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Abstract   

Synthetic opioids, including fentanyl and its analogues, have therapeutic efficacy in analgesia 

and anesthesia. However, their illicit use in the U.S. has increased, and contributed to the 

number one cause of death for adults 18-50 years old.  Fentanyl and the heroin metabolite, 

morphine, induce respiratory depression that can be treated with the mu opioid receptor (MOR) 

antagonist, naloxone. With higher or more rapid dosing, fentanyl, more than morphine, causes 

chest wall rigidity, and can also induce rapid onset laryngospasm.  Because non-MORs could 

mediate differing clinical manifestations, we examined the interactions of fentanyl and morphine 

at recombinant human neurotransmitter transporters, G protein-coupled receptors, and the 

NMDA glutamate receptor. Both drugs were agonists at MOR, kappa, and delta opioid 

receptors. Morphine had little or no affinity at other human receptors and transporters (Ki or IC50 

value >100µM).  However, fentanyl had Ki values of 1,407nM and 1,100nM at α1A and α1B 

adrenoceptor subtypes, respectively, Ki values of 1,049nM and 1,670nM at dopamine D4.4 and 

D1 receptor subtypes, respectively, and also blocked [3H]neurotransmitter uptake by the 

vesicular monoamine transporter 2 (VMAT2) (IC50 = 911nM). Pharmacokinetic models indicate 

that these Ki and IC50 values are pharmacologically relevant.  Fentanyl had little affinity for other 

receptors or transporters.  Thus, noradrenergic disposition at specific receptor subtypes in 

relevant organs may play a role in respiratory and cardiothoracic effects of fentanyl. Data 

suggest that less selective fentanyl receptor pharmacology could play a role in the different 

clinical effects of morphine compared to fentanyl, including fentanyl-induced deaths following 

illicit use. 

 

Significance Statement: The synthetic opioid, fentanyl, induces different clinical effects 

including rapid onset muscular rigidity, vocal cord closure and rapid death, than the heroin 

metabolite, morphine.  Our data indicate for the first time that the two drugs have very different 
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effects at recombinant human neurotransmitter receptors and transporters that might explain 

those clinical differences.   

 

Introduction  

Fentanyl (N-phenyl-N-[1-(2-phenylethyl)-4-piperidinyl]propanamide), a synthetic opioid, 

and its analogues (F/FAs) are involved in almost twice as many opioid-induced deaths as heroin 

(diacetyl morphine), the metabolic precursor of morphine (Jannetto et al., 2019); (Hedegaard, 

2018). However, in hospitals, fentanyl use for analgesia and anesthesia is routine (Stanley, 

2014).  Side effects include respiratory depression that is treated with naloxone, a mu opioid 

receptor (MOR) antagonist.  Additionally, fentanyl-induced severe skeletal muscle rigidity 

(FIMR) of the chest wall and diaphragm and acute vocal cord closure (laryngospasm) require a 

muscle relaxant/paralytic and endotracheal intubation to restore adequate ventilation. These 

fentanyl-induced respiratory effects (FIRE) may play a role in rapid death associated with illicit 

fentanyl use.   

Symptoms of overdose from illicit use of heroin similarly include naloxone-reversible 

respiratory depression. However, patients who overdose following illicit fentanyl exposure are 

far less likely to recover even after treatment with naloxone (Slavova et al., 2017), and higher 

doses of naloxone are generally required (Somerville et al., 2017). This reduced sensitivity to 

naloxone could be due to non-MOR-related effects of fentanyl and may explain why deaths from 

F/FAs continue to increase (Baumann et al., 2018). In fact, naloxone in higher doses causes 

non-cardiogenic pulmonary edema (Jiwa et al., 2018), exacerbating respiratory failure and non-

MOR-mediated symptoms of opioid overdose. Rapidity of injection and dose of fentanyl are the 

key determinants of the incidence, severity and duration of FIRE (Grell et al., 1970).  Symptoms 

occur within 2 minutes of drug injection and can last up to 15 minutes (Scamman, 1983; 

Streisand et al., 1993).  Fentanyl’s inactive metabolite, norfentanyl, appears in plasma within 90 
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seconds of a bolus intravenous injection (McClain and Hug, 1980), but little norfentanyl is found 

in autopsy tissue from overdose deaths due to fentanyl (Burns et al., 2016).  The absence of 

metabolite suggests that death from a bolus injection of fentanyl is rapid, distinguishing it from 

respiratory depression following heroin overdose. 

Complex fentanyl pharmacokinetics vary across compartments (plasma, CSF, brain 

lipid) (Peng and Sandler, 1999).  Although fentanyl plasma concentrations are much lower than 

brain lipid concentrations (Chesser et al., 2019), the high lipid solubility and rapidity of exposure 

to the CNS following high dose fentanyl suggests that micromolar Ki values for fentanyl binding 

to non-MORs could be relevant under toxic conditions (Stone and DiFazio, 1988; Yamanoue et 

al., 1993; Hustveit, 1994).  

Descriptions of non-opioid receptor pharmacology i.e., direct interaction between 

morphine or fentanyl and human signal transduction proteins, which could be linked to the 

disparate clinical effects of fentanyl and morphine are sparse (see PDSP database: 

https://pdsp.unc.edu/databases/pdsp.php).  Locus coeruleus (LC) activation may play a role in 

FIMR and FIRE, and multiple animal studies suggest that fentanyl interacts with α1-

adrenoceptors (Adrs) (Lui et al., 1989; Tsou et al., 1989; Lui et al., 1990; Fu et al., 1997).  

Additionally fentanyl interacts with the human dopamine transporter in vivo (Bergstrom et al., 

1998), and fentanyl displaces [3H]8-hydroxy-2-(di-n-propylamino) tetralin (8-OH-DPAT) from 

serotonin (5-HT) 1A receptors in rat brain preparations (Martin et al., 1991) and transfected cells 

(Rickli et al., 2018).  Finally, fentanyl but not morphine interacts with the human ether a-go-go-

related gene potassium channel (Katchman et al., 2002; Tschirhart et al., 2019), which could 

play a role in fentanyl-mediated rapid changes in cardiovascular function.  

Data described herein are the first to show that morphine has low affinity (Ki ~100 µM) at 

the examined recombinant human non-opioid receptors and transporters, while fentanyl has 

high nanomolar or low micromolar Ki or IC50 values for displacing radioligand binding or 
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antagonizing function at specific recombinant human α1-Adr subtypes, the vesicular monoamine 

transporter (VMAT2), and the dopamine D1 and D4.4 receptor subtypes. Further, carfentanil, a 

potent fentanyl analogue, had binding affinities similar to fentanyl for α1-Adr subtypes. 

Conversely, Ki values for fentanyl at displacing radioligand binding at serotonin 1A, 2A, 2B, 2C, 

dopamine D2 and D3, cannabinoid CB1, and N-methyl-D-aspartate (NMDA) G2a/G1 receptors 

and at dopamine (DAT), norepinephrine (NET) and serotonin (SERT) transporters, were in the 

high micromolar range. Additionally, we investigated the effects of fentanyl on receptor and 

transporter function where fentanyl binding affinity was pharmacologically relevant, and the data 

indicate that fentanyl is an inhibitor/antagonist of function. These data suggest that there are 

significant differences between morphine and fentanyl pharmacology.  This, along with 

previously published results indicating that the effects of F/FAs on animal models of FIMR and 

FIRE can be blocked with non-MOR antagonists, point to new directions for the development of 

treatments for the effects of synthetic opioids.    

 

Materials and Methods: 

Drugs and chemicals  

Fentanyl, carfentanil, morphine and naloxone were obtained from the Drug Supply 

Program, National Institute on Drug Abuse (Rockville, MD). Norepinephrine, epinephrine, 

phenylephrine, prazosin and tamsulosin were obtained from Sigma-Aldrich Chemical Co. (St. 

Louis, MO).  

[3H] 8-OH-DPAT, [3H]7-chloro-3-methyl-1-phenyl-1,2,4,5-tetrahydro-3-benzazepin-8-ol 

(SCH23390), [125I]methyl (1R,2S,3S)-3-(4-iodophenyl)-8-methyl-8-azabicyclo[3.2.1]octane-2-

carboxylate) (RTI-55), [3H]dopamine, [3H]5HT, [3H]prazosin, [3H]spiperone, [3H]CP-55,940, 

[3H]MK-801, [3H]dihydrotetrabenazine, and [3H]norepinephrine, were purchased from Perkin 

Elmer Life and Analytical Sciences (Boston, MA).  
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All other commonly used reagents were obtained from commercial sources except 

where specified.     

