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1. Abstract  

Highly potent synthetic opioids, such as carfentanil (CAR), pose significant 

challenges to the healthcare system due to their misuse as drugs and potential 

application as chemical weapons. The interactions between CAR and the µ-

opioid receptor (µOR) remain poorly understood and current treatments with µOR 

antagonists, such as naloxone, are often insufficient. This study aims to elucidate 

the pharmacodynamics of CAR at µOR, assess its impact on antagonist 

effectiveness and evaluate anti-fentanyl antibodies for their potential to neutralize 

CAR´s µOR binding and activation. 

Binding assays using HEK293 cells stably expressing the µOR and [³H]-naloxone 

as a tracer were performed to determine the binding affinities of CAR, fentanyl 

(FEN), remifentanil (REMI), morphine (MOR) and endomorphin-1 (ENDO). In 

combination with functional characterization through forskolin-stimulated cyclic 

adenosine monophosphate (cAMP) assays and Western Blot analysis of 

extracellular signal-regulated kinases 1 and 2 (ERK1/2) phosphorylation, this 

analyses demonstrated that CAR acts as a high-affinity ligand with exceptionally 

strong cAMP inhibition, yet induces comparatively weak ERK1/2 phosphorylation. 

µOR phosphorylation patterns, analyzed by ELISA at saturated opioid 

concentrations, showed that CAR promotes significantly increased 

phosphorylation at residues T370 and T379, distinguishing it from other tested 

opioids. A phospho-kinase array was used to screen for opioid-induced 

phosphorylation profile of cellular proteins; however, CAR exhibited 

phosphorylation patterns largely comparable to those of the other opioids tested. 

Antagonist potency against opioid concentrations of equal affinity was assessed 

in cAMP assays, revealing that both naloxone and nalmefene were significantly 

less effective at reversing CAR-induced µOR activation.  

The potential of anti-fentanyl antibodies to interfere with opioid binding and 

signaling was evaluated through additional binding and cAMP assays. Of nine 

antibodies tested, three selectively blocked FEN binding, four inhibited both FEN 

and CAR and one uniquely targeted CAR, with no cross-reactivity toward REMI, 

MOR or ENDO. Selected antibodies also attenuated CAR- and FEN-induced 

cAMP signaling, although inhibition was generally more potent for FEN.  
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The pharmadynamic analysis revealed a unique µOR conformation stabilized by 

CAR that elicits selectively ultra-active cAMP inhibition and increased µOR 

phosphorylation, while showing reduced sensitivity to antagonists. Neutralizing 

CAR with specific antibodies could inhibit µOR binding independently of its 

conformation. This study underscores the need for alternative countermeasures, 

highlighting the potential of antibodies in treating or preventing FEN and CAR 

intoxications. 
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2. Zusammenfassung  

Abgesehen von ihren medizinischen Vorteilen stellen hochpotente synthetische 

Opioide wie Carfentanil (CAR) das Gesundheitssystem vor Herausforderungen, 

da sie missbräuchlich als Drogen oder potenzielle chemische Waffen verwendet 

werden können. Die Interaktionen zwischen CAR und µ-Opioidrezeptoren (µOR) 

sind nicht ausreichend verstanden und die aktuelle Standardtherapie mit µOR-

Antagonisten (z. B. Naloxon) ist oft unzureichend. Alternative Gegenmaßnahmen 

sind dringend erforderlich. Diese Studie zielt darauf ab, die Pharmakodynamik 

von CAR am µOR zu untersuchen, um Mechanismen zu identifizieren, die CAR´s 

hoher Toxizität zugrunde liegen könnten. Darüber hinaus untersucht sie die 

Effektivität der Antagonisten Naloxon und Nalmefen gegen CAR und analysiert 

spezifische Anti-Fentanyl-Antikörper hinsichtlich ihrer neutralisierenden Wirkung 

auf die µOR-Bindung und -Aktivierung sowie hinsichtlich der Kreuzreaktivität zu 

anderen Opioiden in vitro. 

Liganden-Bindungsassays mit stabil µOR-exprimierenden HEK293-Zellen und 

[³H]-Naloxon als Tracer dienten der Bestimmung der Bindungsaffinitäten von 

CAR, Fentanyl (FEN), Remifentanil (REMI), Morphin (MOR) und Endomorphin-1 

(ENDO). Ergänzend dazu zeigten forskolin-stimulierte Assays zur Messung von 

zyklischem Adenosinmonophosphat (cAMP) sowie Western-Blot-Analysen der 

Phosphorylierung der extrazellulären signalregulierten Kinasen 1 und 2 

(ERK1/2), dass CAR ein hochaffiner Ligand mit außergewöhnlich starker 

Aktivierung des cAMP-Signalwegs ist, jedoch nur eine vergleichsweise geringe 

ERK1/2-Phosphorylierung induziert. Die Untersuchung der µOR-

Phosphorylierung mittels ELISA bei gesättigten Opioidkonzentrationen ergab, 

dass CAR eine deutlich stärkere Phosphorylierung an den Aminosäuren T370 

und T379 bewirkt als andere getestete Opioide. Ein Phospho-kinase Array zur 

Analyse opioid-induzierter Phosphorylierungsmuster zellulärer Proteine zeigte, 

dass CAR weitgehend ähnliche Muster wie die anderen Opioide hervorrief. Die 

Wirksamkeit der Antagonisten Naloxon und Nalmefen gegen die Opioide wurde 

anhand von cAMP-Assays unter Berücksichtigung gleicher Rezeptorbelegung 

überprüft; dabei zeigte sich, dass beide Antagonisten deutlich weniger effektiv 

waren, die CAR-induzierte µOR-Aktivierung zu blockieren. 



10 
 

Das Potenzial von Anti-Fentanyl-Antikörpern, die Bindung und 

Signaltransduktion von Opioiden zu hemmen, wurde in weiteren Bindungs- und 

cAMP-Assays untersucht. Von neun getesteten Antikörpern blockierten drei 

selektiv die FEN-Bindung, vier hemmten sowohl FEN als auch CAR und ein 

Antikörper erkannte spezifisch CAR, ohne Kreuzreaktionen mit REMI, MOR oder 

ENDO zu zeigen. Zudem konnten ausgewählte Antikörper die cAMP-Inhibition 

durch CAR und FEN abschwächen - wobei die Potenz gegen FEN insgesamt 

stärker ausfiel. 

Die Ergebnisse deuten darauf hin, dass CAR eine einzigartige µOR-

Konformation stabilisiert, die durch eine außergewöhnlich hohe Effektivität im 

cAMP-Signalweg, verstärkte Rezeptor-Phosphorylierung und eine verminderte 

Empfindlichkeit gegenüber Antagonisten gekennzeichnet ist. Die Neutralisierung 

von CAR durch spezifische Antikörper könnte die µOR-Bindung unabhängig von 

seiner Konformation unterbinden. Damit verdeutlicht diese Arbeit die dringende 

Notwendigkeit alternativer therapeutischer Ansätze und unterstreicht das 

Potenzial spezifischer Antikörper bei der Behandlung oder Prävention von FEN- 

und CAR-Vergiftungen. 
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3. Introduction  

3.1. Opioids - general information and relevance 

Opioids are a class of analgesic agents that are indispensable in modern clinical 

practice. Their broad range of applications includes acute and chronic pain 

treatment, anesthesia and palliative care [1-5]. However, the clinical utility of 

opioids is often limited by a complex landscape of challenges, primarily severe 

side effects, but also the potential for misuse, dependence and overdose [6].  

The term opioid describes substances that bind to opioid receptors (OR) and can 

be classified based on their activity at these receptors [7,8]. Opioids are 

categorized as agonists, partial agonists or antagonists. Agonists activate OR to 

produce a maximal physiological response. In contrast, antagonists bind to 

receptors without eliciting a functional response while simultaneously preventing 

agonists from activating the receptor. Partial agonists occupy a middle ground, 

producing only a limited response upon receptor binding [9,10]. 

Opioid agonists can further be divided into two primary categories: endogenous 

and exogenous [11,12]. Endogenous opioids are naturally occurring peptides, 

that play critical roles in the body's pain modulation system and other 

physiological processes [13]. Exogenous opioids, on the other hand, include 

substances introduced to the body and are classified into three subgroups: 

natural opioids - sometimes referred to as opiates - derived from plants, semi-

synthetic opioids produced through chemical modifications of natural precursors 

(e.g. Diacetylmorphine = heroin [14,15]) and fully synthetic opioids, such as 

fentanyl (FEN) derviatives, methadone, tramadol and U-compounds [16,17]. Due 

to structural modifications, synthetic opioids like the FEN analog carfentanil 

(CAR) can exhibit exceptionally high potency, which correlates with increased 

toxicity [18].  

3.1.1. Properties and therapeutic use  

The poppy plant (Papaver somniferum) was domesticated for more than 8000 

years [19,20]. Ancient cultures of Egypt, Persia or Mesopotamia used it primarily 

for the pain relieving and calming properties of the opium (dried latex) it contains 

[16,21]. Opium´s most important pharmacologically active compound, namely 



12 
 

Morphine (MOR), was first isolated in the early 1800s by the german pharmacist 

Friedrich Sertürner and named after the greek god of dreams: Morpheus [22-24].  

MOR has a well established role in clinical practice and research and is often 

used as a reference for estimating the in vivo potency of other opioids [25]. 

Natural (plant-derived) opioids are ever since, together with newer synthetic 

derivatives, the most widely used narcotics worldwide [26]. Their therapeutic 

efficacy in attenuating acute and chronic pain, combined with their sedative 

properties, has made them indispensable in medical practice, ranging from 

postoperative care and anesthesia to palliative treatment for terminal illnesses 

[27]. In clinical practice, opioids are most commonly administered orally or 

intravenously. However, depending on the clinical context, alternative routes 

such as subcutaneous, transdermal, intramuscular, sublingual, intrathecal, 

epidural and intra-articular delivery are also frequently utilized [9]. 

Pain regulation through opioids is mediated by the activation of the descending 

pain modulation circuit (antinociceptive system), which refers to the body’s 

physiological mechanisms for reducing pain. This system involves a complex 

interplay of neurotransmitters, receptors and neuronal pathways, such as the 

projections from the periaqueductal gray to the rostral ventromedial medulla. 

These projections regulate incoming nociceptive signals at the spinal cord level, 

inhibit their processing in central structures like the thalamus and cortex and 

thereby induce analgesia [28-31]. Specifically, opioids exert their effects by acting 

as full or partial agonists at OR expressed on pain-transmitting neurons in both 

the central and peripheral nervous systems [32]. This agonism generally reduces 

neuronal excitability through multiple mechanisms, which will be discussed in 

detail in section 3.2 [33].  

In addition to analgesia and sedation, which are the primary effects utilized in 

clinical practice, opioids exhibit various other central and peripheral physiological 

effects, including euphoria, cough suppression, constipation, nausea, urinary 

retention, and respiratory depression [34]. The latter is the most dangerous and 

in case of an overdose the lethal side effect. By this manifestation of toxicity, the 

medical-clinical use of opioids is not only impaired, but when used improperly and 

without supervision, opioids also carry significant health risks. Despite the risks 
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and side effects associated with opioids they remain indispensable in modern 

medicine and essential for the treatment of severe pain conditions [35].  

3.1.2. The fentanyl group – highly potent synthetic opioids 

 

In 1960, Dr. Paul Janssen developed FEN along with several derivatives, all of 

which are fully synthetic µ-opioid receptor (µOR) agonists [36,37]. Shortly later 

FEN was approved for human use as an anesthetic for intravenous administration 

[38]. FEN is approximately 100 times more potent than MOR; for instance, a dose 

of just 100 µg provides analgesia equivalent to 10 mg of MOR [39]. In clinical 

settings, typical intravenous doses for analgesia range from 2-5 mg of MOR every 

2-4 hours as needed, whereas FEN is administered in doses of 0.025-0.1 µg/kg 

every 30-60 minutes, depending on the indication and patient condition [40]. 

Consequently, since its introduction, FEN has become indispensable in the 

management of severe pain and in anesthesia [41]. As the leading substance 

among FEN-like opioids, it is included on the World Health Organization's (WHO) 

List of Essential Medicines, emphasizing its critical importance in global 

healthcare [42,43].  

Figure 1: Chemical structure of OR agonists 
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While MOR and other natural opioids derived from the poppy plant (e.g. Codeine) 

belong to the family of benzylisoquinoline alkaloids with a morphinan scaffold, 

FEN-type opioids (commonly referred to as "fentanyls") are structurally distinct. 

They are characterized by a 4-anilidopiperidine core, consisting of a piperidine 

ring and a N-phenyl-propanamide group (Figure 1: Chemical structure of OR 

agonists) [44]. Structural differences among fentanyls are primarily due to 

variations in substituents attached to the nitrogen atom of the piperidine ring (R1) 

and at the 4-position of the piperidine ring (R2) [45]. 

Remifentanil (REMI) and Sufentanil are widely used FEN derivatives in clinical 

practice. Sufentanil is among the most potent opioids approved for human use, 

with an estimated potency 500 to 1,000 times greater than MOR [46]. REMI, on 

the other hand, exhibits similar potency as FEN [47], with typical intravenous 

doses ranging from 0.5-1 µg/kg for anesthesia induction [48]. It features an ester 

functional group making it prone to non-specific esterases present in blood and 

tissues [49]. This results in its fast hydroxylation and short half life of only 3-5 

minutes [50]. These properties allow for easy titration and make REMI especially 

suitable for use in anesthesiology, such as for the induction of anesthesia [51].  

Carfentanil (CAR) represents another modification of FEN itself, with an 

additional carbomethoxy group on the fourth position of the FEN piperidine ring 

(Figure 1: Chemical structure of OR agonists) [52]. This chemical structure gives 

it the alternate name of (4-methoxycarbonyl)fentanyl [53]. It was synthesized in 

1974 and introduced to the market in 1984 as Wildnil® for the tranquillization of 

large animals [36,54,55]. Notably, CAR exhibits extraordinary potency, as 

demonstrated in animal studies [56]. Its relative analgesic potency is 

approximately 10,000 times that of MOR and 100 times that of FEN in rats 

[57,58].  

Despite its extraordinary potency, CAR has not been extensively studied in terms 

of pharmacological or toxicological properties, as it was - due to its severe toxicity 

- never intended for human clinical use [18,59]. Though the exact lethal dose of 

CAR in humans is not yet known, based on relative potency estimates, as little 

as 20 μg is believed to be fatal [60]. Post-mortem analyses of plasma 

concentrations following human exposure revealed CAR levels approximately 
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8,000 times lower than those of MOR, with values of 0.5 ng/mL for CAR 

compared to 2,300 ng/mL for MOR [61,62]. These findings suggest that the 

estimated 10,000-fold potency difference observed in animal studies may also 

approximate potency relations in humans.  

The in vivo potency and, more importantly, the toxicity of opioid agonists can be 

influenced by both their pharmacodynamics and pharmacokinetics. The latter 

includes factors such as absorption, distribution, half-life and elimination, all of 

which can be significantly impacted by chemical modifications. This is particularly 

true for newly synthesized opioids, where structural adaptions can lead to drastic 

alterations in pharmacokinetics and, consequently, their physiological effects 

[45]. For instance, MOR, the standard opioid, crosses the blood-brain barrier 

(BBB) relatively slowly due to its low lipid solubility, resulting in a delayed onset 

of action [63]. In contrast, fentanyls are characterized by high lipophilicity and 

small molecular size, enabling rapid absorption into the bloodstream, quick 

passage through the BBB and subsequent distribution within the central nervous 

system (CNS) [64]. These properties lead to a fast onset of effects, including 

analgesia and euphoria, thereby also increasing the risk of psychological 

dependence. Furthermore, some FEN analogs are characterized by a long 

duration of action; for instance, CAR has a relatively long half-life of 

approximately 6 hours [65].  Cases of renarcotization - the re-emergence of opioid 

toxicity up to 72 hours after initial recovery - have been observed in large animals 

sedated with the drug [66]. This phenomenon is likely due to CAR´s high 

lipophilicity, which facilitates distribution into adipose tissue [67], combined with 

strong plasma protein binding that results in prolonged release back into 

circulation [68]. Similarly, renarcotization has been reported in humans following 

high doses of FEN [69], indicating that the prolonged and rebound effects 

observed with FEN also occur in humans exposed to CAR.  

Even though pharmacokinetics play a significant role in a substance's toxicity, its 

pharmacodynamics - particularly interactions at the receptor level - likely also 

contribute to its toxic effects [70]. As summarized in Table 1, µOR binding 

affinities of opioids have been extensively studied and reported in the literature, 

with results varying depending on the methodology. These differences arise from 

parameters such as the choice of cell line, receptor preparation, radiolabeled 
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tracer and assay buffer. It is well established that FEN derivatives exhibit a higher 

affinity for µORs, enabling them to induce cellular responses at lower 

concentrations [71].  

Source µOR binding affinity [nM] Cell line  Assay buffer 

 CAR FEN REMI MOR ENDO   

[72]    8.91  COS-µOR TRIS 

[73] 0.08   1.40  Human brain  TRIS + 0.5 mM 

Sodium 

[74]  14.0  20.0  CHO-K-µOR TRIS  

[75] 0.15 0.39    SH-SY5Y TEMD 

[76]  1.40    Chem-5-µOR HEPES  

[71]  0.14    CHO-µOR TRIS 

[77]     9.50 Rat brain TRIS 

[78]     2.60 HEK293-µOR HEPES 

[79]   0.60   Rat brain TRIS 

[80] 0.42 3.30    Rat brain TRIS 

[81] 0.024 1.20    Guinea pig 

brain 

TRIS 

[82]  520  445  Frog brain TRIS + 100 

mM Sodium 

[83]  98.7  95.9  SH-SY5Y HEPES + 143 

mM Sodium 

[84]    1.20  Rat brain TRIS 

[85]  1.60  4.20  Rat brain TRIS 

[86]    8.40  CHO-µOR Not specified 

[87]  1.60    CHO-µOR TRIS 
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Table 1: Summary of opioid µOR binding affinities, including experimental 
conditions (cell lines and buffers) 

CAR exhibits the highest µOR binding affinity among the opioid agonists shown. 

However, the affinity difference compared to MOR ranges from just 18-fold (within 

the same study) to up to 460-fold (based on mean reported values) - far from the 

10,000-fold difference observed in in vivo potency. This discrepancy suggests 

that increased receptor affinity alone cannot explain CAR’s extreme potency in 

vivo, implying that additional pharmacodynamic factors contribute to its 

exceptional efficacy. 

Nevertheless, the combination of high µOR affinity and rapid CNS penetration of 

highly potent opioids accelerates their physiological effects, including analgesia, 

sedation, and, most critically, respiratory depression [88-90]. Consequently, the 

medical use of fentanyls is often impaired, not only by a wide range of side effects 

[6], but their extreme potency and toxicity, especially that of CAR, which 

contributes to the significant risks of misuse and overdose associated with 

fentanyls [91]. Adding to CAR’s danger is the lack of understanding of its µOR 

interactions and the mechanisms underlying its exceptional toxicity [92]. 

3.1.3. Associated risks 

Clinically, opioid intoxications are characterized by a triad of symptoms: pinpoint 

pupils, respiratory depression, and coma [93,94]. Among these, opioid-induced 

respiratory depression poses the most significant risk, particularly with more 

potent opioids, as it can result in fatal outcomes in cases of overdose [95]. This 

condition arises from the stimulation of µORs in key respiratory control centers, 

such as the brainstem, insula and the preBötzinger complex [96-98]. Activation 

of these receptors leads to increased arterial carbon dioxide levels and reduced 

respiratory parameters, like tidal and minute volumes [99,100], causing 

respiration to slow, become irregular, and, in severe cases, cease altogether 

[101]. While the risk of respiratory depression is relatively low under medical 

supervision (e.g. postoperative care) [102], illicit opioid abuse - especially of high-

potency substances - significantly increases the danger of fatal outcomes [103]. 

Furthermore, the potent euphoric effects of fentanyls contribute to the widespread 

issue of psychological dependence, further complicating their use [104]. 

Prolonged use can additionally lead to physical tolerance, where the drugs lose 
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effectiveness over time, and dependence, marked by withdrawal symptoms when 

use is stopped [105]. These effects are thought to stem from receptor 

desensitization, downregulation and adaptations in intracellular signaling 

pathways [106]. Consequently, particularly highly potent synthetic opioids like 

fentanyls, present considerable challenges for the healthcare system. 

These risks associated with fentanyls have been highlighted by the ongoing 

opioid crisis, which has resulted in extensive addiction, a rise in overdose 

fatalities and significant consequences for public health, particularly in the US 

[107,108]. The crisis was exacerbated by aggressive marketing campaigns in the 

1990s that promoted prescription opioids for a wide range of conditions, from 

menstrual discomfort to anxiety and coughs. Purdue Pharma's promotion of 

OxyContin exemplifies this era [109]. By 2010, an estimated 15.5 million people 

worldwide were dependent on opioids [110] and opioid prescription rates in the 

US peaked in 2012, reaching 81.3 prescriptions per 100 inhabitants [111]. This 

excessive availability of prescription opioids set the stage for misuse and a 

sudden increase in opioid-related overdose deaths (the “first wave”), followed by 

a rise in heroin use (the “second wave”). The “third wave” began in 2016 when 

fentanyls overtook heroin as the leading cause of drug overdoses [112].  

Illicit non-pharmaceutical fentanyls (NPF) are often mixed with other substances, 

such as cocaine or pressed into counterfeit pills, frequently without the user’s 

knowledge [113]. Their prevalence is driven by their extreme potency, low 

production costs and ease of manufacturing [114]. Between 2016 and 2021, drug 

overdose deaths involving fentanyls increased by nearly 300% and in 2023 and 

2024 approximately 80% of overdose deaths involved NPF, with an estimated 

72,000 deaths attributed to FEN in 2023 alone [115]. More alarmingly, CAR has 

emerged on the illicit market and is used as an adulterant of other street drugs. 

Due to its extraordinary toxicity, deaths involving CAR have risen approximately 

sevenfold since 2023, with hundreds of fatalities reported in North America and 

Europe [115]. Consumption of CAR frequently occurs unknowingly, as many drug 

users are aware of its extreme potency and deadly risks [114]. Known by street 

names such as “elephant tranquilizer”, “gray death”, “drop dead” and “serial killer” 

[116], CAR significantly heightens the risk of overdose and death, even among 

individuals with high opioid tolerance [117]. The availability of online synthesis 
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instructions and its low manufacturing costs make CAR a particularly devastating 

addition to the illicit drug market [45,118]. Its appearance in drug supplies outside 

the US, including Germany, underscores its global reach and the escalating 

challenges it poses [119-121].  

Another significant public health concern regarding highly potent opioids like CAR 

is their potential use as chemical weapons. The use of fentanyls was already 

investigated in the 1990s as part of a US program which aimed at developing 

incapacitating agents [122]. CAR´s toxicity is estimated to resemble that of some 

nerve agents [123], with calculations suggesting that one kilogram of CAR could 

account for 20 million lethal doses. This extraordinary lethality makes CAR 

presumably 2,000 times deadlier than a thermonuclear bomb [124]. 

In 2002, the Moscow dubrovka theatre hostage crisis underscored the risks 

associated with the weaponization of fentanyls. During the incident, Chechen 

terrorists held more than 800 hostages, causing russian special forces to 

introduce an immobilizing aerosol into the building’s ventilation system to 

terminate the siege. CAR, alongside REMI, was identified as one of the active 

agents in the gas [125,126]. Due to its extreme toxicity and the delayed 

identification of the substance, coupled with inadequate medical 

countermeasures, 127 hostages lost their lives and over 600 were hospitalized 

as a result [127].  

Although the WHO recommends the strictest level of international control for 

synthetic opioids like CAR, it is not explicitly listed in the Chemical Weapons 

Convention (CWC) [128,129]. However, CAR could fall under the CWC’s broader 

category of pharmaceutically active substances, which, despite not being 

classified as chemical warfare agents, are listed due to their high toxicity [130]. 

In theory, this should prohibit its development, production, stockage and use. 

However, its potential application as a high-impact weapon remains a significant 

public health threat [124]. 

In conclusion, while FEN derivatives are highly effective for pain management, 

their extreme strength also increases the risk of severe adverse effects. CAR is 

particularly concerning due to its pronounced toxicity, posing a high risk of fatal 
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overdose and accidental exposure when misused as an illicit drug or chemical 

weapon. 

3.1.4. Endogenous opioid system 

Endogenous opioid peptides play a central role in the body's physiological pain 

regulation system. Acting as agonists at ORs, they trigger a cascade of cellular 

processes that ultimately inhibit the transmission of pain signals to the central 

nervous system [131]. Beyond their role in pain modulation, endogenous opioids 

influence a wide range of physiological processes. These include the regulation 

of stress [132], respiration [133-136], appetite [137-140], cardiovascular function 

[141-146], intestinal motility [147,148] and endocrine processes [149] as well as 

reward and mood [150,151], which underlines their significance for emotional 

wellbeing.  

More than 30 opioid peptides are derived from three precursor proteins: pro-

opiomelanocortin (pro-OMC), proenkephalin (pro-ENK) and prodynorphin. These 

precursors undergo post-translational modifications, resulting in variations in the 

distribution and concentration of opioid peptides across different regions of the 

central and peripheral nervous system [152]. While they are ubiquitously 

expressed, their concentrations differ depending on the specific neural region 

[131,153,154]. This regional specificity is crucial for explaining the diverse effects 

of opioids in different parts of the nervous system [155].  

The primary peptides in this system include β-endorphin, met-enkephalin, leu-

enkephalin and dynorphins. They all share a characteristic amino acid sequence 

(Tyr-Gly-Gly-Phe), known as the "opioid motif," which is essential for receptor 

binding [156].  However, their receptor affinities differ [156]. For instance, β-

endorphin primarily targets the µOR, whereas met- and leu-enkephalin exhibit a 

stronger affinity for the delta-OR (δOR). Dynorphins, on the other hand, 

preferentially bind to kappa-OR (κOR) [157].  

Endomorphin-1 (ENDO) and -2 are endogenous opioid-related peptides, that 

have been identified in the human CNS [158]. Even though their precursor and 

gene have not been identified, endomorphins play a remarkable role for the 

physiological antinociceptive system [156,159]. Among all endogenous 

compounds, ENDO demonstrates the highest specifity and affinity for μOR [160]. 
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Unlike traditional opioid peptides, endomorphins lack the typical opioid sequence 

and have a unique structure - characterized by a distinctive N-terminal sequence, 

shorter peptide length, and C-terminal amidation (Figure 1: Chemical structure of 

OR agonists) [161]. This further supports their role as key endogenous 

modulators of OR activity. Hence, for the purposes of this study, ENDO was 

selected as a representative endogenous opioid peptide. 

3.1.5. Opioid receptors 

Through agonism at OR, all exogenous opioids mimic endogenous opioid 

peptides and induce comparable physiological effects [162,163]. However, the 

binding affinity and specificity for the receptor is differentially pronounced 

depending on the opioid substance [164].  

OR belong to the large family of G protein-coupled receptors (GPCRs), which are 

coupled to heterotrimeric Gi/o proteins. These receptors consist of a single 

polypeptide chain that traverses the cell membrane seven times, forming the 

characteristic seven-transmembrane domain structure [165]. Their architecture 

includes an extracellular ligand-binding pocket, where agonist binding results in 

interactions with intracellular signaling partners, such as heterotrimeric G proteins 

and arrestins, thereby facilitating diverse cellular responses [166-168]. 

OR are classified into four subtypes: µOR, δOR, κOR and nociceptin/orphanin 

FQ receptor (NOR), also known as opioid receptor-like 1 (ORL-1). The naming of 

OR subtypes reflects their historical discovery contexts: µOR, named after its 

high affinity for MOR; κOR, after the selective ligand ketocyclazocine and δOR, 

after the vas deferens tissue where it was first identified [169]. These subtypes 

are pharmacologically distinguished by their varying affinities for different ligands 

[170,171]. NOR, which binds the endogenous peptide ligand nociceptin/orphanin 

FQ [172-174], is structurally similar to traditional OR like µOR, δOR and κOR 

[175,176]. However, it differs significantly in its ligand-binding domain and 

activation mechanisms compared to other subtypes and exerts distinct 

physiological roles [177]. Notably, NOR does not bind traditional opioid agonists 

and is therefore not typically involved in the effects of widely used opioids such 

as MOR and FEN [178,179].  
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Among these subtypes, µORs are particularly significant because they mediate 

the central effects of opioids, including analgesia and respiratory depression 

[180,181]. Furthermore, most clinically relevant opioids, such as MOR and 

fentanyls, exert their effects predominantly via the µOR [9,182]. δOR and κOR 

share similar intracellular signaling pathways but differ in their distribution within 

the nervous system and their physiological roles [183,184]. Table 2 provides an 

overview of opioid effects, the corresponding receptor subtype and specific 

agonists. 

 

OR 

subtype 

Physiological effects Agonists 

µOR Analgesia (central and peripheral), 

respiratory depression, euphoria, 

constipation, sedation, physical 

dependence, miosis 

MOR, FEN, heroin, 

endomorphin-1 and -2, β-

endorphine, methadone, 

DAMGO1 

δOR Analgesia (central and peripheral), 

convulsions, anxiolysis, constipation, 

modulation of mood and emotions, 

antidepressant effects 

Enkephalines, Deltorphins 

DPDPE2 

κOR Analgesia (central and peripheral), 

diuresis, dysphoria, sedation 

U-50488, Salvinorin A, 

Ketocyclazocine, 

Dynorphins 

NOR Modulation of pain processing, stress 

response, anxiety 

Nociceptin, Nocistatin 

 

Table 2: Outline of OR subtypes, their physiological effects and specific 
agonists  

Adapted from Stein et al. [157] and data compiled from [169,184]. 1DAMGO: [D-
Ala2, N-MePhe4, Gly-ol]-enkephalin, 2DPDPE: [D-Pen2,D-Pen5]enkephalin 
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3.2. µOR pharmacology and modes of actions 

As a member of the GPCR family, the µOR facilitates the transmission of 

extracellular signals into the cell, primarily via intracellular guanine nucleotide 

binding proteins (G proteins) and β-arrestins [185]. The agonist-induced 

activation of the µOR in the CNS therefore plays a pivotal role in mediating the 

main physiological opioid effects like analgesia, euphoria and respiratory 

depression [21].  

 

Upon ligand binding, µOR activates both G protein-dependent (G i /o-mediated) 
pathways ( left), leading to modulation of ion channels and inhibit ion of adenylate 
cyclase, reduced cAMP levels and modulation of downstream effectors, as well as 
β-arrestin-dependent pathways (r ight), which regulate receptor desensit ization and 
alternative signaling cascades. 

As discussed earlier, a substance’s in vivo potency is likely influenced by its 

pharmacodynamics at the receptor level. While the high µOR affinity of FEN 

analogs, especially CAR, is thought to contribute to its extreme toxicity, the extent 

to which µOR activation itself plays a role remains unclear. The following sections 

Figure 2: G protein- and β-arrestin-mediated signaling pathways of the 
µOR 
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provide an overview of the signaling pathways activated by µOR agonists, with a 

particular focus on what is currently known about CAR-specific signaling.  

3.2.1. G protein-dependent signaling pathways 

G proteins are heterotrimers consisting of two functional components: a βγ-dimer 

and an α-subunit. In the inactive state, the βγ-dimer remains tightly associated to 

the α-subunit, which holds guanosine diphosphate (GDP). Upon activation, the 

µOR engages with the heterotrimeric G protein at its intracellular domain, 

specifically at the highly conserved DRY motif. This motif, located between the 

third transmembrane helix and the second intracellular loop, comprises the amino 

acids aspartic acid, arginine and tyrosine [186]. This interaction involves the Gα-

GDP and Gβγ subunits [187]. Activation triggers the exchange of GDP for 

guanosine triphosphate (GTP) on the Gα subunit through conformational 

changes. The ligand-bound µOR therefore functions as a guanine nucleotide 

exchange factor (GEF), facilitating the release of GDP from the Gα subunit. As a 

result, the G protein dissociates into two functional components: Gα-GTP and the 

Gβγ-dimer. Both components independently initiate distinct signaling pathways 

[165,188]. The G protein signaling activity is terminated by its intrinsic GTPase 

activity, which hydrolyzes GTP back to GDP [189,190]. This restores the Gα 

subunit to its inactive, GDP-bound state, ready for another activation cycle 

[190,191]. 

3.2.1.1. Modulation of second messenger cAMP 

The G-alpha-iota/-omicron subunit (GαI/0) is a member of the inhibitory G protein 

family for which µORs exhibit strong preference [192]. A key result of this 

signaling cascade is the inhibition of adenylate cyclase (AC), the enzyme 

responsible for converting adenosine triphosphate (ATP) into cyclic adenosine 

monophosphate (cAMP) [193,194]. This inhibition leads to a reduction in 

intracellular cAMP levels. The regulation of intracellular cAMP levels is further 

influenced by phosphodiesterases (PDEs), enzymes that degrade cAMP into 

adenosine monophosphate (AMP) [195]. As a second messenger molecule, 

cAMP plays a critical role in intracellular signal transduction. A key consequence 

of reduced cAMP formation is the decreased activation of protein kinase A (PKA), 

the primary cAMP-regulated protein. PKA, in turn, regulates various substrates - 

including ion channels, enzymes and transcription factors - through 
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phosphorylation, thus playing a vital role in modulating gene expression [196]. 

The AC-cAMP-PKA pathway following µOR activation has been shown to 

contribute to opioid-induced effects, including analgesia [197-201], tolerance 

[202,203] and respiratory depression [204,205]. In particular, the cAMP signaling 

pathway plays a central role in controlling respiratory rhythm, helping to maintain 

the self-generated rhythmic activity of pre-inspiratory neurons in the brainstem 

and thereby regular and stable breathing [206]. Suppression of this pathway by 

opioids has been linked to decreased neuronal excitability and disrupted 

respiratory drive [207]. Studies have shown that pharmacological agents that 

restore cAMP levels, such as PDE inhibitors or D1-dopamine receptor agonists, 

can counteract opioid-induced respiratory depression [208,209]. 

Given the role of this signaling pathway for opioid effects, the extent to which a 

substance inhibits cAMP formation may impact its in vivo potency and toxicity - 

especially its potential to cause respiratory depression. While some studies 

suggest that CAR exhibits an increased potency for cAMP inhibition compared to 

other opioids [75,210], others have reported that CAR is not particularly effective 

in G protein activation [211]. The broader implications of these findings remain 

unclear, highlighting the need for a deeper understanding of CAR’s mechanism 

of action and its contribution to its disproportionate toxicity. 

3.2.1.2. Modulation of ion channels 

The Gβγ subunit mediates the modulation of cell membrane proteins and ion 

channels [212]. Postsynaptic G protein-gated inwardly rectifying potassium 

channels (GIRK) are opened, allowing potassium to exit the cell. This results in a 

change in membrane potential, specifically a hyperpolarization leading to an 

increased distance between the resting membrane potential and the threshold for 

action potential generation [213,214]. Furthermore, voltage dependent calcium 

channels are closed, blocking calcium from entering the cells [215]. In 

combination with the inhibition of a protein complex called vesicle SNAP 

receptors (SNAREs) this results in a decreased exocytosis of excitatory, pro-

nociceptive neurotransmitter (e.g. glutamate, substance P) [216,217]. Ultimately, 

this results in a decrease of the excitability of neurons and attenuation of afferent 

neuronal transmission of pain signals to central processing units [218-220].  
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3.2.1.3. G protein-dependent ERK1/2 phosphorylation 

Another main signaling pathway downstream of the μOR involves the activation 

of extracellular signal-regulated kinases 1/2 (ERK1/2) [34]. ERK1 and ERK2 are 

members of the mitogen-activated protein kinase (MAPK) family and are 

substantial for the regulation of cellular processes such as proliferation, growth 

and differentiation [221]. Once activated and phosphorylated (pERK1/2), these 

kinases can phosphorylate various downstream signaling molecules, further 

propagating intracellular signals [222]. For instance, pERK1/2 can translocate 

into the nucleus, where it phosphorylates transcription factors like the cAMP 

response element-binding protein (CREB), significantly influencing gene 

expression [223-225].  

Several mechanisms have been proposed for ERK1/2 activation downstream of 

OR. Opioid-induced ERK1/2 phosphorylation has been shown to be sensitive to 

pertussis toxin, indicating that it occurs - among other pathways - via Gi/o protein-

mediated signaling [226-228]. In this context, the Gβγ subunit plays a central role 

by activating phospholipase C (PLC) [229-231]. Upon activation, PLC hydrolyzes 

phosphatidylinositol-4,5-bisphosphate (PIP2) into two secondary messengers: 

inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). DAG subsequently 

activates protein kinase C (PKC), which can phosphorylate cytosolic ERK1/2 

[232,233]. This signaling cascade has been proposed as the main route for G 

protein-dependent ERK1/2 activation in HEK293 cells following opioid stimulation 

[234,235]. In addition, Gβγ-dependent phosphorylation of ERK1/2 can occur via 

tyrosine kinase activation [236-238], e.g. through transactivation of the epidermal 

growth factor receptor (EGFR) [239]. Beyond these mechanisms, there is also 

evidence suggesting that ERK1/2 phosphorylation can occur through Gα-

mediated pathways [240].  

