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Abstract 

Fentanyl poses a serious health concern, with abuse and death rates rising over recent years. 

Despite the high number of overdose deaths attributed to fentanyl, the complete molecular 

mechanisms of such deaths have not been well-defined. Although activation of opioid receptors 

in the brainstem causes respiratory depression, in most cases of drug-induced sudden death 

cardiac arrhythmias are implicated. Therefore, we posited that disruption of cardiac 

electrophysiology may contribute to fentanyl-induced death. The human ether-a-go-go-related 

gene (hERG) encodes the pore-forming subunit of the rapidly activating delayed rectifier 

potassium channel (IKr). Drug-mediated disruption of hERG function is the primary cause of 

acquired long QT syndrome, which predisposes affected individuals to ventricular arrhythmias 

and sudden death. Therefore, we investigated the effects of fentanyl on hERG channels. The 

effects of norfentanyl, the main metabolite, and naloxone, an antidote used in fentanyl overdose, 

were also examined. Currents of hERG channels stably expressed in HEK293 cells were 

recorded using whole-cell voltage-clamp. When hERG tail currents upon −50 mV repolarization 

after a 50 mV depolarization were analyzed, fentanyl and naloxone blocked hERG current 

(IhERG) with IC50 values of 0.9 and 74.3 μM, respectively, whereas norfentanyl did not block. The 

reduction of IhERG by fentanyl was not antagonized by naloxone, indicating that the reduction 

was not through activation of opioid receptors. An interesting finding is that fentanyl-mediated 

block of IhERG was voltage-dependent. Consequently, when a human ventricular action potential 

waveform voltage protocol was used, fentanyl blocked IhERG with an IC50 of 0.3 μM, which is 

within the range of blood concentrations after overdose deaths in humans. Furthermore, fentanyl 

(0.5 μM) blocked IKr and prolonged action potential duration in ventricular myocytes isolated 

from neonatal rats. The concentrations of fentanyl used in this project were higher than seen with 
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clinical use but overlap with post-mortem overdose concentrations. Further, co-expressed long 

and short isoforms of hERG, proposed to mimic native channels, displayed an increased 

sensitivity to fentanyl. Although mechanisms of fentanyl-related sudden death need further 

investigation, blockade of hERG channels may contribute to death for individuals with high-

concentration overdose or compromised cardiac repolarization. 
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Chapter 1 

Introduction and Literature Review 

1.1 Fentanyl 

In recent years, fentanyl-associated death has become a serious issue in North America. 

In fact, within British Columbia, there were 1,310 fentanyl-detected illicit drug overdose deaths 

reported in 2018 alone (BC Coroners Service, 2019). Further, fentanyl was detected in 87% of all 

illicit drug deaths during 2018 (BC Coroners Service, 2019). Fentanyl is a potent synthetic 

opioid that acts as a μ-opioid receptor agonist (Raynor et al., 1994). The affinity of fentanyl for 

the -receptor is 150 and 242 times greater than for the - and -opioid receptors, respectively 

(Maguire et al., 1992). Fentanyl is used clinically for management of severe pain and combined 

with other drugs for anesthesia (Stanley, 2014). Illicit fentanyl use poses a risk because of its 

addictive characteristics and side effects, particularly its propensity to cause sudden death. The 

medulla oblongata of the brainstem contains a high density of opioid receptors (Wamsley, 1983). 

It is known that fentanyl acts at these receptors, which causes a reduction in chemosensitivity to 

hypercapnia and hypoxia, diminishing respiratory drive from the central nervous system 

(McQueen, 1983). This fentanyl-induced respiratory depression is believed to underlie fentanyl-

induced sudden death. However, in many cases of sudden death, disruption of cardiac 

electrophysiology is implicated (Roden, 2004).   

Fentanyl is highly lipophilic and distributes quickly and extensively from plasma to 

bodily compartments such as the central nervous system (Hug & Murphy, 1979). In humans, the 

volume of distribution is approximately 310 L (4.08 L/kg) (McClain & Hug, 1980). After an 

intravenous dose, over 95% of a dose is eliminated from the plasma in the first 5 minutes, mostly 
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through uptake to the brain, heart and lung, followed by uptake to skeletal muscle and fat with a 

slower time course (Murphy et al., 1979; Hug & Murphy, 1979, 1981; McClain & Hug, 1980). 

Notably, a study in rats found that heart tissue concentrations of fentanyl are 2-3 times higher 

than plasma after this redistribution (Hug & Murphy, 1981). In humans, post-mortem heart tissue 

concentrations after overdose were 1.9-5.4 times greater than femoral blood concentrations 

(Luckenbill et al., 2008); however, in this study there was a delay between death and analysis, so 

post-mortem fentanyl redistribution should not be ruled out. A larger study found that post-

mortem heart tissue fentanyl concentrations at autopsy were an average of 6 times greater than 

heart blood at autopsy, 6 times greater than femoral blood at autopsy, and 38 times greater than 

femoral blood shortly after death (2.5- 6 hours) (Olson et al., 2010). However, once again, post-

mortem redistribution of fentanyl may play a role in the higher heart concentrations observed in 

this study.  

Fentanyl is rapidly metabolized by hepatic biotransformation to allow for excretion, as 

less than 8% of intravenous fentanyl is excreted unchanged in urine and stool (McClain & Hug, 

1980; Bovill & Sebel, 1980; Tanaka et al., 2014). The major route of metabolism is N-

dealkylation by cytochrome P450 3A4 to form norfentanyl (Goromaru et al., 1984; Tateishi et 

al., 1996). Other metabolites have been found, including despropionylfentanyl (Van Rooy et al., 

1981), hydroxyfentanyl (Goromaru et al., 1984), and hydroxynorfentanyl (Goromaru et al., 

1984); however, these metabolites are minor compared to norfentanyl and are not reliably 

detected. Such fentanyl metabolites, including norfentanyl, do not demonstrate significant 

activity at opioid receptors (Schneider & Brune, 1986), and thus the duration of effect is 

dependent on the time required to metabolize fentanyl. After the initial fast decrease in plasma 

fentanyl concentrations arising from uptake into tissues, clearance occurs through two phases.  
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The first phase is the metabolism of fentanyl from the central compartment, and this occurs with 

a relatively fast time constant of 13.4 min in humans (McClain & Hug, 1980). The central 

compartment includes the lung, heart, brain, and liver, where exchange of fentanyl occurs readily 

and elimination of fentanyl parallels its elimination from plasma, despite differences in absolute 

concentrations (Hug & Murphy, 1979, 1981). The second phase of elimination is rate limited by 

the reuptake of fentanyl from the peripheral compartment tissues to the central compartment and 

plasma, where it can be metabolized in the liver; the time constant of this slower phase is 219 

minutes in humans (McClain & Hug, 1980). The peripheral compartment tissues include skeletal 

muscle and fat (Hug & Murphy, 1981). Thus, despite fast clearance from the plasma, there is a 

slow release of unmetabolized fentanyl from the peripheral compartment, leading to prolonged 

clearance and accumulation in the body with repetitive doses (Murphy et al., 1979). 

