretin family (calcitonin 

receptors, glucagon receptors, etc.), Class C -metabotropic glutamate receptors, Class D - 

fungi mating pheromone receptors, Class E - cAMP receptors, Class F–frizzled and 

smoothened receptors (Ghosh et al. 2015). 

The classic GPCR signaling pathway begins with the binding of the appropriate 

ligand to the GPCR. The binding of the ligand induces receptor conformational changes 

that allow the interaction between the activated receptor and the heterotrimeric G protein 

with bound GDP. The heterotrimeric G protein consists of 3 subunits α, β, and γ. 

Subsequently, the guanine nucleotide exchange factor (GEF) is responsible for replacing 

the GDP on the Gα subunit for GTP which leads to the dissociation of the Gα subunit from 

the Gβγ subunit. Different subtypes of Gα subunits as Gαs, Gαi, and Gαq continue in the 

signaling through the distinct second messengers as cAMP, calcium, DAG, and IP3 

(Gilman 1987). However, the signaling pathway of activated GPCR does not end with the 

activation of heterotrimeric G proteins. After the dissociation of the Gα and Gβγ subunit 

form the receptor, the subtype of the kinase family called G protein-coupled receptor 

kinases (GRKs) terminates the G protein signal and phosphorylates the C terminus or ICL 

of the receptor in a distinct phosphorylation pattern (Moore et al. 2007). The 

phosphorylation of the receptor is the signal for the binding of the β-arrestins which 

abolishes the further interaction between the activated receptor and the heterotrimeric 

G proteins (Lefkowitz and Shenoy 2005). 

β-Arrestins serve as a scaffold for endocytic proteins such as clathrin and AP-2 

(Goodman et al. 1996). The complex of GPCR and β-arrestin undergoes internalization in 

clathrin-coated pits. The decrease in the number of activated receptors in the plasma 

membranes prevents cell damage caused by sustained signaling. The clathrin-mediated 
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endocytosis is called the down-regulation of GPCRs. The receptor could be degraded in the 

lysosomes or recycled back to the plasma membrane (Lefkowitz and Shenoy, 2005). 

2.1.2.1 Engagement of β-arrestin and GPCRs 

There are only two isoforms of β-arrestin which raises the question: how do the two 

isoforms of β-arrestin distinguish between hundreds of GPCRs and their phosphorylation 

patterns? With more observed structures of activated β-arrestin with the activated GPCR, 

we may have the answer. It seems that β-arrestins are capable of engaging the receptor in 

several different ways. The first results of different engagement of β-arrestin and receptor 

were achieved with the β2AR with replaced C terminus by V2R (β2V2R). Surprisingly, two 

different structures of the interaction between the β-arrestin1 and β2V2R were observed 

using single-particle electron microscopy. One of them shown in Fig 2 is the interaction 

called “tail interaction” where the β-arrestin1 is hanging only on the C terminus of the 

β2V2R. The second structure revealed the ‘core interaction’ where β-arrestin1 forms a tight 

interface with the transmembrane (TM) core of the β2V2R. Presumably, the finger loop of 

the β-arrestin is responsible for the core interaction (Shukla et al. 2014). Lately, the 

functions of these distinct interactions were tested on the mutant of the β-arrestin lacking 

the finger loop part, which abolishes the core interaction together with β2V2R, β2AR, and 

V2R. The tail interaction does not prevent the receptor internalization and β-arrestin 

signaling however it suppresses the desensitization of G protein signaling (Cahill et al. 

2017).  
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2.1.3 Isoforms of β-arrestins 

As mentioned above, β-arrestin1 and 2 share a 75 % sequence identity, and their 

structure is similar. Studies of the roles of β-arrestin isoforms in vivo showed 

developmental defects such as abnormal lung and liver development or even embryonically 

lethal for mice lacking both β-arrestin isoforms. On the contrary, mice lacking only one of 

the β-arrestin isoforms did not show differences in phenotype compared to the wild type, 

but they differ in responding to the distinct agents (Zhang et al. 2011). These results may 

suggest that the two isoforms can substitute each other; however, we may find many 

differences in signaling, cell distribution, protein partners, involvement in diseases, etc.  

It is necessary to mention that both isoforms have the nuclear localization sequence 

but only β-arrestin2 carries the nuclear export sequence on its C-terminal (Ma and Pei 

2007). Looking at the signaling functionality of both isoforms, it is necessary to look first 

for their interaction partners and their redistribution. β-Arrestin1 binding partners are more 

associated with the plasma membrane compared to β-arrestin2 interaction partners. This 

fact suggests that the binding partners of β-arrestin1 are more associated with the GPCR 

and the cell cycle. However, overlapping of the possible signaling pathways showed more 

functional activity of β-arrestin2 which may point out β-arrestin2 affects the signaling 

pathway away from the receptors (van Gastel et al. 2018). 

Figure 2 Distinct engagement of β-arrestin with GPCR. On the left side, inactive state of 

β-arrestin expressed in the cytoplasm. Upon the activation of the GPCR with the agonist 

the phosphorylation of the GPCR C terminus is provided by GRKs and the C tail (center) 

or the core engagement complex of the β-arrestin and GPCR (right) appears (Sente et al. 

2018). 
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With a novel BRET methodology, we can define even more detailed differences 

between the β-arrestin isoforms. A recent study focused on differences in β-arrestin1 or 2 

binding conformations to the parathyroid hormone receptor 1 (PTH1). Interestingly, 

β-arrestin1 is more able to form the functional “hanging complex” with PTH1 compared to 

β-arrestin2 which requires the ‘core complex’ for its proper function. Furthermore, the 

translocation of β-arrestin2 to the plasma membrane does not require the presence of GRK 

compared to β-arrestin1 (Haider et al. 2022). 

Differences between β-arrestin isoforms do not include just molecular function but 

we can find a distinct role of the isoforms in diseases. For example, one study described 

the opposite effect of β-arrestin1 and 2 on microglia-mediated inflammation and 

pathogenesis in Parkinson's disease (Fang et al. 2021). Furthermore, β-arrestin isoforms 

may play a role in various types of cancer. In practise, overexpression of β-arrestin1 in 

transgenic mice resulted in rapid initiation and growth of the xenograft tumor than in wild-

type or overexpressed β-arrestin2 transgenic mice (Zou et al. 2008). On the contrary, the 

expression of β-arrestin2 in a murine model of lung cancer prevents tumor growth 

(Raghuwanshi et al. 2008). It is obvious that there are clear differences between the two 

isoforms of β-arrestin however the deeper investigation is still very important. 

2.1.4 Signaling pathways of β-arrestin 

The role of β-arrestins is not coupled only with GPCRs. Now we know, β-arrestins 

may have several other functions. Mainly they serve as a scaffold with hundreds of 

signaling proteins including ion channels, tyrosine kinase receptors, transporters, endocytic 

machinery, protein kinases, etc. (Ma et al. 2021). 

2.1.4.1 MAPK 

One of the well-studied signaling pathways where β-arrestin is involved is MAPK 

(mitogen-activated protein kinase) cascade. MAPKs are an important part of the signaling 

pathways and they respond to various stimuli like cytokines, growth factors, mitogens, etc. 

MAPKs are associated with several cell events like apoptosis, cell differentiation, and 

proliferation. MAPKs cascade consists of three kinases from the upstream: MAPK kinase 

kinase (MAP3K), MAPK kinase (MAP2K), and MAPK. There are three distinct groups of 

MAPKs: ERK1/2, JNK (JNK1, JNK2, JNK3 isoforms and p38 (α, β, γ, δ). All of them 

react to their upstream kinases (DeWire et al. 2007). 
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Activation of MAPK could be G protein-dependent or independent. We know that 

MAPK activation might be caused by the Gi or Go protein (Ahn et al. 2004). The first 

evidence of β-arrestin involvement in GPCR signaling was reported by the β-arrestin-

mediated recruitment of nonreceptor tyrosine kinase c-Src to GPCR (Luttrell et al. 1999). 

Lately, it was shown that β-arrestin plays an important role in the activation of ERK1/2. In 

this case, β-arrestin acts as a scaffold protein for the kinases involved in the MAPK cascade. 

Upon activation of AT1AR, β-arrestin gets activated and forms a complex that includes 

MAPKs such as Raf-1, MEK1, and ERK1/2 which leads to the activation of ERK1/2 

(Luttrell et al. 2001). On the other hand, we can find GPCRs where β-arrestin-mediated 

ERK1/2 activation depends on the G protein activity. Concretely, the use of pertussis toxin 

(blocks the Gαi activity) completely abolished the activation by β-arrestin upon the CCR7 

chemokine receptor CCR7 (Kohout et al. 2004). To point out the differences between 

β-arrestin isoforms even in their scaffolding role, a recent study of purified β-arrestin1 and 

2 discovered that β-arrestin2 binds to ERK1 / 2 with higher affinity than β-arrestin1 (Perry-

Hauser et al. 2022). 

The scaffolding role of β-arrestin for another MAPK such as JNK was confirmed 

shortly after the observation of ERK1 / 2. Using the co-immunoprecipitation assay the 

complex of β-arrestin2 together with ASK1 (MAP3K), MKK4/7 (MAP2K), and JNK3 was 

observed (Song et al. 2009; Zhan et al. 2013). 

2.1.5 Biased agonism 

GPCRs were classified as a switcher between the ‘on’ and ‘off’ states or the two 

states mode depending on the ligand binding. Drugs called agonists activate the signaling 

pathway, and in contrast, there are antagonists which block the downstream signaling. 

However, it was found that receptors might be stabilized in many conformations upon 

ligand binding that corresponds to the ligand affinity and efficacy for the receptor. 

Furthermore, some agonists were defined as biased agonists which means they have the 

ability to direct the signal through the G protein or β-arrestin as opposed to endogenous 

ligands that activate both signaling pathways at a similar level.  

What is the molecular mechanism of biased agonism? The answer might be in 

a comparison of the β2AR-Gαs crystal structure with the rhodopsin-arrestin complex. In the 

inactive state of GPCRs, there is no space to bind to the G protein or β-arrestin. 

Interestingly, the active state of the receptor bound to G protein or arrestin is not as distinct 
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as expected. There is a small exception where the receptor bound to the G protein creates a 

larger pocket by extending the C terminal side of TM6. This movement opens the pocket 

in the activated receptor for the Ras-like domain of the Gα subunit (Zhou et al. 2017). The 

study of the GLP1 receptor where mutation at the beginning of TM6 to positively charged 

residues changes the receptor from unbiased to G protein biased supports the importance 

of TM6 in G protein binding (Yin et al. 2016). On the other hand, arrestin is mainly 

associated with the C-terminus of TM7 and the N-terminus of helix 8. More important for 

the arrestin association with the receptor is the C tail of the receptor and the phosphorylation 

pattern which is necessary for arrestin binding (Zhou et al. 2017).  

Recently, biased agonism is a well-studied phenomenon that has implications in 

physiology and related pharmacology and drug discovery. In some cases, G protein or 

β-arrestin signaling pathways were related to beneficial effects in diseases or with side 

effects. For example, the Gi/o signaling pathway triggered by cannabinoid receptor 1 lead 

to improved neuronal cell viability in the Huntington disease model (Laprairie et al. 2016). 

The idea of a drug that could decrease the side effect of the drug only with beneficial effects 

was tested on the angiotensin receptor. The biased agonist called TRV120027 signals 

toward β-arrestin which causes better heart contractility and lower blood pressure (Violin 

et al. 2010). This drug is in clinical testing (Pang et al. 2017). 

2.1.6 β-Arrestin coupled receptors 

The basic characterization of biased agonism is the ability of the agonist to induce 

conformational changes of the receptor that led to the activation more towards G protein or 

β-arrestin. Since we know some agonists have this ability, it could raise the question of 

whether there is a ligand or even receptor which binds and signal through only one of the 

transducers. 

The studies discovered some of the GPCRs that do not couple with G protein but 

exhibit the β-arrestin recruitment upon receptor activation. Among these receptors are the 

decoy D6 receptor, the complement C5a receptor, and the chemokine receptor (CXCR7) 

(Weber et al. 2004; Kalant et al. 2005; Rajagopal et al. 2010). In terms of concreteness, the 

complement C5a receptor (C5L2) did not show inhibition of the forskolin-stimulated 

cAMP response after using two different agonists such as C5a and C5a-desArg. On the 

other hand, recruitment of β-arrestin2 to the C5L2 receptor was much more effective in 

CHO cells treated with both agonists (Van Lith et al. 2009). 
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Recently, Pandey et al. conducted a study that focused on a more detailed 

description of the possible existence of β-arrestin coupled receptors. They compared two 

pairs of GPCRs, CCR2 with D6 and C5aR1 and C5aR2, in the context of G protein 

activation, β-arrestin recruitment, trafficking and GRK preferences, ERK1/2 activation, 

and the conformational changes of activated β-arrestin. D6-CCR2 were activated with the 

common agonist CCL7 (chemokine ligand) and C5aR1-C5aR2 share the native agonist 

C5a. Briefly, the study compared all subtypes of Gα proteins and observed the lack of 

Gα protein activity between the D6 and C5aR2 receptors using a new NanoBit assay. 

Furthermore. Both receptors robustly recruited both isoforms of β-arrestins upon activation. 

Furthermore, the activated D6 receptor does not require the presence of GRKs for β-arrestin 

recruitment as a result of constitutive phosphorylation in its basal state. Taken together, for 

the first time this study confirmed the existence of β-arrestin coupled receptors (Pandey et 

al. 2021). 

Note of interest: there is an atypical chemokine receptor called Duffy antigen 

receptor for chemokines (DARC). DARC does not exhibit coupling either with G proteins 

or β-arrestins (Chakera et al. 2008). However, the receptor phenomenon needs to be further 

investigated.  

2.1.7 Supercomplexes 

We know that β-arrestin may create two different binding states with the activated 

GPCR described as core engagement or hanging state (Shukla et al. 2014). Particularly, the 

hanging state of β-arrestin bound to GPCR gives us thoughts about possible space for 

G protein binding. First, studies on parathyroid hormone receptor or β2-adrenergic receptor 

revealed that G protein signaling was not attenuated by binding of β-arrestin to the receptor; 

however, they observed sustained G protein signaling even from endosomes (Ferrandon et 

al. 2009; Irannejad et al. 2013). 

With increasing information about β-arrestin structure in its activated state bound 

to the GPCR together with studies describing sustained G protein signaling even from the 

endosomes, researchers came up with a hypothesis of supercomplexes. This hypothesis was 

first confirmed in 2016 using functional assays such as the real-time cAMP assay or BRET 

assay for three different GPCRs: β2AR, V2R, β2V2R. The results demonstrated the possible 

formation of G protein, β-arrestin, and receptor supercomplexes in endosomes especially 

for the typical class B receptor (Thomsen et al. 2016). Later, structural insight in the 
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supercomplex formation of isolated β2V2R, β-arrestin, Gαs, Gβ, and Gγ was confirmed using 

the cryo-EM method. Here, it is necessary to mention that the supercomplex structure is 

made under artificial conditions together with nanobodies which are important to stabilize 

the active conformation of β-arrestin or Gαs (Nguyen et al. 2019).  

2.2 μ-Opioid receptor 

Opioid receptors belong to the family of GPCRs. We distinguish four different 

subtypes of opioid receptors, such as δ-opioid receptor (DOR), κ-opioid receptor (KOR), 

μ-opioid receptor (MOR), and the opioid receptor like-1 (ORL-1) (Mollereau et al. 1994). 

The distribution of all four classes is through the nervous system like the cortex, limbic 

system, spinal cord, midbrain, etc. (Volkow and McLellan 2016). Natural agonists of ORs 

are endogenous opioids such as endorphins, enkephalins, and dynorphins. ORs are involved 

in many physiological processes including analgesia, euphoria, stress, reward system, etc. 

(Inturrisi, 2002). However, MOR is one of the most involved receptors in analgesia and 

pain relief (Kieffer, 1999). 

2.2.1 Pain 

μ-Opioid receptors are located on the presynaptic and postsynaptic neuron 

membranes. MOR is coupled to the Gi/o protein family, and its activation leads to the 

inhibition of voltage-gated calcium channels in presynaptic neurons, which results in the 

inhibition of neurotransmitter release. Activation of MOR is also responsible for the 

activation of inward rectifying potassium channels that caused the hyperpolarization of the 

postsynaptic neuron. Inhibition of neuronal transmission of pain is the effect of opioid use 

and the cause of analgesia (Inturrisi, 2002). In addition to that, activation of MOR also 

reduces the production of cAMP and decreases the activity of protein kinase A (PKA). 

Accordingly, changes in PKA activity and production were connected to the long 

administration of opioids, where cAMP production increased and resulted in higher activity 

of PKA. Therefore, PKA activity might be involved in reduced analgesia and caused 

tolerance (Duman et al. 1988). 

More than 20 % of adults suffer from chronic pain in the US. Combating chronic 

pain becomes a problem since the opioid crisis in the US. The use of opioids is the first 

choice for treating chronic pain. Although opioids provide fast pain relief, they have several 

side effects as respiratory depression, diarrhoea, nausea, vomiting, analgesic tolerance, and 
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abuse liability. All these side effects are responsible for the lower quality of life of patients 

and lead to overdose deaths. The opioid crisis in the United States is one of the most severe 

public health crises. The first wave of the crisis related to the nonmedical use of prescribed 

opioids was followed by the use of heroin as the second wave. The misuse of illegal 

synthetic opioids led to the crisis as the third wave and the most recent is the combination 

of psychedelic drugs and opioids. Fencing the crisis is even more difficult when opioids 

have beneficial therapeutic effects and cannot be forbidden as some other illegal drugs 

(Volkow and Blanco, 2021).  

2.2.2 Opioids 

Opium is the extract of the poppy plant Papaver somniferum. Opium contains 

morphine and codeine which have been used for pain relief for thousands of years (Pathan 

a Williams 2012). Interestingly, to find an even better drug to treat pain, heroin was 

synthetized from opium. However, heroin turned out to be a very addictive drug 

(Brownstein, 1993). We can distinguish three groups of opioids: endogenous, synthetic, 

and semi-synthetic. Some other semisynthetic opioids are oxymorphone or 

hydromorphone. Fully synthetic opioids are fentanyl, methadone, or meperidine. For 

example, fentanyl is multiple times more potent than morphine and, in combination with 

other drugs, becomes even more addictive (Ling and Wesson 1990). 

Endogenous opioids are produced in the brain as neuropeptides and are derived 

from three precursors named prodynorphin, pro-enkephalin A, and pro-opiomelanocortin 

which enable the formation of three different endogenous opioids such as dynorphins, 

enkephalins, and endorphins, respectively (Shenoy and Lui 2023). All endogenous opioids 

are able to bind to MOR, however, endorphins have a higher affinity for MOR than 

dynorphins and enkephalins, which binds with higher affinity to KOR or DOR respectively 

(Cuitavi et al. 2021). One special class of endogenous opioids is endomorphin. We describe 

two types of endomorphins, 1 and 2. Endomorphins are also neuropeptides; however, their 

precursor has not been identified yet (Gu et al. 2017). 

2.2.3 MOR structure 

There is only one copy of the μ -opioid receptor gene identified, and it is called 

OPRM1. Since there is only one copy of the OPRM1 gene for MOR, the hypothesis of 

different splice variants of OPRM1 is more evident. We may now describe three subtypes 
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of splice variants: full-length seven transmembrane (7TM) domain C-terminal variants, 

truncated six transmembrane (6TM) variants, and truncated one transmembrane (1TM) 

variants (Liu et al. 2021).  

The OPRM1 gene consists of 4 exons and 3 introns when exons 1, 2, and 3 encode 

the 7TM variant of MOR, and the C terminal tail is encoded by alternative splice variants 

of another exon. Interestingly, different splice variants of the C-terminal tail may influence 

the binding pocket of MOR for some endogenous opioid peptides (Abrimian et al. 2021).  

The general structure of MOR consists of seven transmembrane domains that are 

connected by 3 extracellular loops (ECL1-3) and by 3 intracellular loops (ICL1-3). The 

binding pocket is surprisingly largely exposed to the extracellular surface and ligand like 

β-funaltrexamine makes contact, especially with TM 3, 5, 6, and 7 (Manglik et al. 2012). 

The active and inactive structure of MOR is very similar, except for TM6, which moves 

outward upon activation (Huang et al. 2015). The main interaction between the active MOR 

and the Gi protein is provided through ICL2 and ICL3 of MOR. Concretely, ICL2 interacts 

primarily with two helices of Gi (αN and α5) and ICL3 stabilizes the complex by adding 

an interaction with β6 strand of Gi (Koehl et al. 2018). 

2.2.4 MOR signaling 

As mentioned above, MOR is coupled with the Gi protein. Upon activation of MOR 

by its agonist, the heterotrimeric Gi protein is activated and the Gαi subunit dissociates from 

Gβγ subunits. The role of the Gαi subunit is to inhibit the membrane enzyme called adenylyl 

cyclase (AC), which is responsible for creating the second messenger cAMP. The 

Gβγ subunits activate the G protein-coupled inward rectifying potassium channels (GIRK) 

and inhibit the voltage-gated calcium channels (VGCC). However, this is not a complete 

story of MOR signaling. After the activation of MOR and its Gi proteins, phosphorylation 

of the C tail of MOR occurs due to the GRKs (Cuitavi et al. 2021). Together, 11 possible 

phosphorylation sites are exposed on the C tail of MOR and some additional serine or 

threonine are in ICL of MOR. We can distinguish two phosphorylation cassettes in the C 

tail of MOR as 354TSST357 and 370TREPHSTANT379 region (Lau et al. 2011). The study by 

Doll et al. confirms that the recruitment of different GRK and the phosphorylation barcode 

of MOR is ligand-dependent using siRNAs for different GRKs. Whereas the partial agonist 

morphine is capable of recruiting only GRK5 and causing Ser375 phosphorylation, the full 

agonist DAMGO works together with GRK2/3 and causes rapid phosphorylation of the 
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370TREPHSTANT379 region followed by slow rate phosphorylation of the 354TSST357 

region (Doll et al. 2012). The phosphorylation of MOR is the essential step for the 

recruitment of β-arrestin which disrupts further activation of Gi protein and causes 

desensitization of MOR. 