The role of ERK1/2 in OR signaling is both multifaceted and complex. Chronic 

opioid treatment and opioid withdrawal have been associated with elevated levels 

of pERK1/2 [241], suggesting a possible link to the development of opioid 

tolerance [242]. Similarly, PKC has been implicated in mechanisms underlying 

opioid tolerance [243,244]. PLC signaling itself appears to play a role in 

modulating opioid-induced antinociception, as inhibition of this pathway 

enhances the analgesic potency of opioid agonists [245,246]. Conversely, there 
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are indications that ERK1/2 contributes to opioid-induced antinociception [247], 

suggesting that its role in opioid-mediated analgesia may be divergent and 

context-dependent. 

3.2.2. µOR phosphorylation 

The μOR contains eleven serine and threonine residues at its intracellular C-

terminus [248], which can be phosphorylated upon receptor activation. This 

phosphorylation can either occur in an agonist-independent manner via second 

messenger-regulated protein kinases, such as PKA and PKC, which 

phosphorylate the receptor regardless of its activation state (heterologous) 

[249,250]. Alternatively, specific GPCR kinases (GRKs) mediate phosphorylation 

in response to agonist binding (homologous) [251]. Unlike PKA and PKC, GRKs 

are specifically recruited to agonist-activated OR and mediate phosphorylation in 

a ligand-dependent manner [252,253]. Notably, GRK phosphorylation exhibits 

ligand specificity, meaning that the binding of different ligands to the same 

receptor can lead to signal transduction through distinct GRK pathways 

[250,254,255]. 

Among the C-terminal residues, S363 is a prominent site for basal, agonist-

independent phosphorylation by PKC [256]. In contrast, the residues S375, T370, 

T376 and T379 are the major sites of agonist-induced phosphorylation [257-260]. 

This homologous phosphorylation primarily occurs within a conserved 10-residue 

sequence (370TREHPSTANT379) in the receptor’s cytoplasmic tail [257,260-262]. 

The phosphorylation process is hierarchical, beginning at S375, which acts as 

the initiating site for subsequent phosphorylation at T370, T376 and T379. 

Notably, phosphorylation at these residues is mediated by GRK2/3 isoforms, with 

S375 additionally being phosphorylated by GRK5/6 in an agonist-dependent 

manner and T370 by PKC [258,263-265].  
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Adapted from GPCRdb (https://gpcrdb.org/protein/oprm_human/) [266,267] and 
modified using BioRender.com   

C-terminal phosphorylation of the μOR is a requirement for the recruitment of β-

arrestins, which bind to the phosphorylated residues [268]. This interaction 

uncouples G proteins from the receptor, terminating signal transduction in a 

process known as desensitization [269,270]. In addition to desensitization, 

receptor phosphorylation facilitates internalization, a key mechanism for 

regulating μOR activity and cellular responsiveness to agonists (see chapter 

3.2.3). 

3.2.3. β-Arrestin dependent signaling pathways 

Arrestins are a family of proteins that play a crucial role in regulating GPCR 

function. Among them, β-arrestin-1 and β-arrestin-2 (non-visual arrestins) are 

ubiquitously expressed throughout the central and peripheral nervous system 

and serve as key regulators of OR [271-273]. Activated μOR interact with β-

arrestins through recognition of C-terminal GRK phosphorylation, leading to 

Figure 3: µOR with C-terminal phosphorylation sites and corresponding 
kinases 
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receptor desensitization and internalization [248,274]. In homologous GPCR 

desensitization, β-arrestins sterically hinder G protein interaction, effectively 

preventing further signaling [275-277]. Additionally, they act as scaffolds for 

enzymes that degrade downstream second messengers, further limiting G 

protein signaling [278,279].  

Restoring GPCR sensitivity requires receptor removal from the cell surface 

following agonist activation, a process mediated by endocytosis [280,281]. β-

arrestins facilitate this by serving as adaptors for clathrin and adapter protein 2 

(AP2), which are essential for forming clathrin-coated pits [282-285]. These pits 

undergo dynamin-dependent vesicle formation, leading to receptor internalization 

from the plasma membrane [286]. Once internalized, receptors fuse with early 

endosomes, where they are sorted into one of two pathways. They can either be 

recycled back to the plasma membrane, a process known as resensitization, 

allowing continued receptor signaling, or trafficked to lysosomes for degradation, 

leading to receptor down-regulation and a decrease in receptor availability [287]. 

Besides their roles in desensitization and endocytosis, β-arrestins also play a 

crucial role in μOR signaling by acting as adapter proteins for various downstream 

effectors, including Src, Raf and ERK1/2 [288-291]. Thereby, β-arrestin-mediated 

signaling forms a second integral component of µOR signaling through the MAPK 

pathway, beyond G protein signaling [292,293]. Receptor-bound β-arrestin-2 

functions as a scaffold, bringing together the kinases cRaf, MEK1 (Mitogen-

activated protein kinase kinase 1) and ERK1/2 in an optimal conformation for 

efficient phosphorylation [294]. Within this complex, cRaf phosphorylates and 

activates MEK1, which in turn phosphorylates ERK1/2, leading to further 

downstream signaling, transcriptional regulation and gene expression modulation 

[289,295]. Notably, β-arrestin-mediated ERK1/2 activation occurs with a delay 

compared to G protein-dependent activation, suggesting distinct temporal 

signaling dynamics [235]. 

The physiological and therapeutic relevance of β-arrestin in opioid signaling is 

complex and context-dependent. Studies have demonstrated that β-arrestin-2 

negatively regulates μOR-mediated analgesia, yet its impact on opioid-induced 

pain relief appears to be agonist-dependent. In β-arrestin-2 deficient mice, MOR-
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induced analgesia is significantly enhanced and prolonged [296-298] whereas 

FEN-mediated analgesia remains unchanged [299].  

Beyond its effects on analgesia, β-arrestin-2 through its role in μOR 

desensitization and internalization, contributes to the development of opioid 

tolerance, following μOR phosphorylation by GRKs [257,300]. However, this 

regulatory effect also varies between different opioid agonists [301]. While the 

absence of β-arrestin-2 significantly reduces MOR-induced tolerance, FEN-

induced tolerance remains unchanged [299]. Interestingly, FEN induces stronger 

internalization and desensitization of the µOR compared to MOR [302]. A 

possible reason is that MOR-bound μORs are not optimal substrates for GRK-

mediated phosphorylation or β-arrestin binding, leading to a generally slower 

development of tolerance [303,304]. However, MOR-induced minimal receptor 

internalization and recycling may contribute to a more pronounced long-term 

tolerance. In contrast, FEN-induced μOR internalization facilitates receptor 

recycling and resensitization, potentially mitigating long-term tolerance despite its 

initially stronger desensitization [305]. In addition to its role in opioid analgesia 

and tolerance, β-arrestin-2 was also shown to contribute to opioid-induced 

respiratory depression [306].   

While processes like µOR phosphorylation by GRKs, β-arrestin recruitment with 

subsequent receptor desensitization and endocytosis are known to influence 

opioid effects, their specific contribution to the extreme potency and toxicity of 

highly potent opioids like CAR remains unclear. CAR’s impact on µOR 

phosphorylation has not been specifically studied, however, CAR has been 

shown to induce pronounced receptor internalization [211]. One possible 

hypothesis suggests that extensive µOR phosphorylation, leading to rapid 

internalization and efficient receptor recycling to the cell surface, could enhance 

opioid potency and toxicity by ensuring the receptor remains available for ongoing 

signaling [307].  

Notably, to date, no studies have specifically examined CAR-induced ERK1/2 

phosphorylation, whether through β-arrestin- or G protein-dependent pathways, 

highlighting a critical gap in understanding its pharmacodynamics at the µOR.  



31 
  

3.2.4. Biased agonism  

Biased agonism, also referred to as functional selectivity, occurs when different 

ligands selectively engage distinct intracellular signaling pathways upon binding 

to the same receptor. This means that a ligand can favor specific downstream 

effects while minimizing others [308]. In the context of GPCRs, this selectivity can 

be so pronounced that activation is predominantly mediated through either G 

proteins or β-arrestins [309]. For opioids, β-arrestin signaling has long been 

hypothesized to mediate many of the undesirable side effects, including 

respiratory depression and opioid tolerance [296,306], while G protein signaling 

is primarily responsible for the desired analgesic effects [310]. Based on this 

assumption, significant research efforts have been dedicated to developing 

opioid ligands that preferentially activate G protein signaling while reducing β-

arrestin recruitment [311,312]. The goal has been to create opioids that provide 

strong analgesia while reducing the risk of respiratory suppression and tolerance 

[313,314].  However, more recent studies suggest that both G protein- and β-

arrestin-mediated pathways contribute to opioid side effects [315-318]. These 

findings challenge the initial assumption that opioid-induced respiratory 

depression is dependent on a single signaling pathway. Instead, evidence 

indicates that the severity of respiratory depression is primarily determined by the 

overall strength of receptor activation, rather than a specific signaling bias [319]. 

A key example illustrating this is Oliceridine, a G protein-biased opioid, which was 

FDA-approved in 2020 after initially being rejected in 2018 [320]. Its safety profile 

has been reported to be similar to that of other opioid derivatives, suggesting that 

G protein bias alone may not be sufficient to eliminate opioid-induced respiratory 

depression [321].  

These insights highlight the complexity and therapeutic relevance of biased 

agonism in OR signaling, as well as the intricate interplay between distinct 

signaling pathways. Understanding how different opioids - especially highly 

potent compounds like CAR - engage these pathways can be crucial for 

improving the safety and efficacy of opioid-based therapies. 



32 
 

3.3. Therapeutic interventions of fentanyl intoxication 

3.3.1. Opioid receptor antagonists 

The standard therapy for opioid overdose and intoxication involves the 

administration of non-specific, BBB permeable OR antagonists, such as naloxone 

(NLX) or nalmefene (NLM). Antagonists usually carry large hydrocarbon residues 

at the amine group [322], which alter their interaction with the receptor´s 

orthosteric binding site and do not promote receptor activation (Figure 4) [323]. 

NLX and NLM, both US Food and Drug Administration (FDA) approved agents, 

counteract opioid toxicity by competing with opioid agonists for µOR binding, 

preventing further receptor activation and reversing opioid-induced respiratory 

depression and other opioid effects [324]. Another opioid antagonist, Naltrexone, 

is primarily used for the treatment of opioid dependence and misuse rather than 

for acute overdose reversal [325,326].  

 

NLX is a moderately hydrophilic opioid antagonist, rapidly metabolized into 

naloxone-3-glucuronide, a pharmacologically inactive metabolite that cannot 

cross the BBB [327-329]. Due to its short half-life of approximately 1-2 hours [329] 

and its rapid onset of action within minutes [330], NLX is the preferred emergency 

treatment for opioid-induced respiratory depression, restoring normal respiration 

and consciousness [322,331,332]. NLX is available in multiple formulations, 

including intravenous and intramuscular injections, as well as nasal sprays 

designed for non-clinical, on-site and over-the-counter use [333]. The Narcan® 

nasal spray (4 mg NLX) was first approved by the FDA in 2015 for the treatment 

of opioid overdoses. In March 2023, the FDA granted approval for its over-the-

Figure 4: Chemical structure of opioid receptor antagonists 
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counter sale [334]. In the European Union, the Nyxoid® nasal spray received 

approval in 2017 [335]. 

Despite its proven efficacy in reversing overdoses from common opioids such as 

MOR, NLX faces significant challenges when counteracting highly potent 

synthetic opioids. Studies indicate that NLX reverses respiratory depression 

induced by MOR more effectively than that caused by FEN [89]. Hence, reports 

suggest that multiple doses of NLX are frequently required for FEN intoxications 

[336-339]. Several factors contribute to the high lethality of FEN analogs and the 

limited efficacy of NLX in these cases. Notably, most fentanyls exhibit prolonged 

pharmacokinetics compared to frontline antagonists [64,65,340]. This 

pharmacokinetic discrepancy increases the risk of delayed or inadequate 

responses and raises concerns regarding renarcotization, the phenomenon 

where opioid effects return after an initial reversal [102,341]. However, some 

evidence suggests that, beyond pharmacokinetics, highly potent synthetic 

opioids may also exhibit a form of pharmacodynamic resistance to NLX’s effects 

[336,342]. This issue is of particular concern with CAR [210,341], which poses a 

significant challenge to the healthcare system due to its extreme toxicity and the 

limited efficacy of opioid antagonists against it [337,343-345]. As a result, the 

question has arisen whether NLX is the ideal antidote for intoxications with highly 

potent synthetic opioids such as CAR [346,347].  

NLM was initially developed for the treatment of alcohol use disorders due to its 

ability to reduce cravings and block opioid-induced rebound phenomena. It was 

approved as a nasal spray (Opvee®) for opioid intoxication in the US in May 

2023, with an active dose of 2.7 mg, producing effects within 2.5 to 5 minutes 

[348]. Unlike NLX, NLM exhibits an extended half-life of approximately 11 hours, 

which is hoped to provide longer-lasting opioid reversal and reduced risk of 

renarcotization, however it exhibits a slower onset of action [349,350]. While the 

longer duration of action could theoretically offer advantages, its clinical benefit 

remains debated, as no convincing evidence currently demonstrates that longer-

acting antagonists are superior to NLX in practice [348,351,352]. Additionally, 

longer-acting antagonists may increase the risk of severe withdrawal symptoms, 

which can complicate treatment and patient management [348]. While OR 

antagonists such as NLX and NLM are highly effective and indispensable for 
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counteracting respiratory depression caused by classical low-potency opioids like 

MOR, their efficacy against highly potent synthetic opioids such as CAR appears 

to be significantly limited. This highlights the urgent need for alternative 

approaches for opioid intoxication management. 

3.3.2. Anti-fentanyl antibodies 

An alternative strategy to counteract the effects of highly potent opioids is their 

neutralization through specific antibodies, which would ideally remove the drug 

from the bloodstream and prevent it from binding to its receptor. One of the main 

advantages of antibodies is their customization to target specific opioid 

derivatives, as well as their extended half-life of approximately 21 days in humans 

[353,354]. Furthermore, antibodies have the potential for prophylactic 

vaccination, offering protection against future opioid exposure, which could be 

particularly relevant in scenarios such as opioid use in warfare [355,356].  

Since the formation of antibodies against a target molecule depends on its 

recognition by the immune system, the development of antibodies against highly 

potent opioids poses significant challenges. Opioids are small, non-peptide 

molecules, which are poorly recognized by the immune system [357,358]. To 

overcome this, carrier proteins like KLH (keyhole limpet hemocyanin), BSA 

(bovine serum albumin) or BgG (bovine gamma globulin) are often conjugated to 

opioids to enhance immunogenicity [359-363]. This labeling induces an immune 

reaction by cross-linking B-cell receptors and activating T-cells, enabling the 

generation of antibodies against the target molecule [364]. The antibodies used 

in present study were generated using this approach. In total, eight antibodies 

were obtained from Medix Biochemica and one from Invitrogen. As outlined in 

Chapter 4.6, these antibodies differ in clonality, the species in which they were 

raised, and the immunogen used for their generation. Six antibodies were 

monoclonal and produced either in mice or mouse hybridoma cells, while three 

were polyclonal, raised in sheep or rabbits.  

Another approach to generating antibodies against highly potent opioids involves 

the utilization of highly immunogenic carrier systems, such as the variant surface 

glycoprotein (VSG) of African trypanosomes, to enhance the immune response 

against conjugated opioid molecules [365]. 



35 
  

The first investigations into immunization with antibodies to mitigate the effects of 

FEN were conducted as early as 1975 [366]. Since then, murine, chimeric and 

human anti-FEN antibodies have demonstrated effectiveness against FEN 

[367,368] as well as against CAR in rodent models [359,369,370]. Active 

immunization through vaccination aims to induce the production of endogenous 

antibodies that bind to the target drug in the bloodstream, thereby limiting its 

ability to cross the BBB. This approach has already reached clinical trials in 

humans [371]. However, despite ongoing research, no antibodies for passive 

immunization against opioids have yet progressed to clinical trials [365]. Recent 

clinical studies have demonstrated the efficacy and safety of monoclonal 

antibodies targeting methamphetamine [372] and cocaine [373]. These promising 

findings indicate that similar antibodies could be developed for opioids, opening 

new avenues for therapeutic intervention.  

  



36 
 

3.4. Research objectives 

This study aimed to investigate the pharmacodynamics of CAR at the µOR in 

vitro, focusing on cellular mechanisms that might contribute to its exceptional 

toxicity. Additionally, potential countermeasures, including OR antagonists and 

anti-FEN antibodies, were evaluated for their ability to neutralize OR binding and 

activation. By providing a comprehensive pharmacodynamic characterization of 

CAR, this project sought to deepen the understanding of the molecular basis of 

its extreme toxicity and explore potential therapeutic interventions. 

To achieve these goals, the following key steps were undertaken:  

 Generation of a stable HEK293 cell line constitutively expressing µOR, 

ensuring reproducible experimental conditions. Receptor expression was 

validated through [³H]-naloxone binding assays and the selected cell line 

was characterized for binding affinity and total receptor capacity. 

 Comparative analysis of CAR’s pharmacodynamics and signaling 

properties against other opioids, including FEN, REMI, MOR and ENDO, 

by assessing: 

- µOR binding affinity  

- Potency and intrinsic activity for cAMP inhibition 

- Potency and intrinsic activity for ERK1/2 phosphorylation  

- Receptor efficacy across the two signaling pathways 

- Phosphorylation patterns of µOR and cellular proteins  

 Evaluation of OR antagonists (NLX, NLM) regarding their ability to 

neutralize opioid-induced receptor activation  

 Assessment of anti-FEN antibodies for their capacity to neutralize FEN- 

and CAR-induced receptor binding and activation as well as their cross-

reactivity with other opioids.  
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4. Materials 

4.2. Instruments 

Instrument Manufacturer 

cAMP columns Available in the laboratory, 

provided by Dr. Breit  

Cell culture incubator PHCbi PHC, Etten-Leur 

Cell harvester Brandel, Glasgow 

Centrifuge Heraeus Biofuge Stratos ThermoFisher, Waltham 

Centrifuge Heraeus Fresco21 ThermoFisher, Waltham 

Centrifuge Labofuge 400 ThermoFisher, Waltham 

ChemiSmart 5000 Peqlab, Erlangen 

Gel electrophoresis Mini-PROTEAN Tetra Cell BioRad, Hercules 

Hellma® TrayCell™ Hellma GmbH & Co. KG, 

Müllheim 

Incubated orbital shaker MaxQ 6000 ThermoFisher, Waltham 

Light microscope CKX31 Olympus, Hamburg 

Magnetic stirrer MR 3000 Heidolph, Schwabach 

Micro pipettes Peqlab, Erlangen 

Mini TransBlot ® tank transfer system BioRad, Hercules 

Multi-channel pipette Thermo Scientific, München 

Neon® electroporation system ThermoFisher, Waltham 

Neubauer chamber Brand, Wertheim 

Optima XL 100k Ultracentrifuge Beckman Coulter, Brea 

Orbital shaker Polymax 1040 Heidolph, Schwabach 

pH-Meter FiveEasy F20 Mettler Toledo, Columbus  
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Photometer BioPhotometer Plus Eppendorf, Hamburg 

Pipetus® Hirschmann Laborgeräte, 

Eberstadt 

Plate Reader CLARIOstar Plus BMG Labtech, Ortenberg 

Plate Reader FluoStar Omega BMG Labtech, Ortenberg 

Scale EG620 Kern, Balingen 

Scintillation counter WinSpectral 1414 PerkinElmer, Rodgau-Jügesheim 

Sonopuls™ Ultrasonic Homogenizer  Bandelin, Berlin 

Sterile laminar flow hood HERAsafe KS18 ThermoFisher, Waltham 

Thermo shaker TS-100 Peqlab, Erlangen 

Trans-Blot Turbo Transfer System BioRad, Hercules 

Ultra Turrax T18 basic  Ika, Staufen 

Vortex REAX1DR Heidolph, Schwabach 

Water bath HI 1210 Memmert, Schwabach 

 

4.3. Consumables 

Material Manufacturer 

20 ml syringe Braun, Tuttlingen 

Cell culture 12-well plates Sarstedt, Nürnbrecht 

Cell culture 48-well plates Sarstedt, Nürnbrecht 

Cell culture 6-well plates Sarstedt, Nürnbrecht 

Cell culture 96-well plates Corning, Kennebunk 

96-well plates, white bottom Sarstedt, Nürnbrecht 

Cell culture dishes 5 mL /  22 cm2 Sarstedt, Nürnbrecht 

Cell culture flask, 175 cm² Sarstedt, Nürnbrecht 



39 
  

Cleaning wipes Kimberly-Clark Professional, 

Koblenz-Rheinhafen 
Cell scraper Corning, Kennebunk 

Cryo pure tubes Sarstedt, Nürnbrecht 

Filter paper 2.45 mm BioRad, Hercules 

Neon™ Transfection System 100 µL Kit ThermoFisher, Waltham 

Nitrocellulose membrane 0.45 µm GE Healthcare Life science, 

Freiburg 
Immunblot PVDF Membrane BioRad, Hercules 

NucleoBond Xtra Midi Kit for plasmid DNA 

(transfection-grade) 

MACHEREY‑NAGEL GmbH & 

NucleoBond Finalizer MACHEREY‑NAGEL GmbH & 

Pasteur pipettes VWR, Darmstadt 

Pipette tips Sarstedt, Nürnbrecht/ Starlab, 

Hamburg  

Reagent reservoirs  Corning, Durham  

Safe seal micro tubes Sarstedt, Nürnbrecht 

Screw cap tubes  Sarstedt, Nürnbrecht 

Serological pipettes Sarstedt, Nürnbrecht 

Open-Top Thinwall Ultra-Clear Tube Beckman Coulter, Brea 

Surgical disposable scalpels Braun, Tuttlingen 

Whatman Filter Paper Grade GF/C Microfiber 

Glass  Filter 

Cytiva, Marlborough 

 

4.4. Cell culture media and supplements 

Reagent, Catalogue number Manufacturer 

DMEM + GlutaMAX™ (Dulbecco’s modified 

eagle medium), 61965026 

ThermoFisher, Waltham 
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Penicillin Streptomycin, 15070-063 ThermoFisher, Waltham 

Poly-L-Lysine, P1274 Sigma-Aldrich, St. Louis 

SeraPlus FCS (fetal calf serum), P30-3033 PAN-Biotech, Aidenbach 

MycoRazor®, M040-100 Biontex Laboratories GmbH, 

München 

Phosphate buffered saline (PBS), J61196.AP ThermoFisher, Waltham 

Zeocin™, 460072 ThermoFisher, Waltham 

 

HEK293 cells were provided by Dr. Andreas Breit. Rat µOR cDNA was obtained 

from Höllt et al. [374] and human µOR cDNA was purchased from OriGene 

Technologies (RC210383). 

4.5. Reagents 

Reagent, Catalogue number1 Manufacturer 

[2,8-³H]-Adenine, NET811250UC PerkinElmer, Boston 

[N-Allyl-2,3-³H]-Naloxone, NET719250UC PerkinElmer, Boston 

µOR Phosphorylation Assay kits pS375-MOP,  

7TM0319C-PA 

7TM antibodies, Jena 

µOR Phosphorylation Assay kits pT370-MOP, 

7TM0319B-PA 

7TM antibodies, Jena 

µOR Phosphorylation Assay kits pT379-MOP, 

7TM0319E-PA   

7TM antibodies, Jena 

3-Isobutyl-1-methylxanthin, I5879 Sigma-Aldrich, St. Louis 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) 

Carl Roth, Karlsruhe 

AlphaScreen cAMP detection kit, 6760635D Revvity Germany Diagnostics, 

Lübeck 

Ammonium persulfate (APS) Sigma-Aldrich, St. Louis 
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Aprotinin, 9087-70-1 Tocris Bioscience, Bristol 

Biomol BLUEplus Protein Ladder (10-180kDa) Biomol, Hamburg 

Bovine Serum Albumine Carl Roth, Karlsruhe 

Carfentanil-D5 Oxalate, C-163 Cerilliant Corporation, Round 

Rock  
Clarity WesternBlot substrate  BioRad, Hercules 

cOmplete™, EDTA-free proteaseinhibitor-

cocktail 

Roche Diagnostics, Mannheim 

Coomassie Brilliant Blue BioRad, Hercules 

DH5α competent E.coli Thermo Fisher, Waltham 

Endomorphin-1, SCP0132 Sigma-Aldrich, St. Louis 

Ethanol Carl Roth, Karlsruhe 

Fentanyl, F-013 Sigma-Aldrich, St. Louis 

Forskolin, F3917 Sigma-Aldrich, St. Louis 

Glycine Carl Roth, Karlsruhe 

Isopropanol Carl Roth, Karlsruhe 

Leupeptin hemisulfate, 103476-89-7 Tocris Bioscience, Bristol 

Methanol Carl Roth, Karlsruhe 

Milk powder  Carl Roth, Karlsruhe 

Morphine, M-005 Sigma-Aldrich, St. Louis 

N,N,N',N'- Tetramethylethylendiamin (TEMED) Carl Roth, Karlsruhe 

Nalmefene, SML2956 Sigma-Aldrich, St. Louis 

Naloxone, BP-048 Sigma-Aldrich, St. Louis 

Pepstatin A, 26305-03-3 Tocris Bioscience, Bristol 

Ponceau S  Sigma Aldrich, St. Louis 

Proteome profiler human phospho-kinase array 

Kit, ARY003C 

R&D Systems, Minneapolis 
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Remifentanil hydrochlorid, R-024 Sigma-Aldrich, St. Louis 

Rotiphorese®Gel 30                                                                                     Carl Roth, Karlsruhe 

Rotiszint®Filter Carl Roth, Karlsruhe 

Sodium dodecyl sulfate (SDS) Carl Roth, Karlsruhe 

Tris(hydroxymethyl)aminomethan (TRIS) Carl Roth, Karlsruhe 

Tryptone/peptone Carl Roth, Karlsruhe 

TurboFectTM Transfection Reagent Thermo Fisher, Waltham 

Yeast extract Carl Roth, Karlsruhe 

1Catalogue numbers are provided only for reagents that are potentially important 
for ensuring experimental reproducibility. 

4.6. Antibodies 

Western blot 

Primary antibody Species Manufacturer, purchase number 

Histone H3 Rabbit Abcam, Cambridge; ab1791 

pERK1/2 Mouse Santa Cruz Biotechnology, Dallas; 

sc-7383 
 

Secondary antibody Species Manufacturer, purchase number 

Anti-rabbit-IgG Goat BioRad, Hercules; 1706515 

Anti-mouse-IgG Goat BioRad, Hercules; 1706516 

  

Anti-Fentanyl antibodies 

Antibody Species Antigen Manufacturer, 

purchase number 

Ab1 (monoclonal) Mouse Fentanyl-KLH Medix biochemica, 

Espoo, HM1132 
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Ab2 (monoclonal) Mouse Fentanyl-BSA Medix biochemica, 

Espoo, HM004 

Ab3 (monoclonal) Mouse Fentanyl-KLH Medix biochemica, 

Espoo, HM628 

Ab4 (monoclonal) Mouse  Fentanyl-KLH Medix biochemica, 

Espoo, HM1133 

Ab5 (monoclonal) Mouse 

hybridoma 

Fentanyl-BSA Medix biochemica, 

Espoo, 100974 

Ab6 (monoclonal) Mouse 

hybridoma 

Fentanyl-BSA Medix biochemica, 

Espoo, 100998 

Ab7 (polyclonal) Rabbit Fentanyl-BgG Medix biochemica, 

Espoo, P01-99-

Ab8 (polyclonal) Rabbit Fentanyl-BgG Medix biochemica, 

Espoo, P01-99-

Ab9 (polyclonal)  Sheep Fentanyl-BSA Thermo Fisher 

Scientific, Waltham; 
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5. Methods  

5.2. Plasmid isolation 

5.2.1. Bacterial transformation 

Transformation refers to the process of introducing recombinant DNA into a 

prokaryotic cell, where it is propagated [375]. This DNA can then be used for 

transfection into eukaryotic cells. For transformation and plasmid propagation, 

DH5α competent E. coli (Thermo Fisher) were used. Two 500 µL aliquots of 

bacteria stored at -80°C were slowly thawed on ice and transferred into sterile, 

round-bottom transformation tubes. The required amount of plasmid (typically 

100 ng) or an equal amount of phosphate-buffered saline (PBS) (negative control) 

was then added to the bacterial suspension under sterile conditions, followed by 

a 30-minute incubation on ice. The bacterial suspensions were subjected to a 5-

minute heat shock at 37°C in a water bath to temporarily destabilize the cell 

membrane, facilitating the uptake of foreign DNA. Immediately afterwards, the 

tubes were returned to ice. The bacteria were then plated onto antibiotic agar 

plates and spread evenly with a Drigalski spatula. Plates were incubated 

overnight at 37°C. If the plasmid carrying the antibiotic resistance gene was 

successfully taken up, visible bacteria colonies grew on the plates, indicating 

successful transformation. These colonies were then ready for further 

processing. 

LB medium 

1% Trypton/Pepton 

0.5% Yeast extract 

85.5 mM NaCl 

0.5 mM NaOH 

100 mg/mL Antibiotic supplement 

(1.5% Agar for LB agar plate) 
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5.2.2. cDNA extraction 

Single bacterial clones were carefully picked from the plate using a sterile pipette 

tip and transferred into a round-bottom tube containing 2 mL of LB medium (Luria-

Bertani medium [376] or lysogenic broth) supplemented with the respective 

antibiotic (concentration 100 mg/mL). The culture was incubated for 24 hours at 

37°C with shaking at 250 rpm. Following this, the bacterial suspension was 

transferred into 200 mL of LB medium for another 24-hour incubation at the same 

temperature and shaking speed.  

Plasmid isolation was performed using the “NucleoBond® Xtra Midi kit for 

transfection-grade plasmid DNA” from Macherey-Nagel, following the 

manufacturer’s protocol. All reagents were supplied by the manufacturer. The 

bacterial culture was diluted until it reached an optical density (OD) of 

approximately 2 at 600 nm. Subsequently, 200 mL of the culture was centrifuged 

at 5,000 × g for 15 minutes at 4°C and the supernatant was discarded. The pellet 

was resuspended in 8 mL of resuspension buffer, and 8 mL of lysis buffer was 

added, followed by incubation at room temperature for 5 minutes. During this 

step, the cell wall and membrane are broken down, releasing plasmid DNA, 

genomic DNA and other cellular components into the solution. Meanwhile, the 

column and the NucleoBond® Xtra column filter were equilibrated with 12 mL of 

equilibration buffer. 

The lysate was neutralized by adding 8 mL of neutralization buffer and the tube 

was inverted several times until the solution became colorless. This step 

facilitates the renaturation of chromosomal DNA and the aggregation of cellular 

proteins, allowing their subsequent separation. Meanwhile, the plasmid DNA 

remains dissolved in the solution. The bacterial lysate was loaded onto the filter, 

taking care not to block it with solid cell fragments. This step clarified the solution 

by removing aggregated cell debris. After washing with 5 mL of equilibration 

buffer, the filter was discarded. The column was then washed with 8 mL of 

washing buffer and the plasmid DNA was eluted into a falcon tube using 5 mL of 

elution buffer. To precipitate the plasmid DNA, 3.5 mL of isopropanol was added 

to the eluate, followed by vigorous vortexing and a 2-minute incubation at room 

temperature. The resulting solution was transferred into a syringe equipped with 

the NucleoBond® Finalizer and pressed through. Subsequently, 2 mL of 70% 
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ethanol was added as a washing step and the filter was dried by pressing air 

through it at least six times. Finally, the plasmid DNA was eluted into an 

Eppendorf tube with 200-800 µL of provided TRIS-buffer. The concentration of 

the plasmid DNA was measured using a spectrophotometer at 260 nm and the 

plasmids were stored in aliquots at -20°C for long-term storage and at 4°C for 

short-term storage.  

5.3. Cell culture 

5.3.1. Cell cultivation  

For this study, HEK293 cells were chosen as the experimental model. HEK293 

cells are immortalized human embryonic kidney cells derived from an aborted or 

miscarried female fetus [377]. They are a widely used model in biomedical 

research due to several advantageous characteristics. Due to their transfection 

with fragmented adenovirus 5 DNA and the stable expression of viral proteins 

that inhibit apoptosis and promote cell division (E1A and E1B 55 kDa), HEK293 

cells exhibit rapid proliferation and can grow indefinitely under appropriate 

conditions [377-380]. Additionally, they are easy to cultivate and are highly 

suitable for transfection, making them ideal for expressing recombinant proteins 

[381]. 

Cells were cultured in adherence within growth medium on T175 flasks (surface 

area of 175 cm2). The growth medium consisted of DMEM (Dulbecco's Modified 

Eagle Medium) with high glucose, supplemented with GlutaMAX™ supplement, 

10% fetal calf serum (FCS), 100 U/mL penicillin/streptomycin and 5 µg/mL 

MycoRazor®. Flasks were held in a humid incubator maintaining 5% CO2 

atmosphere at 37°C. Upon reaching around 80% confluency, the cells underwent 

subculturing to prevent overgrowth. This process, along with cell seeding, 

occurred under aseptic conditions within a sterile laminar flow hood. Solutions 

required for subcultivation were preheated to 37°C in a water bath. The cell 

medium was carefully aspirated and cells were rinsed with 5 ml of PBS. 

Subsequently, 5 ml of PBS was introduced into the flask to allow cells to 

dissociate from the plastic surface. The absence of bivalent cations (Mg2+, Ca2+) 

in PBS served to attenuate intercellular interactions and reduce cell adhesion to 

the plastic surface, facilitating detachment of the cells. Once detachment was 
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confirmed through microscopic examination, 5 ml of growth medium was added 

to the flask. Cell conglomerates were seperated by gentle pipetting and 10 mL 

suspension was transferred to a 15 mL tube. Centrifugation for 5 minutes at 800 

rpm was performed, followed by the removal of the supernatant and resuspension 

of the cell pellet in 10 mL of medium. A portion of this suspension (usually 1 mL) 

was transferred to a new T175 flask containing 25 mL of growth medium to 

achieve 80% confluence within 3-4 days. The remaining cell suspension was 

utilized for experimental purposes. The cell count in the suspension was 

determined by applying 10 µL of the cell suspension to a Neubauer counting 

chamber. The number of cells present within a single gridded square (equivalent 

to 0.1 µL) was ascertained under a microscope and then multiplied by 104 to 

compute the number of cells per mL within the suspension. Cells were seeded 

onto culture plates in quantities optimized for the specific experimental 

requirements and incubated at 37°C for 24 hours to allow proper adherence and 

growth. To synchronize the cells to the same cell cycle phase, they were usually 

serum starved over night before performing experiments. For this purpose the 

growth medium was replaced with FCS-free medium. 

5.3.2. Cryoconservation of cells 

Cells were detached and quantified as outlined in section 5.3.1. They were 

transferred to a 15 mL falcon tube and centrifuged at 800 rpm for 5 minutes. 

Supernatant was removed and the pellet was resuspended in icecold FCS 

supplemented with 10% dimethyl sulfoxide (DMSO) to prevent frost-induced 

damage. 1 mL FCS/DMSO mixture was prepared per 500,000 cells. Notably, 

these procedural steps were executed under ice-cooled conditions. 1 mL of cell 

suspension was transferred into cryo-tubes and promptly placed in a freezing 

apparatus set at -80°C, specifically calibrated to achieve an optimal cooling rate 

of -1°C per minute. After 24 hours, the cryo-tubes were transferred into the liquid 

phase of a nitrogen tank (-196°C), ensuring long-term preservation.  

5.3.3. Thawing of cells 

Following removal from the nitrogen tank, cryo-tubes underwent rapid warming 

at 37°C in a water bath and were then moved to a T175 culture flask with 25 mL 

preheated growth medium. This rapid procedure ensured the efficient thawing of 
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the cells [382]. Subsequently, after 24 hours, the medium was replaced with fresh 

growth medium to eliminate DMSO. 

5.3.4.  Transfection for stable µOR expression 

In the course of this work, a recombinant HEK293 cell line, stably expressing the 

µOR was established by transfection and subsequent selection. HEK293 cells 

are known for their high transfection efficiency and ease of cultivation 

[381,383,384] and are therefore a valuable tool for studying receptor-ligand 

interactions and cellular processes. In addition to providing a homogeneous cell 

population that eliminates clonal variability, the approach of transfection with 

stable protein expression, also offers the advantage of experimental simplicity. 

The steps of transfection and the waiting time until sufficient protein expression 

were thereby saved.  