The drug commonly used for reversing fentanyl overdose is naloxone. Naloxone is a 

competitive inhibitor of μ-, δ- and κ-opioid receptors (Martin, 1976). Therefore, when given 

during a fentanyl overdose, it prevents binding to the μ-opioid receptor and displaces fentanyl 

from occupied receptors (Villiger et al., 1983). The efficacy of naloxone for reversing fentanyl 

overdose is high, and it is effective in preventing death (Clark et al., 2014; Rzasa Lynn & 

Galinkin, 2018); however, there are cases of atrial and ventricular arrhythmias (Michaelis et al., 

1974; Azar & Turndorf, 1979; Cuss et al., 1984; Merigian, 1993; Hunter, 2005; Lameijer et al., 

2014) and sudden death (Andree, 1980) following naloxone administration for opioid overdose 

treatment or reversal of surgical anesthesia. 

1.2 The Cardiac Action Potential  

The normal synchronous heart rhythm is controlled by a balanced flow of ions such as 

Na+, Ca2+ and K+ into and out of cardiomyocytes through ion channels. Such currents give rise to 
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cardiac action potentials (APs). Cardiac APs are stimulated by autorhythmic cells located within 

the sinoatrial node of the right atrium. The autorhythmic activity of these cells arises from 

hyperpolarization activated cyclic nucleotide gated (HCN) channels, transient (T-type) Ca2+
 

channels, and heterotetrametric Kir3.1 and Kir3.4 channels, which generate G-protein-activated 

K+ current (IKAch). HCN channels generate cardiac pacemaker or funny current (If), and are 

activated by intracellular cAMP or hyperpolarization, with a voltage of half-maximal activation 

(V1/2) around −60 to −70 mV (Baruscotti et al., 2005). HCN channels have a mixed permeability 

of Na+ and K+, generating a net depolarizing current when activated at hyperpolarized potentials 

(Baruscotti et al., 2005). Upon reaching threshold potential, a cardiac AP is evoked. 

The cardiac AP occurs in five phases; for the purposes of this thesis, the ventricular AP 

will be of focus (Fig. 1). During phase 4, non-autorhythmic ventricular myocytes are at resting 

membrane potential, approximately −90 mV. Resting membrane potential is primarily 

maintained by IK1, an inward rectifying potassium current that is activated at hyperpolarized 

potentials (Deal et al., 1996).  During phase 0, membrane depolarization activates sodium 

channels, giving rise to inward Na+ current (INa), which results in membrane depolarization. 

Phase 1 is characterized by a notch in the membrane potential, caused by an early transient 

repolarization arising from transient outward potassium current (Ito) (Deal et al., 1996). Phase 2 

is the plateau, where the repolarizing effect of Ito is offset by inward L-type calcium current 

(ICa(L)), resulting in a relatively stable membrane potential. Phase 3 is the repolarization phase. 

The repolarization phase begins with the activation of KCNQ1 channels, which pass the slowly 

activating delayed rectifier potassium current (IKs) and the closure of L-type calcium channels. 

The corresponding negative change in membrane potential opens human ether-a-go-go-related 

gene (hERG) potassium channels to pass the rapidly activating delayed rectifier potassium 
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Figure 1. Human ventricular action potential and the corresponding currents. 

This diagram of membrane voltage represents a cardiac AP in a non-autorhythmic ventricular 

myocyte. During phase 4, the resting membrane potential is primarily maintained by IK1. Phase 0 

is commenced when exogenous stimulation depolarizes the membrane, activating INa. In phase 1, 

INa inactivates, and the membrane is slightly repolarized by Ito. During phase 2, ICa(L) maintains 

the membrane at a relatively constant potential, called the plateau. Phase 3 is characterized by 

the repolarization of the membrane by IKs in the early stage, and later by IKr. Figure modified 

from Moreno et al. (2012). 
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current (IKr). These currents drive the membrane back to resting potential (phase 4). Thus, IKr is 

critical for phase 3 repolarization of the cardiac AP and participates in determining action 

potential duration (APD) (Curran et al., 1995; Sanguinetti et al., 1995; Keating & Sanguinetti, 

2001). 

1.3 The hERG K+ Channel and Long QT Syndrome 

1.3.1 Structure and Function 

hERG encodes the pore-forming -subunit of the hERG potassium channel (Warmke & 

Ganetzky, 1994; Curran et al., 1995), which generates IKr (Sanguinetti et al., 1995; Trudeau et 

al., 1995). The hERG -subunit is made up of several domains. The Per-Arnt-Sim (PAS) domain 

constitutes the first 135 residues of the N-terminus (Cabral et al., 1998). The PAS domain in 

question is highly conserved amongst the ether-a-go-go (EAG) K+ channel family (Warmke & 

Ganetzky, 1994). The PAS domain is important for regulating hERG channel gating, particularly 

deactivation. It was found that deletion of most (residues 2-354) (Spector et al., 1996b; Wang et 

al., 1998) or all (residues 2-373) (Schönherr & Heinemann, 1996) of the N-terminus removes 

slow deactivation, decreasing the deactivation time constants. More specifically, deletion of the 

PAS domain (Cabral et al., 1998) but not the proximal N-terminus (residues 138-373) (Viloria et 

al., 2000) decreases deactivation time constants, suggesting that the PAS domain is critical for 

slow deactivation kinetics. Cabral et al. (1998) discovered a hydrophobic patch on the surface of 

the PAS domain and proposed that this patch forms strong interactions with the body of the 

channel to slow deactivation rates. Mutational analyses unveiled that the PAS domain interacts 

with the cyclic nucleotide binding domain (CNBD) of the channel to regulate deactivation 

kinetics (Gustina & Trudeau, 2011) through interaction between positively charged residues in 

the PAS domain and negatively charged residues in the CNBD (Ng et al., 2014). The CNBD is 
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located within the C-terminus of the hERG channel. In addition to its role in determining 

deactivation kinetics, the CNBD is important for channel trafficking to the membrane, as 

mutations in this region prevent Golgi transit and cause retention of channels in the ER 

(Akhavan et al., 2003, 2005). In addition to the CNBD, the C-terminus of hERG contains a 

tetramerizing coiled coil (TCC) domain. As the name suggests, these domains form coiled-coil 

structures, which interact to form tetramers that are important for the assembly of functional 

channels (Jenke et al., 2003). Between the N- and C-termini, the hERG -subunit consists of six 

transmembrane segments (S1-S6). The voltage sensor domain (VSD) is made up of S1-S4, while 

the pore domain is comprised by S5 and S6, forming the ion conduction pathway in the 

tetrameric channel (Fig. 2) (Vandenberg et al., 2012). 

 Two main isoforms of the hERG -subunit exist (Fig. 3): it was originally believed that 

only the 1a transcript of the hERG gene encoded for -subunits; however, an alternate transcript 

termed 1b was uncovered and further characterized over several years (Lees-Miller et al., 1997; 

London et al., 1997; Jones et al., 2004; Phartiyal et al., 2007). The hERG 1a isoform is 1159  

amino acids in length (Warmke & Ganetzky, 1994) and contains the domains described.  The 

shorter 1b isoform was first cloned from mouse heart cDNA. It is 820 amino acids long, and 

although S1 to the C-terminus is identical to hERG 1a, hERG 1b contains a unique, shorter (36 

amino acid long) cytoplasmic N-terminus (Lees-Miller et al., 1997; London et al., 1997) and 

lacks the PAS domain. Interestingly, when hERG 1a and 1b are co-expressed in heterologous 

expression systems, the currents resemble native IKr more closely than hERG 1a expressed alone 

(London et al., 1997; Sale et al., 2008; Larsen & Olesen, 2010), indicating that both contribute to 

the native current. The presence of the hERG 1b subunit was further supported by detection on 

Western blots of isolated human and canine ventricular myocyte membrane proteins 
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Figure 2. Kv11.1 channel structure. 