It is known that MOR can recruit both isoforms of β-arrestins. However, similarly 

to the recruitment of GRKs, the recruitment of β-arrestin1 or β-arrestin2 is dependent on 

the agonist. Morphine promotes the recruitment only of the β-arrestin2 and DAMGO 

recruits both isoforms of β-arrestins. Moreover, β-arrestin1 has been shown to be related to 

MOR ubiquitination together with MOR dephosphorylation (Groer et al. 2011).  
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Figure 3 MOR life cycle. (A)Different splice variants of MOR mRNA are translated 

to the 1TM, 6TM or 7TM variant of MOR. 7TM variant of MOR goes through the 

Golgi apparatus to the plasma membrane and its activation by the agonis leads to 

the activation of heterotrimeric Gi protein. The Gαi subunit inhibits the AC and 

decrease of cAMP production. Gβγ presynaptically inhibits the VGCC channels and 

postsynaptically activates the GIRK channels. Activation of MOR can also lead to 

the MAPK signaling cascade. (B) Upon activation of MOR the GRKs are responsible 

for the MOR phosphorylation and recruitment of β-arrestin to the MOR. β-Arrestin 

is responsible for internalization of MOR. Internalized MOR might be restored back 

to the plasma membrane or depredated in lysosomes (Cuitavi et al. 2021). 
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2.2.5 Biased agonism of MOR 

Since MOR shows coupling not just only with Gi protein but also with β-arrestins 

researchers came up with the hypothesis of biased agonism for MOR. First, the study using 

genetically modified mice lacking β-arrestin1 or β-arrestin2 presented interesting results 

where mice lacking β-arrestin2 showed enhanced and prolonged antinociception induced 

by morphine using a hot plate test (Bohn et al. 1999). Additionally, following the study 

observed mice lacking β-arrestin2 do not develop tolerance to antinociception after chronic 

treatment with morphine. However, mice with β-arrestin2 deletion still built a physical 

dependence on the drug (Bohn et al. 2000). Surprisingly, even side effects induced by 

morphine such as respiratory depression or constipation were decreased in mice lacking 

β-arrestin2 (Raehal et al. 2005). Taken together, the β-arrestin2 pathway could be 

responsible for lower antinociception and the origin of tolerance induced by morphine (Fig. 

4).  

These findings led to a search for the agonist with a biased towards the G protein 

which could solve the problem of side effects caused by morphine. A small synthetic 

molecule called TRV130 or oliceridine. TRV130 showed high G protein coupling and was 

less potent in inducing the internalization of MOR. Furthermore, TRV130 causes a more 

robust analgesic effect than morphine (DeWire et al. 2013). After clinical trials, TRV130 

was approved by the FDA approved TRV130 as a new opioid for moderate to severe acute 

pain treatment (Viscusi et al. 2019; Azzam and Lambert 2022). 

Interestingly, two recent studies attempted to reproduce the original study in 

knockout mice described above. Both studies focused on the respiratory depression side 

effect caused by morphine and found that β-arrestin2 is not connected to this specific side 

effect (Kliewer et al. 2020; Bachmutsky et al. 2021). In addition, the problem of addiction 

to opioids might not be still resolved. A very recent study presented striking results, in 

which they pointed out that β-arrestin2 is not responsible for compulsive drug-seeking 

behavior in the case of morphine (Felth et al. 2023). It is necessary to investigate the biased 

signaling of MOR and shed more light on these very different findings. 

As it is mentioned above, there are several opioids such as synthetic or non-

synthetic opioids or endogenous opioids. It is known that different opioids may signal 

through distinct pathways and may result in different cellular environments. 

Comprehensive studies compared more than 20 opioids and their ability to activate the 
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G protein or recruit β-arrestin. Interestingly, endogenous opioids such as endomoprhins 

showed a higher bias towards β-arrestin2 together with etorphine or alfentanil (McPherson 

et al. 2010; Rivero et al. 2012).  

2.3 TRPV1 

TRPV1 belongs to the TRPV (vanilloid) subfamily of transient receptor potential 

(TRP) channels together with 6 other subfamilies such as TRPC (canonical), TRPM 

(melastin), TRPML (mucolipin), TRPP (polycystin), TRPA (ankyrin) and TRPN (nompC). 

The TRPV family consists of 6 channels such as TRPV1-6. Members of this family can be 

activated by heat, mechanical stimulation, changes in pH, or ligands (Gees et al. 2012).  

TRPV1 is the non-selective cation channel with high permeability for Ca2+. In 

addition to the activators mentioned above, TRPV1 might be activated and modulated by 

inflammatory agents, protons, bioactive lipids, anandamide, and by its most known 

exogenous ligand capsaicin, part of chili peppers (Caterina et al. 1997). TRPV1 expression 

includes the central and peripheral nervous system, mainly sensory neurons in the dorsal 

root ganglion (DRG) and hypothalamus. Except for the nervous system, we may find 

TRPV1 in arteriolar smooth muscle, lung, kidney, or liver (Cavanaugh et al. 2011; Sasase 

et al. 2022). TRPV1 is involved in pain sensation, especially acute thermal nociception 

when mice lacking TRPV1 displayed no reaction to pain and vanilloid-evoked pain. In 

addition, inflammatory mediators are released upon tissue damage, and they can sensitize 

the TRPV1 channel which decreases the pain threshold (Caterina et al. 2000). 

Figure 4 Opioids and their bias. Balanced opioid agonist causes the analgesia together 

with side effects. Gi protein biased agonist leads to the hypothesis of beneficial effects as 

analgesia without the side effects. Contrary, β-arrestin biased agonist might primarily 

cause side effects (Faouzi et al. 2020). 
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The TRPV1 structure contains six transmembrane domains S1-S6 when the N and 

C tail is intracellular. The S1-S4 domains are voltage-sensing domains. Domains S5-S6 

form the tetrameric assembly that creates the central ion pore. The pore is wide open at the 

outer site of the channel. At the N terminus, we find six ankyrin repeat domains that are 

connected to the S1 domain and play a significant role in binding ATP and calmodulin 

(Liao et al. 2013).  

2.3.1 TRPV1 signaling and regulation 

TRPV1 is mostly known as the ion channel that responds to noxious heat and 

chemical stimuli. After applying noxious heat to the sensory neurons, TRPV1 gets activated 

and it opens its pore for especially calcium and in a less manner for sodium. The influx of 

these ions leads to the depolarisation of neurons and activation of voltage-dependent 

sodium channels which cause the creation of action potential. Additionally, activation of 

TRPV1 at the end of sensory neurons results in the release of substance P, neurokinin A, 

and calcitonin-gene-related peptide (CGRP). A cocktail of these neuropeptides causes the 

reaction of several distinct cells, including immune cells, endothelial, or epithelial cells, 

and gives the creation of neurogenic inflammation.  

Calcium is an important second messenger, and it has another important function in 

cells. Calcium influx after capsaicin or resiniferatoxin is related to the activation of the 

activator protein-1 (AP-1) transcription factor through the ERK1/2 pathway (Backes et al. 

2018).  

Regulation of TRPV1 is driven via its phosphorylation at the intracellular part of 

TRPV1. The phosphorylation of TRPV1 robustly enhances the sensitivity of TRPV1 and 

the activation temperature threshold decreases to the body level. One of the kinases that 

phosphorylates the TRPV1 is protein kinase C (PKC). Several studies confirmed PKC as 

a crucial kinase for the potentiation of TRPV1 activation by heat, protons, and agonists 

(Premkumar and Ahern 2000; Vellani et al. 2001; Premkumar et al. 2004). Another 

important kinase for the regulation of TRPV1 is protein kinase A (PKA). PKA is activated 

by the second messenger cAMP and directly phosphorylates the TRPV1 at the Ser116 

residue with the help of scaffold protein A-kinase anchoring protein (AKAP) and reduces 

the desensitization of TRPV1 (Bhave et al. 2002; Jeske et al. 2008). Interestingly, repeated 

and long exposure of capsaicin to sensory neurons leads to the desensitization of TRPV1. 

It was shown that the desensitization of TRPV1 is dependent on the activity of protein 
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phosphatase 2B called calcineurin and that calcineurin is responsible for the 

dephosphorylation of TRPV1 and its desensitization (Docherty et al. 1996). On the other 

hand, phosphorylation of TRPV1 by Ca2+-calmodulin-dependent kinase II (CaMKII) 

improves the binding of vanilloids like capsaicin (Jung et al. 2004). It is obvious that the 

balance between phosphorylation and dephosphorylation of TRPV1 is crucial to controlling 

the TRPV1 activity. 

2.3.2 TRPV1 and β-arrestins 

β-Arrestins are mostly known for their regulation of GPCRs and their signaling 

cascades. However, we may find evidence that β-arrestins can influence TRPV1. A study 

from 2012 showed for the first time the association between the β-arrestin2 and TRPV1 in 

the plasma membrane of sensory neurons and transfected cells. The role of β-arrestin2 is 

to enhance TRPV1 desensitization. It has been shown that the expression of β-arrestin2 is 

responsible for the localization of the phosphodiesterase PDE4D5 to TRPV1 in the plasma 

membrane. PDE4D5 causes degradation of cAMP followed by a decreased activity of 

PKA. Furthermore, the coexpression of β-arrestin2 reduces the affinity of the agonist for 

TRPV1 (Por et al. 2012). The subsequent study observed a higher association between 

TRPV1 and β-arresttin2 together with the activation of PKA and PKC. Furthermore, the 

phosphorylation of β-arrestin2 at Thr(382) is crucial for the association with TRPV1 (Por 

et al. 2013).  

Figure 5 A scheme of TRPV1 in the plasma membrane. Transmembrane domains are showed 

in red and should form a tetramer. Orange residues are involved in vanilloid binding. Green 

residues are suitable for phosphorylation. Blue residues represent the protonatable amino 

acids. Ankyrin repeats are shown in yellow with “A” (Rosenbaum and Simon 2007). 
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Moving further in the signaling cascade, β-arrestin2 translocases to activation of the 

nucleus upon the TRPV1 and increases the RNA polymerase I activity together with the 

inhibition of the level of tumor suppressor p53 and decrease of the outgrowth of neurites 

(Hassan et al. 2021). 

2.4 TRPV1, MOR and TLR4 

In this chapter, I would summarise the cooperation between known information 

about the MOR and TRPV1 in cells. First, natural co-expression of MOR and TRPV1 was 

shown in the primary afferent neurons in the dorsal root ganglion (DRG) and neurons in 

ventrolateral periaqueductal grey (VL-PAG) (Endres-Becker et al. 2007; Maione et al. 

2009). Additionally, opioids such as morphine significantly inhibited TRPV1 in DRG 

neurons by decreasing the capsaicin-induced TRPV1 current (Endres-Becker et al. 2007). 

Interestingly, some clinical studies pointed out that patients using opioids for the 

treatment of chronic pain for a long time or in high doses suffer from hyperalgesia and 

allodynia (de Conno et al. 1991; Sjøgren et al. 1993; Jacobsen et al. 1995). Since the 

discovery of this unpleasant side effect of morphine, researchers have tried to find out the 

mechanism behind the creation of hyperalgesia. First, the use of powerful capsaicin called 

resiniferatoxin caused the loss of TRPV1 expression in afferent neurons. Loss of TRPV1 

turns out to enhance the morphine-induced analgesic effect (Chen and Pan 2006). 

Furthermore, rats lacking TRPV1 in afferent neurons showed no development of morphine-

induced tolerance together with sustained G protein coupling with morphine-activated 

MOR (Chen et al. 2007). The study in TRPV1 knockout mice observed no development of 

hyperalgesia in prolonged morphine together with an observation that sustained 

morphine-induced hyperalgesia could be diminished using the antagonist of TRPV1 

(Vardanyan et al. 2009). Taken together, these results suggest the close connection between 

TRPV1 and MOR especially in morphine-induced hyperalgesia. 

These observations lead to the question of what the molecular mechanism of MOR-

TRPV crosstalk is. Chen et al. (2008) observed that chronic morphine exposure increased 

TRPV1 immunoreactivity of TRPV1 in various parts of the nervous system like the DRG, 

spinal cord, dorsal horn, and sciatic nerve. In addition, an increase in the phosphorylation 

of various MAPK as p38, ERK1/2, and JNK was also observed after chronic morphine 

treatment. Sustained morphine treatment results in tolerance and hyperalgesia could be 
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associated with higher expression of TRPV1 through the MAPK signaling pathway (Chen 

et al. 2008). 

Previous studies dealt with prolonged exposure to morphine. The other view came 

with opioid withdrawal. Hyperalgesia does not arise only from prolonged opioid treatment; 

however, hyperalgesia might arise also from opioid withdrawal (nicely reviewed in (Angst 

and Clark 2006)). During opioid withdrawal, the activity of AC in the plasma membrane is 

robustly increased, which causes higher activity of PKA. A study on transfected HEK293 

cells and neurons from DRG showed that during opioid withdrawal the level of cAMP 

increased and TRPV1 activity was more robust after capsaicin treatment. TRPV1 appears 

to play a significant role in opioid withdrawal hyperalgesia (Spahn et al. 2013). 

Since β-arrestins play a crucial role in MOR and TRPV1 signaling separately, it 

raises the question of the role of β-arrestin in MOR-TRPV1 crosstalk. As mentioned above, 

β-arrestin2 has a negative effect on TRPV1 activity of TRPV1 and causes its 

desensitization. Trigeminal ganglion neurons naturally co-express MOR and TRPV1. In 

this system, one study pointed out that activation of MOR by morphine or DAMGO 

sensitizes the TRPV1 channel in β-arrestin2 dependent manner. Upon MOR activation 

β-arrestin2 is recruited to MOR and TRPV1 is free of β-arrestin2-induced desensitization 

(Rowan et al. 2014). On the other hand, a more recent study represented data in which 

TRPV1 activation with capsaicin drives the β-arrestin2 into the nucleus. This shift of 

β-arrestin2 into the nucleus prevents the desensitization and internalization of MOR caused 

by β-arrestin2 (Fig. 6) (Basso et al. 2019). 

Taken together, there is evidence that crosstalk between MOR and TRPV1 is 

important in several physiological processes such as opioid-induced hyperalgesia or 

morphine tolerance. The balance between the activation and inhibition of MOR and 

TRPV1, respectively, is crucial. A very recent study created a dual compound that is able 

to agonize MOR and antagonize TRPV1 at the same time. This compound did not cause 

side effects such as hyperthermia and tolerance to analgesics (Gao et al. 2023). 

Toll-like receptor 4 (TLR4) and its function in the immune system are well 

established. TLR4 is an important mediator of the immune reaction by creating 

pro-inflammatory cytokines (Roy et al. 2016). Briefly, TLR4 is a transmembrane protein 

with the cytosolic domain (TIR domain) responsible for signal transduction and the 

recognition of pathogens in the extracellular domain. The natural expression of TLR4 
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occurs in antigen-presenting cells, myocytes, or adipocytes. Furthermore, TLR4 is found 

in the central nervous system, especially in microglia and astrocytes (Vaure and Liu 2014). 

Activation of TLR4 in spinal microglia is critical for pain induction and the release of 

pro-inflammatory molecules (Tanga et al. 2005). Interestingly, TLR4 is expressed in 

primary sensory neurons and trigeminal neurons together with TRPV1 (Wadachi and 

Hargreaves 2006). The activation of TLR4 with lipopolysaccharide (LPS) has been shown 

to cause sensitization of TRPV1 and increased expression of TRPV1 in the plasma 

membrane (Diogenes et al. 2011; Filippova et al. 2018).  

  

Figure 6 Possible mechanism of TRPV1 role in MOR desensitization. Upon the TRPV1 

activation, β-arrestin2 shifts to the nucleus. Afterwards, the activation of MOR leads to the 

higher antinociception by inhibition of N-type VGCC channels (Basso et al. 2019).  



38 

 

3 Aims 

• To downregulate the expression of β-arrestin1, β-arrestin2 or Gαs 

• To explore the differences between two isoforms of β-arrestin 

o To investigate the distinct roles of both isoforms in MOR lateral mobility, 

internalization, and function 

o To examine the differences between the effects of both β-arrestin isoforms 

on the AC function 

o To delineate the possible interaction between the AC and β-arrestin 

• To measure the lateral mobility of MOR and TRPV1 and the possible involvement 

of β-arrestin2 in MOR-TRPV1 crosstalk in the plasma membrane 

• To investigate the role of β-arrestin2 in the signaling cascade of MOR and TRPV1 

• To explore the crosstalk between the TRPV1 and TLR4 
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5 Methods 

5.1 Materials 

Fetal Bovine Serum (FBS) was purchased from Thermo Fisher Scientific (Waltham, 

MA, USA) and Lipofectamine 3000 and Lipofectamine RNAiMAX reagents were from 

Invitrogen (Carlsbad, CA, USA). [3H] DAMGO was purchased from American 

Radiolabeled Chemicals (Saint Louis, MO, USA), the HTRF cAMP kit was from Cisbio 

Bioassays (Codolet, France), and the Dynabeads Co-Immunoprecipitation kit was from 

Life Technologies (Carlsbad, CA, USA). The nitrocellulose membrane was purchased from 

GE Healthcare (Chicago, IL, USA) and the SuperSignal West Dura chemiluminescent 

detection reagent was obtained from Pierce Biotechnology (Rockford, IL, USA). β-Arrestin 

1, ERK1/2, p-ERK1/2, JNK, and pJNK antibodies were from Cell Signaling Technology 

(Beverly, MA), β-Arrestin 2 antibody was from Invitrogen, AC antibody, HA-probe, p38, 

and p-p38 antibodies were from Santa Cruz Biotechnology. All other chemicals and ligands 

were obtained from Sigma-Aldrich (St. Louis, MI, USA) and were of the highest purity 

available. 

5.2 Cell culture 

In this work, the human embryonic kidney cell line (HEK293) was used. This cell 

line was purchased from Sigma -Aldrich (St. Louis, MI, USA). The HEK293 cell line was 

transfected with the MOR-YFP plasmid. Using selection antibiotics and a cell sorter, a cell 

line stably expressing the MOR-YFP (HMY-1) (Melkes et al. 2016). HEK293 and HMY-1 

cell lines were cultivated in Dulbecco´s modified Eagle´s medium (DMEM) supplemented 

with 10% fetal bovine serum (FBS), antibiotic antimycotic solution (AAS, Sigma-Aldrich) 

and in case HMY-1 cell line geneticin as selection antibiotic was used. Cells were cultivated 

at 37°C in 5% CO2-humified atmosphere. 

5.2.1 Ligands 

As an agonist for MOR, endomorphin-2, DAMGO, and morphine were used 

at a concentration of usually 1 μM if not stated otherwise. As an antagonist, naloxone was 

used in the 10 μM concentration for 10 minutes prior to the agonist addition. Cells were 
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exposed to the agonist for 5-10 minutes as an acute administration, and an experiment was 

performed afterward. 

In the case of TRPV1, capsaicin was used as an agonist in 0.5 μM or 1 μM 

concentration for 5 minutes before measurement. Capsazepine was used as an antagonist 

of TRPV1 in 10 μM concentration for 10 minutes prior to adding the agonist. 

Isoprenaline was used as an agonist of the β-adrenergic receptor (β-AR) at a 

concentration of 1 μM for 10 minutes if not stated otherwise.  

5.2.2 Pertussis toxin 

 HMY-1 cells were incubated with 25 ng/ml pertussis toxin (PTX) for 24 hours prior 

to the experiment. Pertussis toxin was used to inactivate the Gαi signaling pathway. 

5.3 Transient transfection 

Cells were plated in multiwell plates depending on the type of experiment. After 24 

hours, when cells reached around 60% of confluence, cells were transfected using 

Lipofectamine 3000 reagent.  Lipofectamine 3000 reagent was diluted in Opti-MEM 

medium and mixed with diluted DNA in Opti-MEM and P3000 reagent. The final mixture 

was incubated for 15 minutes at room temperature, followed by the addition of the mixture 

to the cells. Cells were used for further experiment 24 hours post-transfection. The 

TRPV1-CFP plasmid was a gift from Dr. Leon D Islas (National Autonomous University 

of Mexico). The pcDNA3-TLR4-YFP was a gift from Doug Golenbock (Addgene plasmid 

# 13018 ; http://n2t.net/addgene:13018 ; RRID:Addgene_13018) 

5.4 siRNA transfection 

Cells were plated in multiwell plates, as it is mentioned above. The transfection 

reagent Lipofectamine RNAi MAX was diluted in Opti-MEM medium and mixed with 

diluted siRNA oligos or scrambled siRNA as a negative control in Opti-MEM. The mixture 

was incubated for 5 minutes at room temperature and added directly to the cell culture. 