5.3.4.1. Transfection 

HEK293 cells were thawed in FCS-supplemented DMEM growth medium as 

described in chapter 5.3.3. Upon reaching around 80% confluency, one million 

cells each were seeded on five 20 mL cell culture plates in growth medium. After 

24 hours, cells were co-transfected with cDNA encoding the rat or human µOR 

(rµOR or hµOR) along with the pcDNA4 plasmid, which contains a gene for 

resistance to Zeocin™. Zeocin™ is an antibiotic from the bleomycin/phleomycin 

family, known for its cytotoxic effects on vaious cells including bacterial and 

mammalian cells [385]. Resistance to Zeocin™ is conferred by the Sh ble gene 

from Streptoalloteichus hindustanus. This gene encodes a 13.7 kDa protein that 

binds to Zeocin™, preventing it from breaking DNA strands [386]. As a result, 

cells expressing this resistance protein can survive in the presence of Zeocin™, 

making it a useful tool for selecting successfully transfected cells. To determine 

the transfection protocol that yields the highest protein expression levels, several 

concentrations of cDNA were introduced to the cells.  

5.3.4.1.1. Rat µOR  

Cells were transfected with a pEAK10 expression vector carrying the rµOR using 

TurboFect® (Thermo Scientific) [374]. TurboFect® contains a small, cationic 

polymer which forms highly diffusible complexes with DNA. These complexes are 
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easily endocytosed by the cells and enable translocation of the DNA into the 

nucleus.  

The plasmid combinations were chosen to investigate the effect of varying ratios 

of µOR-cDNA to pcDNA4 on the expression efficiency of the µOR. The balance 

between the plasmid carrying the gene of interest (µOR) and the plasmid with the 

selection marker (pcDNA4), as well as the ratio between the total plasmid amount 

and the cationic polymer, are crucial for transfection efficiency and subsequent 

gene expression [387]. High concentrations of pcDNA4 might compete with the 

µOR-cDNA plasmid for transcriptional and translational resources, potentially 

reducing µOR expression. On the other hand, a higher concentration of µOR-

cDNA could enhance receptor expression, but may also decrease transfection 

efficiency due to the overall plasmid load. 

Transfection 

approach 

Gene of interest (rµOR)  

[µg] 

Selection marker (pcDNA4)  

[µg] 

1. 5 2 

2. 10 5 

3. 5 5 

4. - 5 

5. - - 

 

Transfection approach 4 was included as a negative control for the gene of 

interest, while approach 5 served as a negative control for transfection success. 

The required volumes of corresponding cDNA quantities were dissolved in 500 

µL of DMEM without antibiotic supplement. A further 500 µL of medium were 

mixed with twice the amount of TurboFect® (in relation to the amount of total 

cDNA). The TurboFect® dilutions were slowly pipetted into the cDNA mixture and 

incubated for 1 hour at room temperature. 1 mL of transfection solution was then 

introduced to the cells by gently dropping it onto the cell culture plates. Cells were 

subsequently incubated for 24h.  
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5.3.4.1.2. Human µOR 

Cells were transfected with the hµOR via electroporation using the NeonTM Nxt 

transfection system (Invitrogen). This method involves applying short electric 

pulses to the cells, creating pores in the cell membrane that allow plasmids to 

enter. The buffers utilized were supplied by the manufacturers. Cells were 

detached, counted and a volume containing 15 million cells was centrifuged for 5 

minutes at 1000 rpm. The supernatant was aspirated and the cell pellet was 

resuspended in 450 µL of resuspension buffer. The cell suspension was divided 

into three equal parts, each supplemented with different amounts of plasmids to 

determine the optimal ratio. 

Transfection 

approach 

Gene of interest (hµOR)  

[µg] 

Selection marker (pcDNA4)  

[µg] 

6. 1.5 0.5 

7. 5 2 

8. 2 2 

 

100 µL of each transfection approach was electroporated with 1100 V for 20 ms 

and 2 pulses. Cells were subsequently seeded on 20 mL plates in DMEM without 

antibiotic supplement and incubated for 24 hours. No negative controls were 

included in this experiment as it was already incorporated during the transfection 

of the rat receptor. 

5.3.4.2. Zeocin™ selection and single cell cloning 

To select cotransfected cells, plates were cultured for about two weeks with 

regular medium exchange with DMEM supplemented with 400 µg/mL Zeocin™ 

every 2-3 days. 

When cell colonies became visible to the naked eye, single-cell cloning was 

performed to isolate individual cell clones. For this purpose growth medium was 

aspirated. Cloning rings were carefully placed on the plate, with the cell clone in 

the center. 200 µL PBS was added into the ring and incubated for 5 minutes at 

room temperature. Cells were detached from the plate by gentle pipetting within 

the cloning rings. Subsequently the cell suspensions were transferred into wells 
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of a 6-well culture dish together with 2 mL growth medium supplemented with 

200 µg/mL Zeocin™. After reaching ~80% confluency, cells were ready for further 

experiments.  

Single cell clones derived from rµOR transfection approach 3 were designated 

as 3A, 3B, 3C, and so on. Cell clones of rat µOR transfection approaches 1 and 

2 were united through detachment and unified cultivation and further investigated 

as cell pools (pool 1 and pool 2).  

Single cell clones derived from hµOR transfection approach 7 were designated 

as 7A, 7B, 7C and so on, clones derived from approach 8 were designated as 

8A, 8B, 8C etc.  

5.3.5. Transfection for transient µOR expression 

Transient transfection is the process of introducing foreign DNA into a cell, 

enabling the expression of the desired protein. Unlike stable transfection, the 

foreign DNA is not integrated into the cell’s genome, resulting in temporary 

protein expression. One advantage of transient transfection is that it often leads 

to higher levels of target protein expression compared to stable transfection. 

Additionally, transient transfection is typically more efficient and successful in a 

shorter time frame [388,389]. In this study, transient transfection was performed 

as a positive control for the expression of the hµOR and served as a comparison 

to the stable expression (discussed in 6.2) 

50,000 HEK293 cells were seeded on 6 wells of a 48-well plate in 400 µL growth 

medium and cultivated for 24 hours. A total of 150 µL DMEM without antibiotic 

additives was mixed either with 0.9 µg of hµOR plasmid or with double the amount 

of Turbofect® (1.8 µL). The Turbofect® dilution was added dropwise to the 

plasmid solution and incubated at room temperature for 1 hour. 50 µL of the 

mixture was then carefully added to each of the 6 wells, and the cells were 

cultured for 24 hours. Subsequently, cells were ready for screening in the binding 

assay (see 5.4.1). 

5.3.6. Stimulation procedure 

Individual experiments required distinct stimulation protocols and reagent 

concentrations, as detailed in the accompanying method descriptions and 
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reflected in the figure captions. Whenever reagents were dissolved in solvents 

besides water, control samples were supplemented to prevent any 

misinterpretation arising from solvent-related influences on the data.  

Table 3 offers a summary of the dissolving agents and stock concentrations 

prepared for each reagent.  

Two equally effective stimulation procedures were employed in this work. 

Typically, the growth or starvation medium was aspirated and replaced with a 

stimulation dilution of the desired concentration, prepared in FCS-free medium. 

Alternatively, the medium was first replaced with 90% of the final volume of FCS-

free medium and incubated for at least 30 minutes before adding 10% of a tenfold 

concentrated stimulation dilution. 

Stimulant Solvent Stock concentration [µM] 

Carfentanil  Methanol 204 

Endomorphin-1  H2O 5000 

IBMX DMSO 500,000 

Fentanyl Methanol 2970 

Forskolin DMSO 50,000 

Morphine Methanol 3500 

Nalmefene H2O 10,000 

Naloxone H2O 10,000 

Remifentanil Methanol 266 

 

Table 3: Stimulants used with corresponding solvent and stock 
concentration 

5.3.7. Preparation of total membrane fraction 

Total membrane preparation was conducted as previously described [390]. Up to 

four T175 flasks containing µOR HEK293 cells grown to ~80% confluency were 

harvested through PBS-washing and detachment as described in section 5.3.1. 

The cell suspension was transferred to 15 mL falcon tubes and centrifuged at 
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1000 rpm for 5 minutes at room temperature. Each pellet was resuspended in 10 

mL icecold membrane buffer (5 mM TRIS-HCl, 2 mM EDTA, pH 7.4, 50 mL 

supplemented with one protease inhibitor tablet (Roche)). Further steps were 

performed on ice to preserve the integrity of cellular membranes and prevent 

enzymatic degradation of membrane components [391]. With an ultra turrax cells 

were shredded mechanically for 10-20 seconds. To separate nuclei and other 

unwanted cell fragments from the membrane fraction, the suspension was 

centrifuged at 1000 rpm for 10 minutes at 4°C. The supernatant was transferred 

into round bottom ultra centrifuge tubes and balance was adjusted, if necessary, 

by adding membrane puffer. Membranes were precipitated through 

ultracentrifugation (41,000 rpm, 1 hour, 4°C). Resulting pellets were mixed with 

500-1000 µL of membrane buffer and resuspended through vigorous pipetting. 

Following protein quantification (5.3.8), membranes were cryopreserved as 

aliquots (0.5-2 mg) by immersing them into liquid nitrogen and subsequently 

transferring them to -80°C freezer.  

5.3.8.  Quantification of membrane protein content 

Total protein content in isolated membrane fractions was determined using the 

Bradford/Coomassie Brilliant Blue assay. While this method typically measures 

overall protein concentration, it was used here to normalize membrane 

preparations, ensuring consistent amounts for subsequent experiments. 

Coomassie Blue is a dye commonly used to quantify protein concentrations [392-

394]. Upon non-covalently interacting with amino and carboxyl side chains of 

proteins, the coomassie dye undergoes conformational changes (switches to its 

anionic form) and its absorption maximum shifts from 465 nm to 595 nm [395]. 

The intensity of blue color is directly proportional to the amount of protein in the 

sample and can be detected spectrophotometricly [396]. The exact protein 

concentration was determined by interpolation from a standard curve generated 

with protein standards of known concentrations. Bovine serum albumin (BSA) 

was used as standard protein. For this purpose a 10 mg/mL stock solution was 

prepared with deionized water as solvent and diluted to one order of magnitude 

higher concentrations than the desired concentrations. 360 µL of Coomassie 

Brilliant blue were mixed with 40 µL of the above dilutions and absorption at 585 

nm of the resulting solutions was measured in triplicates (100 µL) on a 96-well 
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plate with transparent bottom. Since the Coomassie dye was relatively old, its 

absorption maximum was determined by measuring optical densities (OD) across 

a range of wavelengths. Due to chemical alterations in the dye, the absorption 

maximum had shifted to 585 nm, so protein measurements were conducted at 

this adjusted wavelength. The corresponding OD values were plotted against the 

final concentrations of the solutions and a linear regression was used to create a 

linear equation. 

To determine protein concentrations of membrane preparations, 5 µL membrane 

preparation were mixed with 45 µL of deionized water. 40 µL of this 1:10 dilution 

was given to 360 µL of Coomassie Blue. For blank, 40 µL of deionized water was 

used accordingly. 100 µL were pipetted in triplicates on a 96-well plate with 

transparent bottom and OD at 585 nm was measured. Protein concentration of 

the initial membrane preparation was obtained by inserting it into the linear 

equation and taking the dilution factors into account.  

5.4. Ligand-receptor binding studies 

Radiobiochemical assays are used to observe cellular processes like receptor-

ligand interaction or formation of molecules of interest. By binding or incorporating 

radioactive tracers (in) to target molecules, their behavior can be tracked and 

0 10 20 30 40 50

0.00

0.05

0.10

0.15

0.20

0.25

BSA [µg/mL]

Y = 0.005074 * X

Figure 5: BSA - Coomassie standard curve and corresponding linear 
equation 
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their quantitative measurement is enabled. The readout of the radiobiochemical 

experiments described in this work - specifically the ligand binding assays 

(described below) and the cAMP assay (section 5.5.1) - was performed using a 

liquid scintillation counter. The measured variable was the radioactive β-decay of 

the [³H]-labeled tracer, either in form of disintegrations per minute (dpm) or counts 

per minute (cpm), with cpm being divided by the efficiency factor to obtain dpm. 

The efficiency factor of a scintillation counter represents the ratio between the 

actual radioactive decay of a sample and the measured decay. To determine this 

factor, a radioactive standard with a precisely known activity at a specific time 

point was used. By considering the half-life of the radioisotope and the time 

passed since the reference point, the current radioactivity expected at the time of 

measurement was calculated. This calculated value was then compared to the 

actual measurement of the standard, which allowed for the determination of the 

efficiency factor, defined as the ratio between the measured and expected value. 

Measured cpm values were divided by this factor to obtain the corresponding 

dpm. 

Ligand binding assays provide a direct method for measuring interactions 

between GPCRs and ligands and are one of the earliest in vitro techniques 

developed to study receptor function, with the first assay established in 1965 

[397,398]. They play a crucial role in the assessment of natural and synthetic 

ligands such as neurotransmitters, hormones or pharmaceutical drugs and 

therefore pose fundamental tools in GPCR biology and pharmaceutical industry 

[399,400].  

In this work, ligand binding assays were performed with [³H]-naloxone ([³H]-NLX) 

as a tracer. As a non-selective OR antagonist, NLX binds and therefore labels 

OR. Receptor preparations were stimulated in triplicates with [³H]-NLX to obtain 

total tracer binding, which consists of both specific and non-specific binding. Non-

specific binding occurs when [³H]-NLX binds not only to the receptors but also, to 

a lesser extent, to other binding sites like the cell membrane or the filter. 

Measuring non-specific binding is crucial to accurately reflect how much [³H]-NLX 

is truly bound to the receptors themselves. It was determined by coincubation of 

the receptor with [³H]-NLX and an excess of unlabeled (cold) NLX. This surplus 

of cold ligand competes with the radioligand for receptor binding sites and is 
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expected to saturate over 99% of available receptors. However, non-specific 

binding sites (e.g. membrane or filter binding) are typically regarded as linear and 

non-saturable, meaning that excess unlabeled ligand does not displace the 

radioligand bound non-specifically [399,400]. Through subtraction of non-specific 

binding from the total binding, specific µOR receptor binding was calculated [401]. 

𝑡𝑜𝑡𝑎𝑙 [ଷ𝐻]𝑁𝐿𝑋 𝑏𝑖𝑛𝑑𝑖𝑛𝑔

= 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 [ଷ𝐻]𝑁𝐿𝑋 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 +  𝑛𝑜𝑛𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 [ଷ𝐻]𝑁𝐿𝑋 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 [ଷ𝐻]𝑁𝐿𝑋 𝑏𝑖𝑛𝑑𝑖𝑛𝑔

= 𝑡𝑜𝑡𝑎𝑙 [ଷ𝐻]𝑁𝐿𝑋 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 − 𝑛𝑜𝑛𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 [ଷ𝐻]𝑁𝐿𝑋 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 

Equation 1: Calculation of specific [³H]-NLX binding 

A receptor preparation was offered to the tracer in three formats: as a cell 

monolayer, cell suspension or membrane preparation. Tracer binding enabled 

quantification and the resulting data were used to calculate parameters such as 

receptor expression levels and binding affinities. 

Membrane preparation or cell suspension 

To prepare the membrane preparation for the experiment, a cryopreserved 

aliquot was thawed in the required volume of binding buffer. To create a 

suspension of whole cells, HEK293-µOR cells were washed and detached using 

PBS. The cells were then counted and the volume was adjusted to achieve the 

desired cell concentration before centrifuging at 1000 rpm for 5 minutes. The 

resulting cell pellet was resuspended in the required amount of binding buffer. 

Usually, 75 or 100 µL of tracer solution, four times higher concentrated than the 

desired final concentration, was pipetted into the wells of a 96-deepwell plate. 75 

or 100 µL of four-times concentrated ligand solutions were added to the wells. 

The reaction was started by the addition of 150 or 200 µL cell suspension or 

diluted membrane preparation. The 96-well plate was then incubated for defined 

time periods at specific temperatures to enable the formation of an equilibrium 

between the association and dissociation of the receptor-ligand complex 

[402,403]. This equilibrium was disrupted by rapid aspiration of the receptor 

preparations onto a glass fiber filter using a cell harvester, which effectively 

separates the bound ligand from the free ligand. Three washes with 500 µL PBS 
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served to separate remaining free ligand from the filter. Filter patches were then 

transferred into scintillation vials, mixed with 5 mL scintillation cocktail (Rotiscint® 

Filter) and measured with the liquid scintillation counter.  

 

Cell monolayer 

For assays using cell monolayers, cells were stimulated and lysed directly in the 

wells where they were seeded, eliminating the filtration step. Cells were seeded 

at 80-100,000 cells/well on poly-L-lysine coated (50 µg/mL) 48-well plates in 400 

µL/well growth medium and cultured for 24 hours. Poly-L-lysine coating transfers 

a positive charge to the plastic surface and was used to enhance cell attachment. 

Cells were then starved for an additional 24 hours before stimulation. The 

medium was replaced with 250 µL of stimulation dilutions per well, prepared in 

the respective binding buffer as detailed in the corresponding chapter. After a 

one-hour incubation at room temperature, stimulation dilutions were aspirated, 

and cells were washed twice with 400 µL PBS. Subsequently, cells were lysed 

with 250 µL lysis buffer (0.1 N NaOH, 0.1% SDS) per well. Lysates were 

transferred into scintillation vials, mixed with 5 mL scintillation cocktail and read 

for radioactive decay.  

Figure 6: Experimental setup of a ligand binding assay with cell 
suspension or membrane preparation 
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Further experimental details and specific setups are provided in the respective 

sections. 

5.4.1. Screening HEK293 cells for receptor expression 

Transfected HEK293 cells obtained through Zeocin™ selection and single cell 

cloning (see chapter 5.3.4.2) were investigated with regard to their µOR 

expression. The following approaches were assessed in the experiments: Cells 

derived from single-cell cloning, generating rµOR clones (e.g. 3A, 3B, ...) as well 

as two pooled cell populations (labeled pool 1 and pool 2), alongside native 

HEK293 cells as a control. For hµOR expression, two rounds of transfection 

followed by single-cell cloning resulted in clones such as 7B, 7C, 8C, 8D and 

others were included. Transiently transfected cells and two rat-derived clones 

with the highest [³H]-NLX binding were incorporated as references, with native 

HEK293 cells serving as control. The goal was to identify the transfection 

approach and cell clone with the highest receptor expression. One clone with 

optimal expression was then selected for further characterization in subsequent 

experiments. 

For the assays, cell monolayers of the clones and pools were incubated with 10 

nM [³H]-NLX to measure total binding and 10 µM NLX was used to determine 

non-specific binding. These solutions were prepared in DMEM supplemented 

with 50 mM HEPES as a buffering agent. Specific [³H]-NLX binding was 

calculated using Equation 1 and the data were plotted as the mean ± SEM of 

dpm.  

5.4.2.  Assay optimization 

5.4.2.1. Incubation parameters 

Temperature variations within the assay can significantly affect both the binding 

affinity and the stability of the receptor-ligand complex, as changes in 

temperature may alter the strength of the interaction as well as the duration of 

the binding [404,405]. To determine optimal incubation parameters, temperature 

and time dependency of the [³H]-NLX receptor binding in the stable HEK293-µOR 

cell line was investigated. For this purpose, ligand binding was measured at 

several time points, both at room temperature and at 37°C. 250,000 whole intact 

cells per well were incubated with 5 nM [³H]-NLX in a total volume of 200 µL for 
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15-minute intervals up to two hours, either at room temperature or in a 

temperature-controlled 37°C incubator. The concentration of 5 nM [³H]-NLX was 

chosen based on preliminary saturation experiments, where this concentration 

approximated the affinity range of the tracer, allowing for optimal measurement 

of binding without excessive use of radioactive material. Non-specific binding was 

determined by co-incubation with 10 µM unlabeled NLX. The binding buffer used 

in the assay was DMEM supplemented with 50 mM HEPES. 

Upon terminating the reaction by filtration and washing, filter patches were 

evaluated regarding their [³H]-NLX binding by measuring their radioactivity. 

Specific binding was determined using Equation 1. Dpm at 120 minutes was set 

as 100% and other values were normalized to this time point. The data of 3-4 

individual experiments were plotted as the mean ± SEM of specific [³H]-NLX 

binding, expressed as a percentage of the dpm at 120 minutes, against time. 

5.4.2.2. Methanol influence  

Research has shown, that solvents can influence the solubility and stability of 

ligands and also impact binding dynamics by changing receptor shape or the ionic 

environment in the assay [406]. The choice of solvent can therefore impact the 

binding of radiolabeled ligands to receptors. To investigate the impact of 

methanol on [³H]-NLX binding in HEK293-µOR cells, 250,000 adherent cells per 

well were incubated in either 50 mM TRIS-HCl buffer (pH 7.4) or DMEM 

supplemented with 50 mM HEPES, together with 5 nM [³H]-NLX and varying 

concentrations of methanol, for 30 minutes at 37°C. Co-incubation with 10 µM 

unlabeled NLX was performed to assess non-specific binding for each condition. 

Specific binding was calculated using Equation 1, and data from three 

independent experiments were plotted as the mean ± SEM of [³H]-NLX binding 

(dpm) against the methanol dilution factor. 

5.4.3. Saturation binding assay – Determination of [³H]-naloxone 

affinity 

Saturation binding assay is a common tool to characterize receptors with regard 

to the binding affinity of ligands and the receptor density/quantity in a preparation 

[400,403,407,408]. Determining the [³H]-NLX saturation curve is a useful method 

for understanding key characteristics of the HEK293-µOR cell line and the 
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receptors it expresses. This method helped to find the right tracer concentrations 

to optimize receptor binding while keeping non-specific binding to a minimum.  

20 µg/well of HEK293-µOR membrane preparation was incubated with 0 to 15 

nM of [³H]-NLX enabling the formation of receptor ligand complexes in a total 

volume of 400 µL/well. For each concentration of tracer, non-specific binding was 

determined by co-incubation of 10 µM cold ligand. Either 50 mM TRIS-HCl buffer 

(pH 7.4) or DMEM + 50 mM HEPES served as the binding buffer. After a 30-

minute incubation in a 37°C incubator, filtration and washing, radioactivity bound 

to the filter was measured with a scintillation counter. Total and non-specific 

binding determined in three individual experiments were either plotted together 

as mean ± SEM of [³H]-NLX binding in dpm or specific [³H]-NLX binding was 

determined using Equation 1. Using the specific activity of the tracer (specification 

by the manufacturer) and the amount of membrane used, the specific binding 

was calculated as fmol of receptor per mg of total protein.  

𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 ൬
𝑓𝑚𝑜𝑙

𝑚𝑔
൰ =  

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 [ଷ𝐻]𝑁𝐿𝑋 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 [𝑑𝑝𝑚]

222,000 𝑥 𝛼 𝑥 𝑚
 𝑥 1,000,000 

Equation 2: Calculation of receptor quantity per total protein 

Specif ic [³H]-NLX binding  refers to the amount of l igand that specif ically bound to 
the receptors. 222,000 is a scaling factor that converts dpm into Curie units. α 
denotes the specif ic activity of the tracer and m represents the mass of the 
membranes in mill igrams. The final result  is then multiplied by 1,000,000 to express 
the quantity in fmol per mg of membrane. 

Specific tracer binding was then plotted as mean ± SEM against logarithmic tracer 

concentration and a hyperbolic saturation curve was observed, which 

asymptotically approaches the maximum binding (Bmax). The Bmax indicated the 

receptor density or availability of specific binding sites in the cell line. Moreover, 

from the saturation curve, the dissociation constant (Kd) of [³H]-NLX to the 

receptor could be calculated. The Kd value indicates the stability of a ligand-

receptor complex, representing the ratio of free receptors and free ligands 

compared to the receptor-ligand complex. Specifically, Kd is defined as the 

concentration of ligand at which 50% of the available receptor sites are occupied. 

Therefore, a lower Kd value suggests a higher affinity between the ligand and the 

receptor. Kd and Bmax values were determined using GraphPad Prism 10.3.1 

(Non-linear regression one-site specific binding). 
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5.4.4. Competitive binding assay – Determination of opioid affinity  

Competitive binding assays were performed to assess the binding affinities of 

non-radiolabeled ligands, specifically opioid agonists and antagonists. In these 

assays, increasing concentrations of the test ligand compete with a fixed 

concentration of [³H]-NLX. As the concentration of the non-labeled ligand 

increases, the radioactive ligand is progressively displaced from the receptor.  

For competitive binding experiments, 20 µg of HEK293-µOR membrane 

preparation per well were incubated with 5 nM [³H]-NLX and varying 

concentrations of OR agonists and antagonists, as specified in the accompanying 

graphs. The total volume was 400 µL per well and the incubation took place for 

30 minutes at 37°C. 

In addition to membrane-based assays, some affinity measurements were also 

performed in intact HEK293-µOR cells (Figure 17). For this, 80,000 cells per well 

were seeded, starved as previously described and then incubated with [³H]-NLX 

and the respective ligands under the same conditions as the membrane 

preparations.  

To minimize variance and reduce errors, tracer binding at the lowest opioid 

concentration was set to 100% and the raw data (in dpm) was normalized to the 

percentage of [³H]-NLX binding. This normalization made it easier to visualize the 

data by putting all maximum tracer binding values on the same scale, which 

enhanced comparability across different conditions and helped reduce any 

potential distortions from buffer effects. However, it’s important to note that the 

goal of normalization wasn’t to change or misrepresent the underlying data. It 

was guaranteed that the variables (halfmaximal inhibitory concentration, IC50) 

remain predominantly consistent before and after normalization to prevent any 

manipulation of the results.   

Specific binding, determined from 3-4 individual experiments, was plotted as the 

mean ± SEM against the logarithmic concentration of the unlabeled ligand, 

resulting in an inverse sigmoidal curve. The IC50 value, representing the 

concentration of an unlabeled agonist or antagonist that inhibits 50% of 

radioligand binding, was calculated using GraphPad Prism 10.3.1 (Non-linear 

regression one site - fit log IC50). The IC50 value depends on the experimental 
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conditions, specifically the concentration of the radioligand used [409]. Thus, Ki 

values of the opioids were calculated using the equation of Cheng-Prusoff [410], 

where [L] represent the radioligand concentration and Kd represents its binding 

affinity (determined in section 5.4.3). 

𝐾𝑖 =  
𝐼𝐶50

1 +  
[𝐿]
𝐾𝑑

 

Equation 3: Calculation of inhibition constant  

 

5.4.5. Neutralizing effect of antibodies on opioid-induced [³H]-

naloxone displacement 

The neutralizing effect of nine anti-FEN antibodies on opioids´ µOR binding was 

assessed by examining the inhibition of opioid-induced [³H]-NLX-displacement. 

When a neutralizing antibody inhibits the opioid from binding to the receptor, it is 

no longer able to displace the radioligand, resulting in increased radioactive 

binding at the receptor. Therefore, in the presence of neutralizing antibodies, the 

radioactivity bound to the receptor rises compared to the presence of the opioid 

alone.  

All dilutions were prepared in 50 mM TRIS-HCl (pH 7.4). Opioids at the 

appropriate concentrations were pre-incubated with the antibodies for 30 minutes 

at 37°C. Following this, [³H]-NLX was added alongside the opioid-antibody 

mixture in a 96-deepwell plate, and the reaction was initiated by adding 20 µg of 

HEK293-µOR membrane preparation per well. The resulting final volume was 

300 µL/well. After an additional 30-minute incubation at 37°C, the reaction was 

terminated as previously described, and the radioactivity of the filter patches was 

measured. For each experiment, total [³H]-NLX binding was set to 100%. The 

opioid-induced displacement and displacement in the presence of 500 nM 

antibody were then normalized to this value and plotted as the mean ± SEM of 3-

5 individual experiments. 

5.5. Measurement of intracellular cAMP level 

cAMP is a key signaling molecule downstream of GPCRs, e.g. by modulation of 

effector proteins like PKA. The measurement of intracellular cAMP levels can be 
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a pivotal tool to investigate OR activity [411,412]. Upon agonist binding, AC 

activity is inhibited in a Gi protein-dependent manner, reducing the conversion of 

ATP to cAMP. By artificially accumulating cAMP in the cell, the inhibition of AC 

through opioid stimulation can be measured. Stimulation with forskolin (FSK), an 

activator of the AC and 3-Isobutyl-1-methylxanthine (IBMX), a PDE-inhibitor to 

prevent cAMP degradation, results in a rise of cAMP levels in the cell. This 

enables the observation of significant decline in cAMP concentration and thus AC 

activity in the cells, which can be a helpful tool to assess potencies of ligands.  

5.5.1. Radiometric cAMP assay 

The decrease in previously accumulated cAMP level can be measured 

radiobiochemically through metabolic labeling with a precursor for radiolabeled 

nucleotide synthesis. Cells are incubated overnight with [³H]-adenine, which is 

taken up by the cell and metabolized into radiolabeled ATP and subsequently into 

cAMP. Formed [³H]-cAMP can be isolated in the cell extract by sequential column 

chromatography and quantified with a scintillation detector [413-416]. 

For this purpose, 12-well cell culture plates were coated with poly-L-lysine (50 

µg/mL) for 5 minutes. After aspiration and drying for approximately 15 minutes, 

HEK293-µOR cells (300,000/well) were seeded to reach confluence in 1 mL FCS-

supplemented DMEM. After a 24-hour incubation (37°C), the medium was 

exchanged with 500 µL/well of FCS-free DMEM supplemented with 1 µCi/mL 

[³H]-adenine. To avoid measurement interference, caused by residual, 

unincorporated [³H]-adenine activity in the cell supernatant, on the next day [³H]-

adenine solution was aspirated and exchanged with 400 µL of IBMX solution (500 

µM). All subsequent dilutions were prepared in IBMX solution to maintain a 

constant final concentration of 500 µM. Cells were further stimulated with 100 µL 

of five-fold concentrated stimulants. The final concentrations are indicated in the 

respective graphs and figure captions. After 20 minutes of incubation at 37°C, the 

supernatant was aspirated, and the cells were extracted with 1 mL/well of ice-

cold 5 % trichloroacetic acid (TCA). [³H]-cAMP purification was carried out as 

follows: 
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Dowex® resin (ion exchange resin) columns were prepared by washing with 10 

mL of 1 M HCl to remove impurities and protonate the functional groups, 

facilitating ion exchange. This was followed by a rinse with 10 mL of deionized 

water to eliminate excess HCl. Similarly, aluminum oxide columns were washed 

with 10 mL of 0.1 M imidazole buffer (pH 7.4) to stabilize the pH and prepare the 

surface for selective binding to phosphate groups. TCA extracts were loaded onto 

the Dowex® resin columns, where nucleotides were expected to bind. A 

subsequent wash with 4 mL of water removed weakly bound nucleotides, such 

as [³H]-ATP and the eluate was discarded. The Dowex® columns were then 

placed on top of aluminum oxide columns and eluted with 10 mL of water, 

transferring [³H]-cAMP to the aluminum oxide columns. The aluminum oxide 

columns, now binding [³H]-cAMP, were first washed with 1 mL of water to remove 

non-specific impurities, followed by elution with 5 mL of 0.1 M imidazole buffer 

(pH 7.4) into scintillation vials. The eluates were mixed with 10 mL of scintillation 

cocktail and analyzed using a liquid scintillation counter. 

Figure 7: Illustration of [³H]-cAMP purification with Dowex®-resin and 
aluminiumoxid columns 

Dowex®-resin columns are shown in green, aluminiumoxid columns in dark blue. 1. 
Washing steps of columns, 2. Loading of TCA extracts on Dowex®-resin column, 3. 
Washing step, 4. Elution of Dowex® on aluminiumoxid column, 5. Washing step, 6. 
Elution of aluminiumoxid columns into scintil lation vial, 7. Read out 
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5.5.1.1. Determination of opioids´ EC50 values 

As mentioned above, the measurement of opioid-induced, µOR-transmitted 

cAMP attenuation can be utilized to determine opioid potencies to activate the 

receptor. The potency is expressed as the halfmaximal effective concentration 

(EC50), which represents the concentration of an opioid needed to produce 50 % 

of its maximum effect in reducing cAMP levels. A lower EC50 values indicates 

higher potency, because lower concentrations are required to achieve half 

maximal receptor activation. 

In the experiment, HEK293-µOR cells were stimulated with 500 µM IBMX, either 

alone or supplemented with 10 µM FSK, or 10 µM FSK combined with varying 

opioid concentrations. Following the established protocol, the resulting dpm 

values were baseline-corrected (IBMX-only signal as baseline) and normalized 

to the percentage of the maximum signal. Data from three independent 

experiments were plotted as the mean ± SEM of FSK-induced cAMP signal [%] 

against the logarithmic concentrations of opioids. EC50 values were derived from 

the resulting sigmoidal curves using GraphPad Prism 10.3.1 (Non-linear 

regression one-site fit log IC50). 

5.5.1.2. Inhibitory potency of antagonists  

When opioids are inhibited by an antagonist, the opioid-induced reduction in FSK-

stimulated cAMP accumulation is prevented. The following increase in cAMP 

signal can be measured using the radioactive cAMP assay.  

For this purpose, HEK293-µOR cells were stimulated as described above, either 

with 10 µM FSK alone, or with 10 µM FSK and defined opioid concentrations or 

10 µM FSK, the respective opioid concentration and NLX or NLM in varying 

concentrations. Opioid concentrations were adjusted to approximately match 

their receptor affinity in DMEM, ensuring that around 50% of the receptors were 

occupied by each opioid. This normalization provided a consistent 

pharmacological baseline, allowing the antagonists to compete under 

comparable conditions for receptor binding and opioid displacement. After 

incubation and extraction of the cells, [³H]-cAMP was purified using the above 

mentioned procedure. Obtained dpm values were corrected for basal levels 
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(IBMX signal as the baseline) and cellular cAMP levels were calculated as fmol 

cAMP/well using following Equation.  

𝒄𝒆𝒍𝒍𝒖𝒍𝒂𝒓 𝒄𝑨𝑴𝑷 ൤
𝒇𝒎𝒐𝒍

𝒘𝒆𝒍𝒍
൨ =  

[𝟑𝑯]𝒄𝑨𝑴𝑷 [𝒅𝒑𝒎]

𝜶 ቂ
𝑪𝒊

𝒎𝒎𝒐𝒍
ቃ  𝒙 𝟐𝟐𝟐𝟎

 

Equation 4: Calculation of cellular cAMP levels in fmol/well 

[³H]-cAMP [dpm] represents the measured radioactivity for a single well. The 
parameter α denotes the specif ic activity of the [³H]-Adenine used in the assay. The 
factor 2220 is applied to convert Ci/mmol into dpm/fmol for the calculation.  

Data were plotted either as mean ± SEM of cAMP levels (fmol/well) from three 

independent experiments or as percentage inhibition of opioid-induced 

suppression by antagonists. For the latter, the difference between FSK and opioid 

signals was set to 100%, and the differences between antagonist and opioid 

signals were normalized to this value. These percentages were plotted as mean 

± SEM against logarithmic antagonist concentrations. The IC50 of each antagonist 

against the respective opioid was determined from the resulting curves using 

GraphPad Prism 10.3.1 (Non-linear regression log (agonist) vs. response (three 

parameters)). The IC50 indicates the antagonist concentration required to inhibit 

50% of the opioid’s effect, with lower IC50 values reflecting higher antagonist 

potency.  

Notably, in experiments testing NLX's effects on CAR, FEN, and REMI (Figure 

27A-C), initially an older aliquot of the radioactive tracer was used. Since this 

tracer may have degraded over time, its specific activity might have been lower 

than expected or it might not have incorporated well into the cells. This could 

account for the noticeably reduced cAMP levels that were seen in those early 

measurements. When the experiments were conducted with fresh tracer, cAMP 

levels were about ten times higher. However, the ratio of the FSK signal to those 

induced by opioids and NLX/NLM remained the same, indicating that these 

variations in absolute counts did not impact the overall results. 

5.5.2. AlphaScreen 

The amplified luminescent proximity homogeneous assay (Alpha) is a non-

radioactive, highly sensitive technology designed to study biomolecular 

interactions, including the measurement of intracellular cAMP levels. The 
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experiments were conducted using the AlphaScreen cAMP detection kit from 

Revvity. It utilizes streptavidin-coated donor beads carrying a photosensitizer 

(phythalocyanine). When excited by light at a wavelength of 680 nm, the 

photosensitizer can generate reactive singlet oxygen (single excited electron). 

Reactive oxygen molecules can diffuse up to 200 nm before they 

electrochemically relax to their ground state. Acceptor beads contain thioxene-

derivatives and, if brought in close proximity, react with singlet oxygen under the 

emission of light (520-620 nm). To bring the beads into proximity, biotinylated 

cAMP was used as a tracer. The biotin moiety binds to the streptavidin on the 

donor beads, while the acceptor beads are labeled with an anti-cAMP antibody 

that specifically binds cAMP. Unlabeled, external cAMP can compete with the 

tracer for the anti-cAMP antibody. Consequently, the amount of external cAMP 

can be quantified based on the decrease in emitted light. When cAMP is artificially 

accumulated in cells through IBMX and FSK stimulation, opioid-induced µOR 

activation can be detected by a rise in the AlphaScreen signal, indicating a 

decrease in cAMP levels. 

 

Figure 8: Outline of AlphaScreen principle 

20,000 HEK293-µOR cells per well were seeded on a poly-L-lysine (50 µg/mL) 

coated 96-well plate and grown in 200 µL growth medium at 37°C for 24 hours 

before serum starving the cells for another 24 hours. Cells were pre-stimulated 

with 50 µL of IBMX (500 µM) in FCS-free DMEM for 5 minutes. Subsequently, 50 
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µL of two-fold concentrated stimulation solutions were added, and the cells were 

incubated at 37°C for 20 minutes. The stimulation solutions included IBMX alone, 

or IBMX combined with one of the following: 1µM FSK, FSK with opioids, or FSK 

with opioids and antibodies. Before stimulation, antibodies were pre-incubated 

with opioids at 37°C for 30 minutes to allow binding equilibrium to be achieved. 