Tissue culture:  

Human embryonic kidney cells (HEK-293) or Chinese hamster ovary (CHO) cells were 

cultured and transfected with the respective recombinant human receptor, rat receptor (MOR), 

or human transporter using modifications of previously described methods (Eshleman et al., 

1999; Eshleman et al., 2013).  

Receptor binding assays:  Radioligand binding to the VMAT2 (Eshleman et al., 2013; 

Provencher et al., 2018), dopamine D1, D2, D3, and D4.4 receptors (Eshleman et al., 2013; 

Janowsky et al., 2014), 5-HT 1A, 2A, 2B, and 2C receptors (Eshleman et al., 2013; Eshleman et 

al., 2018), and the dopamine, norepinephrine, and serotonin transporters (Eshleman et al., 

1999; Eshleman et al., 2013) were conducted as previously described.  Methods used to 

examine drug interactions with additional receptors are described below. 

α1-Adr subtypes: To characterize opioid and other drug interactions with the alpha 1 

adrenergic receptor subtypes, human embryonic kidney cells expressing the recombinant 

human α1A adrenergic receptor (HEK-α1A-Adr), human α1B adrenergic receptor (HEK-α1B-Adr) or 

the human α1D adrenergic receptor (HEK-α1D-Adr) were grown in Dulbecco's Modified Eagle 

Medium (DMEM) supplemented with 10% Fetal Clone, 300 µg/ml G418, and 0.05% 

penicillin/streptomycin.  The source and plasmid for the receptor cDNAs were: Bloomsburg 

University cDNA Resource Center, pcDNA3.1+ (α1A-Adr, α1B-Adr) and α1D-Adr (Genscript, 

pcDNA3.1+).  HEK-293 cells were stably transfected using modifications of our previously 

described methods (Shi et al., 2016).  

Confluent cells (150mm plate) were rinsed with phosphate-buffered saline (PBS), 

scraped into PBS, centrifuged for 10 min at 1000xg 4oC.  The pellet was resuspended and 

polytronned in Tris buffer (pH 7.4 @ 4oC) and centrifuged at 30,000xg for 15 min, 4oC.  The Tris 
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wash was repeated.  Cells were resuspended in 3 ml Tris and stored at -80oC until needed.  The 

binding assay, adapted from published methods (Yang et al., 1998), was performed in duplicate 

in a 96-well plate. Serial dilutions of test compounds were made using the Biomek 4000 robotics 

system (Beckman Coulter, Brea CA), and assay buffer (50 mM Tris buffer, pH 7.4 at 25oC, 

containing 0.2 mg/ml ascorbic acid and 100 µM tropolone). The resuspension volumes for each 

cell line were α1A-Adr: 1 plate/~6.5 ml buffer, α1B-Adr: 1 plate/10 ml buffer, α1D-Adr: 2 plates/6.5 

ml buffer. Membranes were preincubated with drugs for 10 min prior to addition of [3H]prazosin 

(1-2 nM final conc., 80 Ci/mmol, Perkin Elmer) in a final volume of 250 µl.  Nonspecific binding 

was defined with 10 µM phentolamine.  The reaction was incubated for 45 min at 25oC and 

terminated by filtration over 0.05% PEI- soaked “A” filtermats using cold Tris buffer (50 mM, pH 

7.4) with a 6 sec wash.  Validation compounds included norepinephrine, epinephrine, 

phenylephrine, prazosin, phentolamine, and tamsulosin. The filters were dried, spotted with 

scintillation cocktail, and counted for 2 min after a 4 hr interval, on a Perkin Elmer 

microbetaplate counter.   

Opioid Receptor Subtypes: To characterize drug effects on radioligand binding to 

human delta, and kappa opioid receptors (DORs and KORs, respectively) transfected into 

Chinese hamster ovary (CHO) cells (provided by SRI) and rat MOR transfected into CHO cells 

(provided by Dr. Thomas Murray), cell lines were maintained in Dulbecco's minimal essential 

medium (DMEM) supplemented with 10% FBS, 400 μg/mL G418, and 0.1% 

penicillin/streptomycin.  All cell lines were grown to confluence, then harvested for membrane 

preparation.  The membranes for binding assays were prepared in 50 mM Tris buffer (pH 7.5 at 

4oC).  Cells were scraped from the plates in cmf-PBS and centrifuged at 500 x g for 15 min.  

The cell pellet was homogenized in 2 ml buffer with a polytron, diluted with 11 ml buffer, and 

centrifuged at 40,000 x g for 15 min, washed and recentrifuged.  The final pellet was covered 

with 3 ml buffer and stored at -80oC until needed.  
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Binding assays were conducted using [3H]DAMGO, [3H]DPDPE (0.8 nM, ~20,000 cpm), 

and [3H]U69,593 (0.8 nM, ~22,000 cpm) at the MORs, DORs, and KORs, respectively.  The 

assays were performed in duplicate in 96-well plates using 50 mM Tris buffer (pH 7.7 at room 

temp).  Nonspecific binding was determined with 1.0 µM of the unlabeled analogue of each 

radioligand.  Cell membranes were incubated with the appropriate radioligand and test 

compound at 25˚C for 60 min. The incubation was terminated by rapid filtration through Perkin 

Elmer Filtermat A filters presoaked in 0.05% polyethylenimine on a Tomtec cell harvester, and 

bound radioactivity determined as described for other receptors, above.  For [3H]DAMGO, 

[3H]DPDPE and [3H]U69,593, the Kd values are 0.147, 0.789 and 0.65 nM, respectively.  The 

densities of receptors are 0.373 ± 0.095, 32.8 ± 1.7 and 11.29 ± 0.34 pmol/mg protein for the 

MOR, DOR, and KOR cell lines, respectively. 

CB1 Cannabinoid Receptor: The method for [3H]CP-55,940 binding assays was 

adapted from (Farrens et al., 2002).  The source and plasmid for the receptor cDNA was cDNA 

Resource Center (Bloomsburg, Pa), pcDNA3.1+.  HEK-293 cells were transfected using 

lipofectamine 2000 (Invitrogen). WIN 55,212 (10 μM) was used to define nonspecific binding.  

HEK-CB1 cells were grown until confluent on 15 cm dishes.  Cells were scraped into 7 ml cmf-

PBS, and centrifuged at 11,000xg for 10 min.  The supernatant was decanted, and the pellet 

was resuspended with a Polytron in 5 ml hypotonic buffer (5 mM Tris, 2 mM EDTA + protease 

inhibitors (PI)).  The homogenate was centrifuged at 35,000 x g for 20 min, resuspended in TME 

buffer with PI (20 mM Tris, 5 mM MgCl2, 1 mM EDTA, pH 7.4 at 4oC with PI) using a Polytron.  

Following centrifugation at 35,000xg for 20 min, the pellet was resuspended in TME+PI buffer 

(1.6-3 ml for competition or saturation binding assay) using a Polytron. Proteins were quantified 

using the BCA kit (ThermoFisher, Waltham MA). 

Binding assays used TME supplemented with 5 mg bovine serum albumin (BSA)/ml, pH 

7.4 at 30oC.  The reaction included test compounds or WIN-55,212, membrane preparation (15-
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70 ug, depending on the expression level of CB1), [3H]CP-55,940, and TME+BSA buffer to a 

final volume of 0.5 ml. In saturation binding assays, the range of concentrations of [3H]CP-

55,940 was 0.07-3 nM. In competition binding assays, the concentration of [3H]CP-55,940 was 

1.2-1.5 nM. After incubation at 30oC for 60 min, the reaction was terminated by filtration with 

TME + 1 mg BSA/ml over Filtermat A filters presoaked in 0.2% polyethylenimine.  An additional 

wash was added to the normal harvesting program to reduce nonspecific binding.   

NMDA receptor binding: The methods were adapted from (Grant et al., 1997).  For 

functional NMDA receptors, cells need to express two NMDA receptor subunits, the GluN1a and 

the GluN2a.  However, simultaneous and stable expression of both subunits is toxic to the cell 

((Grant et al., 1997) and personal observation).  We developed a method using a cell line that 

stably expresses one of the subunits (GluN2a), and that is subsequently transfected with the 

cDNA for the other subunit (GluN1a) the week of the experiment.  