After 24 hours, cells were used for the next experiment. siRNAs to silence the expression 

of selected proteins such as β-arrestin1 (sc-29741), β-arrestin2 (sc-29208) and Gαs (sc-

29328) were purchased from Santa Cruz Biotechnology.  Select Negative Control No.2 

(#4390847) was purchased from ThermoFisher Scientific.  
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5.5 Fluorescent recovery after photobleaching (FRAP) 

HMY-1, HMY-1/TRPV1 or HEK293/TRPV1/TLR4 cells were seeded in a glass 

bottom multi-well dish. Cells were cultivated in phenol red-free DMEM supplemented with 

10% FBS. During the FRAP experiment, cells were incubated at 37 ° C with 5% CO2. The 

FRAP experiment was performed on an inverted fluorescent confocal microscope ZEIS 

LSM 880 (Carl Zeiss AG, Oberkochen, Germany) equipped with the internal spectral 

detection unit and 40x/1.2 WDICIII C Aprochromat objective lens. For the excitation of 

fluorophore CFP, the 405 nm laser was used and for the excitation of fluorophore YFP, the 

514 nm laser was used. All FRAP experiments were performed on the plasma membrane 

adjacent to the glass bottom of the well. The diffusion data were collected as a rule of 15 

pre-bleach images, and immediately after the photo-bleach point, the 400 post-bleach 

images were scanned. To bleach the YFP we used a 488 and 514 nm Argon laser at 100% 

power and for CFP bleaching the 458 and 488 nm 40 mW Argon laser operated at 100% 

power. To monitor the redistribution of the YFP or CFP the circle region with a diameter 

of 2 μm was selected. The post-bleach images were scanned at 2% of the maximum laser 

power with a sampling rate of 2 ms. The recovery curves obtained at least from 50 cells (3 

independent experiments) were analyzed using the easyFRAP, MATLAB-based software 

(Rapsomaniki et al. 2012) and calculated according to the following equation: 

𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =  
(𝐼𝑏𝑙𝑒𝑎𝑐ℎ−𝐼𝑏𝑐𝑘𝑔)

(𝐼𝑟𝑒𝑓 − 𝐼𝑏𝑐𝑘𝑔)
× 100 

Where Ibleach is the fluorescent intensity of the bleached spot, Ibckg is the fluorescent 

intensity of the background area, and Iref is the fluorescent intensity of the control area of 

another cell. The apparent diffusion coefficient (D) for the receptors was calculated 

according to the following equation: 

𝐷 =
0.224 × 𝜔2

𝑡1/2
 

Where ω is the radius of the bleached spot and t1/2 is the half-life of fluorescent 

recovery (Soumpasis, 1983). 

The effects of the agonist on the apparent diffusion coefficient of MOR-YFP or 

TRPV1-CFP were investigated using morphine, endomorphin-2, DAMGO as MOR 

agonist, and capsaicin as an agonist of TRPV1 in cells lacking β-arrestin2. 
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5.6 Line-scan fluorescent correlation spectroscopy (FCS) 

Data for line-scan fluorescence correlation spectroscopy (FCS) were collected using 

a Zeiss LSM 880 inverted point scanning confocal microscope. A 63× NA1.4 oil 

immersion objective was used along with 5 μW of the 488 nm laser at the sample plane. A 

32-channel GaAsP spectral detector was operated in single-photon counting mode, and a 

pinhole size of 1 AU was used. The cell was first located using standard CLSM imaging, 

and an appropriate area of the plasma membrane was selected, focused, and zoomed in at 

a size of 6 × 6 μm2. A 6 μm long line was chosen for a fast xt scan, with data collected 

from at least 45 cells in 3 independent experiments. The acquired data were exported as 

*.lsm5 files and analyzed using home-written "LS-FCS data analysis" software with a user 

interface developed in LabVIEW2016 (NI) and a custom-written dll library for fast 

calculation of spatiotemporal correlations developed in C/C++ (MVS2015, Microsoft). The 

xt scan image data were converted into a single photon stream and further processed 

according to the method outlined in Benda et al. 2015 (Benda et al. 2015). No weighted 

NLSF was used to fit the resulting spatiotemporal correlations, assuming one component 

of free lateral (2D) diffusion, a Gaussian point spread function, and fast photophysical 

dynamics as described in Equation (1). 

𝑔(𝑡, 𝛿) = 𝑔∞ +
1

𝑁 × [1 − 𝐹𝑝𝑝]
× [1 − 𝐹𝑝𝑝 × (1 − 𝑒

𝑡
𝑡𝑝𝑝)] ×

1

4𝐷𝑡 + 𝜔2
𝑒

(
−𝛿2

4𝐷𝑡+𝜔2)
  

where t is the correlation time, δ is the distance, g∞ is the constant offset, usually 

equal to 1, N is the average number of diffusing entities within the Gaussian detection area, 

D is the diffusion coefficient, ω is the radius of the Gaussian profile, Fpp is the fraction of 

molecules in the dark state and tpp is the time constant for switching between bright and 

dark states. The read-out parameters include the absolute lateral diffusion coefficient, the 

size of the detection area, the concentration of labeled diffusing particles, and when 

combined with intensity trace, the brightness of the diffusing particles. 

5.7 Assessment of internalization 

Internalization of MOR was assessed using radioactively labeled DAMGO. HMY-

1 cells were seeded in a 24-well plate. The next day, cells were transfected with relevant 

siRNA, and a day after transfection, cells were incubated for different time points (0, 5, 10, 

20, and 30 minutes) with relevant ligands such as morphine, DAMGO, or endomorphin-2 
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at 1 μM concentration at 37 ° C. Subsequently, cells were placed on ice to slow down the 

cell processes and washed with cold PBS. As the next step, 1-minute incubation on ice was 

performed with ice-cold acid/salt solution (0.5 M NaCl, 0.2 M acetic acid; pH 2.5) to 

remove the ligands from the cell surfaces. Subsequently, cells were washed twice with cold 

PBS followed by incubation with 10nM [3H] DAMGO diluted in serum-free DMEM 

supplemented with 1% BSA for 2 hours on ice. As a non-specific binding, the 100 μM 

naloxone was used in parallel wells. After incubation, the cells were harvested by a Brandel 

cell harvester (Gaithersburg, MD, USA). Using liquid scintillation counting, the 

radioactivity was determined.  

5.8 cAMP determination 

For the determination of the cAMP level in cells, homogeneous time-resolved 

fluorescent (HTRF) technology was used (Cisbio). To observe the inhibition or stimulation 

of AC, the cAMP-Gi kit or cAMP-Gs kit was used, respectively. AC stimulation or 

inhibition of AC was carried out using isoprenaline, forskolin or DAMGO, endomorphin-

2, and morphine, respectively. Cells were transfected with relevant siRNA, and 24 hours 

after transfection cells were redistributed in the 384-well microplate and cultivated in 

DMEM supplemented with 1% FBS. The next day, the relevant ligand was diluted at 

different concentrations (if not stated otherwise) in stimulation buffer supplemented with 

0.5 mM IBMX (to inhibit phosphodiesterase activity) and added to the cells. The cells were 

incubated with the ligand for 20 minutes at 37 ° C. After incubation, forskolin was used at 

a final concentration of 2 μM and cells were incubated for another 45 minutes at 37 ° C for 

the cAMP-Gi kit. During the incubation period, d2-labeled cAMP and the monoclonal 

anticAMP antibodies labeled with Europium-cryptate were diluted in lysis buffer according 

to the manufacturer’s instructions. Subsequently, the d2-labeled cAMP and anti-cAMP 

antibodies were added to the cells and incubated for 1 hour at RT. Subsequently, the lysed 

cells were transferred to a 96-well white low-volume plate. Using the Clariostar plus 

microplate reader (CLARIOstar, BMG Labtech), the fluorescent signal was read at 620 nm 

and 665 nm. To observe the FRET signal the ratio of emission of acceptor (665 nm) and 

donor (620 nm) was calculated. Using the calibration curve, the FRET ratio could have 

been converted to the cAMP concentration. The baseline concentration of cAMP was 

considered 0 % and forskolin itself was considered as the maximum response in the case 
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of the cAMP-Gi kit. Isoprenaline or forskolin in their highest concentration was granted as 

100 % in the case of the cAMP-Gs kit. 

5.9 Co-immunoprecipitation 

To detect the possible interaction between β-arrestins and AC we performed the 

co-immunoprecipitation assay using the Dynabeads Co-IP kit. First, HEK-293 cells were 

transfected with β-arrestin1-HA tag or β-arrestin2-HA tag which were generous gifts from 

Robert Lefkowitz (pcDNA3 barr1 HA: Addgene plasmid #14693; http://n2t.net/addgene 

:14693; RRID: Addgene_14693; pcDNA3 barr2 HA: Addgene plasmid #14692; htt 

p://n2t.net/addgene:14692; RRID: Addgene_14692) (Luttrell et al. 1999). The plasmids 

were transfected using Lipofectamine 3000 as described in the chapter Transient 

transfection.  

The Co-IP kit was used according to the manufacturer’s instructions. First, to 

proceed with Co-IP, the specific antibodies must be covalently coupled to the Dynabeads® 

M-270 epoxy beads. Using the AC antibody (sc-377243; Santa Cruz Biotechnology), we 

performed the covalent binding of the antibody with 7 μg/mg of Dynabeads®. The antibody 

was diluted in C1 buffer and mixed with Dynabeads® diluted in C2 buffer. The mixture 

was incubated overnight on a rotatory shaker at 37 ° C. The next day, the Dynabeads® were 

collected and washed several times using the DynaMag™-2 magnet as it was written in the 

manufacturer´s protocol. Subsequently, the transfected cells were harvested and pelleted. 

The cell pellet was mixed with the lysis buffer (1x IP, 200nM NaCl, 0.5% Triton X-100 

and the Complete EDTA-free protease inhibitor cocktail) in a 1:9 ratio (weight of the cell 

pellet:volume of the lysis buffer). The lysis was completed on ice for 15 minutes. As a next 

step, the lysed pellets were centrifuged at 2600 x g for 5 minutes at 4 ° C to remove cell 

debris and nuclei. The supernatant was mixed with 1.5 mg of the beads and the mixture 

was rotated for 30 minutes at 4 ° C. Thereafter, the beads were washed in extraction buffer 

and last wash buffer (LWB) using the magnet. In the last step, the beads were incubated 

with elution buffer (EB) for 5 minutes at RT on the rotator. Eluted purified proteins in the 

supernatant were used directly for SDS-Page electrophoresis and Western blot. The 

immunosignal was normalized to the weight of the cell lysates. 
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5.10  Isolation of a plasma membrane fraction 

HMY-1 cells were transfected with TRPV1-CFP plasmid using Lipofectamine 3000 

in 80 cm2 flasks. After 24 hours after transfection, relevant ligands were applied for 5 

minutes. Subsequently, cells were placed on ice, harvested, and homogenized in cold 

TMES (20 mM Tris, 3 mM MgCl2, 1 mM EDTA, 250 mM sucrose; pH 7.4). To isolate the 

plasma membrane fraction, the Percoll® self-forming gradient was used. First, 

homogenized cells were centrifugated for 1000 g, 3 minutes at 4 ° C to obtain the post-

nuclear supernatant (PNS). PNS was loaded onto 18% Percoll diluted in TMES buffer. 

Thick polycarbonate tubes with 30% Percoll and PNS on the top were centrifugated on a 

Beckman Ti50 for 15 minutes at 60 000 g. Two layers were formed, the upper layer 

containing the plasma membrane was aspirated and diluted in TME buffer (20mM Tris-

HCl, 3 mM MgCl2, 1 mM EDTA; pH 7.4) and centrifugated in Beckman Ti50 for 150 000 

g, 1 hour. The formed pellet was collected and resuspended in TME buffer, frozen with 

liquid nitrogen, and stored at -80°C. 

5.11  SDS-PAGE electrophoresis 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used 

to verify the effect of different siRNAs, detect the possible protein-protein interaction after 

Co-IP, and observe the phosphorylation of different MAPK.  

Cells were transfected with relevant siRNAs or with TRPV1-CFP using 

Lipofectamine RNAiMAX or Lipofectamine 3000 respectively. After 24 hours post-

transfection cells were harvested in cold PBS supplemented with a protease inhibitor 

cocktail and phospho-stop and homogenized by sonication (in the case of Co-IP the eluted 

proteins were used). Samples were diluted in Laemmli sample buffer at the final protein 

concentration of 1 μg/μl. The samples were loaded onto 10% polyacrylamide gel (20 μg of 

protein per well). Electrophoretic protein separation was performed under 200 V for 45-60 

minutes.  

5.12  Western Blot 

Separated proteins on the gel were transferred to a nitrocellulose membrane using 

the wet blot technique (100 V; 60 minutes). The membrane was blocked with 5% non-fat 

dry milk diluted in TBS-T buffer (10mM Tris, 150 mM NaCl; pH 8, 0.3% Tween-20) for 
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30 minutes. Subsequently, the primary antibodies were diluted in 2.5% non-fat dry milk in 

TBS-T. The membrane was incubated with the relevant primary antibody against ERK1/2 

(137F5; Cell Signaling), p-ERK1/2 (197G2; Cell Signaling), p38 (sc-535; Santa Cruz), p-

p38 (D3F9; Cell Signaling), JNK (C80C3; Cell Signaling), p-JNK (81E11; Cell Signaling), 

AC (sc-377,243; Santa Cruz Biotechnology), HA-probe (sc-7392; Santa Cruz 

Biotechnology), β-arrestin1 (D8O3J; Cell Signaling) or β-arrestin2 (PA1-732; Invitrogen), 

and rocked overnight at 4 C. The next day, the membrane was washed three times for 10 

minutes in TBS-T and subsequently incubated with the relevant secondary antibody diluted 

in 2.5% fat-free dry milk in TBS-T for 1 hour at RT. Followed by three times 10-minute 

washes in TBS-T. Using the enhanced chemiluminescence (ECL) method, the protein 

bands were visualized and developed on the film. The blots were scanned with high-

resolution CCD scanner and evaluated using ImageJ software. 

5.13  Statistic 

The statistics were completed using GraphPad Prism software (versions 6.0 and 

8.0). Data are shown as mean values ± standard error of the mean (S.E.M) of at least three 

independent experiments. The statistical significance of differences between the means of 

the relevant groups was assessed by one-way ANOVA followed by the Bonferroni test. 

Statistical significance was defined as p values: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001, ****p 

≤ 0.0001. 
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6 Results 

6.1 Knockdown of β-arrestins and Gαs protein 

To verify the decrease in the expression level of the relevant protein, we used 

SDS-Page and western blot methods. Cells were transfected with relevant siRNAs 

(β-arrestin1, β-arrestin2, and Gαs) and harvested. We obtained a decrease in relevant protein 

expression in all cases (Figure 7). As a loading control, we used Vinculin.  

6.2 β-Arrestins and their effect on the lateral mobility of MOR 

To observe the lateral mobility of MOR-YFP in the plasma membrane in HMY-1 

cells with lower expression of β-arrestin1 or β-arrestin2 we came up with two different 

Figure 7 Western blot images show the protein expression level in control cells and in cells 

transfected with relevant siRNA. HEK293 or HMY-1 cells were transfected with relevant 

siRNA and after 2 days cells were harvested, and SDS-Page and western blot was 

performed. Vinculin was used as loading control.  
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fluorescent microscopy approaches, such as Fluorescent Recovery After Photobleaching 

(FRAP) and Line-Scan Fluorescence Correlation Spectroscopy (FCS). 

6.2.1 Fluorescent recovery after photobleaching  

HMY-1 cells were seeded in a glass bottom well and the apparent diffusion 

coefficient of MOR-YFP was measured in a resting state and after activation of MOR-YFP 

by DAMGO, endomorphin-2 (End-2), or morphine at 1 μM concentration HMY-1 cells, 

HMY-1/β arr1(↓) or HMY-1/β-arr2(↓). Representative recovery curves of MOR-YFP in 

HMY-1 cells and HMY-1 cells lacking β-arrestin1 and β-arrestin2 are shown in Figure 8A, 

B, and C. 

Figure 8 Representative normalized recovery curves of FRAP measurements for the 

mobility of MOR-YFP in the plasma membrane and the effect of silencing β-arrestin1 and 

β-arrestin2. HMY-1 cells were seeded in glass bottom wells and transfected with relevant 

siRNA (β-arr1 or β-arr2). Activation of MOR was performed using 1 μM DAMGO or End-2 

for 10 minutes. MOR mobility was measured on the bottom part of the plasma membrane 

close to the glass. 24 hours post transfection the MOR mobility was measured under resting 

conditions (A), treatment with DAMGO (B) or End-2 (C).  
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From the recovery curves, we obtained the apparent diffusion coefficient of 

MOR-YFP (Figure 9A) and the mobile fraction of MOR-YFP (Figure 9B). The diffusion 

coefficient of MOR-YFP was significantly increased after activation of MOR-YFP with 

DAMGO (D = 0.53 ± 0.03 μm2/s). In contrast, the lateral mobility of MOR-YFP in the 

plasma membrane was significantly decreased in the case of MOR-YFP activation with 

End-2 (D = 0.24 ± 0.03 μm2/s). However, morphine did not cause any significant changes 

in the diffusion coefficient of MOR-YFP compared to the control.  

We examined the apparent diffusion coefficient of MOR-YFP in cells lacking 

β-arrestin1 or β-arrestin2. The lateral mobility of MOR-YFP in the plasma membrane 

significantly in HMY-1/β-arr1(↓) (D = 0.49 ± 0.02 μm2/s) and in HMY-1/β-arr2(↓) 

(D = 0.5 ± 0.02 μm2/s). Activation of MOR-YFP by opioids did not cause any significant 

changes in HMY-1/β-arr1(↓) and HMY-1/β-arr2(↓) compared to the control.  

Activation of MOR-YFP by different ligands did not cause any significant changes 

in the mobile fraction of MOR-YFP in HMY-1. However, in HMY-1/β-arr1(↓) and 

HMY-1/β-arr2(↓) cells we observed a mobile fraction of about 10% decrease of MOR-YFP 

after using DAMGO and about 20% decrease of approximately 20% of the mobile fraction 

of MOR-YFP after using End-2 (Figure 9B). 

 

Figure 9 Apparent diffusion coefficient (Dapp) of MOR-YFP (A) and its mobile fraction (B) 

in HMY-1 cells lacking β-arrestin1 (β-Arr1(↓)) or β-arrestin2 (β-Arr2(↓)) and in presence of 

DAMGO, End-2 or Morphine. Data was collected at least from 60 cells in 3 independent 

experiments. Results are expressed as mean ± SEM (** p<0.01, *** p<0.001 versus 

respective control, # p<0.05 versus untreated control)  
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6.2.2 Line-Scan Fluorescent Correlation Spectroscopy 

The next method how to observe the movement of the selected receptor in the 

plasma membrane is Line-Scan Fluorescence Correlation Spectroscopy (FCS). The cells 

were treated in the same way as in the FRAP experiment. The spatiotemporal correlation 

function curves (STCF) are shown in Figure 10A for control HMY-1 cells and cells treated 

with DAMGO and End-2. Typically, the STCF curves represent the rate of diffusion of 

selected proteins, in our case MOR-YFP. The diffusion rate of MOR-YFP is shown at 

distances of 0 and 480 nm. Line scanning FCS allows us to determine the diffusion 

coefficient of MOR-YFP in the plasma membrane under our conditions (Figure 10B). We 

observed an increase in MOR-YFP movement in the case of DAMGO and a decrease in 

the case of End-2 in control cells. We found an approximately 22% increase in MOR-YFP 

diffusion in cells lacking β-arrestin1 and β-arrestin2. These results correspond directly to 

the FRAP results. 
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Figure 10 Line-scan Fluorescent Correlation Spectroscopy (FCS) measurements and the 

effect of silencing of β-arrestin 1 and β-arrestin 2 in HMY-1 cells on the diffusion of 

MOR-YFP in the plasma membrane. HMY-1 cells were seeded on glass bottom wells and 

transfected with relevant siRNA for β-arrestin 1 (β-Arr1) or β-arrestin 2 (β-Arr2). 24 hours 

post transfection, FCS experiments were performed on control cells (Ctrl) and cells treated 

with DAMGO (1 μM) or endomorphin-2 (End-2, 1 μM) for 10 min. The lower plasma 

membrane adjacent to the glass was acquired and the total length of the scanned line was 

6 μm. (A) Representative graphs showing the spatio-temporal time correlation function 

(STCF) in HMY-1 cells untreated and treated with DAMGO or End-2. (B) The summarized 

pooled data for the diffusion coefficient (D) of MOR under different experimental 

conditions. Data was collected from at least 60 cells and 3 independent experiments. 

Results are expressed as mean ± SEM (** p < 0.01, *** p < 0.001 versus respective Ctrl; 

# p < 0.05, ## p < 0.01 versus untreated Ctrl). 
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6.3 Agonist-induced MOR internalization 

6.3.1 Internalization of MOR observed by confocal microscopy 

Activation of MOR with some opioids can cause internalization of MOR into 

vesicles. We performed confocal microscopy to detect the redistribution of MOR-YFP 

under the activation with 1 μM DAMGO (Figure 11A) and 1 μM End-2 (Figure 11B). After 

5 minutes of treatment with DAMGO or End-2, we have observed slight redistribution of 

the fluorescent signal and after 20 minutes of treatment with both mentioned ligands, we 

have clearly seen the fluorescent signals in vesicles that should contain the MOR. 

6.3.2 Effect of β-arrestin1 and 2 on MOR internalization 

To quantify the amount of the internalized MOR-YFP receptors, we performed the 

radioligand binding assay using [3H] DAMGO in HMY-1 cells and HMY-1 cells lacking 

β-arrestin1 or 2. Cells were stimulated with 1 μM DAMGO or with 1 μM End-2 in different 

time intervals (0, 5, 10, 20, and 30 min). First, both ligands differ strikingly in the induction 

Figure 11 Time series confocal images of the MOR-YFP internalization in HMY-1 cells. 

HMY-1 cells were treated with 1 μM DAMGO (A) or 1 μM End-2 (B). The images were 

acquired before the treatment (0 min) and after the activation of MOR-YFP with relevant 

ligands at 5 min and at 20 min.  



55 

 

of the internalization of MOR. Treatment with DAMGO clearly caused internalization of 

MOR and after 30 minutes the number of MOR in the plasma membrane decreased by more 

than 50 % in HMY-1 cells. On the contrary, after 30 minutes of End-2 treatment, about 

22 % of MOR disappeared from the plasma membrane (Figure 12). 