Details regarding the respective final opioid and antibody concentrations are 

provided in the accompanying graphs and figure legends. Next, stimulation 

solutions were aspirated and cells were lysed with 40 µL of 1x assay buffer 

(prepared by diluting the 10x assay buffer provided by the manufacturer). The 

lysates were then supplemented with biotinylated cAMP (diluted 1:16,000) and 

acceptor beads (diluted 1:400). For generating the cAMP standard curve, 40 µL 

of diluted cAMP standard solution (provided in the kit) in 1x assay buffer was 

used instead of cell lysate. Subsequently the plate was incubated at room 

temperature for one hour under light exclusion. 10 µL of donor beads (1:100 

dilution) were added to the wells resulting in final dilutions of 1:20,000 for the 

tracer and 1:500 for acceptor and donor beads (corresponds to 12.5 µg/mL). 

Following a 25 minute incubation at room temperature and light exclusion, the 

plate was placed in the instrument (CLARIOstar Plus) and incubated for another 

5 minutes in the dark to prevent any light interference caused by moving the plate. 

The measurements were carried out with the following parameters: 0.4 s 

excitation (680 ± 40 nm), 0.41 s resting phase, 2.00 s emission measurement 

(570 ± 100 nm). 

5.6. Phospho-kinase array 

Protein phosphorylation regulates protein activity, localization and interactions 

and thereby influences critical cellular processes like signal transduction, cell 

division and apoptosis [417-419]. This modification is mediated by kinases, which 

transfer phosphate groups to specific amino acids (serine, threonine or tyrosine), 

and reversed by phosphatases, which remove these groups. Both kinases and 

phosphatases are tightly regulated, with phosphorylation itself inducing 

conformational changes that affect their activity [417,420,421]. Herein the focus 

was specifically on measuring kinase phosphorylation, providing insights into the 

activation state of these signaling molecules. Understanding these complex 
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signaling pathways requires simultaneous identification and measurement of 

protein phosphorylation patterns. 

A proteome profiler human phospho-kinase array (R&D systems) was used to 

concurrently detect the phosphorylation levels across multiple proteins in a single 

experiment. The purpose of the human phospho-kinase array in this study was 

to investigate the changes and differences in phosphorylation patterns in 

HEK293-µOR cells following stimulation with opioid solutions. Comparing protein 

phosphorylation profiles between stimulated cells and control groups could give 

insights into signaling pathways activated by µOR and potentially help to identify 

key kinases that drive opioid-induced cellular responses.  

The array utilized two nitrocellulose membranes (part A and B), which were 

labeled with a total of 39 phospho-kinase-specific antibodies, each in duplicate. 

These kinases differed in their cellular functions, subcellular locations, and their 

activation or inactivation status due to phosphorylation. The specific positions of 

each kinase on the membrane, along with their phosphorylation sites (amino acid 

residues), are detailed in Figure 9 and Table 4. This information allowed it to 

accurately assign each membrane spot to its respective kinase. On each 

membrane, PBS was included as a negative control.  

Upon incubation with a cell lysate, phosphorylated proteins bind to their 

corresponding antibodies. Detection was achieved using a biotinylated 

secondary antibody, followed by a streptavidin-HRP (horseradish peroxidase) 

mediated substrate reaction. This allowed for the quantification of protein 

phosphorylation through the measurement of chemiluminescence. 

Figure 9: Coordinate map of phospho-kinase-specific antibody locations 
on the membrane  

Membrane A  Membrane B  
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Adapted from the R&D Systems human phospho-kinase array protocol (Catalogue 
number ARY003C) 

Membrane, coordinate  Target/Control Phosphorylation site 

A, A1-A2 Reference spot - 

B, A11-A12 Akt 1/2/3 T308 

B, A13-A14 Akt 1/2/3 S473 

B, A17-A18 Reference spot - 

A, B3-B4 CREB S133 

A, B5-B6 EGFR Y1086 

A, B7-B8 eNOS S1177 

A, B9-B10 ERK1/2 T202/Y402, T185/Y187 

B, B11-B12 Chk-2 T68 

B, B13-B14 c-Jun S63 

A, C3-C4 Fgr Y421 

A, C5-C6 GSK-3α/β S21/S9 

A, C7-C8 GSK-3β S9 

A, C9-C10 HSP27 S78/S82 

B, C11-C12 p53 S15 

B, C13-C14 p53 S46 

B, C15-C16 p53 S392 

A, D3-D4 JNK 1/2/3 T182/Y185, T221/Y223 

A, D5-D6 Lck Y394 

A, D7-D8 Lyn Y397 

A, D9-D10 MSK1/2 S376/S360 

B, D11-D12 p70 S6 kinase T389 
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B, D13-D14 p70 S6 kinase T421/S424 

B, D15-D16 PRAS40 T246 

A, E3-E4 p38α T180/Y182 

A, E5-E6 PDGF Rβ Y751 

A, E7-E8 PLC-γ Y783 

A, E9-E10 Src Y419 

B, E11-E12 PYK2 Y402 

B, E13-E14 RSK1/2 S221/S227 

B, E15-E16 RSK 1/2/3 S380/S386/S377 

A, F3-F4 STAT2 Y689 

A, F5-F6 STAT5a/b Y694/Y699 

A, F7-F8 WNK1 T60 

A, F9-F10 Yes Y426 

B, F11-F12 STAT1 Y701 

B, F13-F14 STAT3 Y705 

B, F15-F16 STAT3 S727 

A, G1-G2 Reference spot - 

A, G3-G4 β-Catenin - 

A, G9-G10 PBS (negative control) - 

B, G11-G12 STAT6 Y641 

B, G13-G14 HSP60 - 

B, G17-G18 PBS (negative control) - 

 

Table 4: Membrane sections and coordinates with corresponding target 
molecules and phosphorylation sites 

Adapted from the R&D Systems human phospho-kinase array protocol (Catalogue 
number ARY003C) 
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All used buffers were provided in the array kit by the manufacturer. To perform 

the array, HEK293-µOR cells were cultured in 5 mL cell culture dishes. Each dish 

was seeded with 2 million cells. After 24 hours, the cells were subjected to a 

starvation period of 24 hours. Following starvation, the cells were stimulated with 

5 mL of opioid dilution or the corresponding solvent control prepared in FCS-free 

DMEM at 37°C for 10 minutes, to account for any potential effects of the solvent 

itself. To ensure maximum receptor engagement and maximal effect, each opioid 

was applied at concentrations well above its KI. The exact concentrations used 

are provided in the accompanying graph. The stimulation was rapidly stopped by 

placing the dishes on ice, to inhibit further kinase activity and the cells were 

washed with 1 mL of PBS. For cell lysis, 500 µL of cell lysis buffer, freshly 

supplemented with protease inhibitors (aprotinin, leupeptin, and pepstatin, each 

at 10 µg/mL) to prevent protein degradation, were added to each plate. Lysates 

were scraped if necessary to ensure complete collection, transferred to 

Eppendorf tubes, incubated on ice for 30 minutes, and centrifuged at 14,000 × g 

for 5 minutes to remove debris. The supernatants, containing soluble proteins 

including phosphorylated kinases, were collected (300 µL) and mixed with 2100 

µL of array buffer 1, then kept on ice until further use. 

Nitrocellulose membranes, pre-blocked for 1 hour in 1 mL of array buffer 1 at 

room temperature, were incubated with 1 mL of the respective cell lysates 

overnight at 4°C on a shaker set at 200 rpm, allowing target molecules to bind to 

the immobilized antibodies. The following day, the membranes were washed 

three times with 20 mL of 1x wash buffer for 10 minutes each to remove unbound 

protein. Biotinylated detection antibodies A and B, reconstituted in 100 µL of 

deionized water and diluted 1:2000 in array buffer 2/3, were then added to the 

respective membranes and incubated for 2 hours at room temperature. After 

separate washes with 10 mL of wash buffer (three times, 10 minutes each), the 

membranes were treated with streptavidin-HRP, diluted per the manufacturer’s 

instructions. This was followed by a 30-minute incubation at room temperature 

and three additional washes with 20 mL of wash buffer to remove excess 

streptavidin-HRP. 

For chemiluminescent detection, membranes were placed on a plastic cover, and 

a 1:1 mixture of chemiluminescent reagents 1 and 2 was applied for 1 minute. 
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HRP catalyzed a reaction with the reagents, producing light. The luminescence, 

directly correlating to the amount of phosphorylated kinase, was measured with 

a luminescence reader. Phosphorylation of specific kinases was identified by an 

increased chemiluminescence signal compared to solvent control-treated cells. 

This allowed for the comparison of phosphorylation patterns between opioid-

stimulated and basal states, providing insights into opioid-induced kinase 

modulation. 

Luminescence signals were quantified densitometrically as the area under the 

curve (AUC) using Fiji ImageJ software and normalized to the reference spot on 

the respective membrane. Opioid-induced changes in kinase activity were 

calculated as a percentage of the control. 

5.7. Target protein detection via Western Blot 

Western Blot was used for the detection and characterization of proteins, 

specifically pERK1/2 in cell lysates [422]. It involved the separation of proteins by 

electrophoresis, transfer to a membrane and detection using specific antibodies 

[423]. In this study, the Western Blot aimed to investigate an additional signaling 

pathway activated by opioids via the µOR, complementing the cAMP inhibition 

studies.  

5.7.1. Sample preparation 

250,000 HEK293-µOR cells were seeded on poly-L-lysine (50 µg/mL) coated 6-

well plates and grown in 2 mL cell culture medium for 24 hours, before serum 

starving the cells for another 24 hours. Starvation media exchange was 

performed with 900 µL per well at least 1 hour prior to stimulation. The cells were 

then stimulated by addition of 100 µL of ten times concentrated ligand dilution for 

the desired period of time. Reactions were stopped by placing the plates on ice. 

Stimulation solution was aspirated and cells were lysed in 200 µL 1x Laemmli 

buffer. 4x Laemmli buffer was supplemented with deionized H2O to generate 1x 

Laemmli buffer. Laemmli buffer contains sodium dodecyl sulfate (SDS) and β-

mercaptoethanol [424]. SDS breaks non-covalent protein bonds and ultimately 

disrupts secondary and tertiary structures. Further, the SDS bound to the protein 

and therefore the protein´s acquired negative charge is proportional to its 

molecular weight and chain length [425]. β-mercaptoethanol carries a reducing 
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thiol group and thus cleaves disulfide bridges, resulting in the destabilization of 

quaternary protein structures. Consequently, Laemmli buffer denaturates and 

linearizes cellular proteins, enabling their separation and detection on a 

polyacrylamide gel. The cell lysates were transferred into Eppendorf tubes and 

treated with a sonicator for ~10 s, followed by heating for 5 minutes at 65°C to 

degrade genomic DNA and reduce viscosity. Subsequently the lysates were 

stored at -20°C. Upon usage, lysates were thawed at room temperature and 

centrifuged for 5 minutes at 14,000 rpm to precipitate solid cell fragments. 

4x Laemmli buffer  

Bromphenol blue 0.2 % (w/v) 

Glycerin  40 % (v/v) 

SDS 8% (w/v) 

TRIS-HCl pH 6.8 200 mM  

β-Mercaptoethanol 20% (v/v) 

 

5.7.2. SDS-polyacrylamide gel electrophorese (SDS-PAGE) 

SDS-PAGE is a common technique to separate proteins based on their molecular 

size and facilitates various downstream applications including Western Blot. It 

utilized the property of SDS to denature proteins and transmit a negative charge 

to them proportional to their length. A polyacrylamide gel serves as a chemical 

sieve, where small proteins travel faster through the gel pores than larger ones, 

when an electrical field is applied, resulting in size-based separation. In this study, 

two different, but equally suitable types of gels were used. For both variants, the 

components were mixed in a falcon. Upon addition of Tetramethylethylendiamin 

(TEMED), polymerization started and the solution was quickly poured into the gel 

apperature, supplied with the comb to form wells for subsequent sample addition 

and waited for polymerization.  

Discontinuous gel system 

This system utilizes two different gels with varying acrylamide concentrations to 

achieve efficient protein separation [424,426,427]. The upper layer, known as the 
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stacking gel, contains a lower acrylamide concentration (5.4%) and features 

larger pore sizes. Beneath it lies the running gel, which has a higher acrylamide 

concentration (10%) and smaller pore sizes. This arrangement serves a specific 

purpose: the stacking gel initially concentrates the protein samples into a narrow 

band, which then migrates into the running gel for separation. The pH difference 

between the gels alters the charge and mobility of the proteins, which improves 

the resolution. 

 Stacking gel, pH 6.8 Running gel, pH 8.8 

TRIS 0.13 M 0.38 M 

SDS 0.1% 0.1% 

Acrylamide 5.4% 10% 

Bisacrylamide 0.14% 0.3% 

TEMED 0.001% 0.001% 

Ammonium persulfate 0.001% 0.001% 

 

After polymerization of the gel, it was assembled in the Mini-PROTEAN Tetra Cell 

electrophoresis system from BioRad. The chamber was filled with SDS running 

buffer, which had been prepared by diluting a 10x concentrated stock solution 

with deionised water. 20 µL of lysate was carefully pipetted into each well of the 

gel, with 4 µL of a loading control (ladder) occupying one well per gel. 

Subsequently, a voltage of 80 V was applied until the lysates reached the running 

gel, at which point the voltage was increased to 120 V. The presence of 

bromphenol blue in the Laemmli buffer allowed for the visual tracking of the 

lysates, ensuring they did not run out of the gel. 

10x SDS running buffer  

TRIS-HCl 25 mM 

SDS 0.1%  

Glycine 190 mM  
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Continuous gel system 

In this configuration, a single, continuous polyacrylamide gel (8%) was used for 

protein separation. This method was simpler and faster to prepare, however, it 

may provide lower resolution for proteins with similar molecular weights 

compared to the stacking/running gel system [428]. It was performed according 

to Jiménez-Soto [429].  

Continuous 8% acrylamide gel  

TRIS-HCl  80 mM 

Glycine 0.1 M 

Serine 0.1 M 

Asparagine monohydrate 0.1 M 

Acrylamide 8.0% 

TEMED 0.08% 

Ammonium persulfate 0.001% 

 

Following the polymerization of the gel, it was installed in the BioRad Mini-

PROTEAN Tetra Cell electrophoresis system. The chamber was filled with 1x 

SDS running buffer and the gel was loaded with 7 µL of lysate per well. 

Additionally, each gel was loaded with one well containing 7 µL of protein ladder. 

To ensure the proteins entered the gel gradually, the voltage was initially set to 

90 V for 10 minutes, followed by 240 V for 20 minutes to achieve separation. 

10x SDS running buffer, pH 8.3  

TRIS 25 mM 

Glycine 1.92 M 

SDS 0.1% 
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5.7.3. Protein transfer to the membrane and detection 

To detect proteins previously separated by SDS-PAGE, they were transferred 

from the acrylamide gel to a membrane using the Western Blot technique, either 

with the wet blot or semi dry blot method. Both transfers were performed using a 

Mini TransBlot ® tank transfer system. On the membrane, the proteins were 

exposed to specific antibodies, followed by a HRP-labeled secondary antibody 

and subsequent enzyme reaction that enabled quantification through 

luminescence measurement.  

Wet blot method 

The wet blot method was used for protein transfer following the discontinuous 

SDS-PAGE. The membrane, gel and filter papers were first equilibrated in TGM 

buffer (Tris-glycine methanol buffer). The assembly began by placing the gel on 

top of the nitrocellulose membrane (GE Healthcare Life science), followed by 

layering filter papers on both sides. Any trapped air bubbles were carefully 

removed with a roller to ensure proper contact between the layers. The entire 

stack was then placed between foam pads and inserted into a gel holder cassette. 

To avoid air bubbles during the process, all components were covered in TGM 

buffer. Two cassettes were placed into a tank filled with TGM and an electric 

current was applied. The negatively charged proteins migrated toward the anode, 

transferring them from the gel to the membrane. The transfer was performed at 

250 V and 350 mA for 2 hours at 4°C. Upon blocking non-specific binding sites 

(described below), the protein transfer was checked by staining them with 

Ponceau S, followed by decolorization with TRIS-buffered saline (TBST). 

1x TGM 10x TBST (pH 7.4) Ponceau S 

25 mM TRIS 10 mM TRIS 0.1% Ponceau 

192 mM Glycine 150 mM NaCl 5% Acetic acid 

20% Methanol 0.05% Tween (v/v)  
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Semi dry method 

The semi dry Western Blot utilizes less buffers and mostly works faster. It was 

used for proteins previously separated with the continuous SDS-PAGE and 

performed according to [430] with the Trans-Blot® turbo transfer system from 

BioRad.  

Methanol is used to activate the PVDF membrane (BioRad) for 15 seconds prior 

to use, reducing its hydrophobicity and enhancing protein binding efficiency. 

Following this, the membrane was transferred to anode II buffer. Two filter papers 

were wetted with anode I buffer and placed onto the transfer cassette. Above 

these, two additional filter papers, each soaked in anode II buffer, were 

positioned, followed by the membrane itself. The gel was then carefully placed 

on top of the membrane. Stacking was completed by adding four filter papers 

soaked in cathode buffer. Care was taken to avoid trapping air bubbles, which 

were removed if present using a roller. The cassette was then closed and placed 

into the BioRad device. The transfer was conducted for 7 minutes at 1.3 A and 

25 V for one gel, or 2.5 A and 25 V for two gels. After the transfer, the membrane 

was dried either for one hour at 37°C or overnight at room temperature. Before 

blocking non-specific binding sites (described below), the membrane was 

reactivated in methanol. 

 Anode I (pH 10.4) Anode II (pH 10.4) Cathode (pH 9.4) 

TRIS 0.3 M 25 mM 25 mM 

Methanol 10% 10% 10% 

6-Amino-n-Caproic 
acid 

  40 mM 

 

Detection using specific antibodies 

Using the protein ladder for orientation, the membranes were horizontally cut with 

a scalpel to ensure that the protein of interest remained on the membrane. For 

each membrane, the detection of a loading control was included to account for 

variability independent of cell stimulation. In this study, histone H3 was used as 
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the loading control. It is found in the chromatin of all eukaryotic cells and its 

expression is not significantly altered by the experimental conditions. To block 

non-specific binding sites on the membrane, the membranes were incubated with 

an appropriate blocking solution for 30 minutes at room temperature. Following 

this, the membranes were incubated overnight on a shaker at 4°C with the 

primary antibody (solvents and dilutions are outlined below). The next day, 

membranes were washed three times for 10 min each with TBST. Subsequently, 

the membranes were treated with the appropriate HRP-labeled secondary 

antibody for 1 hour at room temperature followed by another three washing steps 

with TBST. A 1:1 mixture of hydrogen peroxide solution and luminol was then 

pipetted onto the membranes. The enzymatic reaction was allowed to proceed 

for approximately one minute. During this time, HRP, in the presence of H2O2, 

catalyzed the conversion of luminol to its active form, which was then measured 

as light emission with a luminescence imager. 

 Primary antibody Secondary antibody 

Protein Molecular 

weight 

Blocking 

solution/solvent 

dilution species dilution 

Histon 

H3 

17 kDa 3% milk powder 1:40,000 rabbit 1:10,000 

pERK1/

2 

42 kDa 5% milk powder 1:500 mouse 1:5000 

 

Quantification 

Images obtained with the ChemiSmart 5000 camera were subjected to 

densitometric analysis using the Fiji ImageJ software, where the area under the 

curve (AUC) was calculated. The AUC of the target protein was then normalized 

to that of the respective histone band.  

For kinetic studies of opioid-induced ERK1/2 phosphorylation (Figure 21), AUC 

ratios of pERK1/2 to Histone H3 were normalized to the percentage of the 2.5-

minute value and plotted as mean ± SEM against time from six individual 

experiments. To assess concentration-dependent ERK1/2 phosphorylation 

(Figure 22), AUC ratios were directly plotted as mean ± SEM against logarithmic 
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opioid concentrations. EC50 values, indicating opioid potency, were calculated 

from the resulting curves using GraphPad Prism 10.3.1 (Non-linear regression, 

log (agonist) vs. response, three parameters). 

5.8. Determination of opioid receptor phosphorylation via 

ELISA 

Ligand-dependent receptor phosphorylation is a key post-translational 

modification that influences receptor activity and downstream signaling. 

Investigating µOR phosphorylation can provide critical insights into opioid-

induced receptor regulation and signaling pathways, making it a valuable tool for 

understanding pharmacological response and receptor function [257,270,431]. In 

this study, µOR phosphorylation was measured to investigate opioid-induced 

receptor modulation alongside classical signaling pathways, providing a more 

comprehensive understanding of opioid effects. 

For that purpose, µOR phosphorylation was measured using an enzyme-linked 

immunosorbent assay (ELISA) kit (7TM antibodies). µOR in cell lysates were 

captured using magnetic beads conjugated with anti-hemagglutinin (anti-HA) 

antibodies. The use of a magnet allowed their immobilization, washing and 

ultimately the separation of µOR from other proteins. The phosphorylated 

receptors were then detected using phosphosite-specific antibodies, followed by 

the application of a secondary antibody and an enzyme-dependent colorimetric 

reaction, which was quantified photometrically. 

20,000 HEK293-µOR cells were seeded on a poly-L-lysine (50 µg/mL) coated 96-

well plate. After 24 hours of incubation at 37°C, the cells were serum-starved for 

an additional 16-24 hours. At least one hour before stimulation, the starvation 

medium was replaced with 180 µL of fresh starvation medium. Cells were then 

stimulated by adding 20 µL of a tenfold concentrated ligand solution in FCS-free 

DMEM for 5 minutes at 37°C. All buffers used were provided by the manufacturer 

and prepared or diluted according to the instructions. Post-stimulation, the 

supernatant was aspirated, and the cells were washed three times with 100 µL 

PBS. Lysis was performed with 150 µL detergent buffer containing protease and 

phosphatase inhibitors for 30 minutes at 4°C, to prevent the degradation of 
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proteins of interest and the loss of phosphate groups. The plate was centrifuged 

at 3000 rpm for 20 minutes at 4°C to remove cell debris. 

Subsequently, 60 µL of the supernatant was transferred to a U-bottom plate, 

mixed with 40 µL of HA-tagged magnetic bead suspension and incubated for 2 

hours at 4°C to ensure µOR binding to the beads. The beads were washed three 

times with 100 µL PBST (PBS with 0.1% Tween 20) under magnetic force, then 

60 µL of a primary phosphosite-specific antibody solution was added and 

incubated overnight at 4°C, enabling the specific binding to phosphorylated 

amino acid residues. The following day, the beads were washed three times with 

PBST on a magnet and 60 µL of secondary, enzyme labeled antibody solution 

was added, followed by a 2-hour incubation at room temperature. After three 

additional washes with PBST under magnetic force, 100 µL of detection solution 

was added and the OD was measured at 405 nm until values ranged between 

0.2 and 1.2. The enzymatic reaction was stopped with 100 µL of stop solution 

and the plate was placed on the magnet. 140 µL of the solution was transferred 

to a fresh flat-bottom plate for a final OD measurement at 405 nm. To exclude 

background interference from the substrate itself, a blank without beads was 

included for each measurement. The measured values were corrected by 

subtracting the blank and then normalized to the respective solvent control. 

Opioid-induced µOR phosphorylation [OD405nm or % of solvent control] was 

plotted as the mean ± standard error of the mean (SEM) from 4-5 individual 

experiments. 
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Figure 10: Outline of phosphorylation assay based on ELISA principle 

The workflow includes cell lysate incubation, washing steps, phosphosite-specif ic  
antibody binding, HRP-labeled secondary antibody detection and absorbance 
measurement at 405 nm. 

5.9. Calculations 

5.9.1. Receptor occupancy for halfmaximal receptor activation 

The determination of receptor occupancy (RO) for half-maximal receptor 

activation of opioid ligands enables the estimation and comparison of their 

efficacy in inducing a specific signaling pathway, while also considering their 

receptor binding affinity. RO was calculated using the method developed by 

Kenakin et al. [432], applying the following formula, where Ki represents the 

opioids binding affinity and EC50 is the concentration required for the ligand to 
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induce half-maximal receptor activation or trigger half-maximal signal (i.e. 

potency for the signaling pathway of interest).  

𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 [%] =  
𝐸𝐶50

𝐸𝐶50 + 𝐾𝑖
 × 100 

Equation 5: Calculation of a ligand´s receptor occupancy for half-maximal 
receptor activation 

 

5.9.2. Bias factor 

The bias factor quantifies the extent to which one agonist activates one specific 

signaling pathway over another in relation to a reference ligand, when binding a 

receptor. It is therefore a measure for biased agonism. While multiple methods 

exist for calculating the bias factor, in this work, it was calculated following the 

approach outlined in [433]. Two important pharmacological parameters are 

required: The EC50 value, which reflects the concentration of the compound 

needed to produce a half-maximal effect and the intrinsic activity (Emax), which 

represents the maximal response minus the minimal response. Both parameters 

can be derived from dose-response curves, which typically display a sigmoidal 

shape. First, the ratio of EC50 and Emax of the reference and the ligand of interest 

for one signaling pathway is calculated and their difference is build. Then, the 

Δlog (Emax/EC50) value for one pathway is subtracted from the Δlog (Emax/EC50) 

value of another pathway to evaluate the bias activity. The bias factor is then 

calculated as the inverse logarithmic value of this difference.  

∆log
𝐸𝑚𝑎𝑥

𝐸𝑐50
= (log

𝐸𝑚𝑎𝑥

𝐸𝐶50
)𝑜𝑝𝑖𝑜𝑖𝑑 − (log

𝐸𝑚𝑎𝑥

𝐸𝐶50
)𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑜𝑝𝑖𝑜𝑖𝑑 

∆∆ log
𝐸𝑚𝑎𝑥

𝐸𝑐50
=  (∆log

𝐸𝑚𝑎𝑥

𝐸𝐶50
)𝑝𝑎𝑡ℎ𝑤𝑎𝑦1 − (∆ log

𝐸𝑚𝑎𝑥

𝐸𝐶50
)𝑝𝑎𝑡ℎ𝑤𝑎𝑦 2 

𝑏𝑖𝑎𝑠 𝑓𝑎𝑐𝑡𝑜𝑟 =  10∆∆ ୪୭୥
ா௠௔௫
ா஼ହ଴  

Equation 6: Calculation of bias factor 
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5.10. Statistical methods 

The experiments were autonomously conducted a minimum of three times, with 

the specific count detailed in the associated chapters and figure legends. Results 

are presented as the mean along with the SEM. Statistical analyses were 

executed using GraphPad Prism 10.3.1, employing distinct statistical hypothesis 

testing approaches. Significance levels were categorized into four groups: * 

p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001. A two-sample t-test was 

employed to analyze significant distinctions between two mean values. To 

compare multiple means, a one-way analysis of variance (ANOVA) was 

conducted. Depending on the comparison, either Tukey’s post-hoc test was used 

to identify which specific groups differed, comparing all possible pairs of means, 

or Dunnett’s multiple comparison test was employed to assess significant 

differences relative to a single reference group. Notably, statistical tests on 

normalized data were exclusively executed subsequent to verifying the statistical 

significance of the raw data. 

5.11.  Supportive computational tools 

Each section of this work was researched, drafted and written by the author. For 

some sections, the AI-based tool ChatGPT (OpenAI) was used to assist with 

linguistic optimization, refinement of English language, checking for spelling 

mistakes and supplementary literature searches. For translations of single words 

or sections between German and English, the translation tool DeepL was used. 

Figures 2, 3, 6, 7, 8, 10, 30, 41, 42 and 43 were created or adapted using 

BioRender.com. The tool was used to generate schematic representations of 

experimental designs and molecular interactions for better visualization and 

understanding.  

All scientific content, interpretations, and conclusions presented in this work were 

independently developed and critically reviewed. 
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6. Results  

6.2. Establishment of recombinant HEK293-µOR cell line 

HEK293 cells are frequently used in research on receptor expression, especially 

in studies on GPCRs [381,434]. Although HEK293 cells do not endogenously 

express the µOR [435], they are a preferred choice for developing recombinant 

cell lines, particularly in the study of OR pharmacology [436,437]. Therefore, 

following Zeocin™-selection (described in 5.3.4), transfected HEK293 cells were 

screened for µOR expression using a ligand binding assay with radiolabeled OR 

antagonist [³H]-NLX as a tracer.  

For each isolated cell clone or pool, 100,000 cells per well were seeded on 48-well  
plates and cultured for 48 hours. Cells were stimulated in tr iplicates with 10 nM 
[³H]-NLX to measure total tracer binding, while non-specif ic binding was assessed 
by co-incubation with 10 µM unlabeled NLX. Cell culture medium DMEM + 50 mM 
HEPES served as the assay buffer. Cell lysates were measured for their radioactive 

A 

B 

Figure 11: Assessment of µOR expression in rat and human µOR HEK293 
clones 
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decay. Specif ic [³H]-NLX binding was determined with Equation 1 and is displayed 
as mean ± SEM of dpm. n=3. The experiment uti lized five transfection approaches. 
A: Three for the rµOR: one involved single-cell cloning, generating clones (e.g. 3A, 
3B), while two produced unif ied cell pools ( labeled as pool 1 and 2), native HEK293 
cells as control. B:  For the hµOR, two transfections with subsequent single-cell 
cloning resulted in clones such as 7B, 7C, 8C, 8D and so on. Transient transfection 
and two rµOR clones with highest [³H]-NLX binding are shown as refererence, 
native HEK293 cells as control. 

As expected, native, untransfected HEK293 cells did not exhibit notable [³H]-NLX 

binding, demonstrating the absence of endogenously expressed OR. RµOR 

clones 3A and 3D, as well as cell pools 1 and 2, revealed increased [³H]-NLX 

binding, indicating measurable expression of the receptor (Figure 11A). In 

contrast, none of the tested stable human µOR clones demonstrated detectable 

tracer binding. However, transient transfection of the hµOR resulted in significant 

receptor expression, confirming the functionality of the plasmid itself (Figure 

11B).  

Prior studies have demonstrated that rat and human µORs share 95% sequence 

homology and exhibit comparable ligand affinity and selectivity [72,438,439]. 

Given the importance of consistent and high-level receptor expression for this 

study, clone 3A, which expresses the rµOR, was selected as the most suitable 

cell model for subsequent experiments. It is referred to here as HEK293-µOR. 

6.3. Characterization of selected HEK293-µOR cell clone 

Ligand binding assays using [³H]-NLX as a tracer were conducted to 

comprehensively characterize the newly established HEK293-µOR cell line and 

ensure precise interpretation of subsequent experimental results. 
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6.3.1. Temperature dependency of [³H]-naloxone equilibrium 

To determine the optimal conditions for [³H]-NLX binding in HEK293-µOR cells, 

binding assays were conducted at multiple time points and under two different 

temperature settings.  

Figure 12: Temperature and time dependency of [³H]-NLX association 

250,000 HEK293-µOR cells per well were incubated in tr ipl icates with 5 nM [³H]-
NLX for up to two hours either at room temperature or 37°C. For each time point,  
non-specif ic binding was determined through co- incubation of 10 µM unlabeled 
NLX. Dilutions were made in DMEM + 50 mM HEPES. Radioactive decay of the f i l ter  
patches was measured. Specif ic binding was calculated using Equation 1 and 
plotted as mean ± SEM of % of the respective 2-hour value against t ime. n=3-4 

At room temperature, tracer binding increased gradually, reaching a plateau after 

approximately 75 minutes. In contrast, at 37°C, maximal [³H]-NLX binding was 

achieved within the first 15 minutes, reflecting the faster kinetics and quicker 

achievement of equilibrium between bound and unbound states at the higher 

temperature [440]. However, after 45 minutes at 37°C, [³H]-NLX binding began 

to decrease, eventually stabilizing around the 120-minute mark. This decline 

could be attributed to temperature-related changes in the tracer, such as potential 

dissociation of the tritium label. To optimize assay conditions and ensure 

consistency across experiments, while preventing any decrease in [³H]-NLX 

binding, a 30-minute incubation at 37°C was selected as the optimal setup for 

subsequent assays.  

6.3.2.  Methanol influence on [³H]-naloxone binding 

Binding assays are typically designed to mimic physiological conditions, which is 

why they are often performed using whole, intact cells in blood-like media, such 
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as cell culture medium or simple TRIS or HEPES buffers supplemented with ions 

at appropriate concentrations [441,442]. However, for technical reasons - such 

as simplifying experiments, increasing throughput and improving reproducibility - 

membrane preparations are frequently used instead of whole cells [443,444]. 

This approach was also employed in most binding assays in this study. Since 

membrane preparations lack the intracellular-extracellular ion gradient, some 

compromises in physiological relevance must be accepted.  

Nevertheless, typically for most studies, the ionic composition of the used assay 

buffer should not significantly impact receptor-ligand binding behavior. In the 

case of opioid binding to the µOR, however, the choice of binding buffer plays a 

crucial role, as it can directly influence ligand affinity [445]. Therefore, although 

membrane preparations were used in several experiments in this study - meaning 

some physiological relevance was lost - particular attention was given to the 

choice of buffer. 50 mM TRIS-HCl (pH 7.4) was used for the binding assays in 

this study, as it provides the most reference values in the literature (see Table 1). 

Alongside, cell culture medium DMEM supplemented with 50 mM HEPES as a 

buffering agent was used. This choice also ensured consistency with subsequent 

experiments investigating opioid signaling (e.g. cAMP assay), making it crucial to 

understand opioid binding behavior in DMEM. 

Before membrane preparations were established as the standard approach in 

this study, the influence of methanol on [³H]-NLX binding was initially tested in 

whole cells to account for potential matrix effects. This was particularly relevant 

since some opioids used in subsequent experiments were dissolved in methanol 

(Table 3). The experiments were conducted in both binding buffers. 
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250,000 HEK293-µOR cells per well were incubated in tr iplicates in 50 mM TRIS-
HCl buffer (pH 7.4) or DMEM + 50 mM HEPES with the indicated methanol dilutions 
and 5 nM [³H]-NLX. Non-specif ic binding was assessed by co-incubation with 10 µM 
unlabeled NLX. After an incubation of 30 minutes at 37°C, radioactive decay of the 
f ilter patches was measured. Specif ic binding was calculated with Equation 1 and 
plotted as mean ± SEM of dpm against methanol dilution. A: Methanol inf luence on 
[³H]-NLX binding in 50 mM TRIS-HCl (pH7.4) B:  Methanol influence on [³H]-NLX 
binding in DMEM + 50 mM HEPES. Statistical analysis was performed using one-
way ANOVA followed by Dunnett's multiple comparisons test to compare each group 
to the control value. Asterisk indicate signif icant difference to control, ***p<0.001. 

Methanol, at the tested concentrations, had no effect on [³H]-NLX binding when 

the assay was performed in TRIS-buffer (Figure 13A). However, a 1:100 dilution 

of methanol significantly reduced [³H]-NLX binding in assays conducted in DMEM 

(Figure 13B). In this study, the only relevant methanol dilution falling in this range 

was 1:35, used alongside 100 µM MOR. Since methanol has a low molecular 

weight, this dilution results in a concentration of about 700 mM - much higher 

than any other substance in the assay. Solvents influence the solubility and 

stability of ligands and can also affect binding dynamics by altering receptor 

conformation or ionic conditions in the assay environment [446]. Methanol might 

disrupt receptor-ligand interactions by altering the polarity of the receptor's 

environment and destabilizing cell membranes, which can affect receptor 

conformation and accessibility. This high methanol level could potentially 

influence receptor interactions, so it’s important to keep this in mind when 
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interpreting the results. However, since this is the only methanol concentration 

considered relevant for this study, it can be concluded that no additional effects 

on [³H]-NLX binding are expected beyond this concentration.  

Additionally, some opioids are dissolved in water. As water is the main 

component of the binding buffers, no influence of water on [³H]-NLX binding was 

assumed and it was therefore not included as a solvent control in the 

experiments. 

6.3.3. Determination of Kd and Bmax of [³H]-naloxone 

To determine key parameters of the used cell line - Kd and Bmax of [³H]-NLX - a 

saturation binding assay was conducted using HEK293-µOR membrane 

preparations, as described in 5.4.3.  

Total and non-specific binding of [³H]-NLX were analyzed in the two buffer 

systems previously employed to examine the effect of methanol on [³H]-NLX 

binding. These measurements were then used to calculate specific µOR binding, 

resulting in the generation of a saturation curve.  