(A) Four hERG -subunits assemble to form channels, with the ion-conducting pore located in 

the center. (B) Schematic of an assembled channel in the plasma membrane. Only two subunits 

are shown for clarity. The N-terminal tail (N-ter) and C-terminal tail (C-ter), including the Per-

Arnt-Sim (PAS) domain and cyclic nucleotide binding domain (CNBD) respectively, are located 

intracellularly. The transmembrane segments S1-S6 are located in the plasma membrane. The 

voltage sensing domain (VSD) is formed by S1-S4 and the pore is formed by S5 and S6. The 

pore helix (PH) stabilizes the inactivation gate of the channel, whereas the selectivity filter (SF) 

confers selectivity to the conductance of K+. Figure modified from Kalyaanamoorthy & Barakat 

(2018). 
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(Jones et al., 2004). Co-immunoprecipitation analyses demonstrated that hERG 1a and 1b 

subunits co-assemble to form heterotetramers within the endoplasmic reticulum (ER) as channels 

become associated after core glycosylation, which occurs co-translationally in the ER, but before 

complex glycosylation, which occurs in the Golgi apparatus (Jones et al., 2004; Phartiyal et al., 

2007). Finally, the functional role of hERG 1b was elucidated using human induced pluripotent 

stem cell-cardiomyocytes, in which knockdown of hERG 1b with short hairpin RNA decreases 

IKr, prolongs APD, and increases APD variability (Jones et al., 2014). As the discovery of the 

hERG 1b transcript was relatively recent, the hERG-HEK cell line used for the majority of this 

project contains solely hERG 1a, in line with most current research. 

When fully assembled, channels form a heterotetramer of 1a and 1b -subunits, through 

interactions between the TCC domains of individual subunits. Fully assembled channels are 

sometimes referred to as Kv11.1, or commonly hERG channels. Further, channels associate with 

up to two transmembrane accessory -subunits. The subunits in question are potassium voltage-

gated channel subfamily E regulatory subunit 1 (KCNE1) also known as minimal potassium 

channel subunit (MinK), and potassium voltage-gated channel subfamily E regulatory subunit 2 

(KCNE2) also known as MinK-related peptide 1 (MiRP1). MinK (McDonald et al., 1997; Finley 

et al., 2002) and MiRP1 (Abbott et al., 1999; Mazhari et al., 2001) have been shown to associate 

with hERG channels and alter channel gating and current density. However, the role of -

subunits in vivo is still under debate as expression of these subunits is not essential for 

generation of hERG current in heterologous expression systems (Anantharam & Abbott, 2005; 

Li et al., 2006; Abbott et al., 2007; Vandenberg et al., 2012), in contrast to KCNQ1, which 

requires co-expression of MinK to generate current (Barhanin et al., 1996; Sanguinetti et al., 

1996). 
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Figure 3. hERG 1a and 1b isoforms. 

A diagrammatic representation of the hERG 1a isoform (expressed in the hERG-HEK cell line 

used for the majority of this project) and the shorter hERG 1b isoform. hERG 1b is identical to 

1a from position 376 onward. However, it is lacking residues 1-375 and contains a unique, 36 

amino acid long N-terminal region located intracellularly. Also illustrated are the major domains. 

The N and C-termini are represented by grey boxes, transmembrane segments by grey cylinders, 

linkers by black lines, and domains by white boxes. Figure modified from Phartiyal et al. (2007). 
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1.3.2 Gating and Kinetics 

The hERG channel exhibits some unique gating properties. The channel can exist in 

closed (deactivated), open (activated), or inactive states (Fig. 4A), with current being passed only 

when the channel is in the open state. At resting potential channels are closed. Upon membrane 

depolarization, the channels first activate. The time course of activation is faster than KCNQ1 

(IKs) channels, and thus current passed by hERG is referred to as IKr, despite the activation time 

course being slower than some other channel types, such as sodium channels. The channels then 

undergo C-type inactivation, where the conformation of the channel pore is altered, preventing 

the passage of potassium ions (Schönherr & Heinemann, 1996). hERG channnel inactivation is 

voltage-dependent, with a greater degree of inactivation and faster time course at more positive 

membrane potentials (Smith et al., 1996; Spector et al., 1996b; Schönherr & Heinemann, 1996). 

This phenomenon gives rise to the inward rectification properties of hERG channels, as outward 

current at membrane potentials positive to the reversal potential is diminished by more extensive 

inactivation, whereas inactivation is minimal at potentials negative to the reversal potential. 

Additionally, inactivation of hERG channels occurs with a very fast time course, faster in fact 

than activation (Sanguinetti et al., 1995; Trudeau et al., 1995; Smith et al., 1996). Therefore, the 

current passed upon initial depolarization is small given the driving force (Fig. 4B) as a large 

portion of channels are inactivated. Upon repolarization, hERG channels rapidly transition from 

the inactive to open state, giving rise to a characteristic ‘hook’ or ‘tail current’, which represents 

open channel conductance in response to the preceding depolarization (Fig. 4B). After recovery 

from inactivation, the channels slowly transition from the open state to the closed state, which is 

a two-step process best fit with a biexponential function (Sanguinetti et al., 1995; Trudeau et al., 

1995). As such, deactivation proceeds with two time constants, one fast and one slow. At more  
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Figure 4. hERG channel states and a demonstration of IhERG. 

(A) hERG channels can exist in closed (deactivated), open (activated), or inactive states. The 

transition from closed to open and vice versa is slow, whereas the transition from open to 

inactive and vice versa is fast. Figure modified from Perrin et al. (2008). (B) Current trace (top) 

recorded from a hERG-HEK cell expressing hERG 1a in response to the shown voltage protocol 

(bottom). Upon initial depolarization to +50 mV, the majority of channels activate. However, 

during the course of channel activation, a large proportion of channels quickly inactivate due to 

voltage-dependent inactivation. Upon repolarization to −50 mV, the inactivated channels quickly 

recover to the open state, giving rise to tail current before slowly deactivating. Therefore, tail 

current represents maximal channel conductance when given an adequate depolarization such as 

+50 mV and can also be used to determine the proportion of channels activated by a given 

depolarizing pulse when activation is less than maximal. 
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positive potentials (above −60 mV) the slow component predominates, whereas at 

voltages negative to −60 mV the fast component predominates (Vandenberg et al., 2006).  