HEK cells stably expressing the GluN2a subunit (G2a-Myc cDNA, Origene) were 

transfected with 10 µg of Grin1-tGFP cDNA (Origene) using the polyethylenimine (PEI) as we 

have previously described (Shi et al., 2016).  On day 2, medium was changed to DMEM 

supplemented with selection antibiotic G418 (300 µg/ml). To reduce co-expression toxicity, the 

receptors were blocked with 100 µM ketamine (adapted from (Grant et al., 1997) and incubated 

for 48 hr. On day 4, cells were harvested by pouring off the medium, rinsing with 10 ml HEPES 

buffer (20 mM), and each plate of cells was scraped into 10 ml of high Mg2+ buffer (20 mM 

HEPES, 100 µM glycine, 100 µM glutamate, 300 µM MgCl2, pH 7.5).  To remove the ketamine, 

cells were incubated for 30 min at 32oC, centrifuged for 10 min at 48,000 x g at 4oC.  EDTA 

buffer (20 mM HEPES, 1 mM EDTA, pH 7.5) was added, the pellet was homogenized using a 

Polytron, and the membranes were incubated for 30 min at 32oC. Following centrifugation, the 

pellet was polytronned in ~3 ml assay buffer (20 mM HEPES, 100 µM glycine, 100 µM 

glutamate, 100 µM MgCl2, 0.2 mg/ml ascorbic acid, pH 7.5).  
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The binding assay included drug, membrane preparation, [3H]MK-801 (~20 nM) and 

assay buffer in a final volume of 250 µl.  Specific binding was defined as the difference between 

total binding and nonspecific binding in the presence of 10 µM unlabeled MK-801.  The reaction 

was incubated for 60 min at 22oC, and terminated by filtration with ice cold 20 mM HEPES 

buffer, pH 7.5 through Perkin Elmer A filtermats presoaked in 0.5% polyethylenimine using a 

Tomtec 96-well harvester.  Radioactivity remaining on filters was counted in a Perkin Elmer 

microbetaplate reader.  

Assays of Function  

Assays of VMAT2 function (Eshleman et al., 2013; Provencher et al., 2018), dopamine 

D1 and D4.4 receptor function (Eshleman et al., 2013; Janowsky et al., 2014), and 

[3H]neurotransmitter uptake by the dopamine, norepinephrine, and serotonin transporters 

(Eshleman et al., 1999; Eshleman et al., 2013) were conducted as we have previously 

described in detail.  Methods used to examine drug effects on other receptor-mediated signal 

transduction pathways are described below.   

α1-Adr -mediated Inositol-1-phosphate (IP-1) formation.  HEK-α1A-Adr, HEK-α1B-Adr 

or HEK-α1D-Adr cells were used for assays involving the IP-One Gq ELISA kit (CisBio, Bedford, 

MA).  The methods are an adaptation of our 5HT2A IP-1 assay (Eshleman et al., 2013). The 

day before an experiment, cells were plated in 24 well plates at a density of 400,000 cells/well 

using DMEM supplemented with charcoal-stripped FetalClone and penicillin/streptomycin. For 

HEK-α1A-Adr cells, on the day of the experiment, medium was removed, and cells were pre-

incubated with 1 ml unsupplemented medium for 1 hr.  HEK-α1B-Adr or HEK-α1D-Adr cells were 

used without rinsing.  Drugs were made up in stimulation buffer supplied in the kit supplemented 

with 100 µM tropolone.  Medium was removed from the well, antagonist or buffer was added, 

and cells were preincubated for 10 min.  Agonists were added and cells were incubated for 1 

hour, lysed for 30 min, and 50 μl of cell lysate was added to the IP-1 plates.  After the addition of 
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appropriate antibodies, plates were incubated overnight at 4oC, washed 6 times, incubated with 

substrate for 20 min, and after termination of the reaction, the plate was read on a plate reader 

at 450 nm with a correction at 620 nm.  Agonist effects were normalized to the maximal 

stimulation by norepinephrine, and antagonists were tested in the presence of 100 nM 

norepinephrine and normalized to the inhibition by 100 nM tamsulosin.   

Opioid (delta and kappa) Receptor-mediated [35S]GTPγS Binding: The membranes 

for [35S]GTPγS binding assays were prepared in 20 mM HEPES, 10 mM MgCl2, 100 mM NaCl 

and 0.2 mM DTT (pH 7.4).  Cells were scraped from the plates and centrifuged at 500 x g for 15 

min.  The resulting pellet was homogenized in 2 ml buffer with a polytron, diluted with 11 ml 

buffer, and centrifuged at 40,000 x g for 15 min, washed and recentrifuged.  The final pellet was 

covered with 3 ml buffer and stored at -80oC until needed.  The membranes were incubated with 

[35S]GTPγS (50 pM), GDP (10 μM), and the test compound, in a total volume of 1 ml, for 60 min 

at 25oC (Traynor and Nahorski, 1995).  Samples were filtered over Perkin Elmer FiltermatA 

filters and counted as described for the binding assays.  A dose response curve with a 

prototypical full agonist (DPDPE, and U69,593 for DORs and KORs, respectively) was 

conducted in each experiment to identify full and partial agonists.   

Opioid (mu) Receptor-mediated [35S]GTPγS Binding Comparisons of morphine-like 

and synthetic opioids on β-arrestin 2 have been well described (de Waal et al., 2020; 

Vasudevan et al., 2020). Fentanyl and related analogues, as well as morphine-like compounds 

exert effects via a β-arrestin 2-mediated pathway that is hypothesized to play a role in the 

unwanted side-effects of opioids. Here we executed a head-to-head comparison of the effects of 

morphine and fentanyl on opioid receptor-mediated Gαi/o activation as well as effects on non-

opioid receptor function. Membranes were prepared in 20 mM HEPES, 10 mM MgCl2, 100 mM 

NaCl, 1 mM EDTA and 0.2 mM DTT (pH 7.4).  Cells were starved for 12-18 hr prior to harvest in 

unsupplemented DMEM.  Cells were scraped from the plates and centrifuged at 500 x g for 15 
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min.  The cell pellet was homogenized in 2 ml buffer with a polytron, diluted with 11 ml buffer, 

and centrifuged at 40,000 x g for 15 min, washed and recentrifuged.  The final pellet was 

overlaid with 3 ml of buffer and stored at -80oC until use.   For agonist assays, the membrane 

was incubated with [35S]GTPγS (50 pM), GDP (1 μM), and the test compound, in a total volume 

of 1 mL, for 60 min at 25˚C.  Samples were filtered over glass fiber filters and washed with ice 

cold saline.  A dose response curve with DAMGO was conducted in each agonist experiment to 

identify full and partial agonist compounds. 

Data analysis 

Sigmoidal curves resulting in IC50 values for displacement of radioligand or inhibition of 

second messenger generation were analyzed using a non-linear curve-fitting program and 

further analyzed using unpaired t-tests or one-way ANOVAs followed by either Dunnett’s or 

Tukey’s multiple comparisons test (Prism version 7, GraphPad Software, La Jolla, CA). 

Saturation binding data were analyzed by non-linear regression to generate KD and Bmax values 

as we have previously described (Eshleman et al., 2013; Janowsky et al., 2014; Eshleman et 

al., 2018).  

Results 

Fentanyl and morphine interactions with opioid receptor subtypes. 

Fentanyl and morphine (Figure 1) had highest affinity for MOR ([3H]DAMGO binding), as 

compared to their affinities for KOR and DOR subtypes, and the rank order of affinities across 

receptors were similar (mu>>kappa>delta) (Table 1).  However, fentanyl had higher selectivity, 

i.e., its affinities for KOR (357 fold) and DOR (697 fold) were much lower than its affinity for the 

MOR, as compared to morphine, which differed less in affinities for the KORs (46 fold) and 

DORs (306 fold).  In assays of receptor function ([35S]GTPγS binding), potency differences 

paralleled affinity differences in terms of selectivity.  Fentanyl was an apparent full agonist at the 
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MOR, but under the assay conditions described here, was a partial agonist at DOR (71% 

efficacy compared to DPDPE, p<0.0001, one-way ANOVA followed by Dunnett’s multiple 

comparison test) and KOR (85% compared to U50,488H, p<0.05).  Morphine, however, was a 

full agonist at KOR but a partial agonist at DOR (p<0.05) and MOR (p<0.01). (Table 1).  

Fentanyl, carfentanil, morphine and naloxone interactions with α1-Adr subtypes. 