   

20 µg of HEK293-µOR membrane preparation per well were incubated in triplicates 
with the indicated concentrations of [³H]-NLX for 30 minutes in a 37°C incubator in 
either 50 mM TRIS-HCl, pH7.4 or DMEM supplemented with 50 mM HEPES. For 
each concentration, non-specif ic binding was examined through coincubation of 10 
µM unlabeled NLX. Radioactivity of the individual f i l ter patches was measured. 
Total and non-specif ic binding were plotted as mean ± SEM of dpm against [³H]-
NLX concentration using GraphPad Prism 10.3.1 (Non-linear regression one-site 
total binding and simple linear regression). n=3 A: Total and non-specif ic [³H]-NLX 

A B 

Figure 14: Total and non-specific [³H]-NLX binding in HEK293-µOR cells 
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binding assessed in TRIS-buffer B: Total and non-specif ic [³H]-NLX binding 
assessed in DMEM.  

In both buffer systems, as total binding of [³H]-NLX reaches its peak, the 

relationship between tracer concentration and non-specific binding stays linear - 

the more tracer present, the more non-specific sites become occupied. In 

contrast, receptor binding is limited by the number of available receptors, 

meaning that specific binding has a defined maximum capacity.  

To better identify the relevant receptor population for tracer interaction in the 

HEK293-µOR cell line, specific [³H]-NLX binding was determined using Equation 

1. When specific [³H]-NLX binding was plotted against linear concentrations of 

[³H]-NLX, a hyperbolic saturation curve was obtained with an asymptotic 

approach to the maximum binding (Bmax).  

Figure 15: Specific [³H]-NLX binding in HEK293-µOR cells 

Specif ic binding was calculated based on data shown in Figure 14 using Equation 
1 for each [³H]-NLX concentration. From obtained dpm values, receptor quantity 
was calculated as fmol receptor per mg of total protein (Equation 2) and plotted as 
mean ± SEM against [³H]-NLX concentration. n=3  

 TRIS-buffer DMEM 

Kd [nM] 9.73 ± 1.81 8.61 ± 0.99 

Bmax [fmol/mg] 5425 ± 1010 5199 ± 1404 

 

Table 5: Kd and Bmax of [³H]-NLX  
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Kd  and Bmax values were determined from the data shown in Figure 15 using 
GraphPad Prism 10.3.1 (Non-linear regression one-site specif ic binding). Values 
represent the mean ± SEM from three independent experiments. Differences in Kd  
and Bmax between buffers were analyzed using an unpaired t- test, but no signif icant 
differences were observed.    

 
In both buffer systems, the measured Kd value of NLX was approximately 9 nM, 

consistent with values reported in the literature [82,408]. Although tracer affinity 

in DMEM - which contains a complex mixture of ions - displayed a slightly lower 

Kd than in TRIS-buffer, this difference was not statistically significant. 

Nevertheless, this observation aligns with literature suggesting that sodium 

enhances antagonist binding [447-449]. Similarly, the Bmax values were 

comparable across both conditions. The receptor density, approximately 5 pmol 

per mg of total protein, is notably high, significantly exceeding levels typically 

observed in endogenous cell lines [408,450]. Interestingly, even previously 

established recombinant HEK293 cell lines displayed receptor expression levels 

that were roughly tenfold lower [451]. This underscores the exceptionally high 

receptor expression in the recombinant HEK293-µOR cell line. This observation 

was further supported during the screening process, where the clone utilized in 

this study demonstrated the highest [³H]-NLX binding levels (Figure 11A).  

The high µOR expression and strong tracer affinity in the established HEK293-

µOR cells are likely to facilitate robust signals and simplify data interpretation. 

Consequently, HEK293-µOR cells represent a suitable model for further studies 

investigating opioid-receptor interactions and opioid-induced cellular processes.  
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6.4. Comparative pharmacodynamic analysis of carfentanil, 

fentanyl, remifentanil, morphine and endomorphin-1 

As outlined in the introduction, a substance's toxicity is likely reflected at the 

receptor level through its pharmacodynamics. This chapter presents a 

comprehensive characterization of CAR’s pharmacodynamic properties - 

including affinity, potency, intrinsic activity and receptor efficacy - comparing it to 

other opioids to uncover features that may underlie its extreme toxicity. Several 

opioids were selected for comparison based on their pharmacological relevance, 

diverse characteristics, and significance in both clinical and illicit contexts. The 

aim was to better understand how CAR interacts with and activates receptors 

compared to other exogenous and endogenous opioids and to explore potential 

links to its exceptional in vivo effects. 

6.4.1. Analysis of µOR binding affinities 

µOR binding affinities of opioid antagonists (NLX and NLM) and agonists (CAR, 

FEN, REMI, MOR and ENDO) were measured using a competitive ligand binding 

assay with HEK293-µOR membranes. In accordance with the previous chapter, 

these measurements were conducted in two different buffer systems to evaluate 

how varying buffer conditions could affect antagonist and agonist receptor 

binding.  

Ki values, calculated from IC50 values as described in chapter 5.4.4, indicate the 

concentration of ligands required to occupy half of the available receptors, 

independent of the tracer concentration. Table 6 summarizes the IC50 and Ki 

values for agonists and antagonists determined in both buffers. 
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Figure 16: Competitive binding curves of OR agonists and antagonists 
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20 µg of HEK293-µOR membrane preparation was incubated in tr iplicates with 5 nM 
[³H]-NLX and the indicated concentrat ions of l igands diluted in either 50 mM TRIS-
HCl (pH7.4) or DMEM + 50 mM HEPES. After an incubation period of 30 minutes in 
a 37°C incubator, radioact ive decay of the f i lter patches was measured. Raw data 
were normalized by setting [³H]-NLX binding at lowest l igand concentations to 
100%. Percentage of [³H]-NLX binding in presence of NLX (A), NLM (B), CAR (C), 
FEN (D), REMI (E), MOR (F) or ENDO (G) was plotted as mean ± SEM of % [³H]-
NLX binding against the corresponding concentration of agonist or antagonist. n=3-
4 

  TRIS-buffer DMEM  

 IC50 [nM] Ki [nM] IC50 [nM] Ki [nM] 

NLX 11.7 ± 1.82 7.79 ± 1.21 14.7 ± 3.96 9.78 ± 2.64 

NLM 2.75 ± 0.43 1.83 ± 0.29 3.31 ± 0.13 2.20 ± 0.09 

CAR  1.07 ± 0.24 0.71 ± 0.16 10.7 ± 1.95 7.10 ± 1.30** 

FEN 11.7 ± 2.28 7.81 ± 1.52 147.7 ± 20.4 98.4 ± 13.6** 

REMI 14.8 ± 1.66 9.86 ± 1.11 >504 ± 166 >336 ± 110* 

MOR 72.4 ± 5.51 48.3 ± 3.67 1913 ± 272 1276 ± 182** 

ENDO 59.5 ± 6.23 39.7 ± 4.15 1119 ± 96.1 746 ± 64.1*** 

Table 6: Ki values of OR agonists and antagonists determined in different 
buffer systems 

IC50 values were specif ied based on data shown in Figure 16 using GraphPad Prism 
10.3.1 (Non-linear regression one site - f it log IC50). K i  values were calculated from 
IC50 values using Equation 3 as outlined in chapter 5.4.4. Values represent the 
mean ± SEM from individual experiments. Statistical analysis was performed using 
an unpaired t-test. Asterisks indicate signif icant difference between K i  values 
determined in the two different buffers. *p<0.05, **p<0.01, ***p<0.001 

Derivatives of the FEN group exhibited clearly higher receptor binding affinities 

compared to MOR and ENDO in both buffer systems. Among the FEN 

derivatives, CAR exhibited the highest µOR binding affinity, with Ki values below 

1 nM in TRIS-buffer and below 7 nM in DMEM, highlighting its strong binding to 

the µOR among these compounds. FEN and REMI followed with Ki values of 

approximately 8-10 nM in TRIS-buffer, while MOR and ENDO showed the lowest 

affinities (40-50 nM). It is important to note that there were difficulties when 

determining the Ki value for REMI in DMEM. Achieving a plateau in [³H]-NLX 

displacement would have required to test one additional, higher concentration of 

REMI. However, due to limitations in the stock concentration and concerns about 
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the excessive methanol content, a concentration of 1 µM for REMI could not be 

exceeded. As a result, the Ki value is reported as > 336 ± 110 nM, indicating that 

the actual Ki is likely higher.  

Overall, affinities fell within the range of published values when assessed in TRIS-

buffer, considering the variability typically introduced by differences in 

methodological approaches (Table 6, Table 1). Notably, no direct reference 

values for opioid affinities in DMEM exist. The rank order of affinities observed 

was CAR > FEN = REMI > ENDO = MOR in TRIS-buffer and with CAR > FEN > 

REMI > ENDO > MOR similar in DMEM. However, agonists binding affinities 

measured in DMEM were significantly lower than those in TRIS-buffer (Table 6). 

DMEM significantly reduced the affinities of all tested µOR agonists, aligning with 

reports about ion influence in the literature [445].  

The Ki values for NLX and NLM were consistent with literature values across both 

buffer systems (Table 5, Table 6) [72,73,76,82,452]. Notably, NLM displayed 

lower Ki values than NLX, indicating a higher µOR affinity, which is in line with 

previous findings [74,453]. These results also align with saturation curve data 

shown earlier in this work, where the Kd value for [³H]-NLX binding was 

approximately 9 nM - falling within the same range as the Ki values measured for 

NLX here. In line with the saturation binding assays (6.3.3), no significant 

differences in antagonist affinity were observed between the two binding buffers.  

Overall, these findings indicate that the buffer composition does play a role in 

influencing agonist but not antagonist binding affinity. However, importantly, the 

use of different buffers did not affect the ranking of opioid affinities. 

As previously described, membrane preparations in ligand binding assays 

compromise physiological relevance due to the loss of the intact cell surface and 

disruption of the intra- and extracellular ion gradient, even when using DMEM as 

a binding buffer. To address this, the affinity of CAR and FEN was exemplarily 

determined with whole, adherent cells in DMEM, providing conditions closer to 

physiology. 
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80,000 HEK293-µOR cells per well were seeded on poly-L-lysine coated 48-well  
plates. After a 24-hour starvation period, cells were stimulated with 5 nM [³H]-NLX 
and the indicated concentrat ions of CAR and FEN for 30 minutes at 37°C. DMEM + 
50 mM HEPES served as the binding buffer. Radioact ive decay of cell  lysates was 
measured and raw data were normalized by setting [³H]-NLX binding at lowest 
l igand concentation to 100%. Percentage of [³H]-NLX binding in presence of CAR 
and FEN was plotted as mean ± SEM of % [³H]-NLX binding against the 
corresponding concentration of agonist. n=3 

 IC50 [nM] Ki [nM] 

CAR 3.78 ± 1.43 2.39 ± 0.90 

FEN 101 ± 55.9 63.8 ± 35.4 

 

Table 7: Ki values of CAR and FEN determined with whole cells in DMEM 

IC50 values were specif ied based on data shown in Figure 17 using GraphPad Prism 
10.3.1 (Non-linear regression one site - f it log IC50). K i  values were calculated from 
IC50 values using Equation 3 as outlined in chapter 5.4.4. Values represent the 
mean ± SEM from individual experiments.  

The Ki values determined in whole cells closely match those from membrane 

preparations (Table 6), suggesting that membrane use does not significantly 

affect opioid binding behavior in DMEM. Typically, intact cells in a blood-like 

medium, such as DMEM, are considered the preferred physiological model, while 

membrane preparations are often regarded as less representative of in vivo 

conditions. However, the similarity in binding data between these two systems 

Figure 17: Competitive binding curves of CAR and FEN determined with 
whole cells in DMEM  

[³
H

]-
N

L
X

 b
in

d
in

g
 [

%
]



98 
 

suggests that membrane-based assays in DMEM may more closely approximate 

physiological conditions than previously assumed. 

6.4.2. Assessment of opioid potency in cAMP inhibition 

To complement the µOR binding studies, radioactive cAMP accumulation assays 

were conducted to compare the potencies of CAR, FEN, REMI, MOR and ENDO 

in reducing cellular cAMP levels, providing insights into the relative performance 

of these opioids in receptor activation.  

300,000 HEK293-µOR cells per well were cult ivated on 12-well plates and labeled 
with 1 µCi/mL [³H]-adenine for 24 hours. Cells were stimulated in tr iplicates with 
500 µM IBMX, 50 µM FSK and the indicated concentrat ions of opioids prepared in 
FCS-free DMEM for 20 minutes at 37°C. Cell lysates were purif ied using column 
chromatography as described in 5.5.1. Radioactive decay of  the eluates was 
measured. Signal at lowest opioid concentration was set to 100%. Nomalized data 
was plotted as mean ± SEM of percentage of FSK-induced signal against 
logarithmic opioid concentration. n=3 

Opioid-induced cAMP attenuation was concentration-dependent and resulted in 

sigmoidal curves. From these dose-response curves, EC50 values of the ligands 

were determined. The EC50 value provides a measure of the ligand's potency in 

modulating the cAMP signaling pathway, while the Emax represents the maximum 

signal induction at saturated concentrations (intrinsic activity). The EC50 values, 

along with the Emax values of the opioids, are summarized below. 

 

Figure 18: Potencies of µOR agonists to attenuate FSK-induced cAMP 
accumulation  
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 EC50 [nM] Emax[%] 

CAR 0.016 ± 0.001 80.7 ± 3.29 

FEN 1.70 ± 0.23** 90.1 ± 1.25 

REMI 1.94 ± 0.33** 86.1 ± 0.94 

MOR 9.93 ± 1.24** 72.0 ± 3.09 

ENDO 4.17 ± 0.48*** 77.1 ± 2.09 

 
Table 8: EC50 values and intrinsic activities of µOR agonists determined 
using radioactive cAMP assay  

EC50 values were determined using data shown in Figure 18 and GraphPad Prism 
10.3.1 (Non-linear regression one site - f it  log IC50). Intr insic activit ies were 
calculated as the difference between top and bottom of the curves (Figure 18). 
Values represent the mean ± SEM of individual experiments. Statistical analysis 
was performed using unpaired t-tests, to compare each EC50 and  Emax to the 
corresponding value of CAR. Asterisk indicate signif icant difference to CAR 
(**p<0.01, ****p<0.0001). 

All tested opioids exhibited intrinsic activities ranging from 70% to 90%. While the 

FEN derivatives tended to show higher intrinsic activities compared to MOR and 

ENDO, with FEN exhibiting the highest value, no significant differences were 

observed among the opioids regarding their maximum effect. 

FEN analogs demonstrated lower EC50 values compared to MOR and ENDO, 

suggesting higher potencies. Among all tested opioids, CAR exhibited the highest 

potency, with an EC50 value of less than 20 picomolar, making it approximately 

620 times more potent than MOR in inhibiting cAMP production. These findings 

are consistent with existing research. While no comprehensive study to date has 

systematically compared this particular selection of opioids for their potency in 

the cAMP signaling pathway, previous work has demonstrated a higher potency 

of CAR in such assays [75].   

6.4.3. Evaluation of receptor efficacy in cAMP signaling modulation 

To investigate the relationship between µOR binding and activation by individual 

opioids, data from ligand binding assays and cAMP accumulation assays were 

combined. This allowed for the determination of receptor efficacy, reflecting how 

efficiently a single receptor-bound opioid translates its binding into a cellular 

response. It is important to note that the binding assays revealed variations in 
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ligand affinity based on the buffer system used. Therefore, a comparative 

analysis of potency and affinity was included for both buffer systems. The 

combined presentation of the data from the binding assays and the cAMP assays 

is shown below.  

Data from competitive ligand binding assay conducted in 50 mM TRIS-HCl (pH 7.4)  
shown in Figure 16 as well as data from cAMP accumulation assays shown in Figure 
18 were plotted together as mean ± SEM of percentage of [³H]-NLX binding or 
percentage of FSK-induced cAMP accumulation against indicated concentrations of 

A B 

E D 

C 

Figure 19: Combined representation of opioid µOR binding affinities 
(TRIS- buffer) and their potencies for cAMP inhibition 
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CAR (A), FEN (B), REMI (C), MOR (D) or ENDO (E). Corresponding K i  and EC50 
values are specif ied in nM and represent the mean ± SEM of individual experiments. 
Arrows and associated numbers indicate ratios between K i  and EC50 (aff inity-to-
potency ratio, APR).  

The collective data representation revealed a leftward shift in the potency curves 

for all tested agonists, indicating that lower opioid concentrations were required 

to achieve half-maximal inhibition of cAMP levels compared to half-maximal 

receptor binding. This well-documented phenomenon in overexpressing cell 

systems is commonly attributed to receptor reserve, where the EC50 value of a 

ligand does not directly correspond to 50% receptor binding [454].  

In this study, receptor reserve was quantified using the affinity-to-potency ratio 

(APR), which reflects the efficiency of signal transduction per bound receptor 

(receptor efficacy). Based on APR values, opioids fell into three distinct groups: 

FEN, MOR and REMI demonstrated similar ratios of approximately 5 (Figure 19 

B-D), while ENDO displayed a higher APR of around 10, indicating greater 

efficacy (Figure 19E). Notably, CAR stands out markedly with a ratio of 44, far 

exceeding all other agonists (Figure 19 A). This suggests that, in view of its 

affinity, CAR is exceptionally active in inhibiting FSK-induced cAMP 

accumulation, underscoring its exceptionally strong effects compared to other 

opioids.  
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Data from competit ive l igand binding assay conducted in DMEM + 50 mM HEPES 
shown in Figure 16 as well as data from cAMP accumulation assays shown in Figure 
18 were plotted together as mean ± SEM of percentage of [³H]-NLX binding or 
percentage of FSK-induced cAMP accumulation against indicated concentrations of 
CAR (A), FEN (B), REMI (C), MOR (D) or ENDO (E). Corresponding K i  and EC50 
values are specif ied in nM and represent the mean ± SEM of independent 
experiments. Arrows and associated numbers indicate APRs.  

When measured in DMEM, tested OR agonists showed lower affinities, further 

increasing the divergence between affinity and potency when plotted together. 

Consequently, this also led to higher APR values. Nonetheless, three distinct 

D E 

A B 

C 

Figure 20: Combined representation of opioid µOR binding affinities 
(DMEM) and their potencies for cAMP inhibition 
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groups emerged again: This time, MOR, ENDO, and REMI displayed ratios of 

around 130-180, while FEN showed a notably lower ratio of approximately 60. 

For REMI, the ratio is listed as >173 due to its likely higher true Ki value, 

suggesting this factor might be somewhat underestimated. Importantly, CAR 

stands out once more with a strikingly high ratio of 444, reaffirming that, across 

experimental conditions, CAR takes an exceptional role in cAMP signaling.  

In addition to calculating the APRs, another approach was used to evaluate and 

compare opioids´ receptor efficacies. By considering both an opioid´s ability to 

activate the µOR and its binding affinity, receptor occupancy for half-maximal 

receptor activation (RO) was calculated. In this section, it describes the 

proportions of receptor-binding required for half maximal inhibition of FSK-

stimulated cAMP accumulation. A summary of Ki values for both binding buffers, 

EC50 values and ROs, calculated using each Ki value respectively is shown 

below.  

 EC
50

 [nM] K
i
 [nM] RO [%] K

i
 [nM] RO [%] 

  TRIS-buffer DMEM 

CAR 0.016 ± 0.001 0.71 ± 0.16 2.2 ± 0.7 7.10 ± 1.30 0.22 ± 0.06 

FEN 1.70 ± 0.23 7.81 ± 1.52 17.9 ± 4.9* 98.4 ± 13.6 1.70 ± 0.46* 

REMI 1.94 ± 0.33 9.86 ± 1.11 16.4 ± 3.9* 336 ± 110 0.58 ± 0.32 

MOR 9.93 ± 1.24 48.3 ± 3.67 17.1 ± 2.8* 1276 ± 182 0.77 ± 0.21 

ENDO 4.17 ± 0.48 39.7 ± 4.15 9.5 ± 1.9 746 ± 64.1 0.56 ± 0.11 

 

Table 9: Summary of binding affinities determined in different buffer 
systems, potencies and receptor occupancies of opioid agonists for half 
maximal cAMP inhibiton 

K i  values were determined in 6.4.1, EC50 values were determined in 6.4.2. Receptor 
occupancies (RO) were calculated using Equation 5 as described in 5.9.1. The error  
was est imated by calculating RO at the lower and upper l imits of K i  and EC50 values. 
The final uncertainty was taken as half the difference between these values. 
Statistical analysis was performed using a one-way ANOVA, followed by Dunnett’s 
multiple comparison test to determine signif icant differences in RO values 
compared to CAR’s RO (*p<0.05). 
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RO correlates closely with APRs when ranking the opioids. Based on affinities 

measured in TRIS-buffer, FEN, REMI and MOR required the highest RO, with 

16-18% needed to achieve half-maximal inhibition of cAMP. In comparison, 

ENDO needed only about 10% occupancy to produce similar effects. CAR, 

however, stood out with remarkable efficacy, achieving 50% activation of the 

receptors with just around 2% receptors bound. Notably, the RO of CAR was 

significantly lower than that of all other tested opioids except for ENDO, further 

highlighting its distinct efficacy in receptor activation. 

In DMEM, where Ki values were higher, RO requirements were generally lower 

and the rankings shifted slightly. FEN showed the highest RO requirement at 

1.7%, which was significantly higher than that of CAR. REMI, MOR and ENDO 

required around 0.6-0.8% occupancy for half-maximal activation, with no 

significant differences between them. CAR continued to require the lowest RO 

with only 0.2%.  

This analysis compared affinity, potency, intrinsic activity and receptor efficacy 

(expressed as APR and RO) for the tested opioids. In conclusion, CAR showed 

the highest affinity among the tested opioids, along with exceptionally high 

potency and receptor efficacy in cAMP pathway activation. This indicates that, 

relative to its affinity, CAR is significantly more effective in translating receptor 

binding into a cellular response, specifically cAMP inhibition, than the other 

opioids. Notably, this observation was consistent across different buffer 

conditions used for affinity determination.  

6.4.4. Investigation of receptor efficacy in ERK1/2 phosphorylation 

Previous results showed that CAR exhibits extraordinarily high efficacy in cAMP 

inhibition, a G protein-dependent pathway. Given that ERK1/2 phosphorylation 

can occur through both G protein- and β-arrestin-dependent mechanisms, 

examining this pathway could provide further insights into potential signaling bias 

among the tested opioids. Therefore, after determining potency and receptor 

efficacy in the cAMP pathway, these parameters were also analyzed in the 

context of another opioid-induced signaling pathway.  
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6.4.4.1. Kinetic analysis of opioid-induced ERK1/2 phosphorylation 

To investigate potential differences in ERK1/2 signaling and to identify the optimal 

conditions under which the phosphorylation profiles of the opioids could be 

assessed, initially, the time course of ERK1/2 phosphorylation was examined for 

CAR, FEN, REMI, MOR and ENDO. This included both the early, G protein-

mediated phase and the later, β-arrestin-mediated phase, which are associated 

with distinct signaling pathways [292,455]. The graphs below illustrate the time-

dependent ERK1/2 phosphorylation induced by the selected opioids.  

  

Figure 21: Time course of opioid-induced ERK1/2 phosphorylation from 0 
to 30 minutes  

HEK293-µOR cells (300,000/well) were stimulated on 6-well plates with saturated 
opioid concentrations (100 nM CAR, 1 µM FEN, 1 µM REMI, 10 µM MOR, 10 µM 
ENDO) in FCS-free DMEM over the indicated time intervals at 37°C. Protein levels  
of phosphorylated ERK1/2 (42/44 kDa) and loading control Histone H3 (17 kDa) 
were determined using Western Blot (see section 5.7). n=6 A:  Representat ive 
Western blot images are shown for each opioid condit ion. B: AUC ratios of pERK1/2 
to Histone H3 levels were calculated and normalized to the percentage of ERK1/2 
phosphorylation observed at 2.5 minutes. Normalized pERK1/2 levels are plotted 
as the mean ± SEM as % of 2.5-minute baseline over t ime. Statistical analysis was 
performed using a one-way ANOVA followed by Dunnett's multiple comparisons 
test, comparing CAR values at each time point with those of all other opioids. 
Diamond symbols indicate signif icant difference to ENDO and MOR (###p < 0.001), 
asterisks denote signif icant differences to FEN, REMI and MOR (*p < 0.05), and 
plus symbols indicate signif icant differences to al l other opioids (++p < 0.01). 

The cells were stimulated with saturated opioid concentrations to ensure that 

most receptors were bound, producing a maximal ERK1/2 signaling response. All 

tested opioids induced a rapid ERK1/2 phosphorylation response, with peak 

levels observed between 2.5 and 5 minutes, suggesting a G protein-dependent 

mechanism. CAR did not show significantly higher phosphorylation levels 
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compared to other opioids, suggesting that the maximal ERK1/2 response 

induced by CAR is similar to that of the other opioids. 

By the 5-minute mark, an interesting difference appeared: cells treated with FEN 

derivatives showed lower pERK1/2 levels than those treated with MOR and 

ENDO, suggesting a rapid drop in phosphorylation after the initial peak. This rapid 

decline with CAR, FEN and REMI contrasts with the more sustained 

phosphorylation seen with MOR and ENDO. 

Interestingly, CAR was the only opioid to maintain significant, though diminished, 

β-arrestin-mediated ERK1/2 phosphorylation at 20 to 30 minutes - a late-phase 

activity absent in other opioids. This suggests unique phosphorylation dynamics 

for CAR, potentially involving distinct regulatory pathways or specific β-arrestin 

interactions, although this aspect was not further investigated in this study. 

Despite this, CAR did not demonstrate a significant advantage over other opioids 

in terms of early, G protein-mediated ERK1/2 phosphorylation. 

6.4.4.2. Comparison of opioid-induced ERK1/2 phosphorylation potency 

In addition to examining the timing and duration of ERK1/2 phosphorylation 

induced by opioids, their dose-response relations were assessed. Thereby, the 

potencies (EC50 values) of CAR, FEN, REMI, MOR and ENDO could be 

determined enabling a comprehensive comparison of each opioid’s performance 

in activating ERK1/2. This analysis focused on the early, G protein-mediated 

phase of ERK1/2 phosphorylation. 
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HEK293-µOR cells (300,000/well) were stimulated on 6-well plates with the 
indicated concentrations of opioids for 2.5 minutes at 37°C. Protein levels of 
pERK1/2 (42/44kDa) and loading control Histone H3 (17kDa) were determined using 
Western Blot (see section 5.7). n=6 A:  Representative Western blot images are 
shown for each opioid condit ion. B: AUC ratios of pERK1/2 to Histone H3 levels 
were calculated and ERK1/2 phosphorylat ion induced by opioids was plotted as the 
mean ± SEM of Histone ratio against logarithmic opioid concentrations. 

As expected, lower opioid concentrations resulted in reduced pERK1/2 levels, 

with all dose-response curves starting near baseline. At higher concentrations, 

each opioid reached a similar maximum phosphorylation level, stabilizing at a 

Histone H3 ratio of approximately 1. Given the comparable maximum 

phosphorylation levels reached by each opioid at higher concentrations, the 

intrinsic activities of the opioids were not separately listed, as they appeared 

relatively consistent across the tested compounds. CAR, in particular, did not 

show distinct effects in this regard, which is consistent with the findings from the 

kinetic analysis, where CAR exhibited a maximal ERK1/2 response similar to that 

of the other opioids. 

From the dose-response curves, the EC50 values of the opioids were determined, 

allowing for the comparison of their potencies. Furthermore, as with the cAMP 

signaling pathway analysis, receptor efficacy was assessed by calculating the 

RO required to achieve half-maximal ERK1/2 phosphorylation, using the affinity 

constants obtained from the two different buffer conditions. 

Figure 22: Dose-response curves of opioids for ERK1/2 phosphorylation 
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 EC
50

 [nM] K
i
 [nM] RO [%] K

i
 [nM] RO [%] 

  TRIS-buffer DMEM 

CAR 0.21 ± 0.11 0.71 ± 0.16 22.8 ± 13.2 7.10 ± 1.30 2.87 ± 2.03 

FEN 6.57 ± 4.32 7.81 ± 1.52 45.7 ± 22.0 98.4 ± 13.6 6.26 ± 4.71 

REMI 5.06 ± 2.43 9.86 ± 1.11 33.9 ± 13.4 336 ± 110 1.48 ± 1.31 

MOR 41.0 ± 11.3 48.3 ± 3.67 45.9 ± 8.8 1276 ± 182 3.11 ± 1.28 

ENDO 5.80 ± 1.42 39.7 ± 4.15 12.7 ± 3.9 746 ± 64.1 0.77 ± 0.26 

 

Table 10: Summary of binding affinities determined in different buffer 
systems, potencies and receptor occupancies of opioid agonists for 
ERK1/2 phosphorylation 

K i  values were obtained from Table 6, EC50 values were obtained from data shown 
in Figure 22B using GraphPad Prism 10.3.1 (Non-linear regression log (agonist)  vs. 
response (three parameters)). Values represent the mean ± SEM of individual 
experiments. ROs were calculated using Equation 5 and describe proportions of 
receptor-binding required for half maximal ERK1/2 phosphorylation induced by 
opioids. The error was est imated by calculat ing RO at the upper and lower l imits of 
K i  and EC₅₀ values, with the f inal uncertainty def ined as half of the result ing range. 
Statistical analysis was conducted using a one-way ANOVA, followed by Dunnett ’s 
multiple comparison test to assess signif icant differences in RO values relative to 
CAR’s RO. No signif icant difference was observed. 

Among the opioids tested, CAR demonstrated the highest potency (0.7 nM), 

followed by FEN, REMI and ENDO, which showed similar EC50 values ranging 

from 5 to 7 nM. MOR exhibited the lowest potency, with an EC50 value around 41 

nM. This ranking of potency aligns with the data obtained from the cAMP assays. 

Notably, the potencies for ERK1/2 phosphorylation were consistently lower 

across all opioids compared to their ability to inhibit FSK-induced cAMP 

accumulation. 

As a result, the RO values calculated for ERK1/2 phosphorylation were 

considerably higher than those observed in the cAMP pathway, regardless of the 

buffer system used to determine the Ki values. This indicates a lower receptor 

efficacy for ERK1/2 activation, meaning a greater proportion of µOR must be 

occupied to trigger ERK1/2 signaling compared to what is required for cAMP 

inhibition. Based on the lower Ki values measured in TRIS-buffer, ROs for half-

maximal ERK1/2 activation ranged between 13% and 46%. ENDO required the 

least receptor occupancy (13%) and was therefore the most efficient at inducing 
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pERK1/2, followed by CAR (23%), REMI (34%), and finally MOR and FEN, both 

requiring around 46%. Interestingly, the phenomenon observed with cAMP 

inhibition - where CAR achieved similar effects with significantly lower RO - did 

not apply to ERK1/2 phosphorylation.  

When ROs were calculated using higher Ki values from DMEM, the occupancy 

levels required were predictably lower. In this condition, ENDO required the least 

receptor binding, with an occupancy of 0.8% to achieve half-maximal ERK1/2 

phosphorylation, followed by REMI, CAR and then MOR and FEN. Here also, 

CAR´s receptor efficacy did not stand out as uniquely as it did in the cAMP 

pathway, with its RO of around 3% falling within the mid-range of the group. 

6.4.5. Bias assessment of opioid signaling towards the cAMP 

pathway 

To further compare the effects of opioids on the cAMP and pERK1/2 signaling 

pathways, the ratio of ROs was calculated. Additionally, the bias factor was 

determined, which indicates the preference of a ligand to activate one signaling 

pathway over another relative to a reference ligand. ENDO was used as the 

reference ligand in these calculations. 

 

 Ratio of RO 

(pERK/cAMP) 

TRIS-buffer 

Ratio of RO 

(pERK/cAMP) 

DMEM  

Bias factor 

relative to ENDO 

(cAMP/pERK) 

CAR 8.44 3.18 10.8 

FEN 2.55 2.71 3.33 

REMI 2.11 2.50 2.10 

MOR 2.68 5.44 2.73 

ENDO 1.34 1.04 1.00 

 

Table 11: Ratio of ROs required for ERK1/2 phosphorylation versus cAMP 
inhibition, along with the bias factor for cAMP inhibition relative to ENDO 

Ratio between ROs required for half  maximal ERK1/2 phosphorylation (Table 10) 
and cAMP inhibit ion (Table 9) were build either with values aris ing from calculation 
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with K i  values determined in TRIS-buffer or DMEM (Table 6). Bias factor was 
calculated using Equation 6 and ENDO as the reference ligand.  

The RO ratios were relatively consistent across the two buffer systems used to 

determine Ki values. ENDO had ratios around 1, indicating that it required similar 

levels of RO to achieve either 50% inhibition of cAMP signaling or 50% ERK1/2 

phosphorylation. This finding suggests that ENDO does not show a preference 

for one signaling pathway over the other, making it an excellent reference ligand 

for calculating the bias factor. In contrast, FEN and REMI exhibited ratios 

between 2 and 3, indicating a slight preference for cAMP signaling over ERK1/2 

phosphorylation when binding to the receptor. MOR had a ratio of nearly 3 based 

on its Ki in TRIS-buffer and around 5 when measured in DMEM, making it the 

highest recorded value in that buffer system. This data suggests that under the 

DMEM conditions, MOR shows a stronger bias toward the cAMP pathway 

compared to the other opioids, with CAR closely following at a factor of 3. When 

measured in TRIS-buffer, CAR exhibited an even higher ratio of more than 8, 

indicating a strong bias toward the cAMP signaling pathway compared to the 

other opioids.  

This bias was further supported by the calculated bias factor, which helps isolate 

pathway preference from binding affinity, eliminating any differences that might 

arise from the experimental conditions used for measuring affinity. While FEN, 

REMI and MOR had bias factors of only 2-3 relative to ENDO, CAR demonstrated 

a significant bias factor of almost 11, highlighting its strong preference for the 

cAMP pathway. 

Consequently, although all tested opioids exhibited some degree of pathway bias 

favoring cAMP signaling over ERK1/2 phosphorylation, CAR stood out with a 

markedly stronger bias, distinguishing it from the other tested opioids. 

6.5. Screening of opioid-induced phosphorylation patterns 

in cellular proteins  

Findings of this study indicate that CAR demonstrates a pronounced bias toward 

cAMP signaling, in addition to the documented bias toward β-arrestin signaling 

observed in previous studies [211]. However, beyond these pathways, little is 

known about CAR’s signaling profile, underscoring the need for further 
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investigation. Despite extensive research on opioids, no studies to date have 

systematically examined multiple signaling pathways of CAR in parallel. A 

comprehensive analysis of its broader signaling network could provide valuable 

insights into whether CAR occupies a unique role in opioid signaling. 

A particularly effective method for such thorough analysis was the use of a 

phospho-kinase array. This technique enabled the simultaneous screening of 

multiple cellular proteins to evaluate their activation or inactivation in response to 

opioid stimulation.  To optimize the assay kinetics for opioid-induced protein 

phosphorylation, the initial experiment aimed at finding the ideal incubation time 

for opioids with the cells. FEN was chosen for this purpose, as it is well-

characterized in terms of its effects on specific protein phosphorylation, making it 

an effective positive control for the kinetic analysis. The results presented focus 

on three kinases: CREB, ERK1/2 and Lck. 

 

Figure 23: Kinetics of FEN-induced CREB, ERK1/2 and Lck 
phosphorylation 

Three million HEK293-µOR cells were stimulated on 5 mL cell culture dishes with 1 
µM FEN or an equivalent concentration of MeOH as a control for the specif ied t ime 
intervals. A phospho-kinase array was performed per protocol (section 5.6.) , and 
the luminescence of each nitrocellulose membrane was measured. The area under 
the curve for each luminescence spot was normalized to the reference spot of the 
respective membrane and adjusted for the basal value. FEN-induced protein 
phosphorylation is presented as the mean ± SEM of the percentage of basal over 
time. Statistical signif icance for each time point relative to basal was assessed by 
one-way ANOVA with Dunnett’s multiple comparison test (**p<0.01, ***p<0.001, 
****p<0.0001) 
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All three assessed kinases exhibited time-dependent phosphorylation in 

response to FEN stimulation, using a saturated concentration to ensure maximal 

activation. The phosphorylation of CREB and ERK1/2 in response to FEN is well-

established [293,456-458] and was replicated here. While Lck phosphorylation at 

Y394 has not been specifically investigated in the context of FEN, research 

suggests that µOR activation can influence Lck activity [459]. In this experiment, 

significant Lck phosphorylation at Y394 following FEN stimulation for 10 minutes 

was observed.  

Interestingly, the phosphorylation levels of all kinases - CREB, ERK1/2, and Lck 

- peaked at 10 minutes before declining. This time point demonstrated the highest 

statistical significance, making it optimal for producing robust and interpretable 

assay results. However, it is important to note that the analysis of ERK1/2 

phosphorylation in this assay did not align with the previous Western Blot results, 

which indicated that FEN-induced ERK1/2 phosphorylation peaked as early as 

2.5 minutes (Figure 21). This discrepancy may stem from differences in 

experimental design and the kinetics of the assays used. Despite not being able 

to directly correlate the assays, the overall FEN-induced phosphorylation of 

ERK1/2 was successfully reproduced. Since this section focused on comparing 

the signaling pathways differentially activated by opioids, 10 minutes were 

chosen as a suitable incubation time for subsequent experiments. 