The N-terminus of hERG influences several gating properties. Deletion of the majority of 

the N-terminus (residues 2-354 or 373) of hERG shifts the voltage-dependence of activation and 

inactivation by 20 to 30 mV in the positive direction, and drastically accelerates deactivation 

(Spector et al., 1996b; Schönherr & Heinemann, 1996). As discussed, interactions between the 

PAS and CNDB are believed to underlie the role of the N-terminus in hERG deactivation 

(Gustina & Trudeau, 2011). These altered kinetics are of interest as heterologously expressed 

hERG 1a and 1b heterotetramers display similar properties. Sale et al. (2008) found that 

heterotetrameric channels demonstrate larger current amplitude, accelerated activation, positively 

shifted voltage-dependence of inactivation, accelerated recovery from inactivation, and 

accelerated deactivation compared to homotetrameric hERG 1a channels expressed in HEK293 

cells. It has been proposed that the presence of 1b subunits explains the differences in observed 

gating kinetics between heterologously expressed hERG 1a and IKr recorded from ventricular 

myocytes (Mitcheson & Hancox, 1999; Weerapura et al., 2002). 

1.3.3 Drug Block, Long QT Syndrome, and Sudden Death 

A decrease in hERG channel function prolongs APD, which manifests as long QT 

syndrome (LQTS), a prolongation of the QT interval on a surface ECG recording (Fig. 5). 

Notably, LQTS predisposes affected individuals to a polymorphic ventricular tachycardia known 

as Torsade de Pointes (TdP, Fig. 5) (Keating and Sanguinetti, 2001). TdP arises from prolonged 

repolarization due to reactivation of L-type calcium channels, which can trigger a premature  
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Figure 5. QT prolongation arising from decreased hERG function. 

(A) A ventricular AP in the normal situation (black line) and in LQTS (red). (B) hERG current is 

usually maximal near the end of phase 3 repolarization (blue), but peak current is decreased in 

LQTS (red). (C) A representation of how electrical activity in cardiomyocytes gives rise to a 

surface ECG recording, and the effect of a prolonged repolarization phase. (D) A prolonged QT 

interval can cause a premature ventricular depolarization referred to as an early after 

depolarization. This premature depolarization triggers TdP, which can eventually degenerate into 

ventricular fibrillation and sudden death. Figure modified from Grilo et al. (2010). 
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ventricular depolarization known as an early after depolarization (Shimizu et al., 1995; Chiang & 

Roden, 2000). TdP may resolve spontaneously, but can degenerate into ventricular fibrillation 

leading to sudden death (Chiang & Roden, 2000). 

1.4 Hypothesis and Objectives 

It is unclear if cardiac arrhythmias play a role in fentanyl-related deaths. Although 

synthetic opioids such as methadone (Kornick et al., 2003; Krantz et al., 2003; Maremmani et al., 

2005; Martell et al., 2005) have been observed to prolong the QT interval in humans, the clinical 

literature regarding fentanyl is less clear; unchanged (Chang et al., 2008; Cafiero et al., 2011; 

Hancı et al., 2013; Öztürk et al., 2015) and prolonged (Lischke et al., 1994; Keller et al., 2016; 

Cho et al., 2016; Xuan et al., 2018) QT intervals have been reported. These discrepancies may 

be due to the design of these studies, as low doses of fentanyl in combination with other 

anaesthetic agents were used in most cases. A recent review suggests a dose-dependent effect of 

fentanyl on the QT interval (Behzadi et al., 2018), though the mechanism remains elusive. 

Experimentally, fentanyl at concentrations of 94.6 nM, 190 nM, and 950 nM prolong the cardiac 

AP in isolated canine ventricular Purkinje fibers (Blair et al., 1989). As the prolongation is not 

reversed by naloxone, the authors proposed that it arose from a mechanism separate from µ-

opioid receptor agonism (Blair et al., 1989). Since the reduction of IKr prolongs AP duration and 

is responsible for most cases of drug-induced LQTS, we investigated the effects of fentanyl on 

hERG 1a channels stably expressed in HEK293 (hERG-HEK) cells. We also examined the 

effects of fentanyl on cardiac APs and various currents in neonatal rat ventricular myocytes 

(NRVMs). Furthermore, the effects of norfentanyl were studied to determine if the metabolic 

product of fentanyl could contribute to sudden death. As naloxone has been shown to induce 

cardiac arrhythmias in some individuals, it was also examined. I hypothesized that fentanyl, 
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norfentanyl, or naloxone decrease IhERG and IKr, leading to prolongation of APD. To address this 

hypothesis, I examined the chronic effects of fentanyl, norfentanyl, and naloxone on hERG 

membrane protein in hERG-HEK cells using Western blot analysis. To examine the acute effects 

of fentanyl, norfentanyl, and naloxone on IhERG and IKr, I used whole-cell voltage-clamp on 

hERG-HEK cells and isolated NRVMs, respectively. Lastly, to observe effects on APD, APs 

were recorded from isolated NRVMs using whole-cell current-clamp. Further, the mechanism of 

fentanyl block as well as the physiologic relevance were further examined using whole-cell 

voltage-clamp recordings from hERG-HEK cells. 
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Chapter 2 

Materials and Methods 

2.1 Molecular Biology 

hERG cDNA was provided by Dr. Gail Robertson (University of Wisconsin-Madison, Madison, 

WI). Point mutations Y652A, F656T, S631A, S620T, and S620C were created using polymerase 

chain reaction overlap extension technique, as described previously (Guo et al., 2006). The 2-

354 and 2-9 hERG mutants were also created using the PCR method and confirmed by DNA 

sequencing (GENEWIZ, South Plainfield, NJ). Human EAG cDNA was provided by Dr. Luis 

Pardo (Max-Planck Institute of Experimental Medicine, Göttingen, Germany). Human Kv1.5 

cDNA was provided by Dr. Michael Tamkun (Colorado State University, Fort Collins, CO). 

Human KCNQ1 and KCNE1 cDNAs were provided by Dr. Michael Sanguinetti (University of 

Utah, Salt Lake City, UT). Human Kv4.3 was provided by Gui-Rong Li (University of Hong 

Kong, Hong Kong, Hong Kong Special Administrative Region of the People's Republic of 

China). Human Kir2.3 cDNA was provided by Dr. Carol Vandenberg (University of California, 

Santa Barbara, Santa Barbara, CA). The HEK293 cell line stably expressing wild-type (WT) 

hERG channels (hERG-HEK cell line) was obtained from Dr. Craig January (University of 

Wisconsin-Madison). HEK293 cell lines stably expressing 2-354 hERG, EAG, Kv1.5, and 

KCNQ1 + KCNE1 were created using transfection followed by G418 selection (1 mg/mL) and 

maintenance (0.4 mg/mL). Kv4.3, Kir2.3, and mutant hERG Y652A, F656T, S631A, S620C, 