In initial experiments, equilibrium saturation binding of [3H]prazosin to recombinant 

human α1A-Adr, α1B-Adr, and α1D-Adr subtypes stably expressed in HEK293 cells was 

characterized and Kd and Bmax values were determined (Table 2). For α1A-Adr, the 

[3H]prazosin Kd was 0.153 ± 0.052 nM and the Bmax was 6.39 ± 0.3 pmol/mg protein.  For α1B-

Adr, the Kd was 0.147 ± 0.018 nM and the Bmax was 7.7 ± 1.7 pmol/mg protein. For α1D-Adr, 

the Kd was 0.186 ± 0.003 nM and the Bmax was 1.12 ± 0.18 pmol/mg protein.  Thus, the Kd 

values across receptor subtypes were in the high picomolar range, but differed significantly 

(one-way ANOVA followed by Tukey’s multiple comparison test, p<0.05). These Kd values were 

used to calculate Ki values in subsequent experiments that examined drug-receptor interactions 

(Cheng and Prusoff, 1973).   

Fentanyl had Ki values in the low micromolar range at each receptor subtype, with a 

rank order of affinity of α1B-Adr≥α1A-Adr>α1D-Adr (p<0.001, one way ANOVA followed by Tukey’s 

multiple comparison, Table 3, Figure 2). Carfentanil similarly demonstrated Ki values in the low 

micromolar range with a rank order of affinity of α1A-Adr>α1B-Adr>α1D-Adr.  In contrast, Ki values 

for morphine and naloxone at each receptor subtype were greater than 100 µM.  

Norepinephrine, epinephrine, and phenylephrine displaced [3H]prazosin binding with rank orders 

of affinity of α1D-Adr>>α1A-Adr≥α1B-Adr (Table 3, p<0.01, one way ANOVA followed by Tukey’s 

multiple comparison).  Importantly, fentanyl and norepinephrine, the endogenous agonist, had 

similar affinities for α1A-Adr and α1B-Adr (p>0.05, one way ANOVA followed by Dunnett’s multiple 

comparison), whereas carfentanil had a ~3 fold higher affinity at α1A-Adr. Carfentanil had higher 
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affinity than norepinephrine at α1B-Adr, but both fentanyl and carfentanil had much lower affinity 

than norepinephrine at α1D-Adr (Table 3, p<0.0001), where norepinephrine had its greatest 

affinity by ~10-20 fold over α1A-Adr and α1B-Adr, respectively. The competitive binding pattern of 

F/FAs suggested by the compounds tested, if consistent among members of this class of 

drugs/opioids, may allow for the increased availability and coalescence of NE at α1D-Adr and 

offers an explanation for the consistency of the clinical effects seen with F/FAs. These 

differences in affinities and availability of NE for α1D-Adr binding could play an important role in 

the effects of F/FAs on noradrenergic system function in the LC (primary noradrenergic system 

in mammalian CNS) and cardiovascular system, given the key distribution and variations in 

subtype dominance of α1-AdRs in these anatomic locations.  

Epinephrine had higher affinity for α1D-Adr than does fentanyl (p<0.001) and similar 

affinities as fentanyl at α1A-Adr and α1B-Adr (p>0.05). Phenylephrine had much lower affinity at 

α1A-Adr and α1B-Adr (ps<0.01) but similar affinity at α1D-Adr than fentanyl (p>0.05), and these 

differences in affinity could affect response to agonist when fentanyl is present.  It is noteworthy 

that carfentanil had greater affinity at the α1A-Adr than epinephrine by nearly two fold.  Prazosin 

and tamsulosin, receptor antagonists, had much higher affinity for [3H]prazosin binding at each 

receptor subtype than did fentanyl or carfentanil (ps<0.001) and the Adr agonists (Table 3).  

However, prazosin had similar affinities for the subtypes, while tamsulosin affinities at the 

subtypes varied (α1A-Adr≥α1D-Adr>>α1B-Adr, p<0.01), suggesting that each might be a useful 

tool for altering noradrenergic function affected by fentanyl, carfentanil or other F/FAs.  

In assays of receptor function, neither morphine, fentanyl nor carfentanil had agonist 

activity at any α1-Adr subtype (Table 3, Figure 3).  The morphine IC50 value at blocking 

norepinephrine-stimulated IP-1 accumulation was greater than 100 µM at each receptor 

subtype. Conversely, fentanyl was a relatively weak antagonist at α1D-Adr, and inhibited 73% of 

norepinephrine-mediated IP-1 accumulation. At α1A-Adr and α1B-Adr, fentanyl blocked 100% of 
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norepinephrine-stimulated IP-1 accumulation and had higher potency, as compared to effects at 

α1D-Adr (Table 3, p<0.01).  Similarly, carfentanil was an antagonist with rank order of potency 

α1B-Adr > α1A-Adr > α1D-Adr. Norepinephrine and epinephrine had similar potencies (ps>0.05) 

and full efficacy at each α1-Adr subtype, while phenylephrine had much lower potency than the 

neurotransmitters at each receptor subtype (ps<0.001), and was a partial agonist at α1D-Adr.  

Prazosin and tamsulosin completely blocked norepinephrine-stimulated IP-1 accumulation, with 

the same rank order of potencies (α1D-Adr>> α1A-Adr= α1B-Adr, ps<0.05) (Table 3).  

 

Fentanyl and morphine interactions with the VMAT2 and neurotransmitter transporters. 

Table 4 and Figure 4A, B, and C indicate that fentanyl and carfentanil were very weak at 

displacing [125I]RTI-55 binding from the dopamine, serotonin and norepinephrine transporters, 

with Ki values ranging from >10 µM  to 69 µM.  Morphine’s affinity for the binding site at each 

transporter was even lower, with Ki values at or above 75 µM. Consistent with previous reports, 

cocaine displaced radioligand binding from the dopamine, serotonin and norepinephrine 

transporters (Eshleman et al., 1999) with Ki values ranging from 404 to 1550 nM.  Also 

consistent with previous reports, methamphetamine’s Ki values ranged from 2.7 µM at the 

[125I]RTI-55 binding site on the dopamine transporter to 117 µM at the serotonin transporter.  At 

the VMAT2, fentanyl had a Ki value for displacing [3H]DHTB of 56 µM, and the carfentanil and 

morphine Ki values were over 10 µM and 100 µM, respectively (Table 3, Figure 4D).  Consistent 

with previous reports, methamphetamine, a VMAT2 substrate, was very weak at displacing 

[3H]DHTB binding from the VMAT2, with a Ki value of 684 µM (Eshleman et al., 2013).  DHTB, 

included as a control for the assay, had a Ki of 74 nM.   

Because drugs differ between their affinities for radioligand binding sites on transporters 

and their potencies at inhibiting transporter function, we examined [3H]neurotransmitter uptake 

by the respective recombinant human transporters and hVMAT2.  The data in Table 4 and 
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Figure 5 indicate that IC50 values for morphine were greater than 100 µM, except at the 

serotonin transporter (>83 µM).  Fentanyl, however, had IC50 values ranging from 27.5 µM at the 

norepinephrine transporter and 29.7 µM at the dopamine transporter, to >85 µM at the serotonin 

transporter. Carfentanil had an IC50 value of 4.46 µM at the norepinephrine transporter.  

Importantly, and in contrast to morphine (IC50 > 100 µM), the fentanyl IC50 value for blocking 

[3H]5-HT uptake by the hVMAT2 was 911nM (Figure 5D), which is more potent than 

methamphetamine at blocking uptake (4 µM, p<0.0001, one way ANOVA Dunnett’s multiple 

comparisons) (Table 4).  The Ki/IC50 ratio suggests that both fentanyl (ratio 61) and 

methamphetamine (ratio 164) are binding to a site on the hVMAT2 that is more closely related 

to transporter function than is the [3H]DHTB binding site (ratio 1.8) (Provencher et al., 2018).  

Carfentanil had an IC50 value of 4.1 µM at the VMAT2.   

Fentanyl and morphine interactions with dopamine receptor subtypes. 

The data in Table 5 and Figure 6 indicate that morphine, at concentrations up to 100 µM, 

did not displace radioligand binding from any dopamine receptor subtype.  Fentanyl, however, 

had Ki values of ~1 µM and ~1.7 µM at the dopamine D4.4 [3H]spiperone binding site and the 

dopamine D1 [3H]SCH 23390 binding site, respectively.  At the [3H]spiperone binding sites on 

other D2-like receptors, fentanyl’s Ki values were ~15 µM (D2) and ~12 µM (D3), indicating 

selectivity for the D4.4 receptor (Table 5, Figure 6D). Dopamine receptor agonists (SKF38393, 

quinpirole) and antagonists (SCH 23390, butaclamol, haloperidol) had Ki values for radioligand 

displacement resembling previously reported concentrations (Janowsky et al., 2014).  