Next, the phosphorylation patterns of the proteins listed in Table 4 were analysed 

in HEK293-µOR cells after stimulation with saturated concentrations of CAR, 

FEN, REMI and ENDO. To ensure sufficient comparability, each opioid was 

tested three times against every other opioid, resulting in a total of nine 

experiments per opioid stimulation. An example of the resulting nitrocellulose 

membrane readings, following cell lysate processing and development, is shown 

below.  

In earlier experiments, MOR was included alongside the other opioids to 

thoroughly compare CAR with other opioids. For this particular assay, however, 

MOR was left out. Since ENDO had proven to be a reliable reference in prior 

studies, as it showed no bias in cAMP assays or ERK1/2 phosphorylation, its 



113 
  

inclusion alongside the FEN derivatives was considered a strong foundation for 

evaluating how CAR modulates kinases in comparison to other opioids. 

 

Three mill ion HEK293-µOR cells were stimulated in 5 mL culture dishes with the 
specif ied opioid concentrat ions for 10 minutes at 37°C. Phospho-kinase array was 
conducted as outlined in Chapter 5.6 and kinase phosphorylation was detected on 
nitrocellulose membranes using chemiluminescence. A representative set of  
membranes is shown as captured by the BioRad ChemiDoc system. 

As already mentioned, some phosphorylation events, such as opioid-induced 

CREB phosphorylation, are well-documented in the literature [456,457]. The 

visible changes observed in many spots after opioid stimulation clearly indicated 

that the assay was working as intended. However, to ensure accurate 

quantification, standardization and interpretation of these signals, further 

processing of the collected data was required. The heat map below illustrates the 

modulation of protein activity (phosphorylation or dephosphorylation) in response 

to saturated opioid concentrations, compared to the solvent control. 

1 µM 

FEN  

10 µM 

ENDO  

0.03% 

MeOH 

0.05% 

MeOH 

100 nM 

CAR 

1 µM 

REMI  

0.04% 

MeOH 

0.00 % 

MeOH 

Figure 24: Exemplary phospho-kinase array membranes for each opioid 
stimulation and respective solvent control, recorded via 
chemiluminescence detection 
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Figure 25: Phosphorylation pattern of cellular proteins induced by opioids 

Three mill ion HEK293-µOR cells were stimulated in 5 mL culture dishes with the 
indicated opioid concentrations for 10 minutes at 37°C. The phospho-kinase array 
was performed as described in Chapter 5.6, and kinase phosphorylation was 
detected on nitrocellulose membranes via chemiluminescence. Luminescence 
signals from individual spots on the membranes were quantif ied densitometrical ly 
using the Fij i ImageJ software. AUC values were normalized to the reference spot 
on each membrane and adjusted relative to the corresponding basal values. In this 
heat map, phosphorylation and dephosphorylation events are represented by color:  
red indicates phosphorylation, while blue indicates dephosphorylat ion. Opioid-
induced modulat ion of each protein is presented as the mean percentage relative 
to the basal value. n=9. Statistical signif icance of kinase modulat ion with and 
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without opioid stimulation was analyzed using unpaired t- tests (*p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001). 

Several targets, such as CREB, ERK1/2, STAT1, AKT1/2/3 (S473), cJun and 

RSK1/2/3 (S380/S386/S377), showed similar modulation across all the opioids 

tested. In contrast, other targets were uniquely modulated by only one or a 

specific subset of opioids - for example, AKT1/2/3 (T308) by REMI, Src, Yes and 

Chk4 by FEN, p70S6 (T421/S424) by CAR and p53 (S392) by ENDO. FEN-

induced Lck phosphorylation after 10 minutes was consistently observed, as 

previously seen in Figure 23. In addition, CAR and ENDO also demonstrated Lck 

phosphorylation in this analysis. 

To further explore differences between the opioids and identify any potential top-

performers, the number of modulated proteins was counted for each opioid 

stimulation. During the experiments, it was observed that differences with low 

statistical significance (p > 0.01) varied widely between individual experiments. 

Therefore, the analysis was conducted using two significance levels as cut-offs 

to enhance reliability. 

 All significance levels Significance levels p<0.01 

 Modulated  

(of 39) 

Phosphory 

lated 

Dephos 

phorylated 

Modulated 

(of 39) 

Phosphor

ylated 

Dephos 

phorylated 

CAR 14 9 5 9 8 1 

FEN 21 18 3 14 12 2 

REMI 18 9 9 13 8 5 

ENDO 12 11 1 9 8 1 

 

Table 12: Number of modulated proteins through opioid stimulation 

Number of proteins modulated, phosphorylated and dephosphorylated, as 
determined from data shown in Figure 25. The analysis was performed including all  
signif icance levels or only those with p < 0.01. 

The choice of significance levels included in the analysis played a crucial role. 

When all significance levels were considered, all opioids displayed modulation of 

a larger number of proteins. In this context, FEN appeared to be the top 

performer, modulating a total of 21 proteins, with only 3 showing 



116 
 

dephosphorylation. Close behind was REMI, which modulated 18 proteins, but 

had an equal split between phosphorylation and dephosphorylation. CAR and 

ENDO modulated 14 and 12 proteins, respectively, with both showing more 

phosphorylation events than dephosphorylation. 

When the lowest significance level was excluded, thereby increasing the 

reliability of the results, the number of modulated proteins across all opioids 

decreased. Nevertheless, the overall trends from the first numerical analysis 

remained consistent. FEN continued to modulate the highest number of proteins, 

totaling 14, of which 12 were phosphorylated. REMI followed closely with 13 

proteins modulated, but nearly 40% of these showed dephosphorylation, the 

highest proportion among the opioids. CAR and ENDO each modulated 9 

proteins, with over 90% of those showing phosphorylation. It's important to note 

that the similarity in the number of modulated proteins doesn’t mean that the 

target proteins or their modulation patterns were identical. Despite major 

overlaps, such as the phosphorylation of CREB, ERK1/2, Akt1/2/3 (S473) and 

RSK1/2/3 (S380/S386/S377), as well as the dephosphorylation of STAT1, there 

were also notable differences. Table 13 below highlights these significant 

differences in protein modulation in FEN-, REMI- and ENDO-stimulated cells 

compared to CAR-stimulated cells. To ensure statistical robustness, only 

significance levels of p<0.01 or lower were considered and only proteins with 

significant modulation differences are included in the table. 

 FEN REMI ENDO 

EGF-R **** ns ns 

eNOS ** ns ns 

MSK1/2 ** ns ns 

Src ** ns ns 

Akt1/2/3 (S473) ns ** ns 

RSK1/2 (S221/S227) ns ** ns 

 

Table 13: Comparison of cellular protein modulation following stimulation 
with CAR, FEN, REMI and ENDO 



117 
  

Data presented originate from the same experiment as Figure 25. Statistical 
signif icance of individual protein phosphorylat ion was assessed using one-way 
ANOVA followed by Dunnett’s multiple comparison test to evaluate differences in 
protein modulation in cells stimulated with FEN, REMI and ENDO, compared to CAR 
stimulation (**p<0.01, ****p<0.0001). 

For the majority of proteins in this array, CAR-induced modulation did not 

significantly differ from that induced by other opioids. However, FEN uniquely 

increased phosphorylation of EGF-R, eNOS, MSK1/2 and Src, while REMI 

promoted phosphorylation of AKT1/2/3 (S473) and dephosphorylation of RSK1/2 

(S21/S227) - both patterns not observed with CAR. Figure 25 revealed specific 

distinctions between CAR and ENDO: for example, β-catenin phosphorylation 

was exclusive to ENDO, while CAR uniquely stimulated PRAS40. However, 

Table 13 shows no statistically significant differences between CAR and ENDO, 

suggesting an overall similarity in their protein modulation profiles within this 

analysis. These results highlight the complexity of interpreting opioid-induced 

protein modulation, seen in this assessment. 

Overall, CAR did not show a distinctly different effect on the kinase network. It 

neither phosphorylated significantly more proteins nor demonstrated statistically 

unique modulation compared to the other opioids tested. However, it notably 

induced specific phosphorylation of p70S6 at residues T421 and S424 - a 

modification previously described for MOR [460] and other opioids not analyzed 

in this study [461,462]. This analysis successfully reproduced several protein 

modulations previously documented in the literature while also uncovering new 

modulation patterns unique to this study.  
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6.6. Analysis of opioid-induced µOR phosphorylation at 

S375, T370 and T379 

To investigate µOR modulation by opioids beyond traditional signaling assays, 

additionally, agonist-induced receptor phosphorylation was examined. 

Specifically, phosphorylation patterns induced by CAR, FEN, REMI, MOR and 

ENDO were examined at three C-terminal amino acids: Serine 375 (S375), 

Threonine 370 (T370) and Threonine 379 (T379). For this, a magnetic-bead-

based immunoprecipitation method followed by detection using the ELISA 

principle was used. 

It is well established that opioids can induce receptor phosphorylation with 

varying efficacy [300,463]. While µOR phosphorylation has been extensively 

studied for MOR, a review of the literature suggests that no data are available 

regarding CAR-induced phosphorylation. Therefore, this analysis provides novel 

insights into the phosphorylation profile of CAR in comparison to other opioids. 

The graphs below illustrate the opioid-induced phosphorylation of the respective 

residues compared to the corresponding solvent control, presented as either raw 

or normalized data. 
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Figure 26: Opioid-induced µOR phosphorylation at S375, T370 and T379 
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HEK293-µOR cells (80,000/well) were stimulated in tr iplicates on 96-well plates 
with the indicated concentrations of each opioid, alongside corresponding solvent 
controls for 5 minutes at 37°C. Phosphorylation assays were performed as 
described in section 5.8. n=4-5 A, C, E:  Optical density at 405 nm (OD405) was 
measured and adjusted by subtracting the OD405 values of the respective solvent 
controls. Opioid-induced µOR-phosphorylation at specif ic residues is presented as 
the mean ± SEM of OD405 values over basal. B, D, F: Basal-corrected OD405 values 
were normalized as percentage above basal. Opioid- induced µOR-phosphorylation 
at specif ic residues is shown as the mean ± SEM of % increase over basal.  
Statistical analyses were conducted using a one-sample t-test to evaluate 
signif icant phosphorylation (#p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001) or one-
way ANOVA followed by Dunnett's mult iple comparisons test, where CAR-induced 
phosphorylation was compared to that induced by all other opioids (*p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001). 

To ensure maximum signal detection, saturated opioid concentrations were used 

for this analysis. All tested opioids induced significant phosphorylation at S375, 

generating the highest ELISA signals among the examined residues. Given that 

S375 is a primary phosphorylation site of the µOR, this likely contributes to the 

consistently high levels of phosphorylation observed at this residue across all 

opioids tested. Most opioids produced a similar response at S375, with 

phosphorylation levels around 150% above baseline, except for MOR, which had 

significantly lower phosphorylation levels at about 50% above baseline. Given 

that MOR shows reduced phosphorylation at this key site, it’s reasonable to think 

that phosphorylation at downstream residues is also diminished. This is reflected 

in the results for T370 and T379, where MOR showed minimal to no 

phosphorylation. This pattern is consistent with existing literature [258,300,464] 

and was successfully reproduced in the course of this work. 

Interestingly, CAR induced significantly higher phosphorylation at both T370 and 

T379 compared to all other opioids tested, with phosphorylation levels reaching 

approximately 90% over basal for T370 and 100% over basal for T379. In 

contrast, phosphorylation levels at these residues for the other opioids, with the 

exception of MOR, were relatively consistent, ranging from 30-40% above 

baseline for T370 and 60-70% above baseline for T379.  
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6.7. Evaluation of antagonists and antibodies targeting 

carfentanil and other opioids 

Numerous reports indicate that receptor antagonists often prove insufficient in 

cases of CAR intoxications [18,344,465]. It has been demonstrated in this study 

that CAR stands out among the opioids tested, exhibiting ultra-efficient cAMP 

signaling, which may contribute to its unique pharmacological profile. This led to 

an examination of how this phenomenon might influence the effectiveness of 

standard receptor antagonists at the cellular level. Additionally, the potential of 

specific antibodies as an alternative method to block the effects of FEN analogs 

was explored.  

6.7.1. Comparison of naloxone and nalmefene potency against 

carfentanil and other opioids 

Two clinically approved OR antagonists, NLX and NLM, widely used in the 

treatment of opioid intoxications, were tested for their ability to inhibit the effects 

of CAR, FEN, REMI, MOR and ENDO. To assess the effectiveness of these 

antagonists, radioactive cAMP assays were conducted to determine the IC50 

values for each antagonist against these opioids. Opioid concentrations were 

adjusted to match their receptor affinity, ensuring an equal pharmacological basis 

for comparing the antagonists. Since the cAMP assays were carried out using 

DMEM as the buffer for cell stimulation, the opioid affinities were normalized 

based on Ki values determined with the binding assays conducted in DMEM + 50 

mM HEPES (Table 6).  
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300,000 HEK293-µOR cells per well were labeled overnight with 1 µCi/mL [³H]-
adenine. The following day, cells were stimulated in tr iplicates at 37°C for 20 
minutes with 500 µM IBMX, 50 µM FSK, the specif ied opioid concentrations and 
increasing concentrations of NLX. The radioactivity of purif ied cell lysates was then 
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Figure 27: Neutralizing effect of NLX on opioid-induced attenuation of 
FSK-mediated cAMP accumulation 
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measured using a liquid scintil lation counter. Fmol cAMP per well were calculated 
from measured dpm values with Equation 4. Calculated values were adjusted by 
subtracting the basal signal (IBMX only). Bars represent the FSK signal (blue), the 
FSK signal in the presence of an opioid (red) or the FSK signal with both an opioid 
and the corresponding NLX concentration (green). n=4. Stat istical analysis was 
conducted with one-way ANOVA, followed by Dunnett’s multiple comparison test to 
determine signif icant differences relative to cells stimulated with FSK alone 
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).   

E 
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C 

Figure 28: Neutralizing effect of NLM on opioid-induced attenuation of 
FSK-mediated cAMP accumulation 
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300,000 HEK293-µOR cells per well were labeled overnight with 1 µCi/mL [³H]-
adenine. The following day, cells were stimulated in tr iplicates at 37°C for 20 
minutes with 500 µM IBMX, 50 µM FSK, the specif ied opioid concentrations and 
increasing concentrations of NLM. The radioactivity of cell lysates was then 
measured using a liquid scintil lation counter. Fmol cAMP per well were calculated 
from measured dpm values with Equation 4. Calculated values were adjusted by 
subtracting the basal signal (IBMX only). Bars represent the FSK signal (blue), the 
FSK signal in the presence of an opioid (red) or the FSK signal with both an opioid 
and the corresponding NLM concentrat ion (green). n=4. Statistical analysis was 
conducted with one-way ANOVA, followed by Dunnett’s multiple comparison test to 
to identify signif icant differences relat ive to cells stimulated with FSK alone 
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

All tested opioids significantly reduced the FSK-induced signal, which correlates 

with a decrease in intracellular cAMP levels. The FSK inhibition consistently 

ranged between 80% and 85% across all opioids, which is in alignment with the 

observations presented in Figure 18. Both antagonists reversed the opioids’ 

effects on cAMP in a concentration-dependent manner. While the lowest NLX 

concentration tested (10 nM) had no effect on FSK inhibition by any opioid, at 

100 µM, NLX completely blocked the effects of all opioids, except for 10 nM CAR. 

This is indicated by the remaining significant difference between the highest NLX 

concentration and the FSK baseline (Figure 27A).  

NLM exhibited similar effects to NLX; it significantly blocked opioid-induced 

signals. However, unlike NLX, NLM was able to fully inhibit the CAR-induced 

cAMP attenuation at the highest tested concentration, indicating a higher 

maximal antagonization of CAR. This was evident from the fact that there was no 

significant difference between the signal induced by 10 nM CAR in the presence 

of 100 µM NLM and the baseline FSK signal. At higher concentrations (10 and 1 

µM), NLM unexpectedly seemed to increase cAMP levels in cells stimulated with 

MOR. This effect may reflect an enhancement of FSK or AC activity specifically 

within the context of MOR signaling, as no similar response was observed with 

other opioids. This effect is intriguing but remains unclarified within the scope of 

this study. 

To provide a more quantitative comparison of the effectiveness of both 

antagonists against the opioids, their IC50 values were determined.  
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See Figure 27 and Figure 28 for details on experimental procedure. Measured dpm 
values were baseline-corrected by subtracting the signal from IBMX alone. The 
difference between the FSK and opioid signals was defined as 100% and 
differences between the antagonist and opioid signals were then normalized relative 
to this value. The result ing values represent the percentage inhibit ion of the opioid-
induced suppression of FSK, which were plotted as mean ± SEM against logarithmic 
concentrations of the antagonist. 

 NLX NLM 

 EC50 [nM] Max. inhibition [%] EC50 [nM] Max. inhibition [%] 

CAR 4664 ± 1668 64.3 ± 14.4 3840 ± 1982 95.3 ± 4.84 

FEN 459 ± 244 *** 73.9 ± 5.74 83.8 ± 14.9* 112 ± 12.3 

REMI 149 ± 78.1 *** 80.5 ± 14.1 135 ± 28.2* 91.7 ± 2.89 

MOR 330 ± 61.2 **** 103 ± 10.2 33.9 ± 13.1* 145 ± 9.80** 

END

O 

388 ± 57.7 **** 119 ± 15.4* 101 ± 15.8* 125 ± 11.1 

 

Table 14: IC50 values and maximal inhibtion of NLX and NLM against 
opioid concentrations of equal affinity 

IC50 values were determined from data in Figure 29 using GraphPad Prism 10.3.1 
(Non-linear regression log (agonist) vs. response (three parameters)). Maximal 
inhibition was calculated as the dif ference between top and bottom of curves. 
Values represent the mean ± SEM of individual experiments. Statistical analysis 
was conducted using a one-way ANOVA followed by Dunnett's multiple comparison 
test to evaluate differences in the performance of NLX and NLM, specif ically their  
IC50 values and maximal inhibit ion, when tested against CAR compared to other 

B A 

Figure 29: Inhibitory potencies of NLX and NLM against opioid 
concentrations of equal affinity 
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opioids. Asterisks indicate signif icant differences compared to CAR: *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. 

While the IC50 value reflects the antagonist’s potency against each opioid, the 

maximal inhibition describes the highest level of antagonism achievable at 

increased antagonist concentrations. The observed sigmoidal curves align with 

the results in the column diagrams, indicating consistent trends. NLX generally 

demonstrated lower maximal inhibition against FEN derivatives compared to 

MOR and ENDO, though this difference was statistically significant only for 

ENDO. Notably, NLX´s maximal antagonism observed for CAR was was lower 

than its capacity against the other opioids, reaching only 64%.  

NLM showed high maximal inhibition of MOR and ENDO, though this may have 

been influenced by its low-concentration effect of increasing cAMP signals, as 

described earlier. Nevertheless, at its highest concentration, NLM fully inhibited 

all opioids, including CAR, achieving nearly 100% efficacy. 

Since opioid concentrations were normalized to their affinity - assuming 50% 

receptor occupancy in each setup - similar antagonist performance would have 

been expected across opioids, as the competitive environment for receptor 

binding was standardized. For NLX, this expectation held true for FEN, MOR and 

ENDO, where IC50 values ranged from 330 to 460 nM. Although NLX showed a 

slightly lower IC50 value of 150 nM for REMI, it still fell within a comparable range. 

In contrast, NLX exhibited a substantially lower potency against CAR, with an 

IC50 value of over 4.5 µM, indicating not only reduced maximal inhibition but also 

markedly lower potency against CAR. The difference in NLX potency between 

MOR and CAR was approximately 14-fold. 

A similar trend was observed with NLM. NLM’s IC50 values were somewhat lower 

(34-135 nM) than those of NLX, suggesting a slightly better overall performance. 

However, NLM also displayed significantly lower potency against CAR than 

against the other opioids, with an IC50 value nearing 4 µM. The difference in 

potency against MOR and CAR was even more pronounced with NLM, exceeding 

110-fold, highlighting that while NLM was generally more potent against all tested 

opioids, its relative potency against CAR was even lower than that of NLX. 
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These findings align with CAR’s high potency and highlight that NLX, in particular, 

struggles to counter CAR-induced cAMP reduction. Specifically, NLX appeared 

to have a reduced maximal capacity in antagonizing CAR compared to the other 

opioids tested. Although NLM proved more effective than NLX, it also showed 

significantly reduced potency against CAR when compared to the other opioids. 

6.7.2. Screening of neutralizing antibody effects on µOR binding of 

carfentanil and other opioids 

The findings of present study indicate that once CAR binds to the µOR, it is highly 

effective in activating certain signaling pathways. Furthermore, they suggest that 

using OR antagonists to block CAR's binding to the µOR may not be the most 

effective strategy. An alternative approach could involve neutralizing CAR directly 

with specific antibodies before it interacts with the receptor. The following section 

explores antibodies originally developed against FEN, examining their effects on 

µOR binding by both FEN and CAR, as well as their cross-reactivity with [³H]-

NLX, REMI, MOR and ENDO by performing competitive ligand binding assays.  

In earlier experiments, binding assays were used to assess the affinity and 

binding behavior of µOR ligands by directly measuring the displacement of the 

tracer [³H]-NLX. To indirectly evaluate the neutralizing effect of antibodies on 

opioid-receptor binding, it was examined whether µOR agonists could still 

displace the tracer in the presence of these antibodies. Since this experimental 

approach was, according to current knowledge, entirely novel, it was approached 

gradually, with each component being tested carefully to validate the 

methodology.  



128 
 

 

Figure 30: Principle of ligand binding assay for investigating neutralizing 
antibody effects on opioids´ receptor binding  

The radiolabeled tracer [³H]-NLX binds to µORs expressed in HEK293-µOR cell  
membranes and total tracer binding is measured by radioact ivity. In the presence 
of an opioid that can bind to the receptor, the tracer is displaced, result ing in 
decreased radioactivity. If an antibody neutralizes the opioid and prevents its 
receptor binding, more tracer remains bound, leading to an increase in measured 
radioactivity.  

6.7.2.1. Antibodies´ effect on [³H]-naloxone binding 

Initially, the effect of 500 nM antibody (listed in 4.6) on [³H]-NLX binding alone 

was assessed, to rule out any potential interference from the antibodies on the 

tracer itself, ensuring accurate interpretation in subsequent experiments. 
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Figure 31: Antibodies´ effect on [³H]-NLX binding  
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20 µg HEK293-µOR membrane preparation was incubated in triplicates with 5 nM 
[³H]-NLX, either alone or in combination with 500 nM of the indicated ant ibodies, 
diluted in 50 mM TRIS-HCl (pH 7.4) for 30 minutes at 37°C. Radioactive decay of  
f ilter patches was measured and the result ing dpm values were normalized to the 
percentage of the control condit ion ([³H]-NLX alone). Results of three individual 
experiments are presented as mean ± SEM of percentage tracer binding. Statistical 
analysis was performed using one-way ANOVA followed by Dunnett’s multiple 
comparison test to determine signif icant differences between antibody-stimulated 
membranes and control (**p<0.01, ****p<0.0001). 

With the exception of antibodies ab3 and ab5, none of the tested antibodies 

significantly influenced [³H]-NLX binding to the receptor, underscoring their 

specificity in distinguishing between agonists and antagonists. Ab3 and ab5 

however, significantly increased measured radioactivity by approximately 10-

15%. This increase might suggest an enhancing effect on tracer binding, which 

should be considered when interpreting later results, as it may lead to an 

overestimation of ab3 and ab5’s performance against opioids. Though the real 

cause of this effect remains unclear and was not further investigated in this study.  

Importantly, however, none of the antibodies - including ab3 and ab5 - displaced 

the tracer from the receptor. Such displacement would have prevented the 

evaluation of the opioid effect and, by extension, the antibodies’ influence on the 

opioid effect, thereby complicating the interpretation of subsequent experiments.  

6.7.2.2. Antibodies´ effect on fentanyl receptor binding 

All nine antibodies investigated in this study were originally generated against 

FEN, primarily for laboratory applications such as ELISA experiments. To date, 

these antibodies have not been tested for their ability to bind FEN in a biological 

system, nor have they been evaluated in the context of µORs. To assess the 

suitability of the ligand-binding assay for evaluating the neutralizing effects of 

these antibodies on opioids, the following section explored their neutralizing 

potential on FEN binding at the receptor level. 
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20 µg HEK293-µOR membrane preparation was incubated in triplicates with 5 nM 
[³H]-NLX either alone, in combination with 150 nM FEN, or with 150 nM FEN and 
500 nM of the indicated ant ibodies for 30 minutes at 37°C. All dilutions were made 
in 50 mM Tris-HCl (pH 7.4). Radioactive decay was measured and the result ing dpm 
values were normalized to the percentage of the control condit ion ([³H]-NLX alone). 
Data from 3-5 independent experiments are presented as mean ± SEM. Statistical 
analysis was performed using one-way ANOVA followed by Dunnett’s multiple 
comparison test. Asterisks indicate signif icant differences between FEN and 
antibody-stimulated membranes compared to the control (****p<0.0001), while 
diamond symbols indicate signif icant differences between antibody-stimulated 
membranes and FEN stimulation alone (####p<0.0001). 

As expected, FEN significantly reduced tracer binding by approximately 50%, 

creating a suitable measure for evaluating the subsequent effects of the 

antibodies. This result aligns with the displacement observed in the competitive 

binding curves, which were used to assess FEN's binding affinity in TRIS-buffer 

(Figure 16D). Of the nine anti-FEN antibodies tested, seven demonstrated 

functionality in this assay. At a concentration of 500 nM, these antibodies 

effectively inhibited FEN-induced tracer displacement, with ab2, ab4, ab5, and 

ab6 achieving complete inhibition (100%) and restoring the control signal (see 

also Table 15). In contrast, ab1 and ab9 were unable to fully inhibit FEN, as 

indicated by a remaining significant difference compared to the control value of 

[³H]-NLX alone. Antibodies ab7 and ab8, however, did not affect FEN-induced 

[³H]-NLX displacement at all, as shown by the absense of a significant difference 

from the FEN signal alone, suggesting they were not functional against FEN 

within the tested concentration range in this assay. 
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Figure 32: Antibodies´ effect on FEN binding 
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6.7.2.3. Antibodies´ effect on carfentanil receptor binding 

In this chapter it was evaluated, whether anti-FEN antibodies could also inhibit 

CAR-µOR binding by assessing their ability to neutralize CAR’s [³H]-NLX 

displacement. 

20 µg membrane preparation of HEK293-µOR cells was incubated in tr ipl icates with 
5 nM [³H]-NLX, either alone, combined with 10 nM CAR, or with 10 nM CAR and 
500 nM of the specif ied antibodies for 30 minutes at 37°C. Further procedure was 
as outlined in Figure 32. Data from 3-5 independent experiments are presented as 
mean ± SEM of percentage tracer binding. Stat istical analysis was performed using 
one-way ANOVA fol lowed by Dunnett’s multiple comparison test. Asterisks label 
signif icant differences between CAR and antibody-stimulated membranes compared 
to the control (***p<0.001, ****p<0.0001), while diamond symbols indicate 
signif icant differences between antibody-stimulated membranes and FEN alone 
(###p<0.001, ####p<0.0001). 

At a concentration of 10 nM, CAR displaced the tracer by approximately 60%, 

which was consistent with the results observed in the competitive binding curves 

used for affinity assessment (Figure 16C). Besides FEN, antibodies ab3, ab5, 

and ab6 also inhibited CAR's [³H]-NLX displacement, demonstrating notable 

impacts on its receptor binding. While ab3 exhibited a modest inhibitory efficacy 

of around 20%, the other functional antibodies showed stronger effects, with 

efficacies between 50% and 80% (Table 15). Notably, ab3 and ab5 were shown 

to increase tracer binding (Figure 31), potentially leading to a slight 

overestimation of their inhibitory effect. Although ab8 did not affect FEN-receptor 

binding, it significantly inhibited CAR’s effects, suggesting that it is CAR-specific 

in this assay, despite being initially developed against FEN.  
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Figure 33: Antibodies´ effect on CAR binding 
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6.7.2.4. Antibodies´ crossreactivity towards remifentanil, morphine and 

endomorphin-1 receptor binding 

To assess the specificity of the antibodies in neutralizing opioid-receptor 

interactions - particularly concerning FEN and CAR - their effects on other opioid 

groups, including natural, endogenous and further FEN-like opioids, were also 

examined. For this reason, the antibodies were tested against REMI, MOR and 

ENDO. Since antibody ab7 did not show significant effects on FEN or CAR and 

was therefore deemed irrelevant to this study, it was excluded from further 

analysis.  
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20 µg membrane preparation of HEK293-µOR was incubated in tr iplicates with 5 nM 
[³H]-NLX, either alone, combined with the respective opioid concentration, or with 
the indicated opioid concentration and 500 nM of the specif ied antibodies for 30 
minutes at 37°C. All dilutions were made in 50 mM TRIS-HCl (pH 7.4). Radioactive 
decay was measured and the result ing dpm values were normalized to the 
percentage of the control condit ion ([³H]-NLX alone). Data from 3-4 independent 
experiments are presented as mean ± SEM of percentage tracer binding. Statistical 
analysis was performed using one-way ANOVA followed by Dunnett’s multiple 
comparison test to assess signif icant antibody effects on opioid tracer 
displacement. No signif icant antibody effects were observed. 

REMI at 500 nM displaced [³H]-NLX by approximately 40-50%, aligning with 

previous competitive binding data observed in this study (Figure 12E). Similarly, 

0.2 µM MOR displaced the tracer by 35-50%, which also corresponded well with 

prior results (Figure 16F). At 1 µM, ENDO produced a slightly lower displacement 

of 40-50%, compared to the expected 70% based on earlier data (Figure 16G). 

Although the reason for this variation remains unclear, it was not significant for 

this experiment, as the primary goal was to compare [³H]-NLX displacement of 

opioids in the presence or absence of antibodies. For this purpose, the reduced 

displacement by ENDO posed no issue. None of the antibodies significantly 

affected REMI, MOR or ENDO-induced tracer displacement, suggesting they do 

not interfere with these opioids´ receptor binding within the tested concentration 

range. 

To quantify the effects of the antibodies, their maximal inhibitions at 500 nM 

against each opioid are summarized in the table below.  

 

 

H G 

Figure 34: Antibodies´ effect on REMI, MOR and ENDO binding 
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 150 nM FEN 10 nM CAR 500 nM REMI 200 nM MOR 2 µM ENDO 

ab1 60.2 ± 7.91 0.49 ± 2.10 6.98 ± 9.09 4.91 ± 3.04 -14.7 ± 4.98 

ab2 112.0 ± 7.71 -9.67 ± 5.41 1.10 ± 4.11 -8.19 ± 3.83 -4.86 ± 2.54 

ab3 84.1 ± 5.17 8.66 ± 9.92 -6.29 ± 4.51 0.75 ± 4.46 -9.94 ± 5.12 

ab4 111.2 ± 8.72 -4.77 ± 6.41 3.06 ± 5.95 -4.33 ± 4.74 9.79 ± 4.80 

ab5 101.4 ± 9.45 70.3 ± 5.91 8.01 ± 3.53 11.9 ± 5.26 -8.86 ± 4.58 

ab6 108.3 ± 7.68 53.5 ± 4.43 -3.07 ± 3.31 16.3 ± 3.90 -0.06 ± 2.47 

ab7 16.2 ± 3.80 5.06 ± 2.31 - - - 

ab8 3.00 ± 5.04 66.4 ± 6.03 13.9 ± 4.52 12.2 ± 3.95 2.78 ± 4.63 

ab9 55.3 ± 7.38 82.8 ± 2.80 13.8 ± 8.82 9.27 ± 9.87 13.6 ± 5.41 

 

Table 15: Maximal inhibition of µOR binding by 500 nM antibodies [%] 

This table shows the maximal inhibit ion of each ant ibody at a concentration of 500 
nM in blocking opioid-induced [³H]-NLX displacement. The tracer displacement 
observed without antibodies was normalized to 100% and the antibody effects are 
reported as percent inhibit ion of this baseline. Values are presented as mean ± 
SEM, calculated from data shown in Figure 32, Figure 33 and Figure 34. Antibodies 
that signif icantly reduced opioid- induced [³H]-NLX displacement are highlighted in 
green. 

While four antibodies (ab2, ab4, ab5 and ab6) achieved complete inhibition of 

FEN-receptor binding, none of the tested antibodies fully blocked CAR-receptor 

interaction. However, five out of the nine antibodies did show significant 

neutralization of CAR’s binding to the µOR, including ab8, which appeared to be 

CAR-specific in this assay.  

6.7.3. Assessment of selected antibodies for neutralization of 

receptor activation by carfentanil and fentanyl 

To determine whether the antibodies could inhibit not only FEN- and CAR-

induced µOR binding but also µOR activation, additional cAMP accumulation 

assays were conducted. For this purpose, an alternative method to the traditional 

radioactive cAMP assay - the AlphaScreen assay - was established and 

optimized over the course of this study.  
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6.7.3.1. Establishment of an alternative cAMP accumulation assay – 

AlphaScreen 

Initially, a cAMP standard curve was created, as recommended by the 

manufacturer, to determine the assay’s sensitivity (IC50 value) and to enable 

extrapolation of the absolute amount of cAMP produced by the cells. However, 

the focus of this study was not on absolute cAMP concentration values. Instead, 

the primary objective was to investigate the opioid-induced reduction in cAMP 

levels, with a secondary goal of inhibiting this reduction using antibodies. 

Therefore, the standard curve was used primarily to assess assay functionality 

and sensitivity and to monitor relative changes in cAMP under the specified assay 

conditions. The following graphs illustrate both the raw and normalized data.  

 

Dilut ions of cAMP standard were prepared in assay buffer in tr iplicates and 
AlphaScreen was performed as described in 5.5.2. n=3 A:  Random light units (RLU) 
were plotted against logarithmic cAMP concentrations. B: Highest AlphaScreen 
signal was set to 100% and other values were normalized to this control. Values 
represent the mean ± SEM from individual experiments. IC50 values were specif ied 
using GraphPad Prism 10.3.1 (Non-linear regression log (inhibitor) vs. response 
(three parameters)).  

As expected for a competitive immunoassay, the AlphaScreen cAMP standard 

curve displayed a sigmoidal relationship between the log-transformed cAMP 

concentrations and the AlphaScreen signal. IC50 values around 0.3 nM were 

observed, approximately tenfold lower than those reported in the manufacturer's 

manual, suggesting that specific assay parameters used herein (including bead 

and tracer dilutions, as well as measurement settings) resulted in enhanced 

B A 

Figure 35: cAMP standard curve determined using AlphaScreen 



136 
 

sensitivity. Importantly, normalization of the data had no impact on the calculated 

IC50 value (Figure 35B), ensuring that data processing did not alter the true values 

or artificially influence assay sensitivity.  

The assay was validated and familiarity with the newly implemented AlphaScreen 

technology was established by determining the EC50 value of FSK. This served 

not only to confirm that FSK effectively elevates cAMP levels, as expected, but 

also to provide insights into optimal assay conditions.  

 

Figure 36: Potency of FSK determined using AlphaScreen 

20,000 HEK293-µOR cells per well were stimulated in tr iplicates with either 500 µM 
IBMX alone (basal signal) or in combination with specif ied FSK concentrat ions for 
20 minutes at 37°C. The AlphaScreen assay was performed as described in 5.5.2.  
Measured RLU values were normalized to baseline (IBMX alone, plotted here as log 
M -11) and are presented as mean ± SEM from three independent experiments, 
expressed as a percentage of the AlphaScreen signal. The EC50 was calculated 
using GraphPad Prism 10.3.1 (Non-linear regression, log (agonist) vs. response 
with three parameters).  

FSK induced a concentration-dependent increase in cAMP levels, displaying a 

characteristic sigmoidal dose-response curve consistent with its role as an AC 

activator. As FSK concentrations increased, cAMP production correspondingly 

rose and consequently, AlphaScreen signal descreased. However, the 

AlphaScreen signal eventually reached a plateau, likely due to assay limitations, 

as the finite amount of beads and tracer in the system restricts the detection of 

further increases in cAMP levels.  
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The EC50 value of approximately 2 µM for FSK observed in this assay aligns 

perfectly with the values specified in the manufacturer's application note for this 

assay [466]. Understanding FSK’s potency was essential for selecting an optimal 

concentration for subsequent opioid and antibody testing. Excessively high 

concentrations of FSK could lead to elevated cAMP levels that overshadow the 

effects of opioid-induced attenuation, making it difficult to detect subtle changes 

in cAMP. By establishing the EC50 value, a FSK concentration within the assay's 

dynamic range could be selected, which enabeled the effective detection of 

opioid-mediated reductions in cAMP. For subsequent assays, 1 µM FSK was 

selected as the optimal concentration.  

To ensure consistency and comparability between different assay formats, the 

EC50 values of the tested opioids were also determined using the AlphaScreen 

method, in addition to the radiometric cAMP accumulation assay. This approach 

allowed for direct comparison of potency and intrinsic activity across platforms.  