S620T, and 2-9 were transiently expressed in HEK293 cells. For transient transfection, GFP 

cDNA [pIRES2-EGFP (enhance GFP); Takara Bio USA, Inc., Mountain View, CA] was co-

transfected for the selection of transfected cells during patch-clamp experiments. For co-
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expression of WT and 2-354 hERG, 2 µg of each plasmid were mixed and transfected together 

with GFP. HEK293 cells were cultured in Gibco minimum essential medium (MEM) consisting 

of calcium chloride (CaCl2), choline chloride, D-calcium pantothenate, folic acid, L-arginine 

hydrochloride, L-cystine 2HCl, L-glutamine, L-histidine hydrochloride-H2O, L-isoleucine, L-

leucine, L-lysine hydrochloride, L-methionine, L-phenylalanine, L-threonine, L-tryptophan, L-

tyrosine disodium salt dihydrate, L-valine, magnesium sulfate (MgSO4), niacinamide, potassium 

chloride (KCl), pyridoxal hydrochloride, Riboflavin, sodium bicarbonate (NaHCO3), sodium 

chloride (NaCl), sodium phosphate monobasic (NaH2PO4-H2O), thiamine hydrochloride, and i-

inositol supplemented with 10% fetal bovine serum (FBS), nonessential amino acids (glycine, L-

arginine, L-asparagine, L-aspartic acid, L-glutamic acid, L-proline, and L-serine, 20 M each), 

and 1 mM sodium pyruvate (Thermo Fisher Scientific, Waltham, MA). Cells were passaged 

every 2-3 days and were used for experiments 16-24 hours after passage. For passage, cells were 

treated with 37 °C 0.25% trypsin for 1 min, resuspended in MEM, then plated with 2 mL of 

MEM per dish. Cells were maintained in a 37 °C / 5% CO2 incubator. For electrophysiological 

recordings, the cells were collected from the culture dish using trypsinization. Briefly, cells were 

rinsed with PBS (NaCl, KCl, Na2HPO4, and KH2PO4), then treated with 37 °C 0.25% trypsin for 

1 min before collection with MEM. Collected cells were kept in MEM at room temperature until 

used (within 4 hours). 

2.2 NRVM Isolation 

Neonatal rat experiments were approved by the Queen’s University Animal Care Committee and 

performed in conformity with the Canadian Council on Animal Care. Sprague-Dawley rats of 

either sex were used for isolation of ventricular myocytes at 1 day of age. Neonatal rats were 

sacrificed by rapid decapitation with scissors followed by ventricle removal using scissors and 
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forceps. Ventricles were then washed twice with filtered PBS on ice and minced with scissors. 

The minced ventricles were washed twice with ice-cold PBS, and then incubated with 8.5 mL of 

PBS, 500 µL of collagenase (740 U), 500 µL of trypsin (370 U), and 500 µL of 

deoxyribonuclease (DNAse) (2880 U) at 37°C for 10 minutes to dissociate single ventricular 

myocytes. The supernatant was then extracted and placed in 20 mL of 20% FBS in Dulbecco’s 

modified eagle medium/F12 (DF medium [formulation: thermofisher.com/ca/en/home/technical-

resources/media-formulation.60.html]) supplemented with 3 mM NaHCO3, 15 mM HEPES, and 

50 mg/mL gentamycin). The enzymatic digestion and extraction were repeated six times. On the 

last three digestions, the minced ventricles were gently aspirated with a pipette to maximize the 

dissociation of cells. The cell mixture was then centrifuged at 95 g for 5 minutes. The 

supernatant was discarded. The viable cardiomyocytes were then extracted by Percoll density 

separation. Specifically, Percoll (GE Healthcare, Little Chalfont, UK) was diluted in appropriate 

amounts of Ads buffer (6.8 g of NaCl, 1.0 g of dextrose, 1.5 g of NaH2PO4, 0.4 g of KCl, 0.1 g 

of MgSO4, and 4.76 g of HEPES in 1 L of double-distilled water) to create 10 mL of three 

separate densities: 1.050, 1.060, and 1.082 g/mL. Phenol red was added to the 1.060 g/mL 

solution to allow for distinction between the layers. First, 10 mL of the 1.050 g/mL solution was 

added to a new centrifuge tube. Next, 10 mL of a 1.060 g/mL solution was carefully added below 

using a pipette. Last, the cell pellet was resuspended in 10 mL of a 1.082 g/mL solution and 

carefully added below the 1.060 g/mL layer. The tube was then centrifuged at room temperature 

(22 ± 1°C) for 30 minutes at 483 g (with the brake disabled to avoid disrupting the gradient). The 

layer containing the cardiomyocytes (at the bottom of the red phase, between the 1.060 and 1.082 

g/mL phases) was carefully removed with a micropipette, mixed in 45 mL of 10% FBS 

containing DF medium, and centrifuged for 5 minutes at 95 g. The pellet containing 

https://www.thermofisher.com/ca/en/home/technical-resources/media-formulation.60.html
https://www.thermofisher.com/ca/en/home/technical-resources/media-formulation.60.html
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cardiomyocytes was then resuspended in 20 mL of 10% FBS-containing DF medium and pre-

plated on 100-mm plates. The plates were incubated at 37°C with 5% CO2 for 45 minutes to 

allow fibroblasts to adhere to the bottom of the plate. The medium (containing cardiomyocytes) 

was then transferred to culture plates with glass coverslips and cultured overnight (for 16 hours) 

in 10% FBS in DF medium before electrophysiological recording. 

2.3 Western Blot Analysis 

After 16 hours of culture in media containing 10 µM of the respective drugs, hERG-HEK cells 

were collected with ice-cold PBS. Cells were lysed by sonication in ice-cold 

radioimmunoprecipitation assay lysis buffer supplemented with 1% phenylmethylsulfonyl 

fluoride and 2% protease inhibitor cocktail. A DC Protein Assay Kit (Bio-Rad, Hercules, CA) 

was used to determine the protein concentration of samples. Fifteen micrograms of protein 

sample was diluted to a volume of 40 µL with double-distilled water. The 40-µL sample was 

resuspended in 10 µL of 5× Laemmli loading buffer containing 5% β-mercaptoethanol to achieve 

a total volume of 50 µL, and boiled for 5 minutes. The 50-µL samples were separated on 8% 

SDS polyacrylamide electrophoresis gels and transferred overnight onto polyvinylidene 

difluoride membranes. The membranes were blocked for 1 hour using 5% non-fat milk. The 

blots were probed for 2 hours with the appropriate primary antibodies in 5% non-fat milk and 

then incubated with a 1:20000 dilution of the corresponding horseradish peroxidase (HRP)-

conjugated secondary antibodies in 5% non-fat milk for an additional hour. Primary and 

secondary antibody incubations were followed by triple 10-minute washes in Tris-buffered 

saline/Tween 20 (0.1% Tween 20). The detection of actin was used as a loading control (CTL). 

Goat anti-hERG (C-20) primary antibody (Guo et al., 2009), and mouse anti-goat HRP-

conjugated secondary antibody (Skomedal et al., 1999) were purchased from Santa Cruz 
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Biotechnology (Dallas, TX). Horse anti-mouse HRP-conjugated secondary antibody (Zhang et 

al., 2008) was purchased from Cell Signaling Technology (Danvers, MA). The C-20 primary 

antibody was used in a 1:1000 dilution, the anti-actin primary antibody was used in a 1:2000 

dilution, and the anti-mouse and anti-goat HRP-conjugated secondary antibodies were used in a 

1:20,000 dilution. The blots were visualized with medical X-ray films (Fuji, Minato, Tokyo, 

Japan) using an enhanced chemiluminescence detection kit (GE Healthcare). Densitometry 

analyses of protein band intensities were performed using ImageJ in an unblinded manner. Boxes 

of equal sizes were positioned for each hERG and actin band as well as in a blank part of each 

lane to represent background, and the density was calculated. The background was then 

subtracted from corresponding band densities. Band sizes were identified using BLUeye 

Prestained Protein Ladder (GeneDireX, Inc., Keelung, Taiwan) loaded on each gel. For 

quantification, the band intensities of proteins of interest in each gel were first normalized to 

their respective actin (loading CTL) intensities and then expressed as values relative to the CTL. 