To determine if fentanyl or morphine affects dopamine D1 or D4.4 function, we 

examined their ability to modulate adenylyl cyclase activity that is stimulated (D1) or blocked 

(D4.4) by these receptors, respectively.   Table 6 and Figure 7A indicate that neither fentanyl 

nor morphine stimulated adenylyl cyclase activity in C6-D1 cells.  However fentanyl (but not 
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morphine) partially (65.5%) inhibited the activity elicited by 100 nM dihydrexidine with an IC50 

value of 27 µM, while SCH 23390 completely blocked activation with an IC50 value of 3.9 nM 

(Figure 7B). In HEK-D4.4 cells, neither fentanyl nor morphine had agonist activity as measured 

by inhibition of forskolin-stimulated adenylyl cyclase activity (Figure 7C).  Fentanyl, not 

morphine, was a D4.4 antagonist, partially (63%) blocking the quinpirole effect, with an IC50 

value of 12.7 µM.  Haloperidol completely blocked the quinpirole effect, with an IC50 value of 152 

nM (Table 6, Figure 7D).  

Fentanyl and morphine interactions with serotonin receptor subtypes.  

Table 7 and Figure 8 indicate the affinities of fentanyl and morphine at the [3H]8-OH-

DPAT binding site on the recombinant h5-HT1A receptor and at [3H]5-HT binding sites on the 

recombinant h5-HT2A, 2B, and 2C receptors. In all cases, morphine Ki values were over 100 

µM.  However, fentanyl Ki values ranged from ~2.2 µM at the 5-HT1A receptor to 114 µM at the 

5-HT2C receptor. Other drugs, selective for the respective receptor subtypes, had effects 

resembling previously reported Ki values (Eshleman et al., 2013).  

Fentanyl and morphine interactions with the recombinant human CB1 cannabinoid and 

NMDA (G2a/G1) receptors. 

Table 7 indicates that neither fentanyl nor morphine displaced [3H]CP 55,940 binding to 

the recombinant hCB1 cannabinoid receptor (Ki > 100 µM) or [3H]MK-801 binding to the 

recombinant hNMDA (G2a/G1) receptor.  Selective agents included in the assays for 

comparison had Ki values resembling previously reported values (Bresink et al., 1995; Pertwee, 

2008b; Pertwee, 2008a).  

Discussion  

The hypothesis that deaths due to exposure from F/FAs are not mediated by MORs 

includes: 1) Naloxone availability has not significantly reduced F/FA-related deaths (Baumann et 
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al., 2018); 2) Fentanyl metabolites are almost non-existent in tissue from patients who died of 

fentanyl overdose, suggesting rapid cardiopulmonary collapse that contrasts with the effects of 

heroin (Burns et al., 2016); 3) Public health data from death scenes and eyewitness reports of 

F/FA-related deaths show consistent evidence of rapid and atypical death compared with heroin 

overdose (Somerville et al., 2017);  4) Published data on drug effects in animal models, and 

radioligand binding data indicate that fentanyl causes the rapid onset of severe muscle rigidity 

via cerulospinal fibers innervated/controlled by α1-Adr postsynaptic receptors (Lui et al., 1989; 

Tsou et al., 1989; Lui et al., 1990; Fu et al., 1997); 5) The principal effect of high-dose F/FAs is 

rapid closure of vocal cords followed by rigidity of the chest wall (Scamman, 1983; Bennett et 

al., 1997);  6) Fentanyl isolates the vagal medullary fibers that innervate the vocal cords 

contributing to vocal cord closure (Lalley, 2003a);  7) Activation of α1-Adr subtypes facilitates 

excitatory inputs to medullary airway vagal preganglionic neurons that modulate laryngeal and 

tracheal musculature (Haxhiu et al., 2003; Ge et al., 2015). 

Experimental results herein, comparing the effects of morphine, naloxone, 

norepinephrine, fentanyl and carfentanil in the same assay, indicated that pharmacologies differ, 

that fentanyl binds to α1-Adrs, add new data on carfentanil-α1-Adr subtype binding, and indicate 

the similar selectivity of fentanyl analogues to α1-Adr subtypes as a possible underlying 

mechanism in the lethality of this synthetic opioid family. α1-Adr subtypes have differing 

anatomical distributions that further implicates their role in the effects of fentanyl but not 

morphine.  For example, the α1D-Adr, but not α1A-Adr or α1B-Adr subtypes, found predominantly 

in the large coronary arteries, mediates vasoconstriction (Jensen et al., 2009).  The α1B-Adr, 

found in pulmonary arteries, mediates contraction (Sohn et al., 2005).  Norepinephrine had the 

highest affinity for α1D-Adr compared to α1A-Adr and α1B-Adr (Table 3). A large and rapid 

fentanyl-induced norepinephrine release (Hicks et al., 1981) should cause α1D-Adr-mediated 

contraction of coronary arteries, negatively impacting cardiovascular function (Ray et al., 2016). 
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Interestingly, fentanyl was a very weak antagonist at α1D-Adr, as compared to its ability to 

antagonize norepinephrine-mediated IP-1 formation at α1A-Adr and α1B-Adr (Table 3), 

suggesting a possible focusing of norepinephrine effects on the α1D-Adr subtype when fentanyl 

is present.   

Additionally fentanyl and carfentanil (but not morphine) blocked VMAT2-mediated 

neurotransmitter uptake (IC50 ~ 911 nM), but was much weaker at blocking radioligand binding 

(Table 4).  Lobeline, a VMAT2 uptake blocker, has some structural similarities to fentanyl, and 

fentanyl is more potent than lobeline at blocking VMAT2-mediated [3H]neurotransmitter uptake 

(lobeline IC50 = 4.2µM) (Provencher et al., 2018). Differing IC50 values for uptake and Ki values 

for binding are consistent with the effects of transporter substrates (Cozzi et al., 2009).  The 

VMAT2 transports neurotransmitter into synaptic vesicles (Erickson et al., 1996), however, 

preliminary data indicated that the VMAT2 did not transport [3H]fentanyl (data not shown).  

Thus, fentanyl appears to block uptake by, but not to displace neurotransmitter from the 

transporter/vesicle. The resulting increase in intracellular norepinephrine availability, and 

norepinephrine synaptic release via the presynaptic transporter, coupled with fentanyl blockade 

of α1A- and α1B-Adr (the α1D-Adr has relatively lower affinity for fentanyl), could result in more 

selective α1D-Adr stimulation, consistent with deleterious α1D-mediated consequences including 

coronary artery vasospasm, as mentioned above.       

Dopamine receptors had differential affinity for fentanyl, with the D1 and D4.4 receptors 

having the highest affinity, ~1 µM (Table 5), and fentanyl was a weak antagonist at both 

receptors (Table 6).  In agreement with previous reports, fentanyl’s potency at blocking D1 

receptor-mediated cAMP accumulation (Govoni et al., 1975) was similar to fentanyl’s affinity at 

blocking [3H]SCH 23390 binding to the D1 receptor. Lalley (Lalley, 2005a; Lalley, 2005b) 

suggested that dopamine D1 receptor agonists might reverse opioid-induced respiratory 

depression but not antinociception, while antagonists enhance respiratory depression.  
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Therefore, fentanyl-mediated blockade of the D1 receptor subtypes should increase MOR-

mediated respiratory depression, necessitating increased administration of naloxone, consistent 

with findings related to fentanyl overdose.   

Previous reports also used [3H]8-OH-DPAT to characterize fentanyl’s effects at 5HT1A 

receptors, and obtained almost identical results (Ki ~2µM) (Rickli et al., 2018).  However, we 

report that fentanyl had micromolar affinity (31µM) at the 5HT2A receptor as measured using an 

agonist, [3H]5-HT, while Rickli and coworkers obtained a Ki value of 1.3µM using the antagonist 

[3H]ketanserin. Differences in affinity for the binding sites could be due to the use of agonist 

versus antagonist ligand. We found no reports indicating direct effects of fentanyl on receptor 

function that could corroborate any differences in affinity caused by differences in radioligand. 

Fentanyl had very low affinity for the 5HT2C receptor, regardless of radioligand, and our data 

(Table 7) are the first indication of low affinity of fentanyl at the recombinant human 5HT2B 

receptor. 