The lack of β-arrestin1 or 2 decreased the internalization rate of MOR and after 30 

minutes of treatment with DAMGO about 77 % of MOR remained in the plasma membrane 

(Figure 13B). As a next ligand, we tested the ability of End-2 to trigger the MOR 

internalization. The lower expression of β-arrestin2 did not cause any significant change in 

the MOR internalization after 30 minutes of incubation with End-2 compared to control 

HMY-1 cells. However, the knock-down of β-arrestin1 diminished the MOR 

internalization in HMY-1/β-arr1(↓) cells that were treated for 20 minutes with End-2 

(Figure 13A).  
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Figure 12 Radioligand binding assay to observe the internalization of MOR-YFP after the 

treatment with morphine. DAMGO and endomorphin-2 (End-2). HMY-1 cells were seeded 

in 24 wells plate. After 24 hours HMY-1 cells were treated in different time intervals with 

1 μM DAMGO or 1 μM End-2 and afterwards incubated with [3H] DAMGO to observe the 

remaining MOR-YFP in the plasma membrane. Data are expressed as mean values ± SEM 

of three independent experiments. 
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Figure 13 Radioligand binding assay to observe the effect of β-arrestin1 or β-arrestin2 

silencing on MOR-YFP internalization. HMY-1 cells were seeded in 24 wells plate and 

transfected with relevant siRNA (β-arr1 or β-arr2). 24 hours post transfection HMY-1 cells 

were treated in different time intervals with 1 μM End-2 (A) or 1 μM DAMGO (B) and 

afterwards incubated with [3H] DAMGO to observe the remaining MOR-YFP in the plasma 

membrane. Data are expressed as mean values ± SEM of three independent experiments. 
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6.4 Inhibition of AC by MOR agonists 

MORs are coupled with the inhibitory class of G proteins. When the MOR is 

activated with the agonist, the Gαi subunit dissociates from the Gβγ subunits and inhibits 

AC in the plasma membrane which results in lower production of the second messenger 

cAMP. Here, we looked at the ability of DAMGO, End-2, and morphine at concentration 

1 μM to reduce the level of cAMP in HMY-1 cells, HMY-1/β-arr1(↓), and HMY-1/β-arr2(↓) 

cells. To measure inhibition of AC, first the direct activator of AC forskolin must be used. 

The response of AC to forskolin was calculated as a 100% response.  

HMY-1 cells were treated with DAMGO and morphine, both opioids caused a 

significant 42% decrease in cAMP production compared to the control. We also obtained 

significant inhibition of AC after treatment the HMY-1 cells with End-2. However, End-2 

treated HMY-1 cells showed only about a 28 % decrease in cAMP accumulation compared 

to the control (Figure 14A). 

Knockdown of β-arrestin1 and β-arrestin2 significantly decreased the ability of 

forskolin to activate AC in HMY-1/β-arr1(↓) and HMY-1/β-arr2(↓) cells. Although the lower 

expression of β-arrestin1 completely abolishes the inhibition effect of individual opioids, 

the elimination of β-arrestin2 did not cause this effect and individual opioids significantly 

inhibited AC (Figure 14A). 

To observe if MOR mediated Gαi activation is involved in AC activity in cells 

lacking both β-arrestins we pre-treated cells with pertussis toxin (PTX). PTX is responsible 

for the elimination of the Gαi activity. The results showed that the suppression of β-arrestin2 

caused a significantly higher production of cAMP in PTX-treated cells compared to control 

cells and cells lacking β-arrestin1. These results could suggest that Gαi protein and its 

activation through MOR may play a role in changes in AC activity in HMY-1/β-arr2(↓) 

(Figure 14B). 

  



58 

 

 

6.5 Stimulation of AC by forskolin or isoprenaline 

As mentioned above AC can be activated by the direct activator forskolin. The 

second possibility of activating AC is through the GPCRs which are coupled with the 

stimulatory subunit of Gα. Here we decided for the β-adrenergic receptor (β-AR) 

endogenously expressed in HEK293 cells and its agonist isoprenaline to activate AC in the 

plasma membrane. 

6.5.1 Effect of β-arrestin1 or β-arrestin2 knockdown 

We investigated whether the lower expression level of β-arrestin1 or β-arrestin2 

may affect the activity of AC in a dose-response dependent manner. In the case of the 

highest forskolin concentration, we observed an increase in cAMP accumulation of 

approximately 39 % in HEK293 lacking β-arrestin2 (Figure 7A). On the contrary, the 

Figure 14 The effect of silencing the β-arrestin1 or β-arrestin2 (A) and inactivation of Gαi 

by PTX (B) on the inhibition of AC by MOR agonists. In case of Gαi inactivation, 25 ng/ml 

of PTX was added to HMY-1 cells 24 hours prior the experiment. HMY-1 cells were 

transfected with relevant siRNA for β-arrestin1(β-Arr1(↓)) or β-arrestin2 (β-Arr2(↓)). HMY-1 

cells were incubated in stimulation buffer supplemented with 0.5 mM IBMX in the presence 

of DAMGO or morphine or endomorphin-2 (End-2) for 20 minutes, at final concentration 

1 μM and 37°C. Afterwards, forskolin was added at 2 μM concentration and incubated for 

45 minutes at 37°C. Cells were lysed and accumulated cAMP was measured using the 

HTRF Gi cAMP kit form Cisbio. Results are represented as mean of ± SEM from 3 

independent experiments. (*** p < 0.001 versus untreated Ctrl; ### p < 0.001 versus 

respective Ctrl) 
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reduction of β-arrestin1 in HEK293 cells caused a decrease in forskolin-stimulated cAMP 

production of approximately 55 % (Figure 15A). Interestingly, cAMP accumulation was 

not affected by lower expression of β-arrestin2 after activation of β-AR with increasing 

concentration of isoprenaline (Figure 7B). However, HEK293 lacking β-arrestin1 and 

treated with isoprenaline showed a decrease in cAMP production by about 55 % compared 

to control cells (Figure 15B). The intrinsic efficacy (EC50) and potency (logEC50) of rising 

forskolin and isoprenaline concentration with statistics are shown in Table 1. 

Figure 15 Dose response curves of cAMP accumulation in HEK293 cells and the effect of 

silencing β-arrestin1 or β-arrestin2. HEK293 with silenced β-arrestin1 (HEK293/β-Arr1(↓)) 

or β-arrestin2 (HEK293/β-Arr2(↓)) were incubated with increasing concentration of 

forskolin (Fsk) (A) or isoprenaline (Iso) (B) for 30 minutes at 37°C. The cAMP accumulation 

was measured using the HTRF method (Gs kit, Cisbio). Data represents the ± SEM of three 

independent experiments.  
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6.5.2 Effect of β-arrestin1, β-arrestin2 and Gαs knockdown 

To test whether Gαs is involved in suppressed cAMP production in cells lacking 

β-arrestins we tested cAMP accumulation in cells transfected with Gαs siRNA to decrease 

the expression level of Gαs alone or in combination with one or another β-arrestin siRNAs. 

First, we tested the increasing concentration of forskolin and isoprenaline. First, as we 

expected, the low expression of Gαs in the HEK293 cell caused a decrease in cAMP 

accumulation after treatment with the highest concentration of isoprenaline (Figure 16). 

However, stimulation of HEK/Gαs
(↓) with a raising concentration of Forskolin 

caused a decrease in cAMP accumulation by about 58 %. Interestingly, cells lacking Gαs 

and β-arrestin1 or β-arrestin2 showed an even greater decrease in cAMP production of 

approximately 79 % after treatment with 50 μM Forskolin (Figure 17). The statistics of the 

potency and intrinsic efficacy of forskolin under different conditions are shown in Table 1.  
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Figure 16 Effect of silencing Gαs (Gαs 
(↓)) on isoprenaline-induced cAMP accumulation. 

HEK293 cells were transfected with the Gαs siRNA and 24 hours post transfection cells 

were incubated with 10 µM concentrated isoprenaline for 30 minutes at 37°C. The cAMP 

accumulation was measured using the HTRF method (Gs kit, Cisbio). Data represents the 

± SEM of three independent experiments. 
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6.6 Interaction of activated AC with β-arrestins 

β-Arrestins clearly affect AC activity based on the previous results. We came up 

with a hypothesis of the possible interaction between the AC and β-arrestin. To test the 

hypothesis, we performed the co-immunoprecipitation assay.  HEK293 were transfected 

with a plasmid encoding the β-arrestin1-HA or β-arrestin2-HA. The transfected cells were 

used for Co-IP either in the resting state or after treatment with isoprenaline. Both 

β-arrestins associate with AC in the resting state to a certain level. However, after activation 

of β-AR with isoprenaline, we did observe an increase in the association of β-arrestins-HA 
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Figure 17 Effect of silencing of Gαs or simultaneously Gαs (HEK293/Gαs
(↓)) and β-arrestin1 

(HEK293/ Gαs 
(↓)+β-Arr1(↓)) or β-arrestin2 (HEK293/ Gαs

(↓)+β-Arr2(↓)) on cAMP 

accumulation induced by rising concentration of forskolin (Fsk) in HEK293 cells. HEK293 

were incubated with different concentration of Fsk for 30 minutes at 37°C. cAMP 

accumulation was measured using the HTRF method (Gs kit, Cisbio). Data represents the 

± SEM from three independent experiments. 
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with AC, especially a significant increase of the association in the case of β-arrestin1-HA 

(Figure 18).  
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Figure 18 Co-immunoprecipitation of β-arrestins with AC. HEK293 were transiently 

transfected with HA tagged β-arrestin1 (HA-β-Arr1) or HA tagged β-arrestin2 (HA-β-Arr2) 

one day prior the experiment. Next day, cells were treated with isoprenaline (Iso) for 

10 minutes at 37°C. Whole cell lysates were used for the co-immunoprecipitation assay and 

lysates were immunoprecipitated using the anti-AC antibody. Afterwards, immunoblot was 

obtained using the anti-HA and anti-AC antibody. (A) representative immunoblot of HA 

tagged β-arrestins and AC. (B) Relative optical density of HA tagged β-arrestins 

immunoblot. Data represents ± SEM of three independent experiments.  
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6.7 Expression of TRPV1 in the HMY-1 cell line 

6.8 Functional studies of MOR in cells expressing TRPV1 

Here, we tested the functionality of MOR in HMY-1 cells expressing the TRPV1 

ion channel. First, we tested cAMP production in HMY-1 cells after treating the cells with 

End-2 and Capsaicin. We observed a significant decrease in cAMP production in HMY-1 

cells treated with End-2 compared to control cells. As expected, capsaicin did not cause 

any significant decrease in cAMP accumulation in HMY-1 cells compared to the control. 

Equivalent conditions were tested in HMY-1/TRPV1 cells expressing the TRPV1 channel. 

Treatment of HMY-1/TRPV1 cells with End-2 caused significant inhibition of AC in the 

same manner as in HMY-1 cells. Capsaicin did not inhibit AC activity in HMY-1/TRPV1 

cells (Figure 19). 

Figure 19 Functional study of MOR in HMY-1 and HMY-1/TRPV1 cells. HMY-1 cells were 

transiently transfected with TRPV1-CFP plasmid. 24 hours post transfection cells were 

incubated with 1 μM of capsaicin (Caps) or 1 μM of endomorphin-2 (End-2) and later with 

forskolin to observe the inhibition of AC. Accumulation of cAMP was measured using the 

HTRF method. Data are expressed as means ± SEM of three independent experiments. 

(*** p ≤ 0.001 compared to control.) 
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6.9 Lateral mobility of selected receptors in HMY-1/TRPV1 cells 

lacking β-arrestin2 

Here, we measured the diffusion coefficient of MOR-YFP or TRPV1-CFP in 

HMY-1/TRPV1 cell line under different experimental conditions. HMY-1 cells were 

seeded in a glass bottom chamber and transiently transfected with TRPV1-CFP. First, we 

observed a decrease in MOR-YFP lateral mobility in HMY-1/TRPV1 cells after End-2 

treatment. Interestingly, TRPV1 agonist capsaicin caused an almost twofold increase in 

MOR-YFP diffusion rate. On the other hand, the diffusion coefficient of inactivated 

TRPV1-CFP in HMY-1/TRPV1 cells was higher than the diffusion coefficient of 

inactivated MOR-YFP. Activation of TRPV1-CFP with capsaicin resulted in a significant 

increase in the lateral mobility of TRPV1 in the plasma membrane. Nevertheless, End-2 

had a similar effect on the diffusion of TRPV1-CFP in HMY-1/TRPV1 cells, however, to 

a less extent (Melkes et al. 2020). 

6.9.1 Lateral mobility of MOR in the plasma membrane 

We wondered if β-arrestin2 may play a role in the cooperation between MOR and 

TRPV1 at the plasma membrane level. We used the siRNA technique to decrease the 

expression level of β-arrestin2 in HMY-1/TRPV1 cells. First, we looked at the diffusion 

rate of MOR-YFP in HMY-1/TRPV1 cells. Knockdown of β-arrestin2 slightly decreases 

the diffusion coefficient of inactivated MOR-YFP by about 16 %. Capsaicin treatment 

caused a significant increase of MOR-YFP lateral mobility in cells lacking β-arrestin2 and 

simultaneously expressing TRPV1 Figure 20A).  

The mobile fraction of inactivated MOR-YFP increased significantly in 

HMY-1/TRPV1 cells lacking β-arrestin2 compared to control cells. Activation by End-2 
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or capsaicin caused a significant decrease in the MOR-YFP mobile fraction compared to 

control cells lacking β-arrestin2 (Figure 20B). 

6.9.2 Lateral mobility of TRPV1 in the plasma membrane 

Under the same experimental conditions as for MOR-YFP lateral mobility, we 

tested the diffusion of TRPV1-CFP in cells HMY-1/TRPV1 lacking β-arrestin2. 

Interestingly, the removal of β-arrestin2 caused a significant decrease (by approximately 

47%) in the diffusion of inactivated TRPV1-CFP on the plasma membrane, and the 

TRPV1-CFP diffusion rate of TRPV1-CFP was slightly increased (by approximately 25%) 

by adding capsaicin or End-2 (Figure 21A).  

The mobile fraction of inactivated TRPV1-CFP increased significantly by about 

25 % in cells lacking β-arrestin2 compared to control cells. By adding capsaicin or End-2 

the fraction of mobile TRPV1-CFP decreased back to the control level (Figure 21B).  

Figure 20 Lateral mobility of MOR-YFP in HMY-1/TRPV1 cells lacking the β-arrestin2 

(β-Arr2(↓)). HMY-1 cells were transfected with TRPV1-CFP and β-arrestin2 siRNA. 24 

hours post transfection the apparent diffusion coefficient of MOR-YFP (A) and its mobile 

fraction (B) was measured using FRAP. The lateral mobility was measured in control cells 

and in cells treated with 0.5 μM capsaicin (Caps) or 1 μM endomorphin-2 (End-2) for 5 

minutes before the measurements. FRAP data were collected from a bottom part of the cell 

membrane from three independent experiments and at least 50 cells. Results are expressed 

as means ± SEM. (* p≤0.05 compared to control; # p ≤ 0.05, ### p ≤ 0.001 compared to 

control β-Arr2(↓)) 
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6.10  Level of β-arrestin2 on the plasma membrane after activation 

of MOR or TRPV1 

From our FRAP results, we may know that β-arrestin2 might play an important role 

in the cooperation between MOR and the TRPV1 channel on the plasma membrane level. 

We decided to test the loss of β-arrestin2 from the plasma membrane in HMY-1 and 

HMY-1/TRPV1 cells after activation with capsaicin or End-2. We collected the plasma 

membrane fraction of control cells and cells activated with capsaicin or End-2 for 

5 minutes. The relative level of β-arrestin2 in the plasma membrane was determined using 

Western blot analysis. We observed a significant loss of β-arrestin2 from the plasma 

membrane by about 50 % after the addition of capsaicin or End-2 to HMY-1/TRPV1 cells. 

However, this phenomenon was not observed in HMY-1 cells (Figure 22). 

Figure 21 Lateral mobility of TRPV1-CFP in HMY-1/TRPV1 cells lacking the β-arrestin2 

(β-Arr2(↓)). HMY-1 cells were transfected with TRPV1-CFP and β-arrestin2 siRNA. 24 

hours post transfection the apparent diffusion coefficient of TRPV1-CFP (A) and its mobile 

fraction (B) was measured using FRAP. The lateral mobility was measured in control cells 

and in cells treated with 0.5 μM capsaicin (Caps) or 1 μM endomorphin-2 (End-2) for 5 

minutes before the measurements. FRAP data were collected from a bottom part of the cell 

membrane from three independent experiments and at least 50 cells. Results are expressed 

as means ± SEM. (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 compared to control; # p ≤ 0.05 

compared to control β-Arr2(↓)) 
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6.11  MAPKs involved in crosstalk between MOR and TRPV1 

β-Arrestin is involved in the activation of MAPK signaling cascades. Here, we 

performed the western blot analysis of the phosphorylated forms of individual MAPK, 

specifically p-38, JNK, and ERK1/2 to reveal their potential involvement in 

HEK-293/TRPV1, HMY-1/TRPV1, and HMY-1 cells after addition of capsaicin or End-2. 

We did not observe any significant changes in the phosphorylation forms of JNK or 

p38 in all the different combinations (Figure 23A, B).  

We detected a significant change in the phosphorylated form of ERK1/2 

(Figure 23C) in different combinations. First, capsaicin caused a significant increase in 

ERK1/2 phosphorylation in cells expressing TRPV1 (HEK293/TRPV1 and 

HMY-1/TRPV1). End-2 was able to cause the phosphorylation of ERK1/2 in cells HMY-1 

however ERK1/2 phosphorylation was largely increased in cells HMY-1/TRPV1 after 

End-2 treatment. Interestingly, the difference in ERK1/2 phosphorylation in 

HMY-1/TRPV1 and HMY-1 cells after End-2 addition was decreased by the knockdown 

of β-arrestin2 (Figure 23D). 

Figure 22 Distribution of β-arrestin 2 in the plasma membrane fraction and the effect of 

capsaicin (Caps) and endomorphin-2 (End-2). Fraction of the plasma membranes was 

isolated from HMY-1 or HMY-1/TRPV1 cells without treatment (Ctrl) or after treatment with 

either 1µM capsaicin (Caps) or endormoprhin-2 (End-2) for 5 minutes. Subsequent 

immunoblot analysis of β-arrestin2 distribution was performed. Representative western blot 

is shown, and data are expressed from four independent experiments and represents the 

percentage of control. Results are expressed as ± SEM (** p ≤ 0.01 compared to control). 
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Figure 23 Phosphorylation of MAP kinases in HEK293/TRPV1, HMY-1/TRPV1 and 

HMY-1 cells and the effect of capsaicin (Caps) and endomophin-2 (End-2). Cells were 

incubated for 5 minutes at 37°C in the absence (Ctrl) or presence of 1µM End-2 or Caps. 

β-Arrestin2 was silenced (β-Arr2(↓)) in some experiments 24 hours before the treatment with 

agonists. Samples were loaded on the poly-acrylamide gel and SDS-Page electrophoresis 

was performed. Specific antibodies against JNK and p-JNK (A), p38 and p-p38 (B) and 

ERK1/2 and p-ERK1/2 (C, D) were subsequently used after the protein transfer on the 

nitrocellulose membranes. Representative immunoblots are shown and data are expressed 

from four independent experiments. Results are expressed as means ± S.E.M. of the ratios 

of phosphorylated to unphosphorylated MAPK forms (* p < 0.05, *** p < 0.001 compared 

to corresponding control; # p < 0.05, ##  p < 0.01 compared to HMY-1/TRPV1; +  p < 0.05, 
++ p < 0.01, +++ p < 0.001 compared to cells treated with Caps). 
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6.12  Lateral mobility of TLR4 in cells expressing TRPV1 

Here, we tested the possible crosstalk between TRPV1-CFP and TLR4-YFP at the 

plasma membrane level. Using FRAP, we observed the representative recovery curves of 

TLR4-YFP (Figure 24A). From the normalized recovery curves, we obtained the apparent 

diffusion coefficient and the mobile fraction of TLR4-YFP in the absence of any agonist 

or after activation of TRPV1-CFP with 1µM capsaicin (Figure 24B, C). The diffusion 

coefficient of TLR4-YFP increased significantly after the activation of TRPV1 

(D  = 0.93 ± 0.2 μm2/s) with capsaicin. Contrary, the mobile fraction of TLR4-YFP 

robustly dropped down (Mf = 0.32 ± 0.09) in the presence of TRPV1 agonist capsaicin 

compared to the control. 

Figure 24 Effect of TRP1-CFP activation on the lateral mobility of TLR4-YFP in the plasma 

membrane. HEK293 cells were co-transfected with TRPV1-CFP and TLR4-YFP and 

24 hours post transfection the FRAP measurement was performed on the bottom part of the 

cell membrane. The recovery curves of TLR4-YFP were obtained (A) and the diffusion 

coefficient (B) and mobile fraction (C) of TLR4-YFP was measured in the absence (Ctrl) of 

any agonist and in the presence of 1µM capsaicin (Caps). Data are expressed as a mean 

± SEM from three independent experiments. (* p ≤ 0.05, *** p ≤ 0.001 compared to control). 
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7 Discussion 

The purpose of this thesis was to investigate the role of β-arrestin in multiple 

signaling pathways, particularly those connected with the MOR and TRPV1 channel. In 

general, β-arrestin is a multifunctional protein involved in several cellular events such as 

the desensitization of receptors, scaffold function, and its signaling role. There are only two 

isoforms of β-arrestin (β-arr1 and β-arr2) compared to more than 800 types of GPCR 

(Lagerström and Schiöth 2008).  

Here, we use the classical HEK293 cell line or the HMY-1 cell line derived from 

HEK293. The HMY-1 cell line stably expresses the MOR tagged with YFP. The mRNA 

level of different proteins related to GPCR signaling in the HEK293 cell line was observed 

in a study by Atwood 2011 (Atwood et al. 2011). Both isoforms of β-arrestins and Gαs are 

endogenously expressed in the HEK293 cell line. However, the expression of β-arrestin2 

is two times higher than β-arrestin1 at the mRNA level. To observe the role of selected 

proteins in the signaling of MOR and TRPV1, we successfully used the siRNA method to 

down-regulate the expression of β-arrestin1, β-arrestin2, and Gαs in the HMY1 or HEK293 

cell line. 