2.4 Electrophysiological Recordings 

The whole-cell voltage-clamp method was used to record various currents in HEK cells and 

isolated NRVMs. Whole-cell current-clamp was used to record APs from isolated NRVMs. 

Pipettes were pulled from thin-walled (0.19 mm) borosilicate glass (TW150-6; World Precision 

Instruments, Sarasota, CA) with a P-1000 micropipette puller (Sutter Instrument, Novato, CA) 

and polished with heat to a resistance of ∼2.0 MΩ when filled with solution. An Axopatch 200B 

Amplifier, Digidata 1440A Digitizer, and Clampex version 10.7 software (Molecular Devices, 

San Jose, CA) were used for data acquisition and analysis. Current was sampled at 1 kHz and 

filtered at 5 kHz. Voltage was sampled at 100 kHz and filtered at 5 kHz. Recordings were carried 

out in simplified solutions. Although these solutions deviate from normal physiology, past 
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experience has shown that they produce reliable recordings. The pipette solution for recording 

from channels expressed in HEK cells, as well as IK and APs from isolated NRVMs contained 

the following (in mM): 135 KCl, 5 EGTA, 5 MgATP, and 10 HEPES (pH 7.2 with KOH). The 

bath solution contained the following (in mM): 5 KCl, 135 NaCl, 2 CaCl2, 1 MgCl2, 10 glucose, 

and 10 HEPES (pH 7.4 with NaOH). The liquid junction potential (LJP) calculated with the 

Junction Potential tool in Clampex 10.7 was 4.3 mV and was not compensated. To create pH 6.4 

bath solution, 6.0 M HCl was added drop-wise to normal bath solution (pH 7.4) until pH 6.4 was 

reached, measured by a digital pH meter. To create pH 8.4 bath solution, 1.0 M NaOH was 

added drop-wise to normal bath solution (pH 7.4) until pH 8.4 was reached, measured using a 

digital pH meter. To record INa and Ba2+-mediated ICa (ICa-Ba), the pipette solution consisted of 

the following (in mM): 135 CsCl, 10 EGTA, 5 MgATP, and 10 HEPES (pH 7.2 with CsOH). For 

recording INa, the bath solution consisted of the following (in mM): 100 TEACl, 40 NaCl, 5 KCl, 

1 MgCl2, 10 glucose, and 10 HEPES (pH 7.4 with TEAOH). The calculated LJP was 6.4 mV and 

was not compensated. To record ICa-Ba, the bath solution consisted of the following (in mM): 140 

TEACl, 5.4 BaCl2, 1 MgCl2, 10 glucose, and 10 HEPES (pH 7.4 with TEAOH). The calculated 

LJP was 3.0 mV and was not compensated. For acute concentration-response relationships, 

control current was first recorded in the absence of drug. Increasing concentrations of drug were 

then added, and the currents after steady state of block (within 1 min after drug application) were 

normalized to control. Normalized currents were plotted versus drug concentration to construct 

concentration-response relationships. Recordings were carried out at room temperature (22 ± 

1°C). 
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2.5 Hypoxic Culture 

For culture in hypoxic conditions, a C-Chamber incubator subchamber with a ProOx 110 oxygen 

controller (BioSpherix, Parish, NY) was used. 0.5% O2 was maintained with a 95% N2 / 5% CO2 

gas mixture, and temperature was maintained at 37 °C. Cells were passaged, then incubated for 6 

hours in MEM buffered with sodium bicarbonate. Control cells were maintained in the same 

incubator, but outside of the hypoxic subchamber. Cells were collected for electrophysiological 

studies by trypsinization, re-suspended in hypoxic or normoxic media for control or hypoxia-

treated cells respectively, and used within 1 hour. 

2.6 Drugs and Reagents 

Fentanyl citrate, norfentanyl hydrochloride, and naloxone hydrochloride were purchased from 

Toronto Research Chemicals (North York, ON, Canada). The powder form of fentanyl citrate 

was handled in a biological safety cabinet with proper protective equipment to minimize risk of 

exposure. Drugs were dissolved in double-distilled water and stored at −20°C. For patch-clamp 

experiments, the drugs were diluted in bath solution and used within 8 hours. For acute block, 

control solution was drained from the bath with a suction pump, and drug containing solution 

was immediately flowed in through a gravity-fed perfusion system. MEM, FBS, G418 

(Geneticin), nonessential amino acids, and sodium pyruvate were purchased from Thermo Fisher 

Scientific (Waltham, MA). E-4031 (N-[4-[1-[2-(6-methylpyridin-2-yl)ethyl]piperidine-4-

carbonyl]phenyl]methanesulfonamide) dihydrochloride was purchased from Tocris Bioscience 

(Bristol, UK), dissolved in double-distilled water stored at −20°C, and diluted in bath solution 

for patch-clamp experiments. Mouse anti-actin primary antibody (Kim et al., 2007), ICA-105574 

[ICA (3-nitro-N-(4-phenoxyphenyl) benzamide)], electrolytes, EGTA, HEPES, and glucose were 
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purchased from Sigma-Aldrich (St. Louis, MO). Collagenase Type 2, Trypsin, and DNase were 

purchased from Worthington Biochemical Corporation (Lakewood, NJ).  

2.7 Statistical Analysis 

Data in line graphs, scatter graphs, curves, and text are expressed as the mean ± S.D. For box 

plots, the middle line represents the median, the box encompasses the interquartile range, and 

whiskers represent the 5-95% range. For comparing multiple groups to control (CTL), a one-way 

analysis of variance (ANOVA) with Dunnett’s post-hoc test was used to determine statistical 

significance. For comparing multiple groups to CTL and each other, a one-way ANOVA with 

Tukey’s post-hoc test was used. For comparing one group to CTL, a two-tailed Student’s t test 

were used. For normalized I-V and activation curves, a Wilcoxon matched pairs test was used to 

compare currents with fentanyl to CTL currents at each voltage. For normalized data with 

multiple groups, a Kruskal-Wallis test was used (post-hoc test was not required). For normalized 

data with multiple paired groups, a Friedman test with Dunn’s post-hoc test was used. Statistical 

analysis was performed with GraphPad Prism (GraphPad Software, San Diego, CA). Where 

required, normality was tested in GraphPad Prism. Pulse currents recorded from hERG-HEK 

cells were analyzed as the maximal current during the last 50 milliseconds of the depolarizing 

step in Clampfit 10.4 (Molecular Devices, San Jose, CA). Tail currents recorded from hERG-

HEK cells were analyzed as the maximal current during the first 500 milliseconds of the 

repolarizing step. Currents were fit using single or double exponential functions in Clamfit, with 

manual cursor placement to ensure an accurate fit. Half maximal inhibitory concentration (IC50) 

values and Hill coefficients were determined by fitting data to the Hill equation (𝑦 =
𝐴1−𝐴2