In agreement with a previous report (Fernandez-Fernandez et al., 2014) indicating that 

fentanyl did not displace [3H]CP55,940 binding from CB1 receptors in human cortical 

preparations, neither fentanyl nor morphine displaced [3H]CP55,940 binding from the 

recombinant human receptor (Table 7). Additionally, neither fentanyl nor morphine blocked 

[3H]MK-801 binding to recombinant NMDA receptors (G2a/G1), in agreement with a report 

describing a rat cortical wedge preparation (Ebert et al., 1998). The low affinity precluded 

functional tests but both fentanyl and morphine, at high micromolar concentrations block the 

function of NMDA channels of various subunit composition expressed in Xenopus oocytes 

(Yamakura et al., 1999).  

Whether the Ki and IC50 values described above are relevant to the symptoms of 

fentanyl overdose depend on pharmacokinetic assumptions. Fentanyl is lipophilic, and 

calculated brain lipid concentrations can reach almost 3 mM (Stone and DiFazio, 1988). The 
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high octanol:water partition coefficient for fentanyl (9,550) and carfentanil (~>13,000), suggests 

that toxic brain interstitial concentrations in the high nM - low µM range are relevant (Stone and 

DiFazio, 1988).  However, calculations based on plasma drug concentrations suggest that brain 

concentrations are much lower (Kalvass et al., 2007; Heiskanen et al., 2015). Sheep models 

have demonstrated significant first pass peak concentrations reaching the brain after 

intravenous drug administration that may be up to 4,000 times greater than plasma 

concentrations within the first min of circulation (Upton, 1996). The pharmacokinetic 

assumptions, that illicit fentanyl administration results in very high (mM) concentrations in 

various compartments, suggests that our data (low µM Ki and IC50 values) at various receptors 

and transporters are pharmacologically relevant and contribute to the differences between 

morphine and fentanyl in clinical symptoms and outcomes.    

 

The relevance of these findings is significant given the incidence of deaths from F/FAs. 

High doses of F/FAs in animal models increase signal output from the LC causing severe and 

sustained chest wall rigidity, and are mediated by the direct interaction of noradrenaline and α1-

Adr receptors (Lui et al., 1989). Similarly, LC output controls medullary vagal motor fibers 

innervating the airway, while fentanyl selectively activates vagal motor fibers (Haxhiu et al., 

2003; Lalley, 2003b). These reports and our data support plausible mechanisms for increased 

noradrenergic activity and selective non-MOR receptor/VMAT2 transporter blockade that is the 

pre-requisite for synthetic opioid-induced overdose, with resulting laryngospasm, cardiovascular 

and secondary hepatic compromise  (Yasuda et al., 1978; Scamman, 1983; Lui et al., 1989; Lui 

et al., 1990; Lui et al., 1993; Lui et al., 1995; Bennett et al., 1997; Burns et al., 2016; Somerville 

et al., 2017; Torralva and Janowsky, 2019). These mechanisms appear to be distinct from the 

effects of F/FA at MORs. (Sokoll et al., 1972).  
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F/FAs increase norepinephrine in peripheral circulation (Thomson et al., 1988). 

However, F/FAs, in fact all opioids, decrease norepinephrine release in the CNS (Aghajanian, 

1982). Our new data demonstrate two mechanisms by which fentanyl may alter norepinephrine 

disposition: 1) fentanyl blocked intracellular vesicular reuptake of neurotransmitter (Figure 5), 

increasing their cytoplasmic concentrations and 2) fentanyl selectively blocked α1-Adr receptor 

subtypes (Table 3) in a manner that isolates and focuses noradrenergic activity on the α1D-Adr 

subtype (Figure 3) where norepinephrine has its highest affinity. 

Our hypothesis concerning a non-opioid fentanyl-modulated pathway has relevance for 

the current fentanyl-driven opioid crisis where the increased deaths and reduced sensitivity to 

naloxone may be due to acute vocal cord closure and cardiovascular dysfunction mediated by 

noradrenergic activity at α1D-Adr receptors, where opioid antagonists would have little effect 

(Willette and Sapru, 1982; Torralva and Janowsky, 2019). These data suggest the underlying 

mechanisms for FIRE and indicate new directions for development of supplementary modes of 

emergency treatment and strategic interventional targets (e.g. α1-Adr receptor subtypes) that 

may improve survival from F/FA exposure.  

In conclusion, the current novel data may be relevant to the development of therapeutics 

targeting the underlying mechanism of the adverse effects and deaths associated with F/FAs. 

The affinity and effects of fentanyl at α1-Adr subtypes and the VMAT2 differ significantly from 

morphine. Thus, profiling of new fentanyl analogues and synthetic opioids against the receptor 

panel described here could help to identify therapeutic candidates with fewer adverse clinical 

effects and indicate strategic intervention points for the lethal mechanisms of these compounds.     
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Figure 1. Structures of morphine, fentanyl and carfentanil. 

Figure 2. Displacement of specific [3H]Prazosin binding by opioids and antagonists at  

(A) α1A-Adr, (B) α1B-Adr, and (C) α1D-Adr receptor subtypes. Data shown are the mean ± sem of 

3-5 experiments, except if a drug had no effect when n=2.  

Figure 3: HEK-α1A-Adr, HEK-α1B-Adr, and HEK-α1D-Adr: IP-1 agonist and antagonist dose-

response curves. A, B, C: agonist stimulation of IP-1 formation: A, α1A-Adr; B, α1B-Adr 1B; C, 

α1D-Adr receptor subtypes.  D, E, F: antagonist inhibition of norepinephrine-stimulated IP-1 

formation. D, α1A-Adr; E, α1B-Adr; F, α1D-Adr receptor subtypes.  Data shown are the mean ± 

sem of 3-6 experiments, except if a drug had no effect when n=2.    

Figure 4: Opioid effects on radioligand binding to transporters. A, ([125I]RTI-55) binding to HEK-

hDAT; B, to  -hSERT; C, to –hNET; and D, [3H]DHTB binding to -hVMAT2.  Data shown are the 

mean ± sem of 3-5 experiments, except if a drug had no effect when n=2.  

Figure 5: Opioid effects on [3H]neurotransmitter uptake by HEK-hDAT, -hSERT, -hNET, and -

hVMAT2.  A, hDAT ([3H] DA); B, hSERT ([3H] 5-HT); C, hNET ([3H] NE); D, hVMAT2. ([3H] 5-

HT). Data shown are the mean ± sem of 3-5 experiments, except if a drug had no effect when 

n=2.  

Figure 6: Drug effects on radioligand binding to dopamine D1, D2, D3 and D4.4 receptors.  A, 

dopamine D1 receptor ([3H]SCH 23390); B, dopamine D2 receptor ([3H]spiperone); C, dopamine 

D3 receptor ([3H]spiperone); D, dopamine D4.4 receptor ([3H]spiperone). Data shown are the 

mean ± sem of 3-7 experiments.   

Figure 7. Agonist, antagonist, and opioid effects on dopamine D1 and D4.4 receptor-mediated 

adenylyl cyclase. A, D1 agonist stimulation of adenylyl cyclase; B, D1 antagonist inhibition of 

100 nM dihydrexidine-stimulated adenylyl cyclase activity; C, D4.4 agonist inhibition of 10 µM 
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forskolin-stimulated adenylyl cyclase; D, D4.4 antagonist reversal of 2 nM quinpirole inhibition of 

forskolin-stimulated adenylyl cyclase. Data shown are the mean ± sem of 3-6 experiments. 