 

  

20,000 HEK293-µOR cells per well were stimulated in tr iplicates with either 500 µM 
IBMX alone (baseline signal) , 1 µM FSK or 1 µM FSK together with varying 
concentrations of opioids, result ing in the specif ied f inal concentrations for 20 
minutes at 37°C. The AlphaScreen assay was performed as described in section 
5.5.2. Measured RLU values were baseline-corrected (IBMX alone). The dif ference 
between the baseline signal (IBMX alone) and the FSK-stimulated signal was taken 
as control. Opioid effects were normalized to the maximal FSK signal reduction 
induced by opioids, with the reduction at the highest opioid concentration set to 

Figure 37: Potencies of µOR agonists to attenuate FSK-induced cAMP 
accumulation determined using AlphaScreen 
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100%. Data are presented as mean ± SEM from three independent experiments 
plotted against logarithmic opioid concentrations. 

 

 AlphaScreen Radiometric assay 

 EC50 [nM] Emax [%] EC50 [nM] Emax [%] 

CAR 0.066 ± 0.033  50.3 ±  3.81 0.016 ± 0.001 80.7 ± 3.29 

FEN 0.53 ± 0.19 * 55.1 ±  2.90 1.70 ± 0.23 90.1 ± 1.25 

REMI 1.73 ± 0.59 58.2 ±  7.17 1.94 ± 0.33 86.1 ± 0.94 

MOR 29.2 ± 8.72 59.0 ±  4.57 9.93 ± 1.24 72.0 ± 3.09 

ENDO 6.55 ± 1.19 60.7 ±  5.13 4.17 ± 0.48 77.1 ± 2.09 

 

Table 16: Summary of EC50 values and intrinsic activities of opioids 
determined in different cAMP assays 

EC50 values and intr insic activit ies (Emax) were calculated based on the data 
presented in Figure 37, representing the abil ity of µOR agonists to attenuate FSK-
induced cAMP accumulation. EC50 and Emax values were determined with GraphPad 
Prism 10.3.1 (Non-l inear regression, log (agonist) vs. response (three parameters)). 
Results are shown as the mean of three independent experiments. For comparison, 
results from radiometric cAMP assays (Table 8) were also included. Statistical 
analysis was performed using an unpaired t-test to evaluate signif icant differences 
between the EC50 values obtained from the two methods (*p < 0.05). Unpaired t-
tests were performed to evaluate signif icant differences between opioids´ Emax 
values determined in AlphaScreen (no signif icant differences). 

Opioids inhibited FSK-induced cAMP accumulation in a concentration-dependent 

manner, as expected. By including the lowest FSK inhibition observed at minimal 

opioid concentrations, the Emax of each opioid (the difference between maximal 

and minimal cAMP attenuation) could be assessed. The calculated Emax values, 

presented in Table 16, ranged from 50% to 60% and showed no significant 

differences between the opioids, consistent with observations from the 

radiometric assay. Interestingly, these values were markedly lower than those 

determined in the radiometric cAMP assay and their rankings differed as well. For 

instance, while MOR and ENDO exhibited the lowest Emax in the radioactive 

assay, they showed the highest in the AlphaScreen. It is important to note that 

several methodological parameters differed between the assays, including assay 

sensitivity, FSK concentration, cell count, assay volume and lysis buffer 
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composition. Additionally, in the AlphaScreen assay, the amount of tracer 

(biotinylated cAMP) plays a crucial role, as it influences the potency and intrinsic 

activity of the tested opioids. These differences likely contribute to the observed 

discrepancies and complicate direct comparisons between the methods. 

Nonetheless, a reliable measure for comparing the relative performance of 

opioids within a single signaling pathway is their potency. EC50 values of the 

opioids (shown in Table 16) were in the subnanomolar to nanomolar range, with 

FEN analogs showing higher potencies compared to MOR and ENDO, while CAR 

exhibited the highest potency. This potency ranking was consistent with the 

radioactive cAMP measurements. The EC50 values were very similar between 

the two methods, with no significant differences observed, except for FEN. 

However, the observed difference, while measurable, was minimal in terms of 

significance. It's important to note that in the AlphaScreen assay, 1 µM FSK was 

used, while the radiometric assay used a 10 µM FSK concentration. Despite this 

10-fold difference in FSK concentration, as long as it remains within the dynamic 

range of the method, it should not significantly impact the opioid's ability to inhibit 

FSK-stimulated cAMP accumulation. This was confirmed in the course of this 

study, highlighting the importance of considering FSK's potency. Although the 

FSK concentration was higher in the radiometric assay, its potency was not 

specifically examined in this study. However, based on the findings, it is likely 

within the dynamic range of the assay. 

In conclusion, while there were differences in the absolute efficiency and in the 

comparison of opioid effects between the two methods, the similar potency values 

for the opioids make the AlphaScreen and the radiometric assays highly 

comparable. The AlphaScreen assay, in addition to being safer - since it doesn't 

involve radioactivity - offers the advantages of using a tenfold lower reaction 

volume, which also reduces reagent consumption tenfold. Furthermore, with the 

use of 96-well plates, it allows for higher throughput in experiments. Given these 

advantages, the AlphaScreen assay is also well-suited for investigating 

antibodies targeting opioids, specifically in terms of their neutralizing effect on 

opioid-induced µOR activation, even though opioid antagonists were initially 

tested using the radiometric assay.  



140 
 

6.7.3.2. Determination of antibody IC50 values for neutralization of fentanyl 

and carfentanil 

Anti-FEN antibodies were previously tested in the binding assay to evaluate their 

ability to neutralize FEN and CAR receptor binding. Based on these results, a 

selection was made for further testing of their neutralizing effect on opioid-

induced receptor activation. Antibodies ab2 and ab4 were selected as highly 

efficient FEN-specific antibodies. Antibodies ab5, ab6 and ab9 were chosen for 

their ability to inhibit both FEN and CAR receptor binding and ab8 was selected 

for its specificity towards CAR. These selected antibodies were tested at 

ascending concentrations against 15 nM FEN and 1 nM CAR in the AlphaScreen. 

Below are column diagrams that present the raw data and illustrate the underlying 

principle of the assay setup. 
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Figure 38: Inhibition of 
FEN-induced cAMP 
attenuation through 
Anti-FEN antibodies 

20,000 HEK293-µOR 
cells were stimulated in 
triplicates with one of the 
following condit ions to 
result in f inal 
concentrations: 500 µM 
IBMX alone (baseline 
signal), 1 µM FSK alone 
or together with 15 nM 
FEN or with 15 nM FEN 
combined with antibody 
dilutions at the specif ied 
f inal concentrations (A:  
ab2, B: ab4, C : ab5, D: 
ab6, E: ab7). The 
antibodies were pre-
incubated with the other 
stimulants for 30 
minutes at 37°C to al low 
for binding equilibrium 
before being added to 
the cells. The 
AlphaScreen assay was 
performed as described 
in section 5.5.2. 
Measured random light 
units (RLU) are plotted 
as the mean ± SEM of 
f ive individual 
experiments. 
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The IBMX signal serves as the baseline, reflecting the basal cAMP level in the 

cells, while its degradation is prevented by PDE inhibition. Stimulation with 1 µM 

FSK activates AC, increasing cAMP levels, which leads to a decrease in the 

AlphaScreen signal. This FSK signal was reduced by approximately 50% with 15 

D 

C 

B 

A 

IB
M

X 
FSK

co
ntro

l
10

00
50

0 
 

25
0

12
5

62
.5

31
.3

15
.6 7.

8
3.

9
1.

95
0.

98

A
lp

h
aS

cr
ee

n
 s

ig
n

al
[R

L
U

]

IB
M

X 
FSK

co
ntro

l
10

00
50

0 
 

25
0

12
5

62
.5

31
.3

15
.6 7.

8
3.

9
1.

95
0.

98

IB
M

X 
FSK

co
ntro

l
10

00 50
0

25
0

12
5

62
.5

31
.3

15
.6 7.

8
3.

9
1.

95
0.

98

IB
M

X 
FSK

co
ntro

l
10

00
50

0 
 

25
0

12
5

62
.5

31
.3

15
.6 7.

8
3.

9
1.

95
0.

98

0

2×106

4×106

6×106

ab9 [nM]

1nM CAR

Figure 39: Inhibition of 
CAR-induced cAMP 
attenuation through 
Anti-FEN antibodies 

20,000 HEK293-µOR 
cells were stimulated in 
triplicates with one of 
the following conditions 
to result in f inal 
concentrations: 500 µM 
IBMX alone (baseline 
signal), 1 µM FSK alone 
or together with 1 nM 
CAR or with 1 nM CAR 
combined with antibody 
dilutions at the 
specif ied f inal 
concentrations (A: ab5, 
B: ab6, C : ab8, D : ab9). 
The antibodies were 
pre-incubated with the 
other st imulants for 30 
minutes at 37°C to 
allow for binding 
equilibrium before 
being added to the 
cel ls. The AlphaScreen 
assay was performed 
as described in section 
5.5.2. Measured 
random light units 
(RLU) are plotted as 
the mean ± SEM of f ive 
individual experiments. 
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nM FEN, consistent with previously determined potency measurements (Figure 

37A).  

In the presence of antibody, the AlphaScreen signal decreased in a 

concentration-dependent manner, with higher antibody concentrations causing a 

greater reduction in the signal, indicating an increase in cAMP levels. This 

suggests that the antibody inhibited the opioid-induced attenuation of cAMP 

production and thus blocked their receptor activation. At antibody concentrations 

above 62.5-125 nM, the FSK signal was restored for most of the tested 

antibodies, indicating complete inhibition of the FEN effect (Figure 38). 

Interestingly, in all cases except for ab2 (Figure 38A) at lower antibody 

concentrations, the AlphaScreen signal exceeded the baseline signal observed 

with FEN alone, suggesting an unexpected enhancement of FEN’s effect rather 

than inhibition. 

1 nM CAR inhibited the FSK signal by approximately 60%, slightly more than the 

50% inhibition observed at higher concentrations in Figure 37A. Even at the 

highest antibody concentration of 1 µM, CAR-induced cAMP attenuation was not 

fully reversed (Figure 39). The overshoot of the AlphaScreen signal at low 

antibody concentrations was also observed with CAR for the majority of 

antibodies, though it was less pronounced than with FEN. 

Overall, FSK inhibition by opioids varied considerably between experiments. To 

address this variability, antibody effects were normalized to the opioid response 

in each corresponding experiment. This normalization ensured consistent and 

reliable assessment of antibody performance. From the resulting dose-response 

curves, IC50 values for the antibodies could be determined, enabling a direct and 

comparable evaluation of their inhibitory efficacy.  
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For details on experimental procedure see Figure 38 and Figure 39. From measured 
RLU values the FSK effect was calculated as the difference between the FSK-
stimulated signal and the baseline. The opioid effect was determined as the 
reduction in FSK signal caused by the addit ion of the opioid (difference between 
FSK alone and FSK + opioid). The antibody effect was calculated as the dif ference 
between the signal in the presence of FSK, opioid and ant ibody, and the FSK + 
opioid signal. This ant ibody effect was then normalized to the opioid effect and 
plotted as the mean ± SEM, expressed as a percentage of inhibit ion of opioid-
induced cAMP attenuation against logarithmic antibody concentrations.

Figure 40: Potencies of selected antibodies to inhibit FEN and CAR 
induced µOR activation  
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Table 17: Potencies of selected antibodies to inhibit opioid-induced µOR activation, hillslopes, and effects at 1 µM and 1 
nM 

IC₅₀  values of antibodies, corresponding hills lopes of the curves and effects at 1 µM and 1 nM were determined based on data shown in 
Figure 40 using GraphPad Prism 10.3.1. Non-linear regression analysis was performed using the "agonist vs. response" model with a 
variable slope (four parameters). IC50 values are presented as mean ± SEM from 3-5 independent experiments. Hillslopes and antibody 
effects at 1 µM and 1 nM are reported as the values derived from the combined curve generated from 3-5 experiments. Unpaired t-tests 
were performed to evaluate signif icant differences in IC₅₀ values of each antibody between FEN and CAR condit ions (*p<0.05, 
***p<0.001).

 15 nM FEN 1 nM CAR 

 IC50 [nM] Hillslope Effect at 1 µM 

[%] 

Effect at 1 nM 

[%] 

IC50 [nM] Hillslope Effect at 1 µM 

[%] 

Effect at 1 nM 

[%] 

ab2 45.5 ± 8.76 4.59 111 2.72 - - - - 

ab4 42.6 ±  7.27 4.79 97.8 -28.0 - - - - 

ab5 26.9 ± 1.53 6.03 105 -50.3 494 ± 50.3*** 1.59 60.2  -17.9 

ab6 25.7 ± 3.65 2.67 105 -29.4 904 ± 473* 1.31 54.1 -1.33 

ab8 - - - - 224 ± 73.9 1.55 79.0 -5.76 

ab9 73.5 ± 19.2 3.34 114 -31.8 121 ± 57.1 1.23 66.6 3.19 
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All tested antibodies inhibited 15 nM FEN and 1 nM CAR in a concentration-

dependent manner, reaching saturation at higher antibody concentrations. The 

IC50 values against FEN ranged between 25 and 70 nM, demonstrating high 

potency of the antibodies against FEN. Notably, all antibodies completely 

inhibited FEN-induced µOR activation at concentrations above 100 nM, achieving 

100% neutralization. 

As mentioned previously and indicated in Figure 40 and Table 17, all dose 

response curves, except for ab2´s, exhibited a shift of values towards the 

negative at low antibody concentrations. This phenomenon was more 

pronounced in the inhibition of FEN compared to CAR inhibition (Table 17) and 

suggests that low antibody concentrations do not inhibit the opioid's effect on 

cAMP inhibition but rather enhance it. 

Analysis of the hillslope provided insights into the cooperativity of binding 

between the antibodies and the opioids. A hillslope greater than 1 suggests 

positive cooperativity, where the binding of one molecule facilitates the binding of 

additional molecules [467]. Antibodies ab2, ab4 and ab5 showed particularly high 

hillslopes between 4.5 and 6, indicating strong positive cooperativity. This could 

indicate, that the binding of one antibody molecule to FEN enhances subsequent 

FEN binding. Ab6 and ab9 exhibited slightly lower Hill slopes (2.7–3.3) but still 

demonstrated notable cooperativity. 

Against 1 nM CAR, the potency of ab5 and ab6, with IC50 values between 500 

and 900 nM, was substantially lower than those observed for FEN. Ab8, which 

exhibited specificity for CAR in binding assays, had a moderate IC50 value of 

approximately 200 nM. Ab9 showed the highest potency against CAR, with an 

IC50 of around 120 nM, which did not significantly differ from its potency against 

FEN. This indicates that ab9 is similarly effective at inhibiting µOR activation by 

both FEN and CAR. However, the antibodies' maximal inhibition of CAR was 

markedly lower compared to FEN. None of the tested antibodies achieved 

complete inhibition of 1 nM CAR, even at the highest concentration tested (1 µM). 

The maximal inhibition ranged between 40% and 70%. Furthermore, hillslopes 

for CAR were generally just above 1 for all antibodies, suggesting that the strong 

positive cooperativity observed for FEN binding was largely absent for CAR. 
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These findings indicate that antibodies capable of blocking FEN and CAR binding 

to the receptor can also inhibit their receptor activation. Overall, the antibodies 

demonstrated higher potency and maximal inhibition against FEN compared to 

CAR. An exception was ab9, which exhibited similar potency but reduced 

maximal inhibition against CAR. These results highlight both the potential and 

limitations of these antibodies in neutralizing µOR activation by FEN and CAR. 
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7. Discussion 

This study established a recombinant HEK293 cell line for stable µOR expression 

to assess the pharmacodynamics of CAR, alongside FEN, REMI, MOR and 

ENDO. The data presented here reveal a pronounced bias of CAR toward cAMP 

signaling. Furthermore, CAR was found to promote µOR hyperphosphorylation 

at T370 and T379, distinguishing it from other opioids. Additionally, CAR exhibited 

reduced sensitivity to antagonists like NLX and NLM, suggesting that it stabilizes 

a distinct µOR conformations that favors cAMP signaling, enhances 

phosphorylation and diminishes antagonist efficacy. Anti-FEN antibodies 

investigated in this study demonstrated the ability to neutralize CAR receptor 

binding and activation, highlighting the therapeutic potential of specific antibodies 

for managing or preventing FEN and CAR intoxications. 

7.2. Carfentanil stabilizes unique µOR conformation 

The extreme toxicity of CAR can stem from either its pharmacodynamics or 

pharmacokinetics. While pharmacokinetics involve factors such as absorption, 

distribution, half-life and elimination, the present study focused on the 

pharmacodynamics at the µOR. Specifically, it examined µOR binding affinities, 

potencies across two distinct signaling pathways with corresponding receptor 

efficacies, kinase phosphorylation and opioid-induced receptor phosphorylation.  

To assess CAR’s pharmacodynamic profile relative to other opioids, several 

derivatives were selected for pharmacodynamic comparison based on their 

pharmacological relevance and differing properties. MOR, a well-established 

natural opioid, served as a reference due to its extensive medical history. 

Furthermore, it is often used as a reference point for comparing the analgetic 

potency of other opioid derivatives [25]. ENDO shows the highest affinity and 

selectivity for µOR among endogenous peptide ligands, making it a valuable 

model for understanding naturally occurring opioid interactions with receptors 

[160]. In addition to CAR, two FEN derivatives were also included to broaden the 

scope of the comparison. FEN itself, the prototype of this synthetic opioid class, 

was selected due to its widespread clinical and illicit use. REMI, a short-acting 

FEN analogue used in anesthesia, was included for its role in poisoning incidents 

alongside CAR [125]. By comparing these opioids, this study aimed to elucidate 
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the unique µOR binding and activation properties of CAR, particularly in relation 

to both endogenous and synthetic opioids, with the overarching goal of identifying 

potential links between these pharmacodynamic properties and CAR’s 

exceptional toxicity. 

7.2.1. Carfentanil-bound µOR conformation shows cAMP bias  

7.2.1.1. Influence of binding buffers on µOR affinity of opioids: Carfentanil as 

a high-affinity ligand in focus 

In this study, binding affinities were evaluated using radioligand binding assays 

with HEK293-µOR membranes in two buffer systems: TRIS-buffer and cell 

culture medium DMEM. CAR exhibited the highest µOR binding affinity among 

the opioids, regardless of the buffer system used in the analysis, a finding 

consistent with the literature (Table 1). The binding affinity of a ligand to its 

receptor is determined by the stability of the ligand-receptor complex. This 

stability arises from specific interactions between the functional groups of the 

ligand and the amino acid residues within the receptor’s binding pocket [468]. 

Consequently, modifying or introducing new functional groups on a molecule can 

significantly influence its binding affinity by altering these interactions [469,470]. 

This is especially relevant for synthetic opioids, as variations in their chemical 

structures can lead to distinct binding modes, which in turn influence receptor 

affinity and activation, potentially explaining the diverse pharmacological effects 

of opioid derivatives [56,87]. CAR´s elevated binding affinity is likely attributed to 

the 4-carbomethoxy group, which enhances interactions within the µOR binding 

pocket [471]. 

The results further affirmed the importance of buffer composition for this 

assessment, with DMEM significantly reducing the binding affinities of all tested 

µOR agonists, aligning with literature reports on the effects of ions on receptor 

interactions (Table 6). Notably, sodium ions are well-documented to modulate 

µOR binding: they reduce agonist binding [472], while increasing antagonist 

binding [448,473]. Mechanistically, sodium ions inhibit agonist binding by raising 

Kd values or reducing the number of binding sites [440,447,474-477], while they 

enhance antagonist binding by lowering Kd values [447,448] and increasing Bmax 

[449]. The absence of a significant difference in NLX and NLM affinity depending 

on the used buffer (Table 6) suggests that this factor did not substantially affect 
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antagonist binding, contrasting with reports that sodium enhances binding [447-

449]. This discrepancy may stem from other ions in DMEM, which also contains 

magnesium, calcium and potassium, making it difficult to isolate individual 

contributions. This complicates interpretations of sodium’s role as an allosteric 

µOR modulator [473,478-480]. Nevertheless, understanding receptor binding in 

DMEM was essential for later opioid signaling experiments to adjust opioid 

concentrations accordingly (e.g. chapter 6.7.1). Surprisingly, despite this well-

known effect of ions on opioid affinity, most of the published works have utilized 

sodium-free buffers such as TRIS or HEPES for binding assays with opioids 

(Table 1) [72,73,80,81]. Only a few have investigated binding under more 

physiologically relevant conditions [82,83] (~140 mM sodium in extracellular fluid 

[481]).  

However, importantly, in present study the general rank order of binding affinities 

remained unchanged across the two buffer systems (Table 6), indicating that 

while buffer conditions affected the absolute binding affinities, they did not 

substantially alter the relative affinities of the opioids tested.  

Given CAR’s extreme toxicity, a straightforward hypothesis would be that its 

significantly higher µOR affinity directly translates to in vivo potency. However, 

the observed difference in binding affinity between CAR and MOR - 

approximately 70-fold in TRIS-buffer and up to 180-fold in DMEM - does not fully 

explain the extreme discrepancy in their toxicity profiles. Despite CAR’s 

significantly higher µOR affinity, its in vivo potency is reported to be up to 10,000-

fold greater than that of MOR. This indicates that CAR’s increased toxicity cannot 

be attributed solely to its stronger binding at the µOR. These findings reinforce 

existing evidence that µOR binding affinity does not always serve as a reliable 

predictor of µOR activation, either in vitro or in vivo [92,482-484].  

7.2.1.2. Carfentanil-bound µOR conformation is ultraefficient in cAMP 

inhibition but not ERK1/2 phosphorylation   

While binding affinity is a key determinant of receptor-ligand interactions, the 

pharmacodynamics of an opioid also include its potency and intrinsic activity in 

initiating intracellular signaling pathways. To determine whether CAR exhibits 

distinct receptor activation behavior compared to other opioids, µOR binding 
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affinities were complemented by assessments of the opioids´ potencies and 

intrinsic activities for cAMP inhibition and ERK1/2 phosphorylation. Additionally, 

receptor efficacy was assessed using two key parameters: the APR and RO, 

which together describe how efficiently a single receptor-bound ligand translates 

its binding into a functional response.  

Among the tested opioids, CAR demonstrated the highest potency for cAMP 

inhibition (Figure 18), aligning with previous studies [59]. Moreover, what 

distinguishes CAR is its extraordinarily high receptor efficacy. The pronounced 

gap between its binding affinity and functional potency, reflected in its 

exceptionally high APR, indicates that CAR converts receptor binding into an 

intracellular effect - specifically cAMP signaling - far more efficiently than other 

opioids (Figure 19, Figure 20). Similarly, CAR required far fewer occupied 

receptors to achieve the same level of cAMP inhibition (Table 9).  

Notably, these findings remained consistent regardless of the buffer system used 

for affinity measurements. CAR exhibited 5 - 8 times higher receptor efficacy than 

other opioids when affinities measured in TRIS-buffer were considered. When 

affinities measured in DMEM were used for calculations, CAR remained 3 - 8 

times more efficient than the other opioids. This observation suggests that while 

the choice of binding buffer influences the absolute affinities of the opioids, it has 

little effect on their relative receptor efficacy and that this phenomenon is intrinsic 

to the ligand-receptor interaction rather than an artifact of experimental 

conditions. However, a particularly interesting observation in this study was that 

affinity values measured in DMEM, using membrane-based assays, closely 

aligned with those obtained from whole-cell experiments (Figure 17). Given that 

intact cells in a blood-like medium are often considered a more physiologically 

relevant model, this suggests the analyses including affinities measured in 

DMEM may better reflect in vivo opioid-receptor interactions than previously 

assumed. Consequently, CAR’s already exceptional receptor efficacy appears 

even more pronounced under these conditions, with an APR exceeding 400 and 

an RO as low as 0.2% for half-maximal cAMP inhibition.  

µOR activation triggers conformational changes and Gαi protein translocation, 

leading to AC inhibition and reduced cAMP production - a key G protein-
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dependent pathway [193,194]. As a crucial second messenger, cAMP plays a 

well-documented role in opioid-induced analgesia [197-199] and respiratory 

depression [205,207]. While the intrinsic activity for cAMP inhibition was 

comparable across opioid subgroups, indicating similar maximal effects, FEN 

derivatives - particularly CAR - exhibited significantly higher potency than MOR 

and ENDO. This aligns with their stronger analgesic and respiratory depressive 

effects [89,451,485] (Figure 18 and Table 8). 

The analysis highlights the extraordinary potency and receptor efficacy of CAR in 

modulating cAMP signaling. While a comparative analysis of opioids that 

incorporates affinity, potency and receptor efficacy (expressed as APR and RO) 

has not been conducted before, the relationship between in vitro measures of 

opioid µOR binding and activation, and the corresponding in vivo opioid-like 

effects, has already been explored. Glatfelter et al. found that µOR binding affinity 

values from rat brain tissues did not correlate with in vitro functional potencies or 

in vivo effects in mice [482]. Instead, a strong positive correlation was observed 

between in vitro µOR functional potencies - specifically in the cAMP assay - and 

in vivo opioid-like effects, including antinociception, locomotor activity and 

temperature change. Although respiration was not assessed in their study, these 

findings suggest that functional assays measuring µOR activation, rather than 

simply binding affinity, can reliably predict in vivo opioid effects relevant to toxicity. 

This aligns with the present study, where CAR, despite its higher affinity 

compared to MOR, exhibited an even more striking potency difference (~620-

fold) in cAMP inhibition. While this alone does not fully explain CAR’s extreme in 

vivo potency - up to 10,000 times higher - it provides a mechanistic basis, 

particularly when considering its exceptionally high receptor efficacy in cAMP 

signaling. It suggests that CAR not only suppresses cAMP at lower 

concentrations but also translates binding into cellular responses far more 

efficiently than other opioids, potentially contributing to its severe 

pharmacological effects. 

When evaluating opioid potency and receptor efficacy in ERK1/2 phosphorylation 

as a secondary signaling pathway, CAR once again demonstrated the highest 

potency among the tested opioids. However, unlike its extreme receptor efficacy 

in cAMP inhibition, CAR did not exhibit a similar outstanding efficiency in ERK1/2 
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activation. The RO values required for half-maximal phosphorylation were lower 

for CAR and ENDO compared to other opioids, yet the differences between 

opioids were far less pronounced than in the cAMP pathway (Table 10). This 

indicates that CAR, despite its superior potency, does not act as an ultra-efficient 

agonist in ERK1/2 signaling.  

This raises the question of how a ligand can translate receptor binding more 

efficiently into one signaling pathway than another. What determines the 

differences in receptor efficacy across pathways? ORs are GPCRs that mediate 

intracellular signaling in response to agonist binding, propagating external stimuli 

into the cell. Traditionally, it was believed that the receptor exists in only two 

states (ternary complex model): an active conformation that interacts with G 

poteins and induces signaling pathways and an inactive conformation that does 

not [486]. Agonists were thought to have high affinity for the active conformation, 

driving signaling, whereas antagonists were believed to maintain the receptor's 

equilibrium, favoring the inactive state [487]. However, findings by Samama et al. 

demonstrated that receptors can adopt active conformations independently of 

agonist binding, challenging this model and paving the way for the multi state 

receptor model, which proposes the existence of multiple active receptor 

conformations, each with subtle differences in their signaling profiles [488-492]. 

This model also explains the phenomenon of biased agonism, where differences 

in the molecular structure of ligands lead to distinct interactions with the receptor’s 

binding pocket, stabilizing specific conformations that favor certain signaling 

pathways over others [493]. 

In this context, a key observation from this study is the signaling bias favoring the 

cAMP pathway across most tested opioids. CAR exhibited the most pronounced 

bias, suggesting that it stabilizes a receptor conformation that is highly efficient in 

activating the cAMP pathway but not the ERK1/2 pathway. This is reflected in the 

ratio of RO values required for cAMP inhibition versus ERK1/2 phosphorylation. 

Specifically, CAR required 3- to 8-fold fewer RO for cAMP inhibition than for 

ERK1/2 activation, depending on the buffer system used for affinity assessment 

(Table 11). In contrast, ENDO showed minimal differences between the two 

pathways, with RO ratios around one for both calculations, indicating no 

significant pathway preference. The calculated bias factors further quantified 
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CAR´s pathway preference. While all opioids showed some degree of bias toward 

cAMP signaling, CARs bias factor of approximately 11 was significantly higher 

than the 2 - 3 observed for other opioids (Table 11). Notably, the bias factor 

provides the advantage of eliminating the influence of binding affinities, ensuring 

that observed differences are independent of experimental conditions such as 

buffer composition. This strengthens the conclusion that CAR intrinsically favors 

G protein-mediated signaling, regardless of affinity variations across buffer 

systems.  

 

CAR binds and stabil izes unique µOR conformations that are not recognized by 
other opioids such as FEN. These receptor states are character ized by ultra-
eff icient cAMP inhibit ion, indicating CAR´s signaling bias toward this pathway. 

A bias of CAR toward G protein activation has not been observed in previous 

studies. Ramos-Gonzales et al. investigated CAR´s G protein activation using a 

BRET (Bioluminescence Resonance Energy Transfer) assay, which measures 

the dissociation of G protein subunits by detecting changes in energy transfer 

from a luminescent donor molecule to a fluorescent acceptor molecule [211]. This 

method requires the overexpression of specific G protein subunits in the cell line 

used. In their study, no G protein activation bias was observed relative to the 

synthetic opioid peptide DAMGO. These findings contradict those of the present 

study, where a cAMP signaling bias - and thus a bias toward a G protein-

dependent pathway - was identified. Similarly, in present study, no G protein bias 

was observed at the level of early ERK1/2 phosphorylation, which is thought to 

Figure 41: CAR-induced µOR conformation favors cAMP inhibition over 
ERK1/2 activation 
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be primarily Gβγ-dependent. Given that G protein activation leads to the 

simultaneous release of both Gα and Gβγ subunits, the absence of a similar bias 

in ERK1/2 phosphorylation is unexpected. These discrepancies suggest that 

cAMP inhibition may involve distinct Gαi subunits that were neither assessed by 

Ramos-Gonzales et al. nor implicated in the ERK1/2 activation monitored here. 

Moreover, the overexpression of G protein subunits may saturate the system, 

enabling receptor coupling to G proteins even when the receptor’s natural 

preference for G protein signaling over β-arrestin is only moderate. Under these 

conditions, biases could be masked. Another explanation for the missing G 

protein bias in ERK1/2 phosphorylation could be the involvement of alternative 

signaling pathways. It has been suggested that, in HEK293 cells, µOR can 

activate ERK1/2 through a calmodulin-dependent transactivation of EGFR [234]. 

If this pathway contributed to the ERK1/2 activation measured in this study, it 

might have obscured the G protein bias at this level. Alternatively, CAR-induced 

cAMP inhibition may not be solely dependent on G protein activation.  Instead, 

the observed bias might arise from alternative receptor-mediated signaling 

upstream of cAMP inhibition. Future studies could explore which specific G 

protein subunits contribute most significantly to the observed differences between 

opioids or investigate the precise mechanisms by which CAR induces cAMP 

inhibition beyond G protein activation.  

Although it was long believed that opioid side effects were mediated through 

arrestin signaling, this notion has been refuted. Instead, both G protein- and β-

arrestin-mediated pathways have been shown to contribute to opioid side effects 

[315-318]. Additionally, research has established that G protein signaling in 

respiratory network neurons is a primary mechanism behind opioid-induced 

respiratory depression [319,494]. Similarly, evidence indicates that respiratory 

depressive effects of opioids are primarily determined by the overall strength of 

receptor activation [319]. Considering the well-established link between cAMP 

inhibition and opioid-induced respiratory depression [204,205,495-497], the 

observations in present study suggest that CAR’s pharmacodynamic profile - 

characterized by its extreme potency and receptor efficacy in the cAMP pathway 

- may contribute to its severe toxicity. This assumption is further supported by 

previous findings demonstrating that CAR exhibits exceptionally strong activation 
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of ion channels, another G protein-dependent process closely linked to opioid-

induced respiratory depression [498].  

Taken together, CAR demonstrated ultra-efficient cAMP signaling but showed 

comparable effectiveness to other opioids in ERK1/2 phosphorylation. This 

signaling bias suggests that CAR stabilizes a unique µOR conformation, distinct 

from those engaged by other opioids. These observations reinforce the 

hypothesis that CAR’s unique signaling properties, particularly its profound ability 

to suppress cAMP signaling, underlie its extreme pharmacological effects and 

potential lethality. 

7.2.2.  Carfentanil-bound µOR conformation shows 

hyperphosphorylation  

The characterization of CAR’s unique pharmacological profile was extended by 

investigating its effects on µOR phosphorylation. Given that differences between 

CAR and other opioids had already been observed, the goal was to see if these 

distinctions were also reflected in the receptor phosphorylation patterns. Notably, 

GRK-mediated receptor phosphorylation has been shown to be dependent on the 

bound agonist and the receptor conformation [250,254]. Its examination was 

therefore useful to gain further insights into the unique receptor conformation 

potentially induced by CAR. 

Experiments employed in this work revealed that robust phosphorylation at S375 

was a consistent feature across all opioids tested (Figure 26). S375 represents 

the initial phosphorylation site on the µOR, acting as a trigger for subsequent 

phosphorylation events at additional receptor sites and is predominantly targeted 

by GRK2/3 and GRK5 [262]. MOR exhibited significantly weaker phosphorylation 

at this site compared to other opioids and showed negligible phosphorylation at 

T370 and T379. This pattern aligns with prior findings [258,261,303,499] and 

might result from the exclusive involvement of GRK5 in phosphorylating S375 on 

MOR-bound µOR, while phosphorylation by other opioids and at other residues 

also requires contributions from additional GRK subtypes [500].  

While - except for MOR - opioids produced comparable phosphorylation levels at 

T370 and T379, CAR induced significantly higher phosphorylation at both 

residues. Given CAR’s increased potency in both cAMP inhibition and ERK1/2 
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phosphorylation, the observed enhancement in µOR phosphorylation may, at first 

glance, not be surprising. It could be hypothesized that CAR is simply more 

effective at recruiting kinases to the receptor, thereby driving higher maximal 

phosphorylation levels. In this scenario, CAR would behave as a full agonist in 

the context of receptor phosphorylation, while other opioids function more as 

partial agonists, unable to drive maximal phosphorylation. However, this 

explanation is challenged by the observation that this effect is not uniformly 

present across all phosphorylation sites. While FEN, REMI and ENDO induced 

phosphorylation at T370 and T379 at levels only 10-40% of their respective S375 

phosphorylation efficiency, CAR reached 50-60%. This disproportionate 

enhancement suggests that CAR does not only induce a stronger overall 

phosphorylation response but instead stabilizes a distinct receptor conformation 

that selectively favors phosphorylation at certain sites. The fact that 

phosphorylation at T370 and T379 is known to be highly agonist-dependent and 

predominantly mediated by GRK2/3 and GRK5/6 - with additional PKC 

involvement reported for T370 - further supports this interpretation. It implies that 

CAR-bound µOR adopts a conformation that either makes it especially accessible 

to kinases or activates pathways that enhance receptor phosphorylation. 

As described previously, the phosphorylation of the µOR facilitates the 

recruitment of β-arrestins, which in turn promotes receptor internalization. 

Previous studies have shown that CAR exhibits a bias towards β-arrestin 

signaling [211]. The results of present study support and expand those findings, 

as the observed increase in µOR phosphorylation with CAR is likely to enhance 

β-arrestin recruitment. Moreover, it is established, that the activation of ERK1/2 

through µOR is dependent on receptor phosphorylation, which facilitates β-

arrestin binding, initiating the signaling cascade leading to ERK1/2 

phosphorylation [293,458]. Hence, data from experiments analyzing the kinetics 

of opioid-induced ERK1/2 phosphorylation support this hypothesis. Among the 

tested opioids, CAR uniquely exhibited a second, weaker peak at 20-30 minutes 

(Figure 21) and this sustained or later-phase ERK1/2 phosphorylation is often 

linked to β-arrestin-mediated signaling pathways [292,455]. Consequently, the β-

arrestin bias of CAR might contribute to both enhanced receptor phosphorylation 

and the delayed ERK1/2 signaling observed. Given that β-arrestin signaling was 
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shown to play a key role in opioid-induced respiratory depression, this 

pharmacodynamic distinction may further amplify CARs severe toxicity [306,313]. 

However, β-arrestin bias has also been reported for ENDO [264], a finding that 

could not be replicated in the present study in the context of enhanced receptor 

phosphorylation and late-phase ERK1/2 phosphorylation. 

The involvement of β-arrestin for opioid-driven µOR phosphorylation and ERK1/2 

phosphorylation was not further investigated in the course of this study. 

Determining whether CAR preferentially engages specific kinases or scaffolding 

proteins that promote these phosphorylation events would add valuable insights. 

Additionally, examining the downstream effects of CAR-induced phosphorylation 

patterns could reveal potential functional differences in µOR-mediated signaling. 

To the best of current knowledge, no studies have specifically examined the 

phosphorylation of µOR or ERK1/2 resulting from CAR binding before. Given the 

connection between agonist-induced receptor phosphorylation and receptor 

conformation, the heightened CAR-induced GRK-dependent µOR 

phosphorylation further supports the hypothesis that the receptor conformation 

stabilized by CAR is distinct from those stabilized by other opioids. 