1+(
𝑥

𝑥𝑜
)𝑝
+

𝐴2) in Microcal Origin 6.0 (OriginLab, Northampton, Massachusetts, USA). Voltages of half 
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maximal activation (V1/2) values and slope factors were determined by fitting data to the 

Boltzmann function (𝑦 =
𝐴1−𝐴2

1+𝑒(𝑥−𝑥𝑜)/𝑑𝑥
+ 𝐴2) in Microcal Origin 6.0. For IC50 values, Hill 

coefficients, V1/2 values, and slope factors, each cell was individually fitted and these values 

were summarized to determine the mean and S.D.  A P value of 0.05 or less was considered to be 

statistically significant. 
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Chapter 3 

Results 

3.1 Fentanyl and Naloxone Block hERG Currents, but Norfentanyl Does Not 

Whole-cell voltage-clamp was used to record IhERG from hERG-HEK cells before and 

after drug application to the bath solution. IhERG was elicited with the voltage protocol shown 

above the current traces at a start-to-start interval of 15 seconds. Because of the characteristic 

rapid inactivation properties (Spector et al., 1996b), hERG channels activate and inactivate 

during the depolarizing step. Upon the repolarizing step, inactivated hERG channels rapidly 

recover to the open state and then slowly deactivate. This leads to the characteristic tail current, 

which represents maximal channel conductance, and was used to quantify the amplitude of IhERG. 

Fentanyl blocked IhERG in a concentration-dependent manner within seconds of drug application 

(Fig. 6A), and the blocked currents recovered completely within 1 minute upon washout. 

Although naloxone at concentrations much higher than clinically relevant doses (Blair et al., 

1989) also blocked IhERG, norfentanyl did not block IhERG. The amplitudes of IhERG relative to 

CTL were plotted against corresponding fentanyl, norfentanyl, and naloxone concentrations, and 

fitted to the Hill equation when appropriate. Fentanyl blocked IhERG with an IC50 of 0.9 ± 0.5 μM 

and a Hill coefficient of 0.9 ± 0.3. Naloxone blocked IhERG with an IC50 of 74.3 ± 36.2 μM and a 

Hill coefficient of 0.9 ± 0.1. Norfentanyl did not affect IhERG at concentrations up to 300 μM 

(Fig. 6B). The Hill coefficients of approximately 1 indicate that the binding of fentanyl to hERG 

channels is noncooperative. 
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3.2 Fentanyl-Mediated Decrease in IhERG is not Reversed by Naloxone 

Although HEK293 cells do not express the -opioid receptor 

(proteinatlas.org/ENSG00000112038-OPRM1/cell), to ensure that fentanyl-induced reduction of 

IhERG cannot be prevented by naloxone, I applied fentanyl alone, and then fentanyl plus naloxone 

to the same hERG-HEK cells during patch-clamp recordings. Our results showed that 1 μM 

fentanyl reduced IhERG by 50.0% ± 7.8% compared with CTL. When 1 μM fentanyl and 10 μM 

naloxone were applied together to the same cells, current was decreased by 58.1% ± 7.6% 

compared with CTL (Fig. 6C). Although addition of naloxone caused a slight further decrease in 

IhERG, this change was not significant (P > 0.05, one-way ANOVA with Tukey’s post-hoc test). 

Therefore, naloxone does not reverse the block of hERG channels by fentanyl. Further, when 10 

μM naloxone was applied before fentanyl, it did not prevent IhERG reduction (data not shown). 

3.3 Fentanyl, Norfentanyl, and Naloxone Do Not Affect hERG Membrane Levels 

To determine the chronic effects of fentanyl, norfentanyl, and naloxone on hERG channel 

expression, hERG-HEK cells were cultured overnight (for 16 hours) in media containing 10 μM 

of each compound. Whole-cell protein was then extracted and analyzed using Western blot 

analysis. Whole-cell hERG proteins display two bands (Zhou et al., 1998). The lower (135-kDa) 

band represents the immature, core-glycosylated protein located in the ER. The upper (155-kDa) 

band represents the mature fully glycosylated protein located in the plasma membrane. Chronic 

treatment with 10 μM fentanyl, norfentanyl, or naloxone did not decrease hERG channel 

expression (Fig. 6D) or IhERG after cells were removed from drug-containing solution (data not 

shown). 

http://proteinatlas.org/ENSG00000112038-OPRM1/cell
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Figure 6. Fentanyl acutely blocks IhERG but does not decrease hERG membrane protein 

expression. 

(A) Representative hERG currents elicited using the voltage protocol above in control (CTL), 

and with 1 or 10 μM fentanyl. (B) Concentration-dependent effects of fentanyl (FENT), 

Naloxone (NAL), and Norfentanyl (NOR-FENT) on IhERG. Currents after drug were normalized 

to current in CTL. The numbers above the data points indicate the number of cells examined 

from 4 independent experiments. Error bars represent S.D. I collected 30% of data. (C) Box plots 

of IhERG recorded from control (CTL), in the presence of fentanyl (1 μM, FENT), or fentanyl (1 

μM) plus naloxone (10 μM, FENT+NAL) (n=12, **P < 0.01 vs. CTL, one-way ANOVA with 

Tukey’s post-hoc test). I collected all data. (D) Western blot analysis of effects of 16-h treatment 

with fentanyl, norfentanyl, or naloxone (10 μM, respectively) on hERG expression. Actin is used 

as a loading control. The intensity of each hERG upper band was normalized to the actin and 

then to the control in each gel, and summarized (n=5, P > 0.05, Kruskal-Wallis test). Figure from 

Tschirhart et al. (2019). 
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3.4 Fentanyl-Mediated Block is Specific to hERG 

To determine whether fentanyl blocks other K+ channels, Jun Guo and Wentao Li studied 

the effects of fentanyl on hERG along with EAG, Kv1.5, KCNQ1 + KCNE1, Kv4.3, and Kir2.3 

stably or transiently expressed in HEK cells. As shown in figure 7, acute application (within 5 

seconds) of 10 μM fentanyl reduced IhERG by 89.2% ± 7.1% (P < 0.01 compared with CTL, 

paired t-test) but did not reduce other channel currents studied (P > 0.05 compared with CTL, 

paired t-test). 

3.5 Effects of Fentanyl on hERG Biophysical Properties 

The effect of fentanyl on hERG voltage-dependence of activation was studied. Figure 

8A shows families of hERG currents elicited with the voltage protocol above the current traces 

in the absence and presence of 1 μM fentanyl. The pulse currents measured at the end of the 

depolarization steps and the peak tail currents measured during the −50 mV repolarizing step, 

normalized to their respective maximal amplitude in CTL, were plotted versus activation 

(depolarization) voltages. The tail current-voltage relationships were fitted to the Boltzmann 

equation. In addition to block, fentanyl shifted the half-maximal activation voltage to negative 

voltages by 14.3 mV (−5.7 ± 2.8 mV in CTL; −20.0 ± 4.3 mV with fentanyl; P < 0.01, paired t-

test). It also increased the slope factor from 6.6 ± 0.8 in CTL to 11.2 ± 2.1 (P < 0.01, paired t-

test). Because of the changes in half-maximal activation voltage and slope factor, an interesting 

observation is that both pulse and tail IhERG with fentanyl are slightly greater at depolarization 

voltages between −20 and −50 mV (P < 0.01, Wilcoxon matched pairs test) despite being 

reduced at 0 mV and above (P < 0.01, Wilcoxon matched pairs test) (Fig. 8A). 
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Figure 7. Fentanyl selectively blocks hERG channels. 