Figure 8: Drug effects on radioligand binding to serotonin 5HT1A, 5HT2A, 5HT2B and 5HT2C 

receptors.  A, 5HT1A receptor ([3H]8-OH-DPAT); B, 5HT2A receptor ([3H]5-HT); C, 5HT2B 

receptor ([3H]5-HT); D, 5HT2C receptor ([3H]5-HT). Data shown are the mean ± sem of 3-7 

experiments. 
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Table 1.  Fentanyl and Morphine Interactions with Opioid Receptor Subtypes  

 

Drug 

CHO-rMOR [3H]DAMGO Binding 

Ki (nM) ± sem (n) 

Hill slope ± sem 

CHO-hKOR [3H]U69,593 Binding 

Ki (nM) ± sem (n) 

Hill slope ± sem 

CHO-hDOR [3H]DPDPE Binding 

Ki (nM) ± sem (n) 

Hill slope ± sem 

Fentanyl 0.35 ± .05 (16) 

-0.78 ± 0.05 

125 ± 15 (14) 

-0.95 ± 0.05 

244 ± 20 (12) 

-1.07 ± 0.04 

Morphine 0.58 ± 0.8 (19) 

-0.97 ± 0.05 

27 ± 3 (15) 

-0.98 ± 0.04 

178 ± 14 (12) 

-1.06 ± 0.04 

 [35S]GTPɣS Binding 

EC50 (nM) ± sem (n) 

% max DAMGO Stimulation ± sem 

[35S]GTPɣS Binding 

EC50 (nM) ± sem (n) 

% max U69,593 Stimulation ± 

sem 

[35S]GTPɣS Binding 

EC50 (nM) ± sem (n) 

% max DPDPE Stimulation ± sem 

Fentanyl 18 ± 4 (12) 

92 ± 4% 

389 ± 41 (14) 

85 ± 5% 

1256 ± 153 (13) 

71 ± 5% 

Morphine 38 ± 6 (13) 

86 ± 3% 

47 ± 6 (12) 

94 ± 4% 

789 ± 92 (13) 

89 ± 4% 

 

Experiments were conducted as described in the text.  (n) = number of independent experiments, 

each conducted with duplicate determinations.  
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Table 2: [3H]Prazosin saturation binding to HEK-α1A-Adr, HEK- α1B-Adr, and HEK-α1D-Adr 

receptor subtypes: [3H]Prazosin Kd and Bmax values 

Receptor [3H]Prazosin Binding 

Bmax (pmol/mg) ± sem (n) 

 

Kd (nM) ± sem 

α1A-Adr 6.39 ± 0.30 (3) 0.153 ± 0.052 

α1B-Adr  7.7 ± 1.7 (3) 0.147 ± 0.018 

α1D-Adr 1.12 ± 0.18 (3) 0.186 ± 0.003 

 

[3H]Prazosin was tested at concentrations ranging from 0.08-2.5 nM.  Assays were conducted in 

duplicate. Experiments were conducted as described in the text.  (n) = number of 

independent experiments, each conducted with duplicate determinations.  
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Table 3: HEK-α1A-Adr, HEK- α1B-Adr, and HEK- α1D-Adr: Effects of fentanyl, carfentanil, morphine, naloxone and Adr 1 agonists and 

antagonists on [3H]prazosin binding and IP-1 formation. 

Drug [3H]Prazosin Binding 

Ki (nM) ± sem (n) 

Hill slope ± sem 

Drug-Stimulated IP-1 Accumulation 

EC50 (nM) ± sem (n) 

% max NE ± sema 

Inhibition of NE-stimulated IP-1 Accumulation 

IC50 (nM) ± sem (n) 

% max inhibition ± semb 

 α1A-Adr α1B-Adr α1D-Adr α1A-Adr α1B-Adr Adr1D α1A-Adr α1B-Adr α1D-Adr 

Fentanyl 1407 ± 81 (5) 

-1.32 ± 0.05 

1100 ± 250 (3) 

-1.51 ± 0.08 

4110 ± 450 

(4) 

-1.41 ± 0.21 

>100 µM (2) 

0% 

>100 µM (2) 

<1% 

>20 µM (6) 

3.5 ± 2.5% 

3660 ± 790 (3) 

100% 

3690 ± 300 (3) 

100% 

11,900 ± 1,600 (3) 

73 ± 13% 

Carfentanil 418 ± 24 

-1.35 ± 0.04 

828 ± 57 

-1.93 ± 0.31 

2490 ± 530 

-1.54 ± 0.11 

>10 µM (5) 

0% 

>10 µM (2) 

0% 

>10 µM (2) 

0% 

2040 ± 380 (6) 

100% 

1030 ± 150 (6) 

99.9 ± 0.1% 

>10 µM (3) 

5.7 ± 2.6% 

Morphine >100 µM (2) 

ND 

>100 µM (2) 

ND 

>100 µM (2) 

ND 

>100 µM (2) 

0% 

>100 µM (2) 

<3% 

>100 µM (4) 

0% 

>100 µM (2) 

16.3 ± 3.7% 

>100 µM (2) 

<7% 

>100 µM (2) 

<5% 

Naloxone >100 µM (2) 

ND 

>100 µM (2) 

ND 

>100 µM (2) 

ND 

      

Norepinephrine 1580 ± 220 (5) 

-1.01 ± 0.04 

1920 ± 490 (3) 

-1.45 ± 0.20 

131 ± 40 (5) 

-0.94 ± 0.15 

55 ± 12 (3) 

102.8 ± 

3.3% 

39.7 ± 5.8 

(3) 

104.1 ± 

3.6% 

37.0 ± 5.8 

(3) 

95.89 ± 

0.63% 

   

Epinephrine 730 ± 140 (3) 790 ± 150 (3) 185 ± 22 (3) 22.7 ± 5.0 

(4) 

10.0 ± 2.3 

(3) 

32.1 ± 9.8 

(3) 
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-1.05 ± 0.07 -1.23 ± 0.05 -1.06 ± 0.03 106.1 ± 

1.4% 

100.6 ± 

4.7% 

103.0 ± 

4.6% 

Phenylephrine 4880 ± 410 (5) 

-1.26 ± 0.09 

4900 ± 1100 (3) 

-1.92 ± 0.39 

1850 ± 230 

(3) 

-1.11 ± 0.05 

318 ± 13 (3) 

106.3 ± 

1.6% 

330 ± 110 

(4) 

95.3 ± 5.9% 

620 ± 140 

(4) 

70.1 ± 1.2% 

   

Prazosin 0.134 ± 0.057 (3) 

-0.72 ± 0.09 

0.027 ± 0.008 (3) 

-0.56 ± 0.04 

0.115 ± 

0.037 (4) 

-0.51 ± 0.09 

   4.02 ± 0.54 (3) 

100% 

8.7 ± 2.7 (5) 

100% 

0.48 ± 0.12 (3) 

99.06 ± 0.77% 

Tamsulosin 0.038 ± 0.013 (3) 

-0.96 ± 0.05 

0.769 ± 0.043 (3) 

-1.05 ± 0.05 

0.084 ± 

0.023 (3) 

-0.56 ± 0.07 

   1.95 ± 0.85 (4) 

100% 

5.04 ± 0.44 (4) 

100% 

0.339 ± 0.061 (4) 

100% 

 

For each receptor, standard agonists and antagonists were tested: Adr1 agonists NE, EPI and phenylephrine and Adr1 antagonists 

prazosin and tamulosin. (n) = number of independent experiments, each conducted with duplicate determinations.  

aMaximal agonist effects were normalized to the maximal stimulation by 10 µM norepinephrine. 

bMaximal antagonist effects were normalized to the maximal inhibition by 100 nM tamsulosin. 
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Table 4: Ki values for inhibition of radioligand binding to, and IC50 values for inhibition of [3H]neurotransmitter uptake by HEK-hDAT, 

HEK-hSERT, HEK-hNET and HEK-hVMAT2 cells.  

 

Drug hDAT 

[125I]RTI-55 binding 

Ki (nM) ± sem 

Hill slope ± sem (n) 

hDAT 

[3H]DA uptake 

IC50 (nM) ± sem 

(n) 

hSERT 

[125I]RTI-55 binding 

Ki (nM) ± sem 

Hill slope ± sem (n) 

hSERT 

[3H]5-HT uptake 

IC50 (nM) ± sem 

(n) 

hNET 

[125I]RTI-55 

binding 

Ki (nM) ± sem 

Hill slope ± sem 

hNET 

[3H]NE uptake 

IC50 (nM) ± sem 

(n) 

hVMAT2 

[3H]DHTB binding 

Ki (nM) ± sem 

Hill slope ± sem 

(n) 

hVMAT 

[3H]5-HT uptake 

IC50 (nM) ± sem 

(n) 

Fentanyl 40,270 ± 2,400 

-1.17 ± 0.19 (3) 

29,700± 7,700 

(4) 

69,000 ± 15,000 

-1.20 ± 0.06 (5) 

>85,000 

(3) 

13,000 ± 2800 

-1.42 ± 0.40 (3) 

27,500 ± 6,700 

(4) 

56,100 ± 2,700 

-1.48 ± 0.09 (3) 

911 ± 34  

(4) 

Carfentanil 

 

>10,000 (3) >20,000 (4) >10,000 (3) >20,000 (3) >10,000 (3) 4,460 ± 870 (3) >10,000 (3) 

 

4,100 ± 1,100 

(3) 

Morphine >99 µM 

ND (3) 

>100 µM  

(2) 

>78 µM 

ND (3) 