Previously, the HMY-1 cell line was shown to be suitable for investigating 

MOR-YFP and its properties in the plasma membrane (Melkes et al. 2016). Using a FRAP 

method, we observed the lateral mobility of MOR-YFP in HMY-1 treated with different 

ligands such as DAMGO, morphine, and endormophin-2 (End-2), where DAMGO 

significantly increased, and End-2 significantly decreased the apparent diffusion coefficient 

of MOR-YFP in HMY-1 cells. These results correspond to the study of Melkes et al. 2016, 

where biased agonists of MOR regulate its lateral mobility in a diverse way (Melkes et al. 

2016). 

In the next step, we investigated the effect of β-arrestin isoforms on the lateral 

mobility of MOR-YFP in the plasma membrane. Silencing of both β-arrestin isoforms 

separately resulted in a significant increase of MOR-YFP lateral mobility in the plasma 

membrane. In addition, the effect of DAMGO, End-2, and morphine on MOR-YFP 

diffusion in control HMY-1 cells was abolished in cells lacking β-arrestin1 or β-arrestin2. 

To support our results with increased diffusion of MOR-YFP in the plasma membrane in 

cells lacking both β-arrestins, the study on the neuropeptide Y type 1 receptor (NPY1) with 

the mutation disrupting the β-arrestin recruitment revealed a significant increase in its 
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lateral mobility in the plasma membrane (Kilpatrick et al. 2012). In our study, we used two 

biased ligands as DAMGO and End-2, where DAMGO should be a G protein bias agonist 

of MOR, End-2, on the other hand, should lead the signal from MOR towards the 

β-arrestin2 and morphine as an unbiased ligand of MOR (Rivero et al. 2012). Despite this, 

we did not observe any significant differences between the two ligands and their effect on 

the lateral mobility in the plasma membrane in HMY-1 cells lacking both β-arrestins 

isoforms. Additionally, no significant differences were observed between the two isoforms 

of β-arrestins on the lateral mobility of MOR-YFP in the plasma membrane. Nevertheless, 

the mobile fraction of activated MOR-YFP by DAMGO or End-2 was significantly 

decreased in cells lacking β-arrestin1 or β-arrestin2. Both β-arrestins isoforms somehow 

affect the mobility of MOR-YFP in the HMY-1 cell line. Furthermore, several studies 

reported that the diffusion of GPCRs in the plasma membrane might be affected by their 

agonists or cognate signaling proteins, such as arrestins, G proteins, or trafficking proteins 

(Cézanne et al. 2004; Lalo et al. 2010; Saulière-Nzeh et al. 2010; Moravcova et al. 2018). 

Using line-scan fluorescent correlation spectroscopy (line-scan FCS) as another 

approach to revealing the lateral mobility of MOR-YFP in the plasma membrane, we 

supported our data obtained from FRAP experiments. Although the values from the 

line-scan FCS might be slightly different from the values observed using FRAP, the trend 

of changes in the MOR-YFP diffusion coefficient was similar even under different 

conditions, such as different ligands or siRNAs. It is known that both methods are 

comparable. Moreover, the line-scan FCS method can provide even more precise values 

and information on membrane compartmentalization (Ries et al. 2009; Macháň et al. 2016). 

From our results of the MOR-YFP mobility is clear that both β-arrestins strongly affect 

MOR-YFP lateral mobility in the plasma membrane of the HMY-1 cell line and silencing 

of one or the other isoform of β-arrestin abolishes the effect of a distinct agonist on 

MOR-YFP diffusion coefficient of MOR-YFP. 

It is known that β-arrestin plays a major role in the desensitization of GPCRs that 

results in receptor internalization. In the next step of our investigation of the differences 

between the two isoforms of β-arrestin, we looked at MOR internalization. β-Arrestins are 

necessary scaffold proteins to induce internalization. Internalization of MOR induced by 

increasing concentration of DAMGO, fentanyl, and loperamide was completely abolished 

in CRISPR/Cas9 edited HEK293 cells lacking both β-arrestin isoforms (Møller et al. 2020). 

β-Arrestins serve as a scaffold protein for the endocytic machinery that involves adaptor 
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protein 2 (AP-2) and clathrin (Laporte et al. 1999). Interestingly, it was observed that 

β-arrestin1 binds with a higher affinity to AP-2 compared to β-arrestin2. On the other hand, 

β-arrestin2 shows a higher affinity for clathrin (Laporte et al. 1999). Moreover, preferences 

between one or the other β-arrestin isoform are not only in the endocytic machinery. 

Apparently, receptors from class A GPCR (MOR, β2AR, dopamine D1A receptor D1A, 

etc.) prefer recruitment and binding with β-arrestin2. In contrast, no significant differences 

were observed in the recruitment of β-arrestin1 or β-arrestin2 for GPCR class B of GPCRs 

(V2R, angiotensin II type 1A receptor, neurotensin receptor 1, etc.). (Oakley et al. 2000). 

In our set of experiments focused on investigating the time interval of MOR internalization 

in control HMY-1 cells or HMY-1 cells lacking β-arrestin1 or β-arrestin2, we used two 

MOR agonists, DAMGO and End-2. First, the internalization of MOR induced by DAMGO 

was more efficient, and a higher number of MORs were internalized compared to the 

internalization of MOR induced by End-2. It is known, DAMGO is a synthetic ligand with 

a very high affinity for MOR. Additionally, DAMGO should stabilize the structure of the 

MOR which leads towards the G protein signaling pathway and End-2 has the opposite bias 

towards the β-arrestin2 (Rivero et al. 2012; Manabe et al. 2019). However, in most of the 

studies, DAMGO was used as a reference ligand to count bias for the other ligand of MOR 

and we cannot say with absolute certainty that DAMGO is biased towards the G protein 

(Conibear and Kelly 2019). Furthermore, a recent study revealed that End-2 is biased 

toward the cAMP signal (LaVigne et al. 2020). Together, the differences between both the 

agonists and their capability to induce the MOR internalization could be connected to their 

distinct bias. Individual silencing of β-arrestin isoforms resulted in less efficient 

internalization of MOR induced by DAMGO. Although one or another isoform of 

β-arrestin was silenced, there was still several internalized MOR after DAMGO binding 

explaining to some extent the equality of β-arrestin1 and β-arrestin2 which is in agreement 

with the study of Kouhout et al. 2001 (Kohout et al. 2001). In the case of End-2 induced 

internalization of MOR, there were no significant differences between the number of 

internalized MOR in HMY-1 cells lacking β-arrestin2. However, silencing of β-arrestin1 

disabled the internalization of MOR induced by End-2 at 20 minutes. This result might 

suggest the possible engagement between the MOR internalization induced by End-2 and 

β-arrestin1 which is in line with the results of the study by Thompson et al. where they 

pointed out that End-2 recruits more efficiently β-arrestin1 than β-arrestin2 (Thompson et 

al. 2015). Taken together, biased ligands of MOR may cause a different structural state of 
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the MOR which may influence the following interaction of MOR with its cognate signaling 

proteins.  

To further investigate the MOR signaling and the role of β-arrestin isoforms we 

focused on cAMP accumulation. cAMP is an important second messenger in cells that 

makes the signal even stronger and transmits it to subsequent partners. MOR is coupled 

with the inhibition subtype of Gα protein. To observe the inhibition of cAMP production by 

adenylyl cyclase (AC), it was necessary first to use a direct activator of AC called forskolin. 

All three used ligands of MOR (DAMGO, End-2, and morphine) significantly inhibited the 

forskolin-stimulated activity of AC. Surprisingly, the silencing of β-arrestin1 itself 

decreased forskolin-stimulated AC activity and also completely abolished the inhibitory 

effect of the individual MOR agonists on AC activity. Similar results were observed in 

HMY-1 cells lacking β-arrestin2 where forskolin-induced AC activity was slightly 

inhibited by silencing of β-arrestin2 itself. However, the inhibitory effect of all three 

agonists of MOR was preserved and did not change significantly compared to control 

HMY-1 cells. To observe the role of Gαi proteins in AC activity, we used pertussis toxin 

(PTX) which is known to inhibit the Gαi proteins (Burns, 1988). As we expected, the effect 

of all three MOR agonists on AC activity was abolished in HMY-1 cells treated with PTX 

and similarly in HMY-1 cells lacking β-arrestin1. However, the silencing of β-arrestin2 in 

HMY-1 cells treated with PTX resulted in a large increase in cAMP. These results might 

suggest the possible involvement of β-arrestin2 in AC activity and moreover, β-arrestin2 

might be considered as a potential negative regulator of AC. Unfortunately, there are no 

supportive or non-confirming studies on the influence of both β-arrestin isoforms on the 

MOR signaling pathway relative to cAMP accumulation. 

To discover in detail the roles of β-arrestins in the regulation of AC, we focused on 

AC stimulation of AC by two different pathways. First through the direct activator forskolin 

and second through classical G protein signaling using isoprenaline as an agonist of 

endogenously expressed β-adrenergic receptors (β-AR). It is necessary to mention that this 

set of experiments was performed on a classical HEK293 cell line. Using a rising 

concentration of forskolin or isoprenaline, we obtained a dose-response curve of cAMP 

accumulation in HEK293 cells lacking β-arrestin1 or β-arrestin2. In both forskolin- and 

isoprenaline-induced AC activity we observed a decrease in cAMP accumulation in 

HEK293 lacking β-arrestin1. These results correspond to the previous experiment. 

Furthermore, in case of an increase in forskolin, we observed an even higher accumulation 
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of cAMP accumulation in HEK293 cells lacking β-arrestin2. It is clear that β-arrestin1 and 

β-arrestin2 are important for AC activity in both cases as AC activation AC through the Gαs 

or directly through forskolin. However, both isoforms seem to have a distinct relationship 

with the AC and its activity. These results are supported by the study by Ahn et al. where 

they used HEK293 cell line and siRNA to downregulate the expression of one or the other 

isoform of β-arrestin. Using the cAMP accumulation assay, they observed a significant 

increase in cAMP accumulation after the treatment in cells lacking β-arrestin2. The 

elimination of β-arrestin1 caused a slight decrease in cAMP accumulation but the result 

was not significant. It is important to mention that the cAMP accumulation assay was 

performed using a 10 μM isoprenaline for only 2 minutes (Ahn et al. 2003). On the contrary, 

a study on mouse embryonic fibroblast (MEF) derived from knockout mice lacking 

β-arrestin1 or β-arrestin2 observed an increase in cAMP accumulation induced by 

isoprenaline in both cases of silencing β-arrestin isoforms. In this experiment, the 

accumulation of cAMP was measured using a 10 μM isoprenaline, and the cAMP 

accumulation was monitored for 60 minutes. Furthermore, the β-adrenergic receptor was 

overexpressed in MEF cells (Kohout et al. 2001). The differences between our results and 

results from other studies might be due to the use of different concentrations, incubation 

times, and methods.  

Some previous studies showed the importance of Gαs subunit in forskolin-induced 

AC activity (Green and Clark 1982; Chen-Goodspeed et al. 2005). These results are in line 

with our observation of forskolin-induced cAMP accumulation in cells lacking the 

Gαs subunit. Furthermore, subsequent silencing of β-arrestin1 or β-arrestin2 even deepened 

the effect of decreased forskolin-induced AC activity. It is important to mention that study 

from 2013 observed a direct interaction of Gαs subunit and β-arrestin1. Furthermore, it was 

shown that β-arrestin1 regulates the Gαs activity and possibly promotes the binding and 

release of GTP on the Gαs subunit (Li et al. 2013). Clearly, β-arrestin1 affects the AC 

activity and our results from the co-immunoprecipitation suggest a potential direct 

interaction between the AC and β-arrestin1. Additionally, the interaction is enhanced by 

the activation of AC with isoprenaline, and to some extent, we observed possible interaction 

even between the activated AC and β-arrestin2. Since we know there is a direct interaction 

of β-arrestin1 with the Gαs subunit we may consider the creation of AC, Gαs, and β-arrestin1 

complex. However, this idea would need further investigation. 
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The next part of the thesis was investigating the role of β-arrestin in the behavior 

and function of MOR and TRPV1. It is known that both these receptors are naturally co-

expressed in primary sensory neurons and the brain and may closely cooperate (Endres-

Becker et al. 2007; Maione et al. 2009). For the purpose of this study, we used the HMY-1 

cell line stably expressing the MOR-YFP and transiently co-expressed the TRPV1 tagged 

with the cyan fluorescent protein (CFP). First, we tested whether the expression of TRPV1 

in HMY-1 cells affects MOR function using the cAMP assay. As expected, End-2 treatment 

of HMY-1 cells or HMY-1/TRPV1 cells caused a significant decrease in cAMP production. 

Capsaicin did not affect MOR function in HMY-1 cells or HMY-1/TRPV1 cells. However, 

capsaicin had an effect on the lateral mobility of MOR in HMY-1/TRPV1 cells, and 

contrary End-2 affected the lateral mobility in HMY-1/TRPV1 cells (data not shown). 

Taken together, both End-2 and capsaicin could have changed the mobility of their cognate 

and even non-cognate receptors, but capsaicin did not affect the function of MOR in 

HMY-1/TRPV1 cells. Clearly, there is communication between both receptors, but the 

mechanism must be resolved.  

β-Arrestin plays a crucial role in MOR and TRPV1 desensitization. In the case of 

MOR, β-arrestin is recruited to activated and phosphorylated MOR in the plasma 

membrane and disables further activation of G proteins. Desensitization of TRPV1 through 

β-arrestin has a different mechanism where β-arrestin2 decreases the activity of PKA, 

which results in lower phosphorylation of TRPV1 and its desensitization. It was shown, β-

arrestin is an important part of MOR and TRPV1 crosstalk. A study from 2017 observed 

the potential involvement of GRK5 in the MOR and TRPV1 crosstalk. Specifically, TRPV1 

activation drives the GRK5 into the nucleus which prevents the possible phosphorylation 

of MOR and its desensitization (Scherer et al. 2017). A more recent and supportive study 

revealed the translocation of β-arrestin2 into the nucleus after activation of TRPV1 which 

caused no internalization and desensitization of MOR (Basso et al. 2019). Clearly, β-

arrestin has an emerging role in communication between the signaling pathways of both 

receptors. To observe the detailed function of β-arrestin2 in receptor crosstalk, we used the 

siRNA to silence the expression of β-arrestin2 in HMY1/TRPV1 cells and designed several 

experiments that could help us to better understand its role in the system. 

First, we tested the lateral mobility of MOR-YFP and TRPV1-CFP and their mobile 

fraction in HMY-1/TRPV1 cells lacking β-arrestin2. Knockdown of β-arrestin2 itself 

significantly decreased the lateral mobility of TRPV1 and, in the case of MOR, there was 
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also a decreasing trend. Interestingly, the elimination of β-arrestin2 abolished any effect of 

End-2 and capsaicin on the diffusion of TRPV1 into the plasma membrane in 

HMY-1/TRPV1 cells. The lateral mobility of MOR in the plasma membrane of 

HMY-1/TRPV1 cells increased significantly after the treatment with capsaicin in cells 

lacking β-arrestin2. From the study of Melkes et al., we know that End-2 robustly decreased 

the lateral mobility of MOR in HMY-1 cells (Melkes et al. 2016). However, in the case of 

HMY-1/TRPV1 cells lacking β-arrestin2, End-2 did not cause any changes in MOR 

diffusion in the plasma membrane. We may conclude that TRPV1 plays a key role in the 

lateral mobility of MOR in cells lacking β-arrestin2. Furthermore, it was shown that the 

β-arrestin1 biased agonist of the angiotensin II receptor type 1 activates the TRPC3 channel 

through the GPCR-arrestin complex. The coupling between GPCRs and TRP channels 

might be arrestin-dependent (Liu et al. 2017).  

The association of β-arrestin2 with the plasma membrane upon the activation of 

MOR or TRPV1 by their agonists for 5 minutes was studied using the plasma membrane 

fraction. It is known that MOR undergoes internalization upon its activation with End-2 or 

some other ligands, and the MOR-β-arrestin complex remains stable for several minutes 

(Horner and Zadina 2004). It corresponds to our observation that activation of MOR with 

End-2 did not cause the decrease of β-arrestin2 associated with the plasma membrane in 

HMY-1 cells. However, our results showed a decrease in the level of associated β-arrestin2 

with the plasma membrane after activation with End-2 or capsaicin in HMY-1/TRPV1 

cells. TRPV1 may possibly play a role in the β-arrestin2 association with the plasma 

membrane upon the activation of MOR or TRPV1. Interestingly, it was shown that 

interaction between the TRPV4 and β-arrestin appears after 2 minutes of angiotensin 

receptor (AT1aR) activation with angiotensin and disappears after 5 minutes of angiotensin 

treatment. This study showed a membrane complex consisting of AT1aR, TRPV4, and 

β-arrestins upon stimulation of AT1aR (Shukla et al. 2010). 

The MAPK family of proteins, including ERK, p38, and JNK, is involved in a wide 

variety of cell physiological processes, including pain hypersensitivity (Obata a Noguchi 

2004). It was previously described that activation of MOR by agonists such as morphine, 

DAMGO, or fentanyl induces the phosphorylation of ERK1/2 (Belcheva et al. 1998; Narita 

et al. 2002). Furthermore, morphine-induced phosphorylation of ERK1/2 was found to be 

dependent on β-arrestin2 (Macey et al. 2006). The phosphorylation of ERK1/2 is not only 

the job of MOR. TRPV1 was shown to signal through MAPK as ERK1/2 by the activation 
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of the protein kinase C (Mandal et al. 2018). All these data support our results, in which 

we observed enhanced phosphorylation of ERK1/2 after activation of TRPV1 with 

capsaicin or of MOR with endomorphin-2 in cells where the receptors were expressed 

alone. However, cells that expressed both receptors together showed almost twofold higher 

phosphorylation of ERK1/2 induced by endomorphin-2 treatment. This increase was 

reduced in cells lacking β-arrestin2 showing that MOR-induced phosphorylation of 

ERK1/2 depends on β-arrestin2 in cells expressing TRPV1. This observation provides us 

with a better and more detailed view of the cooperation between the MOR and TRPV1. 

Furthermore, the phosphorylation of ERK1/2 induced by TRPV1 activation was not 

affected by β-arrestin2 knockdown suggesting that the mechanism of ERK1/2 

phosphorylation by TRPV1 differs from MOR-induced ERK1/2 phosphorylation. 

The last part of our study focused on possible cooperation between TRPV1 and 

TLR4, which are important receptors that are involved in pain transduction (Caterina et al. 

2000; Tanga et al. 2005). Since both receptors were found together in primary sensory 

neurons and trigeminal neurons it raised a question on possible crosstalk between TRPV1 

and TLR4 (Wadachi and Hargreaves 2006). TLR4 activation with LPS is known to 

sensitize the TRPV1 channel and increases TRPV1 expression (Diogenes et al. 2011; 

Filippova et al. 2018). We focused on the possible cooperation between TLR4 and TRPV1 

at the plasma membrane level. Using FRAP, we observed that activation of TRPV1 

significantly increased the lateral mobility of TLR4. However, TLR4 became almost 

immobile after activation of TRPV1 with capsaicin. We may say that there is potential 

cooperation between both receptors at the plasma membrane level and this result is 

supported by a study where it was observed a direct interaction between TLR4 and TRPV1. 

This interaction is mediated through the TIR domain of TLR4 (Min et al. 2018). 

In summary, we have presented a detailed view on the differences between the 

β-arrestin isoforms in MOR signaling and AC function. Furthermore, for the first time, we 

showed the potential direct interaction between the β-arrestin1 and AC upon AC activation. 

We revealed the importance of β-arrestin2 in the crosstalk between MOR and TRPV1.  
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8 Summary 

In this work, our objective was to study the role of β-arrestin and the differences 

between its two isoforms in MOR signaling and AC function. Moreover, we focused on the 

role of β-arrestin2 in the crosstalk between MOR and TRPV1 which are important receptors 

involved in pain transduction.  

We found that the lateral mobility of nonactivated MOR might be affected by its 

cognate signaling proteins like β-arrestins due to possible close cooperation between 

β-arrestins and the receptor. Above that, the lateral mobility of MOR is affected by both 

isoforms of β-arrestins even when the receptor is activated with its agonists. However, we 

did not identify any significant differences between β-arrestin1 and β-arrestin2 and their 

effect on the diffusion of MOR in the plasma membrane. 

Receptor internalization is an important process in the regulation of MOR signaling. 

We showed that different agonists may induce a distinct level of internalization where 

DAMGO was the most efficient ligand to induce the MOR internalization followed by 

endomorphin-2. Morphine, as is known, did not cause any internalization of MOR. 

Moreover, we showed that there are differences in MOR internalization after silencing 

β-arrestin1 or β-arrestin2. In particular, silencing of β-arrestin1 disabled internalization 

induced by endomorphin-2 up to 20 minutes of treatment. On the other hand, internalization 

of MOR was observed in cells lacking β-arrestin2 but in a less severe manner. 

We showed the importance of β-arrestin isoforms in the modulation of the activity 

of AC. Inhibition of AC through the MOR signaling pathway was highly affected by the 

silencing of β-arrestin1 as MOR agonists of MOR were not able to inhibit 

forskolin-activated AC. This phenomenon was eliminated using pertussis toxin (PTX) to 

block the activity of Gαi proteins. However, PTX had a completely opposite effect on AC 

inhibition in cells lacking β-arrestin2, and AC activity was significantly increased even 

after treatment with MOR agonists. These observations led us to explore the AC activity 

induced either by forskolin or through the Gαs protein. We found that the AC activity 

induced by forskolin or isoprenaline was decreased in cells lacking β-arrestin1 in a 

dose-response manner. On the contrary, silencing of β-arrestin2 resulted in the opposite 

effect, and the activity of AC was enhanced. Moreover, we demonstrated the possible 

importance of the Gαs subunit in this phenomenon. 
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Furthermore, we pointed out a very interesting fact between the AC and β-arrestins. 