7.2.3. Carfentanil exhibits no distinct protein phosphorylation profile 

compared to other opioids 

While CAR's bias toward G protein signaling was demonstrated in this study, 

there were also indications of its previously established β-arrestin bias, which has 

been documented elsewhere [211]. However, beyond these well-characterized 

pathways, little is known about CAR’s broader signaling effects, particularly in 

relation to kinase phosphorylation. Given that opioids can differentially modulate 

intracellular signaling cascades, a deeper understanding of CAR’s kinase 

interactions is essential. Using a phospho-kinase array, the modulation of 39 

proteins was analyzed simultaneously, confirming and supplementing several 

known findings from the literature.  

The results revealed that CAR does not exhibit a distinct protein phosphorylation 

pattern compared to other opioids. Several kinases, including CREB (cAMP 

response element-binding protein), ERK1/2, STAT1 (Signal transducer and 

activator of transcription 1), AKT1/2/3 (Protein kinases B subtypes 1/2/3) and 
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RSK2/3 (ribosomal protein S6 kinases 1, 2, and 3) were modulated in a largely 

consistent manner across all tested opioids (Figure 25). These findings align with 

existing literature, which has well-documented the phosphorylation of CREB and 

ERK1/2 in response to opioids like MOR, FEN, REMI and synthetic opioid peptide 

DAMGO [227,293,456,457,501-506]. This study extends these observations to 

CAR and ENDO, suggesting that the phosphorylation of these kinases is a 

conserved feature of opioid signaling rather than a unique property of any specific 

compound. 

CREB phosphorylation, in particular, was robustly detected across all opioids 

(Figure 25). As a transcription factor critical for neuronal plasticity and gene 

expression [507], CREB is typically activated via PKA. However, although opioids 

reduce cellular cAMP levels by inhibiting AC and consequently decreasing PKA 

activity, CREB can still undergo phosphorylation through alternative signaling 

pathways, such as calcium-dependent kinases (PKC, calmodulin-dependent 

kinase II) or ERK1/2 signaling [225,508,509].  

Similarly, ERK1/2 phosphorylation, often associated with both G protein and β-

arrestin-mediated signaling, was observed for CAR and all other opioids. 

Moreover, robust ERK1/2 phosphorylation was also observed during Western 

Blot analysis for all tested opioids (Figure 21), providing validation for the assay’s 

functionality. Evidence suggests that the mechanisms underlying ERK1/2 

activation may vary between different opioids [458]. Notably, while FEN and 

ENDO also promoted EGFR phosphorylation - one possible upstream regulator 

of ERK1/2 [226,510,511] - CAR and REMI did not. This discrepancy suggests 

that CAR may activate ERK1/2 through alternative mechanisms or that EGFR 

modulation by CAR follows distinct kinetics that could not be resolved within the 

scope of this analysis. Both possibilities warrant further investigation. Overall, the 

findings confirm ERK1/2 phosphorylation for several opioids and extend this 

observation to additional opioids not previously investigated. 

STAT1 dephosphorylation was observed for CAR, FEN, REMI and ENDO, 

aligning with previous reports for MOR [457], though some studies have reported 

conflicting results for opioid-induced STAT1 modulation [512-514]. AKT1/2/3 

phosphorylation at S473 was also consistent across all opioids, in agreement with 
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existing literature on MOR and FEN [515-519]. These kinases are involved in cell 

proliferation and growth and are typically activated in response to growth factors, 

e.g. through ERK1/2 signaling, which was also found to be activated by opioids 

in prior studies [517,520]. Similarly, RSK1/2/3 phosphorylation was detected for 

all opioids, extending previous findings on MOR to additional derivatives 

[247,521]. Since RSK functions downstream of ERK, its activation further 

supports opioid-induced ERK1/2 involvement in cellular signaling [522,523]. 

While these kinases have been studied in the context of other opioids, their 

modulation by CAR has not been previously reported. 

Although CAR did not exhibit a completely distinct signaling profile, some protein 

modulation patterns varied among opioids. For instance, while most kinases were 

modulated similarly, CAR was the only opioid to phosphorylate p70S6 at 

T421/S424, a modification previously linked to opioid signaling but not specifically 

associated with CAR before [524]. However, this isolated observation is 

insufficient to conclude that CAR displays a uniquely different pattern of protein 

phosphorylation. Numerical analysis of kinase modulation revealed that FEN and 

REMI exhibited the highest number of modulated kinases, while CAR and ENDO 

showed fewer events (Table 12). Notably, REMI was the only opioid derivative 

associated with substantial dephosphorylation (~40%), whereas the others 

predominantly induced phosphorylation (~90%). CAR and ENDO displayed a 

similar balance between phosphorylation and dephosphorylation, with no 

significant differences in individual protein targets (Table 13). However, some 

divergences emerged when considering the overall modulation pattern, such as 

ENDO phosphorylating EGFR while CAR did not (Figure 25). This highlights the 

complexity of opioid-induced kinase signaling and the difficulties of this array-

based approach in capturing subtle differences.  

That said, the limitations of the kinase array approach must be considered. While 

this method effectively captures broad kinase activity, it may overlook dynamic or 

transient signaling events. For example, β-arrestin-mediated effects can exhibit 

complex kinetics that may not be fully captured in a single time-point analysis. 

Additionally, while ERK1/2 phosphorylation was detected across all opioids, the 

mechanism driving its activation may vary, as suggested by the differing EGFR 

phosphorylation results. 
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Overall, CAR did not exhibit a distinct kinase phosphorylation profile compared 

to other opioids, and its bias agonism was not directly reflected in this analysis. 

This suggests that CAR’s effects on kinase signaling may be more nuanced or 

context-dependent than what this approach can capture. Nevertheless, this study 

successfully reproduced known opioid-induced protein modulations while 

extending these findings to CAR, but does not support the hypothesis of uniquely 

distinct kinase signaling. While CAR exhibits bias toward G protein and β-arrestin 

signaling, its effects on kinase phosphorylation remain largely comparable to 

those of other opioids, with only minor differences. Further research is needed to 

determine whether its bias agonism influences more specialized signaling 

cascades. 

7.2.4. Carfentanil-bound µOR conformation exhibits resistance to 

approved opioid antagonists 

Even though the administration of OR antagonists is the standard therapy for 

opioid intoxication, this approach often proves insufficient against highly potent 

opioids such as CAR. Based on data from this study, it is hypothesized that CAR 

stabilizes receptor conformations distinct from those stabilized by other opioids. 

To investigate this further, the effectiveness of approved antidotes, NLX and 

NLM, against opioid concentrations of comparable receptor affinities was 

determined. This setup ensured consistent pharmacodynamic conditions, 

theoretically enabling NLX and NLM to exhibit similar effectiveness against all 

opioids. However, the results revealed otherwise.  

Both NLX and NLM exhibited significantly reduced potencies against CAR 

compared to other opioids, with 10- to 100-fold higher IC50 values (Table 14). 

Notably, even at a 10,000-fold molar excess, NLX was unable to fully reverse 

CAR-induced cAMP suppression, suggesting a reduced maximal efficacy. 

Additionally, the bar chart revealed a potential plateau effect around 1.5 fmol 

cAMP/well, with the slope flattening at higher NLX concentrations (Figure 27). 

This implies that even higher NLX doses might not fully counteract CAR-induced 

receptor activation, pointing to a potential form of NLX resistance.  

In contrast, NLM achieved complete CAR-inhibition at its highest concentration 

and displayed lower IC50 values overall, indicating greater potency. This superior 
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performance may be attributed to NLM's higher receptor affinity (Table 6), 

enhancing its ability to compete with CAR for receptor binding.  

The reduced potency and efficacy of frontline antagonists against CAR suggest 

mechanisms beyond simple receptor affinity. NLX, and to a lesser extent NLM, 

appear to have difficulty targeting the unique receptor conformation stabilized by 

CAR - a state highly efficient in cAMP signaling. This distinct conformation seems 

inherently resistant to conventional antagonists, potentially explaining the 

observed limitation of NLX´s effectiveness in clinical settings.  

 

Figure 42: CAR-induced µOR conformation favors cAMP inhibition, 
promotes hyperphosphorylation and reduces antagonist sensitivity 

µOR exist in active and inactive conformations that either activate or fail to activate 
downstream signaling pathways. The receptor antagonist NLX does not differentiate 
between these conformational states. Agonists such as FEN bind to active 
conformations that do not preferentially mediate cAMP inhibition or ERK1/2 
phosphorylation. In contrast, CAR binds to distinct receptor states that inhibit cAMP 
ultra-eff iciently without promoting ERK phosphorylation and are characterized by 
enhanced phosphorylation at the C-terminus. These CAR-bound receptor 
conformations are not recognized by other opioids, including FEN, MOR, REMI and 
ENDO, nor by antagonists l ike NLX and NLM. Consequently, antagonists have 
diff iculty inhibit ing CAR-induced cAMP inhibit ion. 

Notably, NLX resistance of CAR has been previously documented. Feasel et al. 

demonstrated that NLX's potency against CAR at EC90 concentrations was 

reduced tenfold compared to FEN [210], aligning closely with the findings of this 

study. Similarly, Flynn et al. observed that Naltrexone – a distinct antagonist 

commonly used for opioid dependence treatment - was less effective against 

CAR than FEN [525]. These observations support the hypothesis that CAR 
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induces receptor conformations that limit the effectiveness of standard opioid 

antagonists, posing a challenge for conventional treatment approaches. 

These findings underscore the importance of further exploring the structural and 

functional characteristics of receptor conformations stabilized by potent opioids, 

as well as the development of more effective therapeutic strategies to counteract 

their effects. Additionally, it would be valuable to systematically screen alternative 

OR antagonists for their potential to exhibit greater efficacy against CAR than 

NLX or NLM. 

7.3. Characterization of antibodies: Potential for neutralizing 

highly potent opioids at the receptor level 

The concept of using an immunological approach to counteract opioid toxicity is 

not new. Both passive and active immunization strategies against opioids - 

particularly highly potent FEN analogs - have been explored in research 

[366,369,526]. However, their clinical application remains a challenge, 

particularly due to the rapid onset and extreme potency of synthetic opioids. 

This study aimed to assess whether commercially available anti-FEN antibodies 

could neutralize CAR and cross-react with other opioids. The primary focus was 

to determine whether these antibodies could inhibit opioid binding and activation 

of the µOR. While used antibodies were originally developed for laboratory 

applications such as ELISA, lateral flow (LF) or fluorescence immunoassays 

(FIA), they had never been tested in a biological system or at the receptor level. 

To current knowledge, this is the first study to evaluate these antibodies in this 

context. 

7.3.1. Several antibodies inhibit µOR binding of fentanyl and 

carfentanil 

One potential in vivo application of antibodies is their administration to patients 

before they are exposed to a potent opioid. This approach could be particularly 

beneficial for soldiers deployed on missions where they might face the risk of 

opioid exposure. In this context, their specificity is particularly important. Ideally, 

the antibodies should effectively neutralize highly toxic opioids like CAR while still 

allowing the use of medically necessary opioids like MOR for pain management. 
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At the same time, they must not interfere with endogenous opioids, which exhibit 

essential physiological functions [527].  

To assess their neutralizing potential, nine antibodies were screened for their 

ability to inhibit opioid-induced displacement of the radiolabeled tracer [³H]-NLX 

in HEK293-µOR membranes. Seven of the nine antibodies significantly inhibited 

FEN actions, with four (ab2, ab4, ab5, ab6) achieving complete inhibition (Figure 

32). This suggests that the majority of anti-FEN antibodies were effective in this 

assay and effectively neutralized FEN’s µOR binding. Notably, ab7 and ab8 

showed no significant effects, suggesting they were non-functional in this assay. 

Both antibodies are polyclonal and the only ones raised in rabbits using FEN-

BgG as the immunogen (see chapter 4.6.). Their lack of functionality in this assay 

could be due to specific factors in their production process that affected their 

ability to bind FEN. Alternatively, it is possible that even when bound to the 

antibody, FEN could still interact with the receptor - perhaps because key 

functional groups remained exposed, allowing it to bind the receptor’s orthosteric 

binding site. 

The cross-reactivity of the antibodies with CAR was particularly relevant given its 

extreme potency and resistance to standard opioid antidotes. While FDA-

approved treatments like NLX and NLM are effective against most opioids, they 

have limited efficacy against CAR both in vitro and in vivo due to its exceptionally 

strong receptor activation. Once CAR binds to the µOR, these antagonists 

struggle to fully block its effects. Antibodies, however, could provide a promising 

alternative by neutralizing CAR before it reaches the receptor. Five antibodies 

(ab3, ab5, ab6, ab8 and ab9) significantly inhibited CAR binding, although none 

achieved complete neutralization (Figure 33, Table 15). This finding suggests that 

some anti-FEN antibodies possess cross-reactivity with CAR, likely due to shared 

structural features between the two opioids. As observed by Eubanks et al. [369], 

these antibodies likely target the core phenylethyl and piperidinyl groups - 

structural elements shared by FEN and CAR. This overlap in molecular features 

could explain their ability to bind both substances (Figure 1: Chemical structure 

of OR agonists). Notably, ab3, ab5 and ab6 are monoclonal antibodies generated 

in mice or mouse hybridoma cells, while ab8 and ab9 are polyclonal antibodies 

raised in rabbits or sheep. Consequently, no direct link can be established 
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between the observed reduction in specificity and certain antibody specifications. 

Interestingly, ab8 was ineffective against FEN but displayed notable activity 

against CAR, indicating a certain degree of CAR specificity in this assay. Ab8 

shares the same specifications as ab7, yet only ab8 showed activity against CAR. 

The polyclonality of ab8 and ab9 may enable them to bind multiple epitopes of a 

single antigen, which could explain their reduced specificity for FEN while 

increasing their ability to recognize shared structural features between FEN and 

CAR. Although CAR differs from FEN by the addition of a quaternary methoxy 

group at position 4 of the piperidine ring - a feature absent in FEN - this broader 

epitope recognition might account for ab8’s cross-reactivity with CAR. 

The manufacturers had previously evaluated the cross-reactivity of certain anti-

FEN antibodies with FEN derivatives, including CAR. According to the product 

data sheets, ab1 exhibited 1% cross-reactivity with CAR, ab2 showed less than 

0.1%, ab3 demonstrated 5% and ab4 showed 1%. These data align with the 

findings of this study, where none of these antibodies - except for ab3 - showed 

significant inhibition of CAR receptor interaction. Ab3 inhibited approximately 9% 

of CAR binding (Table 15). For ab5, ab6, ab7, ab8 and ab9, no manufacturer data 

regarding CAR cross-reactivity were available. Therefore, the observed 

functionality of these antibodies cannot be directly compared to any pre-existing 

specifications.  

Importantly, none of the antibodies interfered with MOR and ENDO at the tested 

concentrations, suggesting that their selectivity is limited to FEN and CAR and 

does not extend to other opioid classes. While this specificity helps minimize side 

effects, it also raises concerns about their potential inefficacy against structurally 

distinct synthetic opioids. MOR, an alkaloid with a morphinan skeleton and 

ENDO, a tetrapeptide, differ structurally from FEN derivatives and lack the 

characteristic anilidopiperidine core, which might be essential for antibody 

recognition. Surprisingly, none of the antibodies recognized REMI either, despite 

its anilidopiperidine structure. Unlike FEN and CAR, REMI lacks the alkylbenzyl 

substituent on the nitrogen atom of the piperidine ring, instead featuring a methyl 

ester group at this position. This structural difference could explain the lack of 

binding, suggesting that the alkylbenzyl group might be a key determinant for 

antibody recognition. Alternatively, the higher concentration of REMI used in this 
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assay compared to FEN and CAR may have played a role. If the antibodies do 

bind REMI, but an excess of unbound molecules was still available to displace 

[³H]-NLX, a neutralizing effect might have been masked in this experiment.  

This said, the effectiveness of neutralizing agents strongly depends on the ligand 

concentrations used in the assay. In this study, opioid concentrations were 

selected based on those used in antagonist experiments: 150 nM FEN, 10 nM 

CAR, 10 µM ENDO and 500 nM REMI. The only exception was MOR, which was 

tested at 200 nM to reflect physiologically relevant therapeutic plasma levels 

[528]. This concentration was chosen to simulate real-life scenarios where 

patients treated with anti-FEN or anti-CAR antibodies might still require MOR for 

pain management. While the lower MOR concentration slightly reduced the 

challenge for antibody binding, it still ensured that most receptors were occupied 

(Figure 19), making it easier to assess potential antibody effects on MOR. For 

FEN analogs, concentrations approximated lethal plasma levels. CAR’s exact 

lethal concentration remains unknown, but post-mortem analyses following CAR 

intoxication have reported plasma levels between 0.2 and 3.4 ng/mL (0.5-8.6 nM) 

[61,529-531]. For FEN, concentrations above 20 ng/mL (60 nM) are associated 

with loss of consciousness, according to [532]. Gill et al. and Edinboro et al. 

reported FEN concentrations of around 25 ng/mL (74 nM) in intoxication victims 

[533,534]. Olson et al. reported a range from 5 to 26 ng/mL, corresponding to 15-

77 nM [535]. Determining lethal REMI concentrations is more challenging due to 

its rapid metabolism; in some cases, only its metabolites were detectable post-

intoxication [536]. However, target plasma concentrations for REMI-induced 

anesthesia are typically 3-5 ng/mL (8-13 nM) [537]. Based on these data, the 

selected concentrations of 150 nM FEN, 10 nM CAR and 500 nM REMI likely fall 

within ranges that would be lethal or, at the very least, cause severe respiratory 

depression in opioid-naive individuals.  

It's important to note, however, that unlike the antagonist experiments conducted 

in DMEM buffer (radioactive cAMP assay, see section 6.7.1) this assay was 

performed in TRIS-buffer. As demonstrated in section 6.4.1, opioids generally 

exhibit higher binding affinities in TRIS-buffer. Given that the selected 

concentrations were approximately 10 to 20 times higher than each opioid's 

respective Ki, it's estimated that over 90% of the receptors are already bound by 



167 
  

the opioids. This increased receptor occupancy presents a more challenging 

environment for the antibodies to inhibit opioid binding. However, the advantage 

of using TRIS-buffer was twofold: it not only reduced the amount of opioid 

required, but also, consequently, the necessary amount of antibodies. Despite 

the high receptor occupancy across the chosen concentrations, these conditions 

still provide a suitable framework for screening the antibodies' neutralizing effects 

against the opioids, as they strike a balance, allowing sufficient tracer 

displacement for effective measurement, while also conserving both opioid and 

antibody resources. 

7.3.2. Antibodies exhibit reduced potency and maximal inhibition 

against Carfentanil  

Beyond receptor binding, the ability of antibodies to inhibit opioid-induced 

receptor activation was assessed using cAMP accumulation assays. For this 

analysis the antibodies, which showed the best effect in opioid inhibition in the 

binding assays were selected. However, the concentrations used to assess the 

antibody potencies were selected to be tenfold lower than those used in the 

antagonist experiments conducted with the radioactive assay. This decision was 

based on the higher sensitivity of the AlphaScreen assay, which allowed the 

usage of lower concentrations of both the antibodies and FSK. In fact, the FSK 

concentration in the AlphaScreen assay was also reduced by a factor of ten. Initial 

trials using the same concentrations as in the antagonist experiments (150 nM 

FEN and 10 nM CAR) did not yield any detectable neutralizing effect of the 

antibodies. This lack of effect indicated that the opioid response was already 

saturated. Even when receptor binding was presumably significantly inhibited by 

the antibody, sufficient cAMP inhibition still occurred, making it impossible to 

detect any antibody effects under these conditions. As a result, the 

concentrations were adjusted to be tenfold lower, specifically 15 nM FEN and 1 

nM CAR, which still resulted in sufficient FSK inhibition, so subsequent antibody 

effects could be detected.  

Compared to their effects on FEN, the antibodies exhibited lower potency and 

maximal inhibition against CAR. While ab2, ab4, ab5, ab6 and ab9 demonstrated 

high potency against 15 nM FEN (IC50 values: 20-70 nM), their potency against 

1 nM CAR was markedly lower. The IC50 values of ab5 and ab6 were between 
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500 and 900 nM, and ab8 showed moderate potency (IC50 ~ 200 nM). Ab9 was 

the only antibody with similar potency against both FEN and CAR, though its 

maximal inhibition of CAR remained incomplete. 

The reduced efficacy against CAR is likely due to its high receptor affinity and 

ability to activate the µOR efficiently, even at low occupancy levels (Table 9). 

Additionally, the strong positive cooperativity observed in FEN-neutralizing 

antibodies - evident from high hillslopes (Table 17) - was absent in CAR inhibition, 

further supporting the notion that these antibodies were optimized for FEN rather 

than CAR. The phenomenon positive cooperativity, where binding of one 

molecule enhances the binding of additional molecules, is well-documented in 

proteins with multiple binding sites, such as hemoglobin [538]. However, for 

antibodies, which typically have two identical Fab regions, the situation is more 

complex. Some studies suggest that under specific conditions - such as the 

formation of large antigen-antibody complexes - conformational changes in the 

antibody might influence binding properties [539]. Also, there are reports that 

ligands can influence the overall conformation of antibodies [540]. Furthermore, 

there is evidence for allosteric cooperativity in IgG antibodies, where ligand 

binding to the variable region impacts the constant region’s effector functions 

[541,542]. However, these effects differ from the classical cooperativity seen in 

hemoglobin and are not directly comparable. Importantly, no direct evidence 

supports the notion that ligand binding to one Fab fragment facilitates binding to 

the other Fab fragment of the same antibody. The positive cooperativity-like 

effects observed in this study appear to be a unique and novel aspect of antibody 

functionality at the receptor level. However, the underlying mechanisms remain 

unclear and require further investigation. Despite this, these findings highlight the 

need for CAR-specific antibodies to achieve more effective neutralization. 

An unexpected phenomenon was observed at low antibody concentrations (<30 

nM), where FEN-induced cAMP inhibition was enhanced, with dose-response 

curves dipping below baseline. For most antibodies (except ab2), this effect was 

particularly pronounced at 10 nM, where FEN-induced cAMP attenuation was 

enhanced by up to 50%. A similar, though less pronounced, effect was observed 

with ab5 and ab8 against 1 nM CAR, enhancing cAMP attenuation by up to 20%. 

Interestingly, this effect varied opioid-dependent; for example, ab6 exhibited this 
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behavior with FEN but not with CAR. This specificity rules out the possibility that 

the phenomenon is an intrinsic property of the antibodies, independent of their 

interaction with the ligand. 

In the literature, there are reports of ligand-antibody complexes enhancing 

receptor activation [543]. At low antibody concentrations, distinct antibody-ligand 

complexes, such as one-to-one configurations may form, potentially increasing 

ligand affinity or concentrating the ligand near the receptor. Additionally, low 

antibody concentrations have been associated with enhanced receptor activation 

in other contexts [544] and physiological anti-receptor antibodies have been 

proposed to exert receptor-regulatory functions [545]. These findings may explain 

the receptor-activating effect observed in this study, where low antibody 

concentrations seem to promote receptor activation either through unique 

antibody-ligand complexes or intrinsic receptor-regulatory properties of the 

antibodies (Figure 43). Despite these observations, the underlying mechanisms 

of this phenomenon remain unclear. To date, this type of assay - designed for the 

in vitro investigation of anti-FEN antibodies by indirectly measuring the inhibition 

of opioid-induced cAMP attenuation through enhanced tracer displacement - has 

not been previously applied in this context. As a result, it cannot be ruled out that 

the observed effects, particularly the apparent receptor activation at low antibody 

concentrations, may be influenced by methodological factors. For instance, low 

antibody concentrations might, for unknown reasons, interfere with tracer 

displacement itself, thereby mimicking an enhanced opioid effect. Further studies 

are necessary to determine whether this phenomenon reflects a biological 

mechanism or an assay-specific artifact. 
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Figure 43: Potential mechanisms underlying the enhancement of FEN-
induced receptor activation at low antibody concentrations 

Without ant ibody, FEN binds to and activates the receptor, reducing cellular cAMP 
levels. At high antibody concentrations, FEN is neutralized through masking of  
functional groups, ster ic inhibit ion, or reduced receptor binding aff inity, thereby 
preventing cAMP inhibition. At low antibody concentrations, distinct FEN-antibody 
complexes may form, potential ly enhancing receptor binding and activation. 
Alternatively, low antibody concentrations could increase local FEN concentration 
near the receptor, promoting its binding and activity.  

This study demonstrated that opioid antagonists like NLX and NLM show 

significantly reduced efficacy against CAR compared to other opioids. This is 

likely due to CAR stabilizing a unique, ultra-active receptor conformation that 

makes it less accessible to antagonists. Given this resistance, an alternative 

strategy - preventing CAR from binding to the receptor in the first place - appears 

particularly promising. 

However, directly comparing antagonists and antibodies within the scope of this 

study presents challenges. Differences in their mechanisms of action and 

uncertainties regarding how in vitro concentrations translate to therapeutic 

plasma levels make a direct comparison difficult. For instance, Hicks et al. 

administered antibodies at a dose of 40 mg/kg in mice [546]. Assuming an 

average mouse body weight of 20 g, a blood volume of 1.4 mL, and an antibody 

molecular weight of 150 kDa, the theoretical plasma concentration would be 

approximately 4 µM. In contrast, the highest antibody concentration used in this 
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study’s in vitro assays was 1 µM. This discrepancy suggests that the effects 

observed in vitro may underestimate the potential efficacy of antibodies at 

therapeutic concentrations, which could theoretically be higher.  

Despite these challenges, the antibodies tested in this study appeared to be more 

selective than antagonists. While antagonists broadly affected all tested opioids, 

particularly MOR and ENDO, the antibodies showed no cross-reactivity with 

these compounds or with REMI. This suggests that, in a clinical setting, patients 

treated with anti-FEN or anti-CAR antibodies might still be able to receive MOR 

for pain management. 

Overall, the tested antibodies demonstrated high potency and efficacy against 

FEN, reinforcing the potential of antibody-based strategies. This highlights the 

need to develop CAR-specific antibodies, which could achieve similar 

performance against CAR as anti-FEN antibodies do against FEN. Additionally, 

both the ligand binding and AlphaScreen assays proved to be reliable platforms 

for in vitro antibody testing. 

7.3.3. Potential limitations of antibody-based opioid neutralization 

Specific antibodies offer a broad therapeutic potential for treating opioid 

intoxications, with the advantage of tailoring their specificity to individual opioid 

derivatives. Their longer half-life, especially compared to clinically approved 

receptor antagonists, reduces the risk of post-treatment renarcotization. 

However, considering antibodies as a viable antidote for opioid intoxication 

involves several significant challenges. 

Opioids, particularly FEN-like analogs, present challenges due to their low 

molecular weight and high lipophilicity. These properties enable rapid absorption 

and distribution into the bloodstream and CNS following invasive (e.g. 

intravenous) and non-invasive application routes (e.g. oral, transdermal, 

inhalational or transmucosal) [547,548]. Synthetic opioids can cross into the brain 

within seconds, producing physiological effects. This rapid onset requires 

antibodies to bind the drug immediately to prevent its entry into the brain. 

Interestingly, studies in model systems have shown that antibodies can bind small 

molecules within seconds, supporting their potential effectiveness in vivo [549]. 

However, for this, the antibody must already be present at the site of action - in 
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the bloodstream - at sufficient concentrations. The immunogenicity of these 

antibodies pose another challenge. Non-human-derived antibodies frequently 

trigger adverse immune reactions in vivo, necessitating humanization before 

clinical application [550]. 

Moreover, despite endeavors to enable antibody delivery to the CNS, due to their 

large molecule size, antibodies generally cannot pass the BBB [551,552]. 

Instead, their action depends on opioids dissociating from the receptors and 

returning to the bloodstream, where the antibodies can neutralize them. Whether 

this approach can sufficiently and quickly lower opioid plasma concentrations to 

sub-effective or non-pathological levels remains uncertain. A promising strategy 

to overcome this limitation could involve the combined use of fast-acting receptor 

antagonists, such as NLX or NLM, which rapidly penetrate the brain, alongside 

antibodies either prophylactically or post-exposure [367,553-555]. While the 

antagonists have relatively short half-lives compared to potent opioids like CAR, 

their shortcoming could be offset by the prolonged action of antibodies. Based on 

data from other exogenous antibodies, anti-drug antibodies might exhibit 

durations of action ranging from hours to weeks, reducing the risk of 

renarcotization [527]. Research supports this potential. Eubanks et al. observed 

reversal of CAR-induced respiratory depression 20 minutes after administering a 

monoclonal antibody, which showed prolonged efficacy compared to NLX [369]. 

Similarly, Triller et al. demonstrated protection against FEN effects when 

monoclonal antibodies were administered 24 hours prior to FEN exposure. 

Furthermore, they reported reversal of FEN-induced effects within 15 minutes 

after antibody injection [365]. 

In this study, several anti-FEN antibodies - tested for the first time in vitro on 

receptor-level interactions - showed significant inhibition of FEN- and CAR-

induced µOR binding and activation in HEK293-µOR cells. While these findings 

are promising, further research is essential to evaluate their effectiveness in vivo. 

7.4. Suitability of HEK293-µOR cell line in this work  

HEK293 cells are commonly utilized in receptor expression studies due to their 

high transfection efficiency, rapid proliferation and ability to maintain stable 

expression of introduced proteins [381,383,384]. While HEK293 cells lack 
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endogenous µOR expression [435], their favorable characteristics make them an 

ideal platform for developing recombinant cell lines in OR pharmacology. 

[436,437]. In this study, the HEK293-µOR cell line was successfully established, 

expressing the rµOR, although efforts to stably express the hµOR were 

unsuccessful. Interestingly, most published studies in the field of OR 

pharmacology have utilized HEK293 cells stably transfected with rodent µOR 

[302,436,437], while examples involving stable transfection with hµOR are 

relatively rare [556]. This shortness suggests that stable integration of hµOR into 

HEK293 cells might be particularly challenging or that the transfection protocol 

used in this study was not optimized for hµOR cDNA. Given that rat and human 

µOR share 95% sequence homology and exhibit nearly identical ligand affinity 

and selectivity [72,438,439], the rat receptor is a highly suitable alternative for the 

human version. The strong similarity suggests that any species-specific 

differences are unlikely to affect the overall validity of this works results.  

The established HEK293-µOR cells displayed high µOR expression and strong 

affinity for the radioactive tracer [³H]-NLX, reflected in low Kd and high Bmax values 

(Figure 15). The values determined in this work were notably higher than those 

reported in studies using cells that endogenously express µOR, such as F11 or 

amphibian brain homogenates [125, 164]. Overexpressing cell lines, like the 

HEK293-µOR used here - genetically modified to include the µOR gene under a 

viral promoter - can lead to significantly higher receptor quantities, which can be 

both an advantage and a limitation. In present study, this approach produced 

precise affinity measurements with high reproducibility. Moreover, the reliable 

detection of the inhibitory effects of antibodies on OR binding further underscores 

the cell line's suitability for analyses of receptor-ligand interactions. However, the 

overexpression can introduce complexities when examining signaling pathways, 

e.g. due to the occurance of receptor reserve, which typically affects all ligands 

equally.  

In this study, all opioid agonists exhibited lower EC50 values for cAMP inhibition 

compared to their Ki values, confirming the presence of receptor reserve. The 

APR, also referred to as pharmacological shift ratio (PSR) in the literature [557], 

is a measure for receptor reserve and ranged from 5 to 44 in TRIS-buffer and 58-

444 in DMEM in this work (Figure 19 and Figure 20). While this indicates a 
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substantial receptor reserve in the system, the strikingly high APR of CAR 

suggests an effect beyond receptor reserve alone. Thus, although receptor 

overexpression may influence absolute APR values, the relative differences in 

efficacy observed in this study remain valid and support the described 

conclusions. The fact that CAR deviates so markedly from the other opioids 

indicates that its receptor efficacy is intrinsically higher.  

Given that receptor overexpression should affect all opioids similarly, one would 

expect comparable results in an endogenous cell line. Indeed, a study examining 

the affinity and potency for cAMP inhibition in SH-SY5Y cells - an endogenous 

human neuronal cell line naturally expressing OR [558] - found similar affinities 

for FEN and CAR. However, as in present study, CAR exhibited a significantly 

higher potency. The APRs were nearly 1 for FEN and 15 for CAR. Therefore, it 

is likely that the same phenomenon can be observed, regardless of the 

overexpression system.  

While overexpressing cell lines may not fully replicate physiological conditions - 

particularly regarding the induction of signaling pathways influenced by receptor 

reserve - present study still provides crucial insights into the receptor-level 

mechanisms underlying CAR’s extreme potency and toxicity. Even though direct 

translation to in vivo conditions should be approached with caution, the findings 

emphasize the importance of further research using more physiologically relevant 

models to fully elucidate CAR’s in vivo pharmacological profile. 
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9. Appendix 

List of abbreviations 

 

µOR Mu opioid receptor 

AC Adenylate cyclase 

AKT 1/2/3 Protein kinase B 1, 2, and 3 

AMP Adenosine monophosphate  

ANOVA Analysis of variance 

AP2 Adapter protein 2 

ATP Adenosine triphosphate 

AUC Area under the curve 

BBB Blood brain barrier 

Bgg Bovine gamma globuline 

Bmax Maximum binding 

BRET  Bioluminescence Resonance Energy Transfer 

BSA Bovine serum albumin 

cAMP Cyclic adenosine monophosphate 

CAR Carfentanil 

cDNA Complementary desoxyribonucleic acid 

Chk-2 Checkpoint kinase 2 

CHO Chinese Hamster Ovary Cells 

c-Jun Jun proto-oncogene 

CNS Central nervous system 

COS CV-1 in origin with SV40 
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CRE cAMP response element 

CREB cAMP response element binding protein 

DAG Diacylglycerol 

DAMGO [D-Ala2, N-MePhe4, Gly-ol]-enkephalin 

DMSO Dimethylsulfoxide 

DNA Desoxyribonucleic acid  

DPDPE [D-Pen2,D-Pen5]enkephalin 

EC50 Halfmaximal effective concentration 

EGFR Epidermal growth factor receptor 

ENDO Endomorphin-1 

eNOS Endothelial nitric oxide synthase 

ERK1/2 Extracellular signal regulated kinases 1 and 2 

FDA US Food and Drug Administration 

FEN Fentanyl 

Fgr Feline Gardner-Rasheed sarcoma viral 

oncogene homolog 

FSK Forskolin 

GDP Guanosine diphosphate 

GIRK  G protein gated inwardly rectifying potassium 

channel 

GPCR G protein coupled receptor  

GRK G protein coupled receptor kinase 

GSK Glycogen synthase kinase 

GTP Guanosine triphosphate 

hµOR Human mu opioid receptor 
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HEK293 Human embryonic kidney 293 cells 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid 

HRP Horseradish peroxidase 

HSP Heat shock protein 

IBMX 3-isobutyl-1-methylxanthine 

IC50 Halfmaximal inhibitory concentration 

IP3 Inositol-1,4,5-triphosphate 

JNK 1/2/3 c-Jun N-terminal kinase 1/2/3 

Kd Dissociation constant 

Ki Inhibition constant 

KLH Keyhole limpet hemocyanine 

LB Luria-Bertani or lysogenic broth 

Lck Lymphocyte-specific protein tyrosine kinase 

Lyn Lyn proto-oncogene, Src family tyrosine kinase 

MAPK Mitogen activated protein kinase 

MEK1 Mitogen activated protein kinase kinase 1 

MOR Morphine 

MSK1/2 Mitogen- and stress-activated protein kinase 1/2 

NaCl Natrium chloride 

NaOH Natrium hydroxide  

NLM Nalmefene 

NLX Naloxone 

NOR Nociceptin/Orphanin NQ receptor  

NPF Nonpharmaceutical fentanyls  
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ORL-1 opioid receptor-like 1 

p38α p38 alpha mitogen-activated protein kinase 

p53 Tumor protein p53 

p70 S6 kinase Ribosomal protein S6 kinase beta-1 

PBS Phosphate-buffered saline 

PDE Phosphodiesterase 

PDGF Rβ Platelet-derived growth factor receptor beta 

pERK1/2 Phosphorylated extracellular signal regulated 

kinases 1 and 2 

PIP2 Phosphatidylinositol 4,5-bisphosphate 

PKA Proteinkinase A 

PKC Proteinkinase C 

PLC Phospholipase C 

PRAS40 Proline-rich AKT substrate 40 kDa 

PYK2 Protein tyrosine kinase 2 beta or proline-rich 

tyrosine kinase 2 

Raf Rapidly Accelerated Fibrosarcoma 

rµOR Rat mu opioid receptor 

REMI Remifentanil 

RSK1/2 Ribosomal S6 kinase 1/2 

RT Room temperature 

SDS Sodium dodecyl sulfate  

SEM Standard error of the mean  

SNARE Soluble N-Ethylmaleimide-Sensitive Factor 

Attachment Protein Receptors 
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Src Proto-oncogene tyrosine-protein kinase Src 

STAT Signal transducer and activator of transcription 

TEMD Buffer containing TRIS, EDTA, MgCl2 and 

dithiothreitol 

VSG variant surface glycoprotein 

WNK1 WNK lysine-deficient protein kinase 1 

Yes Proto-oncogene tyrosine-protein kinase Yes 

δOR  Delta opioid receptor 

κOR Kappa opioid receptor  
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