>83,000 

(3) 

>90,000 

ND (5) 

>100 µM (2) 

 

>100 µM (3) 

ND 

>100 µM  

(2) 

Cocaine 554 ± 60 

-1.12 ± 0.09 (4) 

278 ± 32  

(5) 

404.4 ± 6.8 

-1.06 ± 0.08 (3) 

260 ± 100 

(3) 

1550 ± 250 

-1.48 ± 0.30 (3) 

303 ± 54 (5)   

METH 2,760 ± 660 

-1.38 ± 0.04 (3) 

62.6 ± 2.2  

(3) 

117,000 ± 14,000 

-1.23 ± 0.16 (3) 

5,800 ± 470 

(3) 

1630 ± 180 

-1.12 ± 0.04 (5) 

12.1 ± 1.2 (4) 684,000 ± 65,000 

-1.01 ± 0.07 (3) 

4,180 ± 600  

(4) 

DHTB       74 ± 28 

-1.28 ± 0.13 (3) 

41.5 ± 3.3  

(5) 
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ND: Hill slope was not determined due to the low affinity of the compound. For each transporter, methamphetamine (METH) was 

tested as a standard substrate.  For DAT, SERT and NET, cocaine was tested as the standard blocker. For VMAT2, DHTB 

was tested as the standard blocker. (n) = number of independent experiments, each conducted with duplicate determinations. 
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Table 5: Drug effects on radioligand binding to dopamine D1, D2, D3 and D4.4 receptors. 

Drug DA D1R 

[3H]SCH 23390 

Ki (nM) ± sem (n) 

Hill slope ± sem 

DA D2R 

[3H]Spiperone 

Ki (nM) ± sem (n) 

Hill slope ± sem 

DA D3R 

[3H]Spiperone 

Ki (nM) ± sem (n) 

Hill slope ± sem 

DA D4.4R 

[3H]Spiperone 

Ki (nM) ± sem (n) 

Hill slope ± sem 

Fentanyl 1,670 ± 200 (3) 

-1.17 ± 0.07 

14,900 ± 1,800 (3) 

-1.20 ± 0.06 

12,100 ± 910 (5) 

-0.88 ± 0.11 

1,049 ± 74 (3) 

-1.13 ± 0.02 

Morphine >100 µM (3) 

ND 

>100 µM (3) 

ND 

>100 µM (3) 

ND 

>100 µM (3) 

ND 

SKF38393 79 ± 12 (3) 

-1.03 ± 0.04 

   

SCH23390 0.159 ± 0.018 (3) 

-1.16 ± 0.03 

   

Quinpirole  15,700 ± 4,900 (6) 

-0.79 ± 0.08 

130 ± 20 (6) 

-0.73 ± 0.03 

157.4 ± 7.8 (3) 

-0.80 ± 0.01 

Butaclamol  0.58 ± 0.13 (7) 

-0.83 ± 0.18 

8.2 ± 3.5 (6) 

-1.15 ± 0.30 

 

Haloperidol    4.60 ± 0.27 (3) 

-0.98 ± 0.01 

 

For each receptor, a standard agonist (SKF 38393 or quinpirole) and antagonist (SCH23390, 

butaclamol or haloperidol) was tested.  (n) = number of independent experiments, each 

conducted with duplicate determinations. 
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Table 6.  Effects of fentanyl and morphine on recombinant human dopamine D1 and D4.4 receptor function  
 
Drug 

(Agonists) 

C6-D1 

EC50 (nM) ± sem (n) 

% max Dopamine ± 

sem 

C6-D1 

IC50 (nM) ± sem (n) 

% max inhibition of 100 

nM Dihydrexidine ± sem 

HEK-D4.4-AC1 

EC50 (nM) ± sem (n) 

% max Quinpirole ± sem 

HEK-D4.4-AC1 

IC50 (nM) ± sem (n) 

% max reversal of 100 nM 

Quinpirole ± sem 

Fentanyl >100 µM (2) 

0% 

27,000 ± 5,500 (5) 

65.5 ± 4.0% 

>50 µM (6) (3 of 6 curves 

could be fit) 

36 ± 11% 

12,700 ± 2,500 (4) 

63 ± 20% 

Morphine >100 µM (2) 

13 ± 13% 

 

>100 µM (2) 

4.5 ± 4.5% 

>40 µM (5) (3 of 5 curves 

could be fit) 

 20 ± 11% 

>100 µM (3) 

 Minimal effect 

Dopamine 19.5 ± 1.7 

91.6 ± 5.9% 

 4.4 ± 1.5 (4) 

95.1 ± 1.8% 

 

Quinpirole   0.60 ± 0.25 (6) 

95.4 ± 3.9% 

 

SCH 23390  3.90 ± 0.52 (4) 

98.36 ± 0.26% 
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Haloperidol    152 ± 55 (4) 

117 ± 26% 

Assays were run in duplicate with 6-7 concentrations of the test compound.  The standard agonist dopamine was tested in the 

agonist experiments and the antagonists SCH23390 (D1) or haloperidol (D4.4) were tested in the antagonist experiment. (n) = 

number of independent experiments, each conducted with duplicate determinations.  

 
 
Table 7: Displacement of [3H]radioligand from recombinant human serotonin 5HT1A, 5HT2A, 5HT2B, 5HT2C, and cannabinoid CB1 

and glutamate NMDA (G2a/G1) receptors. 

Drug 5HT1A 

[3H]8-OH-DPAT 

Binding 

Ki (nM) ± sem (n) 

Hill slope ± sem 

5HT2A 

[3H]5-HT Binding 

Ki (nM) ± sem (n) 

Hill slope ± sem 

5HT2B 

[3H]5-HT Binding 

Ki (nM) ± sem (n) 

Hill slope ± sem 

5HT2C 

[3H]5-HT Binding 

Ki (nM) ± sem (n) 

Hill slope ± sem 

CB1 

[3H]CP,940 binding 

Ki (nM) ± sem (n) 

Hill slope ± sem 

NMDA (G2a/G1) 

[3H]MK-801 binding 

Ki (nM) ± sem 

Hill slope ± sem 

Fentanyl 2240 ± 240 (3) 

-1.06 ± 0.03 

31,400 ± 3,000 (3) 

-1.02 ± 0.03 

8,600 ± 1,200 (3) 

-0.87 ± 0.09 

114,000 ± 23,000 (3) 

-0.89 ± 0.02 

>100 µM (2) 

 

>52 µM (4) 

 

Morphine >100 µM (3) 

ND 

>100 µM (3) 

ND 

>100 µM (3) 

ND 

>100 µM (3) 

ND 

>100 µM (2) 

 

>100 µM (2) 

 

5-HT 5.89 ± 0.71 (3) 

-0.90 ± 0.06 

26.77 ± 0.56 (3) 

-1.03 ± 0.10 

3.24 ± 0.11 (3) 

-0.87 ± 0.03 

6.46 ± 0.77 (3) 

-0.96 ± 0.03 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 8, 2020 as DOI: 10.1124/jpet.120.265561

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 265561 

37 

 

WAY 100635 0.60 ± 0.33 (7) 

-1.27 ± 0.22 

     

Ketanserin  13.1 ± 1.3 (3) 

-0.43 ± 0.04 

    

SB204741   52 ± 14 (3) 

-0.63 ± 0.06 

   

SB242084    2.87 ± 0.67 

-1.17 ± 0.16 

  

WIN 55,212     244 ± 78 (3) 

-0.80 ± 0.06 

 

THC          30 ± 10 (5) 

-0.82 ± 0.18 

 

MK-801      17.3 ± 1.6 (5) 

-0.80 ± 0.06 

Phencyclidine      2,870 ± 420 (8) 

-1.03 ± 0.14 

 

For each serotonin receptor subtype, the standard agonist 5-HTand a selective antagonist (WAY 100635, ketanserin, SB204741 or 

SB242084) were tested. For the CB1 receptor, the standard agonists WIN 55,212 and THC were tested.  For the NMDA receptor, the 
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standard antagonists MK-801 and phencyclidine were tested. (n) = number of independent experiments, each conducted with 

duplicate determinations. 
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Figure 1.  Structures of morphine, fentanyl and carfentanil 

 

Morphine         Fentanyl           Carfentanil  
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Figure 2 
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Figure 3  
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Figure 4  

 

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 8, 2020 as DOI: 10.1124/jpet.120.265561

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 265561 

43 

 

Figure 5  
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Figure 6. 
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Figure 7  
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Figure 8 
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