We observed a potential interaction between the β-arrestin1 and AC in the resting state that 

increased significantly after the activation of AC through the Gαs-mediated signaling 

pathway. 

In the next part of this study, we focused on describing the possible involvement of 

β-arrestin2 in the cooperation between MOR and TRPV1. We showed that β-arrestin2 can 

affect the lateral mobility of non-activated TRPV1 in the presence of MOR and above that 

activation of TRPV1 with capsaicin affected the lateral mobility of MOR in the plasma 

membrane in cells lacking β-arrestin2. 

The content of β-arrestin2 in the plasma membrane may serve as important 

information for the crosstalk between MOR and TRPV1. We found that the level of plasma 

membrane β-arrestin2 was decreased after activation of MOR or TRPV1 in the presence of 

both receptors. In addition, we showed that the β-arrestin2 is essential for the 

phosphorylation of ERK1/2 induced by endomorphin-2 in cells expressing MOR and 

TRPV1. 

In the last part, we investigated the potential cooperation between TRPV1 and 

TLR4 in the plasma membrane and found possible crosstalk between these two receptors. 

However, this crosstalk needs further investigation. 

Together, we have provided detailed information on the importance of the two 

β-arrestin isoforms for lateral mobility in the plasma membrane and their function together 

with AC activity. In addition, we found that β-arrestin2 plays a key role in the crosstalk 

between the MOR and TRPV1.  

  



81 

 

9 Bibliography 

Abrimian, Anna, Tamar Kraft, a Ying-Xian Pan. 2021. „Endogenous Opioid Peptides and 

Alternatively Spliced Mu Opioid Receptor Seven Transmembrane Carboxyl-

Terminal Variants". International Journal of Molecular Sciences 22(7):3779. doi: 

10.3390/ijms22073779. 

Ahn, Seungkirl, Christopher D. Nelson, Tiffany Runyan Garrison, William E. Miller, a 

Robert J. Lefkowitz. 2003. „Desensitization, Internalization, and Signaling 

Functions of β-Arrestins Demonstrated by RNA Interference". Proceedings of the 

National Academy of Sciences 100(4):1740–44. doi: 10.1073/pnas.262789099. 

Ahn, Seungkirl, Sudha K. Shenoy, Huijun Wei, a Robert J. Lefkowitz. 2004. „Differential 

Kinetic and Spatial Patterns of β-Arrestin and G Protein-Mediated ERK Activation 

by the Angiotensin II Receptor". Journal of Biological Chemistry 279(34):35518–

25. doi: 10.1074/jbc.M405878200. 

Angst, Martin S., a J. David Clark. 2006. „Opioid-Induced Hyperalgesia: A Qualitative 

Systematic Review". Anesthesiology 104(3):570–87. doi: 10.1097/00000542-

200603000-00025. 

Attramadal, H., J. L. Arriza, C. Aoki, T. M. Dawson, J. Codina, M. M. Kwatra, S. H. 

Snyder, M. G. Caron, a R. J. Lefkowitz. 1992. „Beta-Arrestin2, a Novel Member 

of the Arrestin/Beta-Arrestin Gene Family". The Journal of Biological Chemistry 

267(25):17882–90. 

Atwood, Brady K., Jacqueline Lopez, James Wager-Miller, Ken Mackie, a Alex Straiker. 

2011. „Expression of G protein-coupled receptors and related proteins in HEK293, 

AtT20, BV2, and N18 cell lines as revealed by microarray analysis". BMC 

Genomics 12:14. doi: 10.1186/1471-2164-12-14. 

Azzam, Ammar A. H., a David G. Lambert. 2022. „Preclinical Discovery and Development 

of Oliceridine (Olinvyk®) for the Treatment of Post-Operative Pain". Expert 

Opinion on Drug Discovery 17(3):215–23. doi: 10.1080/17460441.2022.2008903. 

Backes, Tobias M., Oliver G. Rössler, Xin Hui, Carsten Grötzinger, Peter Lipp, a Gerald 

Thiel. 2018. „Stimulation of TRPV1 Channels Activates the AP-1 Transcription 

Factor". Biochemical Pharmacology 150:160–69. doi: 10.1016/j.bcp.2018.02.008. 

Bachmutsky, Iris, Xin Paul Wei, Adelae Durand, a Kevin Yackle. 2021. „SS-Arrestin 2 

Germline Knockout Does Not Attenuate Opioid Respiratory Depression". ELife 

10:e62552. doi: 10.7554/eLife.62552. 

Basso, Lilian, Reem Aboushousha, Churmy Yong Fan, Mircea Iftinca, Helvira Melo, 

Robyn Flynn, Francina Agosti, Morley D. Hollenberg, Roger Thompson, 

Emmanuel Bourinet, Tuan Trang, a Christophe Altier. 2019. „TRPV1 Promotes 

Opioid Analgesia during Inflammation". Science Signaling 12(575):eaav0711. doi: 

10.1126/scisignal.aav0711. 

Belcheva, M. M., Z. Vogel, E. Ignatova, T. Avidor-Reiss, R. Zippel, R. Levy, E. C. Young, 

J. Barg, a C. J. Coscia. 1998. „Opioid Modulation of Extracellular Signal-Regulated 



82 

 

Protein Kinase Activity Is Ras-Dependent and Involves Gbetagamma Subunits". 

Journal of Neurochemistry 70(2):635–45. doi: 10.1046/j.1471-

4159.1998.70020635.x. 

Benda, Aleš, Yuanqing Ma, a Katharina Gaus. 2015. „Self-Calibrated Line-Scan STED-

FCS to Quantify Lipid Dynamics in Model and Cell Membranes". Biophysical 

Journal 108(3):596–609. doi: 10.1016/j.bpj.2014.12.007. 

Bhave, Gautam, Weiguo Zhu, Haibin Wang, D. J. Brasier, Gerry S. Oxford, a Robert W. 

Gereau. 2002. „CAMP-Dependent Protein Kinase Regulates Desensitization of the 

Capsaicin Receptor (VR1) by Direct Phosphorylation". Neuron 35(4):721–31. doi: 

10.1016/s0896-6273(02)00802-4. 

Bohn, L. M., R. J. Lefkowitz, R. R. Gainetdinov, K. Peppel, M. G. Caron, a F. T. Lin. 1999. 

„Enhanced Morphine Analgesia in Mice Lacking Beta-Arrestin 2". Science 

286(5449):2495–98. 

Bohn, Laura M., Raul R. Gainetdinov, Fang-Tsyr Lin, Robert J. Lefkowitz, a Marc G. 

Caron. 2000. „μ-Opioid Receptor Desensitization by β-Arrestin-2 Determines 

Morphine Tolerance but Not Dependence". Nature 408(6813):720. doi: 

10.1038/35047086. 

Bous, Julien, Aurélien Fouillen, Hélène Orcel, Stefano Trapani, Xiaojing Cong, Simon 

Fontanel, Julie Saint-Paul, Joséphine Lai-Kee-Him, Serge Urbach, Nathalie Sibille, 

Rémy Sounier, Sébastien Granier, Bernard Mouillac, a Patrick Bron. 2022. 

„Structure of the Vasopressin Hormone-V2 Receptor-β-Arrestin1 Ternary 

Complex". Science Advances 8(35):eabo7761. doi: 10.1126/sciadv.abo7761. 

Brownstein, M. J. 1993. „A Brief History of Opiates, Opioid Peptides, and Opioid 

Receptors." Proceedings of the National Academy of Sciences 90(12):5391–93. doi: 

10.1073/pnas.90.12.5391. 

Burns, D. L. 1988. „Subunit Structure and Enzymic Activity of Pertussis Toxin". 

Microbiological Sciences 5(9):285–87. 

Cahill, Thomas J., Alex R. B. Thomsen, Jeffrey T. Tarrasch, Bianca Plouffe, Anthony H. 

Nguyen, Fan Yang, Li-Yin Huang, Alem W. Kahsai, Daniel L. Bassoni, Bryant J. 

Gavino, Jane E. Lamerdin, Sarah Triest, Arun K. Shukla, Benjamin Berger, John 

Little, Albert Antar, Adi Blanc, Chang-Xiu Qu, Xin Chen, Kouki Kawakami, Asuka 

Inoue, Junken Aoki, Jan Steyaert, Jin-Peng Sun, Michel Bouvier, Georgios 

Skiniotis, a Robert J. Lefkowitz. 2017. „Distinct Conformations of GPCR-β-

Arrestin Complexes Mediate Desensitization, Signaling, and Endocytosis". 

Proceedings of the National Academy of Sciences of the United States of America 

114(10):2562–67. doi: 10.1073/pnas.1701529114. 

Caterina, M. J., A. Leffler, A. B. Malmberg, W. J. Martin, J. Trafton, K. R. Petersen-Zeitz, 

M. Koltzenburg, A. I. Basbaum, a D. Julius. 2000. „Impaired Nociception and Pain 

Sensation in Mice Lacking the Capsaicin Receptor". Science (New York, N.Y.) 

288(5464):306–13. doi: 10.1126/science.288.5464.306. 



83 

 

Caterina, M. J., M. A. Schumacher, M. Tominaga, T. A. Rosen, J. D. Levine, a D. Julius. 

1997. „The Capsaicin Receptor: A Heat-Activated Ion Channel in the Pain 

Pathway". Nature 389(6653):816–24. doi: 10.1038/39807. 

Cavanaugh, Daniel J., Alexander T. Chesler, Alexander C. Jackson, Yaron M. Sigal, Hiroki 

Yamanaka, Rebecca Grant, Dajan O’Donnell, Roger A. Nicoll, Nirao M. Shah, 

David Julius, a Allan I. Basbaum. 2011. „Trpv1 Reporter Mice Reveal Highly 

Restricted Brain Distribution and Functional Expression in Arteriolar Smooth 

Muscle Cells". The Journal of Neuroscience: The Official Journal of the Society for 

Neuroscience 31(13):5067–77. doi: 10.1523/JNEUROSCI.6451-10.2011. 

Cézanne, Laurence, Sandra Lecat, Bernard Lagane, Claire Millot, Jean-Yves Vollmer, 

Hans Matthes, Jean-Luc Galzi, a André Lopez. 2004. „Dynamic Confinement of 

NK2 Receptors in the Plasma Membrane. Improved FRAP Analysis and Biological 

Relevance". The Journal of Biological Chemistry 279(43):45057–67. doi: 

10.1074/jbc.M404811200. 

Conibear, Alexandra E., a Eamonn Kelly. 2019. „A Biased View of μ-Opioid Receptors?" 

Molecular Pharmacology 96(5):542–49. doi: 10.1124/mol.119.115956. 

de Conno, Franco, Augusto Caraceni, Cinzia Martini, Elio Spoldi, Monica Salvetti, a 

Vittorio Ventafridda. 1991. „Hyperalgesia and Myoclonus with Intrathecal Infusion 

of High-Dose Morphine". Pain 47(3):337–39. doi: 10.1016/0304-3959(91)90225-

M. 

Cuitavi, Javier, Lucía Hipólito, a Meritxell Canals. 2021. „The Life Cycle of the Mu-Opioid 

Receptor". Trends in Biochemical Sciences 46(4):315–28. doi: 

10.1016/j.tibs.2020.10.002. 

DeWire, Scott M., Seungkirl Ahn, Robert J. Lefkowitz, a Sudha K. Shenoy. 2007. „β-

Arrestins and Cell Signaling". Annual Review of Physiology 69(1):483–510. doi: 

10.1146/annurev.physiol.69.022405.154749. 

DeWire, Scott M., Dennis S. Yamashita, David H. Rominger, Guodong Liu, Conrad L. 

Cowan, Thomas M. Graczyk, Xiao-Tao Chen, Philip M. Pitis, Dimitar Gotchev, 

Catherine Yuan, Michael Koblish, Michael W. Lark, a Jonathan D. Violin. 2013. 

„A G Protein-Biased Ligand at the μ-Opioid Receptor Is Potently Analgesic with 

Reduced Gastrointestinal and Respiratory Dysfunction Compared with Morphine". 

Journal of Pharmacology and Experimental Therapeutics 344(3):708–17. doi: 

10.1124/jpet.112.201616. 

Diogenes, A., C. C. R. Ferraz, A. N. Akopian, M. A. Henry, a K. M. Hargreaves. 2011. 

„LPS Sensitizes TRPV1 via Activation of TLR4 in Trigeminal Sensory Neurons". 

Journal of Dental Research 90(6):759–64. doi: 10.1177/0022034511400225. 

Docherty, R. J., J. C. Yeats, S. Bevan, a H. W. Boddeke. 1996. „Inhibition of Calcineurin 

Inhibits the Desensitization of Capsaicin-Evoked Currents in Cultured Dorsal Root 

Ganglion Neurones from Adult Rats". Pflugers Archiv: European Journal of 

Physiology 431(6):828–37. doi: 10.1007/s004240050074. 



84 

 

Doll, Christian, Florian Pöll, Kenneth Peuker, Anastasia Loktev, Laura Glück, a Stefan 

Schulz. 2012. „Deciphering Μ-Opioid Receptor Phosphorylation and 

Dephosphorylation in HEK293 Cells". British Journal of Pharmacology 

167(6):1259–70. doi: 10.1111/j.1476-5381.2012.02080.x. 

Dorey, C., a J. P. Faure. 1977. „[Isolation and characterization of a retinal antigen inducing 

experimental autoimmune uveo-retinitis]". Annales D’immunologie 128(1–2):229–

32. 

Duman, R. S., J. F. Tallman, a E. J. Nestler. 1988. „Acute and Chronic Opiate-Regulation 

of Adenylate Cyclase in Brain: Specific Effects in Locus Coeruleus". The Journal 

of Pharmacology and Experimental Therapeutics 246(3):1033–39. 

Endres-Becker, Jeannette, Paul A. Heppenstall, Shaaban A. Mousa, Dominika Labuz, 

Alexander Oksche, Michael Schäfer, Christoph Stein, a Christian Zöllner. 2007. 

„Mu-Opioid Receptor Activation Modulates Transient Receptor Potential Vanilloid 

1 (TRPV1) Currents in Sensory Neurons in a Model of Inflammatory Pain". 

Molecular Pharmacology 71(1):12–18. doi: 10.1124/mol.106.026740. 

Fang, Yinquan, Qingling Jiang, Shanshan Li, Hong Zhu, Rong Xu, Nanshan Song, Xiao 

Ding, Jiaqi Liu, Miaomiao Chen, Mengmeng Song, Jianhua Ding, Ming Lu, 

Guangyu Wu, a Gang Hu. 2021. „Opposing Functions of β-Arrestin 1 and 2 in 

Parkinson’s Disease via Microglia Inflammation and Nprl3". Cell Death and 

Differentiation 28(6):1822–36. doi: 10.1038/s41418-020-00704-9. 

Felth, Lindsey, Sarah Gooding, Randi Foxhall, Zachary Rosa, Kyle Ireton, Izabella Sall, 

Joshua Gipoor, Anirudh Gaur, Madeline King, Noah Dirks, Cheryl A. Whistler, a 

Jennifer L. Whistler. 2023. „Deletion of Arrestin-3 Does Not Alter Compulsive 

Morphine-Seeking Behavior in an Oral Operant Self-Administration Paradigm". 

2023.03.30.534994. 

Ferrandon, Sébastien, Timothy N. Feinstein, Marian Castro, Bin Wang, Richard Bouley, 

John T. Potts, Thomas J. Gardella, a Jean-Pierre Vilardaga. 2009. „Sustained Cyclic 

AMP Production by Parathyroid Hormone Receptor Endocytosis". Nature 

Chemical Biology 5(10):734–42. doi: 10.1038/nchembio.206. 

Filippova, L. V., A. V. Fedorova, a A. D. Nozdrachev. 2018. „Mechanism of Activation of 

Enteric Nociceptive Neurons via Interaction of TLR4 and TRPV1 Receptors". 

Doklady Biological Sciences 479(1):44–46. doi: 10.1134/S0012496618020023. 

Gao, Mengkang, Yang Zhang, Bingxin Wang, Ning Guo, Lulian Shao, Weibin Zhai, Lei 

Jiang, Qiang Wang, Hai Qian, a Lin Yan. 2023. „Novel Dual-Target Μ‑opioid and 

TRPV1 Ligands as Potential Pharmacotherapeutics for Pain Management". 

Bioorganic Chemistry 131:106335. doi: 10.1016/j.bioorg.2022.106335. 

van Gastel, Jaana, Jhana O. Hendrickx, Hanne Leysen, Paula Santos-Otte, Louis M. 

Luttrell, Bronwen Martin, a Stuart Maudsley. 2018. „β-Arrestin Based Receptor 

Signaling Paradigms: Potential Therapeutic Targets for Complex Age-Related 

Disorders". Frontiers in Pharmacology 9:1369. doi: 10.3389/fphar.2018.01369. 



85 

 

Gees, Maarten, Grzegorz Owsianik, Bernd Nilius, a Thomas Voets. 2012. „TRP Channels". 

Comprehensive Physiology 2(1):563–608. doi: 10.1002/cphy.c110026. 

Ghosh, Eshan, Punita Kumari, Deepika Jaiman, a Arun K. Shukla. 2015. „Methodological 

Advances: The Unsung Heroes of the GPCR Structural Revolution". Nature 

Reviews. Molecular Cell Biology 16(2):69–81. doi: 10.1038/nrm3933. 

Gilman, A. G. 1987. „G Proteins: Transducers of Receptor-Generated Signals". Annual 

Review of Biochemistry 56:615–49. doi: 10.1146/annurev.bi.56.070187.003151. 

Goodman, Oscar B., Jason G. Krupnick, Francesca Santini, Vsevolod V. Gurevich, 

Raymond B. Penn, Alison W. Gagnon, James H. Keen, a Jeffrey L. Benovic. 1996. 

„β-Arrestin Acts as a Clathrin Adaptor in Endocytosis of the β 2 -Adrenergic 

Receptor". Nature 383(6599):447–50. doi: 10.1038/383447a0. 

Green, D. A., a R. B. Clark. 1982. „Direct Evidence for the Role of the Coupling Proteins 

in Forskolin Activation of Adenylate Cyclase". Journal of Cyclic Nucleotide 

Research 8(5):337–46. 

Groer, Chad E., Cullen L. Schmid, Alex M. Jaeger, a Laura M. Bohn. 2011. „Agonist-

directed Interactions with Specific β-Arrestins Determine μ-Opioid Receptor 

Trafficking, Ubiquitination, and Dephosphorylation". The Journal of Biological 

Chemistry 286(36):31731–41. doi: 10.1074/jbc.M111.248310. 

Gu, Zheng-Hui, Bo Wang, Zhen-Zhen Kou, Yang Bai, Tao Chen, Yu-Lin Dong, Hui Li, a 

Yun-Qing Li. 2017. „Endomorphins: Promising Endogenous Opioid Peptides for 

the Development of Novel Analgesics". Neuro-Signals 25(1):98–116. doi: 

10.1159/000484909. 

Haider, Raphael S., Edda S. F. Matthees, Julia Drube, Mona Reichel, Ulrike Zabel, Asuka 

Inoue, Andy Chevigné, Cornelius Krasel, Xavier Deupi, a Carsten Hoffmann. 2022. 

„β-Arrestin1 and 2 Exhibit Distinct Phosphorylation-Dependent Conformations 

When Coupling to the Same GPCR in Living Cells". Nature Communications 

13(1):5638. doi: 10.1038/s41467-022-33307-8. 

Hassan, Ahmed, Mircea Iftinca, Daniel Young, Robyn Flynn, Francina Agosti, Nasser 

Abdullah, Manon Defaye, Mark G. H. Scott, Antoine Dufour, a Christophe Altier. 

2021. „TRPV1 Activation Promotes β-Arrestin2 Interaction with the Ribosomal 

Biogenesis Machinery in the Nucleolus:Implications for P53 Regulation and 

Neurite Outgrowth". International Journal of Molecular Sciences 22(5):2280. doi: 

10.3390/ijms22052280. 

Horner, Kristen A., a James E. Zadina. 2004. „Internalization and Down-Regulation of Mu 

Opioid Receptors by Endomorphins and Morphine in SH-SY5Y Human 

Neuroblastoma Cells". Brain Research 1028(2):121–32. doi: 

10.1016/j.brainres.2004.07.055. 

Huang, Weijiao, Aashish Manglik, A. J. Venkatakrishnan, Toon Laeremans, Evan N. 

Feinberg, Adrian L. Sanborn, Hideaki E. Kato, Kathryn E. Livingston, Thor S. 

Thorsen, Ralf C. Kling, Sébastien Granier, Peter Gmeiner, Stephen M. Husbands, 

John R. Traynor, William I. Weis, Jan Steyaert, Ron O. Dror, a Brian K. Kobilka. 



86 

 

2015. „Structural Insights into Μ-Opioid Receptor Activation". Nature 

524(7565):315–21. doi: 10.1038/nature14886. 

Huang, Weijiao, Matthieu Masureel, Qianhui Qu, John Janetzko, Asuka Inoue, Hideaki E. 

Kato, Michael J. Robertson, Khanh C. Nguyen, Jeffrey S. Glenn, Georgios 

Skiniotis, a Brian K. Kobilka. 2020. „Structure of the Neurotensin Receptor 1 in 

Complex with β-Arrestin 1". Nature 579(7798):303–8. doi: 10.1038/s41586-020-

1953-1. 

Chakera, Aron, Ruth M. Seeber, Alison E. John, Karin A. Eidne, a David R. Greaves. 2008. 

„The Duffy Antigen/Receptor for Chemokines Exists in an Oligomeric Form in 

Living Cells and Functionally Antagonizes CCR5 Signaling through Hetero-

Oligomerization". Molecular Pharmacology 73(5):1362–70. doi: 

10.1124/mol.107.040915. 

Chen, Qiuyan, Tina M. Iverson, a Vsevolod V. Gurevich. 2018. „Structural Basis of 

Arrestin-Dependent Signal Transduction". Trends in Biochemical Sciences 

43(6):412–23. doi: 10.1016/j.tibs.2018.03.005. 

Chen, S. R., A. Prunean, H. M. Pan, K. L. Welker, a H. L. Pan. 2007. „Resistance to 

Morphine Analgesic Tolerance in Rats with Deleted Transient Receptor Potential 

Vanilloid Type 1-Expressing Sensory Neurons". Neuroscience 145(2):676–85. doi: 

10.1016/j.neuroscience.2006.12.016. 

Chen, Shao-Rui, a Hui-Lin Pan. 2006. „Loss of TRPV1-Expressing Sensory Neurons 

Reduces Spinal Mu Opioid Receptors but Paradoxically Potentiates Opioid 

Analgesia". Journal of Neurophysiology 95(5):3086–96. doi: 

10.1152/jn.01343.2005. 

Chen, Yong, Christian Geis, a Claudia Sommer. 2008. „Activation of TRPV1 Contributes 

to Morphine Tolerance: Involvement of the Mitogen-Activated Protein Kinase 

Signaling Pathway". The Journal of Neuroscience: The Official Journal of the 

Society for Neuroscience 28(22):5836–45. doi: 10.1523/JNEUROSCI.4170-

07.2008. 

Chen-Goodspeed, Misty, Abolanle N. Lukan, a Carmen W. Dessauer. 2005. „Modeling of 

Galpha(s) and Galpha(i) Regulation of Human Type V and VI Adenylyl Cyclase". 

The Journal of Biological Chemistry 280(3):1808–16. doi: 

10.1074/jbc.M409172200. 

Inturrisi, Charles E. 2002. „Clinical Pharmacology of Opioids for Pain". The Clinical 

Journal of Pain 18(4 Suppl):S3-13. doi: 10.1097/00002508-200207001-00002. 

Irannejad, Roshanak, Jin C. Tomshine, Jon R. Tomshine, Michael Chevalier, Jacob P. 

Mahoney, Jan Steyaert, Søren G. F. Rasmussen, Roger K. Sunahara, Hana El-

Samad, Bo Huang, a Mark von Zastrow. 2013. „Conformational Biosensors Reveal 

GPCR Signalling from Endosomes". Nature 495(7442):534–38. doi: 

10.1038/nature12000. 



87 

 

Jacobsen, L. S., A. K. Olsen, P. Sjøgren, a N. H. Jensen. 1995. „[Morphine-induced 

hyperalgesia, allodynia and myoclonus--new side-effects of morphine?]". Ugeskrift 

for Laeger 157(23):3307–10. 

Jeske, Nathaniel A., Anibal Diogenes, Nikita B. Ruparel, Jill C. Fehrenbacher, Michael 

Henry, Armen N. Akopian, a Kenneth M. Hargreaves. 2008. „A-Kinase Anchoring 

Protein Mediates TRPV1 Thermal Hyperalgesia through PKA Phosphorylation of 

TRPV1". Pain 138(3):604–16. doi: 10.1016/j.pain.2008.02.022. 

Jung, Jooyoung, Jae Soo Shin, Soon-Youl Lee, Sun Wook Hwang, Jaeyeon Koo, Hawon 

Cho, a Uhtaek Oh. 2004. „Phosphorylation of Vanilloid Receptor 1 by 

Ca2+/Calmodulin-Dependent Kinase II Regulates Its Vanilloid Binding". The 

Journal of Biological Chemistry 279(8):7048–54. doi: 10.1074/jbc.M311448200. 

Kalant, David, Robin MacLaren, Wei Cui, Ratna Samanta, Peter N. Monk, Stephane A. 

Laporte, a Katherine Cianflone. 2005. „C5L2 Is a Functional Receptor for 

Acylation-Stimulating Protein". The Journal of Biological Chemistry 

280(25):23936–44. doi: 10.1074/jbc.M406921200. 

Kang, Yanyong, X. Edward Zhou, Xiang Gao, Yuanzheng He, Wei Liu, Andrii Ishchenko, 

Anton Barty, Thomas A. White, Oleksandr Yefanov, Gye Won Han, Qingping Xu, 

Parker W. de Waal, Jiyuan Ke, M. H. Eileen Tan, Chenghai Zhang, Arne Moeller, 

Graham M. West, Bruce D. Pascal, Ned Van Eps, Lydia N. Caro, Sergey A. 

Vishnivetskiy, Regina J. Lee, Kelly M. Suino-Powell, Xin Gu, Kuntal Pal, Jinming 

Ma, Xiaoyong Zhi, Sébastien Boutet, Garth J. Williams, Marc Messerschmidt, 

Cornelius Gati, Nadia A. Zatsepin, Dingjie Wang, Daniel James, Shibom Basu, 

Shatabdi Roy-Chowdhury, Chelsie E. Conrad, Jesse Coe, Haiguang Liu, Stella 

Lisova, Christopher Kupitz, Ingo Grotjohann, Raimund Fromme, Yi Jiang, Minjia 

Tan, Huaiyu Yang, Jun Li, Meitian Wang, Zhong Zheng, Dianfan Li, Nicole Howe, 

Yingming Zhao, Jörg Standfuss, Kay Diederichs, Yuhui Dong, Clinton S. Potter, 

Bridget Carragher, Martin Caffrey, Hualiang Jiang, Henry N. Chapman, John C. H. 

Spence, Petra Fromme, Uwe Weierstall, Oliver P. Ernst, Vsevolod Katritch, 

Vsevolod V. Gurevich, Patrick R. Griffin, Wayne L. Hubbell, Raymond C. Stevens, 

Vadim Cherezov, Karsten Melcher, a H. Eric Xu. 2015. „Crystal Structure of 

Rhodopsin Bound to Arrestin by Femtosecond X-Ray Laser". Nature 

523(7562):561–67. doi: 10.1038/nature14656. 

Kieffer, B. L. 1999. „Opioids: First Lessons from Knockout Mice". Trends in 

Pharmacological Sciences 20(1):19–26. doi: 10.1016/s0165-6147(98)01279-6. 

Kilpatrick, Laura E., Stephen J. Briddon, a Nicholas D. Holliday. 2012. „Fluorescence 

correlation spectroscopy, combined with bimolecular fluorescence 

complementation, reveals the effects of β-arrestin complexes and endocytic 

targeting on the membrane mobility of neuropeptide Y receptors". Biochimica et 

Biophysica Acta 1823(6):1068–81. doi: 10.1016/j.bbamcr.2012.03.002. 

Kliewer, Andrea, Alexander Gillis, Rob Hill, Frank Schmidel, Chris Bailey, Eamonn Kelly, 

Graeme Henderson, Macdonald J. Christie, a Stefan Schulz. 2020. „Morphine-

Induced Respiratory Depression Is Independent of β-Arrestin2 Signalling". British 

Journal of Pharmacology. doi: 10.1111/bph.15004. 



88 

 

Koehl, Antoine, Hongli Hu, Shoji Maeda, Yan Zhang, Qianhui Qu, Joseph M. Paggi, 

Naomi R. Latorraca, Daniel Hilger, Roger Dawson, Hugues Matile, Gebhard F. X. 

Schertler, Sebastien Granier, William I. Weis, Ron O. Dror, Aashish Manglik, 

Georgios Skiniotis, a Brian K. Kobilka. 2018. „Structure of the μ Opioid Receptor-

Gi Protein Complex". Nature 558(7711):547–52. doi: 10.1038/s41586-018-0219-

7. 

Kohout, T. A., F. S. Lin, S. J. Perry, D. A. Conner, a R. J. Lefkowitz. 2001. „Beta-Arrestin 

1 and 2 Differentially Regulate Heptahelical Receptor Signaling and Trafficking". 

Proceedings of the National Academy of Sciences of the United States of America 

98(4):1601–6. doi: 10.1073/pnas.041608198. 

Kohout, Trudy A., Shelby L. Nicholas, Stephen J. Perry, Greg Reinhart, Sachiko Junger, a 

R. Scott Struthers. 2004. „Differential Desensitization, Receptor Phosphorylation, 

Beta-Arrestin Recruitment, and ERK1/2 Activation by the Two Endogenous 

Ligands for the CC Chemokine Receptor 7". The Journal of Biological Chemistry 

279(22):23214–22. doi: 10.1074/jbc.M402125200. 

Lagerström, Malin C., a Helgi B. Schiöth. 2008. „Structural Diversity of G Protein-Coupled 

Receptors and Significance for Drug Discovery". Nature Reviews. Drug Discovery 

7(4):339–57. doi: 10.1038/nrd2518. 

Lally, Ciara C. M., Brian Bauer, Jana Selent, a Martha E. Sommer. 2017. „C-Edge Loops 

of Arrestin Function as a Membrane Anchor". Nature Communications 8:14258. 

doi: 10.1038/ncomms14258. 

Lalo, Ulyana, Rebecca C. Allsopp, Martyn P. Mahaut-Smith, a Richard J. Evans. 2010. 

„P2X1 Receptor Mobility and Trafficking; Regulation by Receptor Insertion and 

Activation". Journal of Neurochemistry 113(5):1177–87. doi: 10.1111/j.1471-

4159.2010.06730.x. 

Laporte, S. A., R. H. Oakley, J. Zhang, J. A. Holt, S. S. Ferguson, M. G. Caron, a L. S. 

Barak. 1999. „The Beta2-Adrenergic Receptor/Betaarrestin Complex Recruits the 

Clathrin Adaptor AP-2 during Endocytosis". Proceedings of the National Academy 

of Sciences of the United States of America 96(7):3712–17. doi: 

10.1073/pnas.96.7.3712. 

Laporte, Stéphane A., a Mark G. H. Scott. 2019. „β-Arrestins: Multitask Scaffolds 

Orchestrating the Where and When in Cell Signalling". Methods in Molecular 

Biology (Clifton, N.J.) 1957:9–55. doi: 10.1007/978-1-4939-9158-7_2. 

Laprairie, Robert B., Amina M. Bagher, Melanie E. M. Kelly, a Eileen M. Denovan-

Wright. 2016. „Biased Type 1 Cannabinoid Receptor Signaling Influences 

Neuronal Viability in a Cell Culture Model of Huntington Disease". Molecular 

Pharmacology 89(3):364–75. doi: 10.1124/mol.115.101980. 

Lau, Elaine K., Michelle Trester-Zedlitz, Jonathan C. Trinidad, Sarah J. Kotowski, Andrew 

N. Krutchinsky, Alma L. Burlingame, a Mark von Zastrow. 2011. „Quantitative 

encoding of a partial agonist effect on individual opioid receptors by multi-site 

phosphorylation and threshold detection". Science signaling 4(185):ra52. doi: 

10.1126/scisignal.2001748. 



89 

 

LaVigne, Justin, Attila Keresztes, Daniel Chiem, a John M. Streicher. 2020. „The 

Endomorphin-1/2 and Dynorphin-B Peptides Display Biased Agonism at the Mu 

Opioid Receptor". Pharmacological Reports: PR 72(2):465–71. doi: 

10.1007/s43440-020-00061-x. 

Lee, Yang, Tony Warne, Rony Nehmé, Shubhi Pandey, Hemlata Dwivedi-Agnihotri, 

Madhu Chaturvedi, Patricia C. Edwards, Javier García-Nafría, Andrew G. W. 

Leslie, Arun K. Shukla, a Christopher G. Tate. 2020. „Molecular Basis of β-Arrestin 

Coupling to Formoterol-Bound Β1-Adrenoceptor". Nature 583(7818):862–66. doi: 

10.1038/s41586-020-2419-1. 

Lefkowitz, Robert J., a Sudha K. Shenoy. 2005. „Transduction of Receptor Signals by Beta-

Arrestins". Science (New York, N.Y.) 308(5721):512–17. doi: 

10.1126/science.1109237. 

Li, Bo, Congcong Wang, Zhaocai Zhou, Jian Zhao, a Gang Pei. 2013. „β-Arrestin-1 

Directly Interacts with Gαs and Regulates Its Function". FEBS Letters 587(5):410–

16. doi: 10.1016/j.febslet.2013.01.027. 

Liao, Maofu, Erhu Cao, David Julius, a Yifan Cheng. 2013. „Structure of the TRPV1 Ion 

Channel Determined by Electron Cryo-Microscopy". Nature 504(7478):107–12. 

doi: 10.1038/nature12822. 

Ling, W., a D. R. Wesson. 1990. „Drugs of Abuse--Opiates". The Western Journal of 

Medicine 152(5):565–72. 

Liu, Chun-Hua, Zheng Gong, Zong-Lai Liang, Zhi-Xin Liu, Fan Yang, Yu-Jing Sun, Ming-

Liang Ma, Yi-Jing Wang, Chao-Ran Ji, Yu-Hong Wang, Mei-Jie Wang, Fu-Ai Cui, 

Amy Lin, Wen-Shuai Zheng, Dong-Fang He, Chang-Xiu Qu, Peng Xiao, Chuan-

Yong Liu, Alex R. B. Thomsen, Thomas Joseph Cahill, Alem W. Kahsai, Fan Yi, 

Kun-Hong Xiao, Tian Xue, Zhuan Zhou, Xiao Yu, a Jin-Peng Sun. 2017. „Arrestin-

Biased AT1R Agonism Induces Acute Catecholamine Secretion through TRPC3 

Coupling". Nature Communications 8:14335. doi: 10.1038/ncomms14335. 

Liu, Shan, Wen-Jia Kang, Anna Abrimian, Jin Xu, Luca Cartegni, Susruta Majumdar, 

Patrick Hesketh, Alex Bekker, a Ying-Xian Pan. 2021. „Alternative Pre-MRNA 

Splicing of the Mu Opioid Receptor Gene, OPRM1: Insight into Complex Mu 

Opioid Actions". Biomolecules 11(10):1525. doi: 10.3390/biom11101525. 

Luttrell, L. M., S. S. Ferguson, Y. Daaka, W. E. Miller, S. Maudsley, G. J. Della Rocca, F. 

Lin, H. Kawakatsu, K. Owada, D. K. Luttrell, M. G. Caron, a R. J. Lefkowitz. 1999. 

„Beta-Arrestin-Dependent Formation of Beta2 Adrenergic Receptor-Src Protein 

Kinase Complexes". Science (New York, N.Y.) 283(5402):655–61. doi: 

10.1126/science.283.5402.655. 

Luttrell, Louis M., Francine L. Roudabush, Eric W. Choy, William E. Miller, Michael E. 

Field, Kristen L. Pierce, a Robert J. Lefkowitz. 2001. „Activation and Targeting of 

Extracellular Signal-Regulated Kinases by β-Arrestin Scaffolds". Proceedings of 

the National Academy of Sciences 98(5):2449–54. doi: 10.1073/pnas.041604898. 



90 

 

Ma, Lan, a Gang Pei. 2007. „Beta-Arrestin Signaling and Regulation of Transcription". 

Journal of Cell Science 120(Pt 2):213–18. doi: 10.1242/jcs.03338. 

Ma, Tian-Liang, Yong Zhou, Chen-Yu Zhang, Zi-Ang Gao, a Jia-Xi Duan. 2021. „The 

Role and Mechanism of β-Arrestin2 in Signal Transduction". Life Sciences 

275:119364. doi: 10.1016/j.lfs.2021.119364. 

Macey, Tara A., Janet D. Lowe, a Charles Chavkin. 2006. „Mu Opioid Receptor Activation 

of ERK1/2 Is GRK3 and Arrestin Dependent in Striatal Neurons". The Journal of 

biological chemistry 281(45):34515–24. doi: 10.1074/jbc.M604278200. 

Macháň, Radek, Yong Hwee Foo, a Thorsten Wohland. 2016. „On the Equivalence of FCS 

and FRAP: Simultaneous Lipid Membrane Measurements". Biophysical Journal 

111(1):152–61. doi: 10.1016/j.bpj.2016.06.001. 

Maione, Sabatino, Katarzyna Starowicz, Luigia Cristino, Francesca Guida, Enza Palazzo, 

Livio Luongo, Francesca Rossi, Ida Marabese, Vito de Novellis, a Vincenzo Di 

Marzo. 2009. „Functional Interaction between TRPV1 and Mu-Opioid Receptors 

in the Descending Antinociceptive Pathway Activates Glutamate Transmission and 

Induces Analgesia". Journal of Neurophysiology 101(5):2411–22. doi: 

10.1152/jn.91225.2008. 

Manabe, Sei, Kanako Miyano, Yuriko Fujii, Kaori Ohshima, Yuki Yoshida, Miki Nonaka, 

Miaki Uzu, Yoshikazu Matsuoka, Tetsufumi Sato, Yasuhito Uezono, a Hiroshi 

Morimatsu. 2019. „Possible Biased Analgesic of Hydromorphone through the G 

Protein-over β-Arrestin-Mediated Pathway: CAMP, CellKeyTM, and Receptor 

Internalization Analyses". Journal of Pharmacological Sciences 140(2):171–77. 

doi: 10.1016/j.jphs.2019.06.005. 

Mandal, Amritlal, Mohammad Shahidullah, a Nicholas A. Delamere. 2018. „TRPV1-

Dependent ERK1/2 Activation in Porcine Lens Epithelium". Experimental Eye 

Research 172:128–36. doi: 10.1016/j.exer.2018.04.006. 

Manglik, Aashish, Andrew C. Kruse, Tong Sun Kobilka, Foon Sun Thian, Jesper M. 

Mathiesen, Roger K. Sunahara, Leonardo Pardo, William I. Weis, Brian K. 

Kobilka, a Sébastien Granier. 2012. „Crystal Structure of the Μ-Opioid Receptor 

Bound to a Morphinan Antagonist". Nature 485(7398):321–26. doi: 

10.1038/nature10954. 

McPherson, Jamie, Guadalupe Rivero, Myma Baptist, Javier Llorente, Suleiman Al-Sabah, 

Cornelius Krasel, William L. Dewey, Chris P. Bailey, Elizabeth M. Rosethorne, 

Steven J. Charlton, Graeme Henderson, a Eamonn Kelly. 2010. „μ-Opioid 

Receptors: Correlation of Agonist Efficacy for Signalling with Ability to Activate 

Internalization". Molecular Pharmacology 78(4):756–66. doi: 

10.1124/mol.110.066613. 

Melkes, Barbora, Lucie Hejnova, a Jiri Novotny. 2016. „Biased μ-Opioid Receptor 

Agonists Diversely Regulate Lateral Mobility and Functional Coupling of the 

Receptor to Its Cognate G Proteins". Naunyn-Schmiedeberg’s Archives of 

Pharmacology 389(12):1289–1300. doi: 10.1007/s00210-016-1293-8. 



91 

 

Melkes, Barbora, Vendula Markova, Lucie Hejnova, a Jiri Novotny. 2020. „β-Arrestin 2 

and ERK1/2 Are Important Mediators Engaged in Close Cooperation between 

TRPV1 and µ-Opioid Receptors in the Plasma Membrane". International Journal 

of Molecular Sciences 21(13). doi: 10.3390/ijms21134626. 

Min, Hyunjung, Woo-Hyun Cho, Hyunkyoung Lee, Boomin Choi, Yoon-Jung Kim, Han 

Kyu Lee, Yeonhee Joo, Sung Jun Jung, Se-Young Choi, Soojin Lee, a Sung Joong 

Lee. 2018. „Association of TRPV1 and TLR4 through the TIR Domain Potentiates 

TRPV1 Activity by Blocking Activation-Induced Desensitization". Molecular Pain 

14:1744806918812636. doi: 10.1177/1744806918812636. 

Møller, Thor C., Mie F. Pedersen, Jeffrey R. van Senten, Sofie D. Seiersen, Jesper M. 

Mathiesen, Michel Bouvier, a Hans Bräuner-Osborne. 2020. „Dissecting the Roles 

of GRK2 and GRK3 in μ-Opioid Receptor Internalization and β-Arrestin2 

Recruitment Using CRISPR/Cas9-Edited HEK293 Cells". Scientific Reports 

10(1):17395. doi: 10.1038/s41598-020-73674-0. 

Mollereau, C., M. Parmentier, P. Mailleux, J. L. Butour, C. Moisand, P. Chalon, D. Caput, 

G. Vassart, a J. C. Meunier. 1994. „ORL1, a Novel Member of the Opioid Receptor 

Family. Cloning, Functional Expression and Localization". FEBS Letters 

341(1):33–38. doi: 10.1016/0014-5793(94)80235-1. 

Moore, Catherine A. C., Shawn K. Milano, a Jeffrey L. Benovic. 2007. „Regulation of 

Receptor Trafficking by GRKs and Arrestins". Annual Review of Physiology 

69:451–82. doi: 10.1146/annurev.physiol.69.022405.154712. 

Moravcova, Radka, Barbora Melkes, a Jiri Novotny. 2018. „TRH Receptor Mobility in the 

Plasma Membrane Is Strongly Affected by Agonist Binding and by Interaction with 

Some Cognate Signaling Proteins". Journal of Receptor and Signal Transduction 

Research 38(1):20–26. doi: 10.1080/10799893.2017.1398756. 

Narita, Minoru, Masumi Ioka, Masami Suzuki, Michiko Narita, a Tsutomu Suzuki. 2002. 

„Effect of Repeated Administration of Morphine on the Activity of Extracellular 

Signal Regulated Kinase in the Mouse Brain". Neuroscience Letters 324(2):97–100. 

doi: 10.1016/s0304-3940(02)00141-6. 

Nguyen, Anthony H., Alex R. B. Thomsen, Thomas J. Cahill, Rick Huang, Li-Yin Huang, 

Tara Marcink, Oliver B. Clarke, Søren Heissel, Ali Masoudi, Danya Ben-Hail, Fadi 

Samaan, Venkata P. Dandey, Yong Zi Tan, Chuan Hong, Jacob P. Mahoney, Sarah 

Triest, John Little, Xin Chen, Roger Sunahara, Jan Steyaert, Henrik Molina, 

Zhiheng Yu, Amedee des Georges, a Robert J. Lefkowitz. 2019. „Structure of an 

Endosomal Signaling GPCR-G Protein-β-Arrestin Megacomplex". Nature 

Structural & Molecular Biology 26(12):1123–31. doi: 10.1038/s41594-019-0330-

y. 

Oakley, R. H., S. A. Laporte, J. A. Holt, M. G. Caron, a L. S. Barak. 2000. „Differential 

Affinities of Visual Arrestin, Beta Arrestin1, and Beta Arrestin2 for G Protein-

Coupled Receptors Delineate Two Major Classes of Receptors". The Journal of 

Biological Chemistry 275(22):17201–10. doi: 10.1074/jbc.M910348199. 



92 

 

Obata, Koichi, a Koichi Noguchi. 2004. „MAPK Activation in Nociceptive Neurons and 

Pain Hypersensitivity". Life Sciences 74(21):2643–53. doi: 

10.1016/j.lfs.2004.01.007. 

Pandey, Shubhi, Punita Kumari, Mithu Baidya, Ryoji Kise, Yubo Cao, Hemlata Dwivedi-

Agnihotri, Ramanuj Banerjee, Xaria X. Li, Cedric S. Cui, John D. Lee, Kouki 

Kawakami, Jagannath Maharana, Ashutosh Ranjan, Madhu Chaturvedi, Gagan 

Deep Jhingan, Stéphane A. Laporte, Trent M. Woodruff, Asuka Inoue, a Arun K. 

Shukla. 2021. „Intrinsic Bias at Non-Canonical, β-Arrestin-Coupled Seven 

Transmembrane Receptors". Molecular Cell 81(22):4605-4621.e11. doi: 

10.1016/j.molcel.2021.09.007. 

Pang, Peter S., Javed Butler, Sean P. Collins, Gad Cotter, Beth A. Davison, Justin A. 

Ezekowitz, Gerasimos Filippatos, Phillip D. Levy, Marco Metra, Piotr Ponikowski, 

John R. Teerlink, Adriaan A. Voors, David Bharucha, Kathleen Goin, David G. 

Soergel, a G. Michael Felker. 2017. „Biased Ligand of the Angiotensin II Type 1 

Receptor in Patients with Acute Heart Failure: A Randomized, Double-Blind, 

Placebo-Controlled, Phase IIB, Dose Ranging Trial (BLAST-AHF)". European 

Heart Journal 38(30):2364–73. doi: 10.1093/eurheartj/ehx196. 

Parruti, G., F. Peracchia, M. Sallese, G. Ambrosini, M. Masini, D. Rotilio, a A. De Blasi. 

1993. „Molecular Analysis of Human Beta-Arrestin-1: Cloning, Tissue 

Distribution, and Regulation of Expression. Identification of Two Isoforms 

Generated by Alternative Splicing". The Journal of Biological Chemistry 

268(13):9753–61. 

Pathan, Hasan, a John Williams. 2012. „Basic Opioid Pharmacology: An Update". British 

Journal of Pain 6(1):11–16. doi: 10.1177/2049463712438493. 

Perry-Hauser, Nicole A., Jesse B. Hopkins, Ya Zhuo, Chen Zheng, Ivette Perez, Kathryn 

M. Schultz, Sergey A. Vishnivetskiy, Ali I. Kaya, Pankaj Sharma, Kevin N. Dalby, 

Ka Young Chung, Candice S. Klug, Vsevolod V. Gurevich, a T. M. Iverson. 2022. 

„The Two Non-Visual Arrestins Engage ERK2 Differently". Journal of Molecular 

Biology 434(7):167465. doi: 10.1016/j.jmb.2022.167465. 

Por, Elaine D., Sonya M. Bierbower, Kelly A. Berg, Ruben Gomez, Armen N. Akopian, 

William C. Wetsel, a Nathaniel A. Jeske. 2012. „β-Arrestin-2 Desensitizes the 

Transient Receptor Potential Vanilloid 1 (TRPV1) Channel". The Journal of 

Biological Chemistry 287(44):37552–63. doi: 10.1074/jbc.M112.391847. 

Por, Elaine D., Ruben Gomez, Armen N. Akopian, a Nathaniel A. Jeske. 2013. 

„Phosphorylation Regulates TRPV1 Association with β-Arrestin-2". The 

Biochemical Journal 451(1):101–9. doi: 10.1042/BJ20121637. 

Premkumar, L. S., a G. P. Ahern. 2000. „Induction of Vanilloid Receptor Channel Activity 

by Protein Kinase C". Nature 408(6815):985–90. doi: 10.1038/35050121. 

Premkumar, Louis S., Zhan-Heng Qi, Jeremy Van Buren, a Manish Raisinghani. 2004. 

„Enhancement of Potency and Efficacy of NADA by PKC-Mediated 

Phosphorylation of Vanilloid Receptor". Journal of Neurophysiology 91(3):1442–

49. doi: 10.1152/jn.00745.2003. 



93 

 

Raehal, Kirsten M., Julia K. L. Walker, a Laura M. Bohn. 2005. „Morphine Side Effects in 

β-Arrestin 2 Knockout Mice". Journal of Pharmacology and Experimental 

Therapeutics 314(3):1195–1201. doi: 10.1124/jpet.105.087254. 

Raghuwanshi, Sandeep K., Mohd W. Nasser, Xiaoxin Chen, Robert M. Strieter, a Ricardo 

M. Richardson. 2008. „Depletion of Beta-Arrestin-2 Promotes Tumor Growth and 

Angiogenesis in a Murine Model of Lung Cancer". Journal of Immunology 

(Baltimore, Md.: 1950) 180(8):5699–5706. doi: 10.4049/jimmunol.180.8.5699. 

Rajagopal, Sudarshan, Jihee Kim, Seungkirl Ahn, Stewart Craig, Christopher M. Lam, 

Norma P. Gerard, Craig Gerard, a Robert J. Lefkowitz. 2010. „Beta-Arrestin- but 

Not G Protein-Mediated Signaling by the ‚Decoy´ Receptor CXCR7". Proceedings 

of the National Academy of Sciences of the United States of America 107(2):628–

32. doi: 10.1073/pnas.0912852107. 

Rapsomaniki, Maria Anna, Panagiotis Kotsantis, Ioanna-Eleni Symeonidou, Nickolaos-

Nikiforos Giakoumakis, Stavros Taraviras, a Zoi Lygerou. 2012. „EasyFRAP: An 

Interactive, Easy-to-Use Tool for Qualitative and Quantitative Analysis of FRAP 

Data". Bioinformatics (Oxford, England) 28(13):1800–1801. doi: 

10.1093/bioinformatics/bts241. 

Ries, Jonas, Salvatore Chiantia, a Petra Schwille. 2009. „Accurate Determination of 

Membrane Dynamics with Line-Scan FCS". Biophysical Journal 96(5):1999–2008. 

doi: 10.1016/j.bpj.2008.12.3888. 

Rivero, Guadalupe, Javier Llorente, Jamie McPherson, Alex Cooke, Stuart J. Mundell, 

Craig A. McArdle, Elizabeth M. Rosethorne, Steven J. Charlton, Cornelius Krasel, 

Christopher P. Bailey, Graeme Henderson, a Eamonn Kelly. 2012. „Endomorphin-

2: A Biased Agonist at the μ-Opioid Receptor". Molecular Pharmacology 

82(2):178–88. doi: 10.1124/mol.112.078659. 

Rowan, Matthew P., Sonya M. Bierbower, Michael A. Eskander, Kalina Szteyn, Elaine D. 

Por, Ruben Gomez, Nicholas Veldhuis, Nigel W. Bunnett, a Nathaniel A. Jeske. 

2014. „Activation of Mu Opioid Receptors Sensitizes Transient Receptor Potential 

Vanilloid Type 1 (TRPV1) via β-Arrestin-2-Mediated Cross-Talk". PLoS ONE 

9(4). doi: 10.1371/journal.pone.0093688. 

Roy, Anjali, Mansi Srivastava, Uzma Saqib, Dongfang Liu, Syed M. Faisal, Subi Sugathan, 

Suman Bishnoi, a Mirza S. Baig. 2016. „Potential Therapeutic Targets for 

Inflammation in Toll-like Receptor 4 (TLR4)-Mediated Signaling Pathways". 

International Immunopharmacology 40:79–89. doi: 10.1016/j.intimp.2016.08.026. 

Sasase, Tomohiko, Fatchiyah Fatchiyah, a Takeshi Ohta. 2022. „Transient Receptor 

Potential Vanilloid (TRPV) Channels: Basal Properties and Physiological 

Potential". General Physiology and Biophysics 41(3):165–90. doi: 

10.4149/gpb_2022016. 

Saulière-Nzeh, Aude Ndong, Claire Millot, Maithé Corbani, Serge Mazères, André Lopez, 

a Laurence Salomé. 2010. „Agonist-selective Dynamic Compartmentalization of 

Human Mu Opioid Receptor as Revealed by Resolutive FRAP Analysis". The 



94 

 

Journal of Biological Chemistry 285(19):14514–20. doi: 

10.1074/jbc.M109.076695. 

Shenoy, Saraswati Satyanarayan, a Forshing Lui. 2023. „Biochemistry, Endogenous 

Opioids". in StatPearls. Treasure Island (FL): StatPearls Publishing. 

Shukla, Arun K., Jihee Kim, Seungkirl Ahn, Kunhong Xiao, Sudha K. Shenoy, Wolfgang 

Liedtke, a Robert J. Lefkowitz. 2010. „Arresting a Transient Receptor Potential 

(TRP) Channel: Beta-Arrestin 1 Mediates Ubiquitination and Functional down-

Regulation of TRPV4". The Journal of Biological Chemistry 285(39):30115–25. 

doi: 10.1074/jbc.M110.141549. 

Shukla, Arun K., Aashish Manglik, Andrew C. Kruse, Kunhong Xiao, Rosana I. Reis, Wei-

Chou Tseng, Dean P. Staus, Daniel Hilger, Serdar Uysal, Li-Yin Huang, Marcin 

Paduch, Prachi Tripathi-Shukla, Akiko Koide, Shohei Koide, William I. Weis, 

Anthony A. Kossiakoff, Brian K. Kobilka, a Robert J. Lefkowitz. 2013. „Structure 

of Active β-Arrestin-1 Bound to a G-Protein-Coupled Receptor Phosphopeptide". 

Nature 497(7447):137–41. doi: 10.1038/nature12120. 

Shukla, Arun K., Gerwin H. Westfield, Kunhong Xiao, Rosana I. Reis, Li-Yin Huang, 

Prachi Tripathi-Shukla, Jiang Qian, Sheng Li, Adi Blanc, Austin N. Oleskie, Anne 

M. Dosey, Min Su, Cui-Rong Liang, Ling-Ling Gu, Jin-Ming Shan, Xin Chen, 

Rachel Hanna, Minjung Choi, Xiao Jie Yao, Bjoern U. Klink, Alem W. Kahsai, 

Sachdev S. Sidhu, Shohei Koide, Pawel A. Penczek, Anthony A. Kossiakoff, Virgil 

L. Woods, Brian K. Kobilka, Georgios Skiniotis, a Robert J. Lefkowitz. 2014. 

„Visualization of Arrestin Recruitment by a G-Protein-Coupled Receptor". Nature 

512(7513):218–22. doi: 10.1038/nature13430. 

Scherer, Paul C., Nicholas W. Zaccor, Neil M. Neumann, Chirag Vasavda, Roxanne 

Barrow, Andrew J. Ewald, Feng Rao, Charlotte J. Sumner, a Solomon H. Snyder. 

2017. „TRPV1 is a physiological regulator of μ-opioid receptors". Proceedings of 

the National Academy of Sciences of the United States of America 114(51):13561–

66. doi: 10.1073/pnas.1717005114. 

Sjøgren, Per, Torsten Jonsson, Niels-Henrik Jensen, Niels-Erik Drenck, a Troels Staehelin 

Jensen. 1993. „Hyperalgesia and Myoclonus in Terminal Cancer Patients Treated 

with Continuous Intravenous Morphine". Pain 55(1):93–97. doi: 10.1016/0304-

3959(93)90188-U. 

Song, Xiufeng, Sergio Coffa, Haian Fu, a Vsevolod V. Gurevich. 2009. „How Does 

Arrestin Assemble MAPKs into a Signaling Complex?" The Journal of Biological 

Chemistry 284(1):685–95. doi: 10.1074/jbc.M806124200. 

Soumpasis, D. M. 1983. „Theoretical Analysis of Fluorescence Photobleaching Recovery 

Experiments". Biophysical Journal 41(1):95–97. doi: 10.1016/S0006-

3495(83)84410-5. 

Spahn, Viola, Oliver Fischer, Jeannette Endres-Becker, Michael Schäfer, Christoph Stein, 

a Christian Zöllner. 2013. „Opioid Withdrawal Increases Transient Receptor 

Potential Vanilloid 1 Activity in a Protein Kinase A-Dependent Manner". Pain 

154(4):598–608. doi: 10.1016/j.pain.2012.12.026. 



95 

 

Staus, Dean P., Hongli Hu, Michael J. Robertson, Alissa L. W. Kleinhenz, Laura M. 

Wingler, William D. Capel, Naomi R. Latorraca, Robert J. Lefkowitz, a Georgios 

Skiniotis. 2020. „Structure of the M2 Muscarinic Receptor-β-Arrestin Complex in 

a Lipid Nanodisc". Nature 579(7798):297–302. doi: 10.1038/s41586-020-1954-0. 

Tanga, Flobert Y., Nancy Nutile-McMenemy, a Joyce A. DeLeo. 2005. „The CNS Role of 

Toll-like Receptor 4 in Innate Neuroimmunity and Painful Neuropathy". 

Proceedings of the National Academy of Sciences of the United States of America 

102(16):5856–61. doi: 10.1073/pnas.0501634102. 

Thompson, G. L., J. R. Lane, T. Coudrat, P. M. Sexton, A. Christopoulos, a M. Canals. 

2015. „Biased Agonism of Endogenous Opioid Peptides at the μ-Opioid Receptor". 

Mol Pharmacol 88(2):335–46. doi: 10.1124/mol.115.098848. 

Thomsen, Alex R. B., Bianca Plouffe, Thomas J. Cahill, Arun K. Shukla, Jeffrey T. 

Tarrasch, Annie M. Dosey, Alem W. Kahsai, Ryan T. Strachan, Biswaranjan Pani, 

Jacob P. Mahoney, Liyin Huang, Billy Breton, Franziska M. Heydenreich, Roger 

K. Sunahara, Georgios Skiniotis, Michel Bouvier, a Robert J. Lefkowitz. 2016. 

„GPCR-G Protein-β-Arrestin Super-Complex Mediates Sustained G Protein 

Signaling". Cell 166(4):907–19. doi: 10.1016/j.cell.2016.07.004. 

Van Lith, Lambertus H. C., Julia Oosterom, Andrea Van Elsas, a Guido J. R. Zaman. 2009. 

„C5a-Stimulated Recruitment of Beta-Arrestin2 to the Nonsignaling 7-

Transmembrane Decoy Receptor C5L2". Journal of Biomolecular Screening 

14(9):1067–75. doi: 10.1177/1087057109341407. 

Vardanyan, Anna, Ruizhong Wang, Todd W. Vanderah, Michael H. Ossipov, Josephine 

Lai, Frank Porreca, a Tamara King. 2009. „TRPV1 Receptor in Expression of 

Opioid-induced hyperalgesia". The Journal of Pain 10(3):243–52. doi: 

10.1016/j.jpain.2008.07.004. 

Vaure, Céline, a Yuanqing Liu. 2014. „A Comparative Review of Toll-Like Receptor 4 

Expression and Functionality in Different Animal Species". Frontiers in 

Immunology 5. doi: 10.3389/fimmu.2014.00316. 

Vellani, V., S. Mapplebeck, A. Moriondo, J. B. Davis, a P. A. McNaughton. 2001. „Protein 

Kinase C Activation Potentiates Gating of the Vanilloid Receptor VR1 by 

Capsaicin, Protons, Heat and Anandamide". The Journal of Physiology 534(Pt 

3):813–25. doi: 10.1111/j.1469-7793.2001.00813.x. 

Violin, Jonathan D., Scott M. DeWire, Dennis Yamashita, David H. Rominger, Lisa 

Nguyen, Kevin Schiller, Erin J. Whalen, Maxine Gowen, a Michael W. Lark. 2010. 

„Selectively Engaging β-Arrestins at the Angiotensin II Type 1 Receptor Reduces 

Blood Pressure and Increases Cardiac Performance". The Journal of Pharmacology 

and Experimental Therapeutics 335(3):572–79. doi: 10.1124/jpet.110.173005. 

Viscusi, Eugene R., Franck Skobieranda, David G. Soergel, Emily Cook, David A. Burt, a 

Neil Singla. 2019. „APOLLO-1: a randomized placebo and active-controlled phase 

III study investigating oliceridine (TRV130), a G protein-biased ligand at the µ-

opioid receptor, for management of moderate-to-severe acute pain following 

bunionectomy". Journal of Pain Research 12:927–43. doi: 10.2147/JPR.S171013. 



96 

 

Volkow, Nora D., a Carlos Blanco. 2021. „The Changing Opioid Crisis: Development, 

Challenges and Opportunities". Molecular Psychiatry 26(1):218–33. doi: 

10.1038/s41380-020-0661-4. 

Volkow, Nora D., a A. Thomas McLellan. 2016. „Opioid Abuse in Chronic Pain — 

Misconceptions and Mitigation Strategies". New England Journal of Medicine 

374(13):1253–63. doi: 10.1056/NEJMra1507771. 

Wadachi, R., a K. M. Hargreaves. 2006. „Trigeminal Nociceptors Express TLR-4 and 

CD14: a Mechanism for Pain due to Infection". Journal of dental research 

85(1):49–53. 

Weber, Michele, Emma Blair, Clare V. Simpson, Maureen O’Hara, Paul E. Blackburn, 

Antal Rot, Gerard J. Graham, a Robert J. B. Nibbs. 2004. „The Chemokine Receptor 

D6 Constitutively Traffics to and from the Cell Surface to Internalize and Degrade 

Chemokines". Molecular Biology of the Cell 15(5):2492–2508. doi: 

10.1091/mbc.e03-09-0634. 

Yin, Wanchao, Zhihai Li, Mingliang Jin, Yu-Ling Yin, Parker W. de Waal, Kuntal Pal, 

Yanting Yin, Xiang Gao, Yuanzheng He, Jing Gao, Xiaoxi Wang, Yan Zhang, Hu 

Zhou, Karsten Melcher, Yi Jiang, Yao Cong, X. Edward Zhou, Xuekui Yu, a H. 

Eric Xu. 2019. „A Complex Structure of Arrestin-2 Bound to a G Protein-Coupled 

Receptor". Cell Research 29(12):971–83. doi: 10.1038/s41422-019-0256-2. 

Yin, Yanting, X. Edward Zhou, Li Hou, Li-Hua Zhao, Bo Liu, Gaihong Wang, Yi Jiang, 

Karsten Melcher, a H. Eric Xu. 2016. „An Intrinsic Agonist Mechanism for 

Activation of Glucagon-like Peptide-1 Receptor by Its Extracellular Domain". Cell 

Discovery 2:16042. doi: 10.1038/celldisc.2016.42. 

Zhai, Ruibo, Zhuoqi Wang, Zhaofei Chai, Conggang Li, Changwen Jin, a Yunfei Hu. 2023. 

„Distinct activation mechanisms of β-arrestin 1 revealed by 19F NMR 

spectroscopy". bioRxiv 2023.03.06.531433. doi: 10.1101/2023.03.06.531433. 

Zhan, Xuanzhi, Luis E. Gimenez, Vsevolod V. Gurevich, a Benjamin W. Spiller. 2011. 

„Crystal Structure of Arrestin-3 Reveals the Basis of the Difference in Receptor 

Binding between Two Non-Visual Subtypes". Journal of Molecular Biology 

406(3):467–78. doi: 10.1016/j.jmb.2010.12.034. 

Zhan, Xuanzhi, Tamer S. Kaoud, Seunghyi Kook, Kevin N. Dalby, a Vsevolod V. 

Gurevich. 2013. „JNK3 Enzyme Binding to Arrestin-3 Differentially Affects the 

Recruitment of Upstream Mitogen-Activated Protein (MAP) Kinase Kinases". The 

Journal of Biological Chemistry 288(40):28535–47. doi: 

10.1074/jbc.M113.508085. 

Zhang, Mingfeng, Hongqi Teng, Jueping Shi, a Yanding Zhang. 2011. „Disruption of β-

Arrestins Blocks Glucocorticoid Receptor and Severely Retards Lung and Liver 

Development in Mice". Mechanisms of Development 128(7–10):368–75. doi: 

10.1016/j.mod.2011.07.003. 



97 

 

Zhou, X. Edward, Karsten Melcher, a H. Eric Xu. 2017. „Understanding the GPCR Biased 

Signaling through G Protein and Arrestin Complex Structures". Current Opinion in 

Structural Biology 45:150–59. doi: 10.1016/j.sbi.2017.05.004. 

Zou, Lin, Rongxi Yang, Jingjing Chai, a Gang Pei. 2008. „Rapid Xenograft Tumor 

Progression in Beta-Arrestin1 Transgenic Mice Due to Enhanced Tumor 

Angiogenesis". FASEB Journal: Official Publication of the Federation of American 

Societies for Experimental Biology 22(2):355–64. doi: 10.1096/fj.07-9046com. 

 