Various currents elicited using the voltage protocol shown above in the absence (control, CTL) 

or presence of 10 µM of fentanyl (FENT) are shown (upper). Peak tail currents for hERG, pulse 

currents at the end of the depolarizing step for EAG, Kv1.5, and KCNQ+KCNE1, peak currents 

during the depolarizing step for Kv4.3, and inward currents at the end of the hyperpolarizing step 

for Kir2.3 were used for analyzing current amplitudes. Current amplitudes with fentanyl were 

normalized to their respective controls and summarized. To determine statistical significance, 

currents after fentanyl were compared to respective CTL current with paired t-tests for each 

channel. **P < 0.01 vs. respective CTL, paired t-test. Data collected by Jun Guo and Wentao Li. 

Figure from Tschirhart et al. (2019). 
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We used a three-pulse voltage protocol to study the effects of fentanyl on hERG 

inactivation. hERG-HEK cells were depolarized to 60 mV for 500 milliseconds to activate and 

inactivate hERG channels. The cells were then repolarized to −100 mV for 5 milliseconds, 

allowing inactivated channels to recover to the open state with minimal deactivation (Zhou et al., 

1998). The third step to voltages between −30 and 130 mV in 10-mV increments was used to 

elicit hERG inactivation. The decay of hERG currents during the third step were fitted to single 

exponential functions to obtain the time constant of inactivation (τinact) values. Fentanyl 

decreased τinact at voltages of 0 mV and below (P < 0.05, paired t-test) (Fig. 8B). 

To study the effects of fentanyl on hERG recovery from inactivation and deactivation, we 

depolarized cells to 60 mV for 1 second to activate and inactivate the channels. The cells were 

then stepped to voltages between 30 and −160 mV in 10-mV decrements to cause channel 

recovery from inactivation (the rising phase of currents) and deactivation (the decay phase of 

currents) (Fig. 8C). The rising phase of currents were fitted to single exponential functions to 

obtain the time constants of recovery from inactivation (τrecv), which were plotted versus the 

repolarizing voltages. In the presence of fentanyl, there was an apparent shift in τrecv values by 

approximately 25 mV in the negative direction (Fig. 8C). The decay phases of currents were 

fitted to double exponential functions to obtain the time constant of deactivation values, which 

were plotted versus the repolarizing voltages (Fig. 8D). For deactivation, only voltages between 

−90 and −160 mV were analyzed because deactivation was prominent and the current decay 

could be reliably fitted to determine the fast time constant of deactivation (τf-deact) and the slow 

time constant of deactivation (τs-deact). Fentanyl decreased τf-deact and τs-deact from −90 to −160 mV 

(P < 0.05 at each voltage, paired t-test). 
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Figure 8. Effects of fentanyl on hERG biophysical properties. 

(A) Voltage protocol, representative current traces, and summarized pulse and tail currents upon 

each depolarizing voltage in the absence (CTL, control) or presence of 1 µM fentanyl (FENT) 

are shown. The pulse current – voltage relationships were constructed by normalizing currents at 

the end of the depolarizing steps in the absence and presence of fentanyl to the maximal pulse 

current in control for each cell, and summarized against depolarizing voltages. The tail current – 

voltage relationships were constructed by normalizing the tail currents in the absence and 

presence of fentanyl to the maximal tail current in control for each cell, and plotted against 

depolarizing voltages (n=12). (B) Voltage protocol, representative currents (five traces, 

corresponding to the voltage protocol displayed, are shown for clarity), and τinact at 

corresponding voltages are shown (n=4). (C) Voltage protocol, representative currents (four 

traces corresponding to the voltage protocol are shown for clarity), and τrecv plotted against test 

voltages are shown (n=5). (D) Fast (τf-deact) and slow (τs-deact) times constants of deactivating 

currents plotted against test voltages are shown (n=5). Error bars represent S.D. Figure from 

Tschirhart et al. (2019). 
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3.6 Fentanyl Blocks hERG in the Open State 

To investigate whether fentanyl blocks hERG in the open state, we depolarized cells to 

120 mV for 40 milliseconds to quickly activate the channels, followed by 4 seconds at 0 mV to 

maintain channel opening. The cells were finally repolarized to −50 mV for 500 milliseconds 

prior to returning to the holding potential of −80 mV. After recording CTL current, 2 µM 

fentanyl was immediately applied during the inter-pulse interval of 60 seconds when the cell was 

held at −80 mV. As shown in figure 9A, fentanyl-mediated block of hERG developed with time 

when channels were opened despite the drug being present for 1 minute prior to the channel 

opening. The time-dependent block was most obvious upon the first trace after fentanyl 

application (Fig. 9A, arrow a). Upon the second and subsequent depolarizing steps (Fig. 9A, 

arrow b), the initial current was largely blocked, but a slight development of block during the 0-

mV step was still present. These data indicate that fentanyl preferentially blocks open channels, 

and a very small amount of unblock occurs during the inter-pulse interval when channels are 

closed at the holding potential of −80 mV as a steady state of block is present after the first trace. 

Open-channel blockers can be trapped by channel closing upon repolarization (Mitcheson 

et al., 2000b; Witchel et al., 2004; Stork et al., 2007). To investigate whether fentanyl can be 

trapped by hERG channel closing, we first achieved a steady state of channel block by recording 

hERG currents using the voltage protocol shown in the top of figure 9 for 5 minutes with 2 µM 

fentanyl present in the bath solution. We then completely washed out fentanyl (within 2 seconds) 

while cells were held at −80 mV for 60 seconds to maintain a closed channel state before 

applying the next depolarizing sweep to elicit hERG currents. As shown in figure 9B, when the 

channels were opened, the current gradually recovered (Fig. 9B, arrow a) to CTL level within the 

4-second sweep. After the first trace of washout, the current remained at CTL levels (Fig. 9B, 
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arrow b). Thus, fentanyl is trapped by hERG channel closure and is released only upon channel 

opening. 

3.7 Fentanyl Shares a Binding Site with Other Typical hERG Blocking Drugs 

To characterize the binding site of fentanyl, Jun Guo examined its competition with E-

4031, a well-studied hERG blocking drug (Sanguinetti & Jurkiewicz, 1990; Trudeau et al., 1995; 

Spector et al., 1996a). When IhERG was recorded by repetitive pulsing to 50 mV for 4 seconds 

followed by −50 mV for 5 seconds at a start-to-start interval of 15 seconds, 10 µM fentanyl-

mediated block was achieved after the first pulse during 20-minute recordings. Upon washout of 

fentanyl, IhERG quickly recovered to 85.0% ± 18.9% of CTL (n = 4) (Fig. 10A, left). However, 

the recovery of IhERG after 0.5 μM E-4031 block is minimal and slow to 10.1% ± 4.1% of CTL 

(n = 4) after a 10-minute washout (Fig. 10A, middle). To determine whether fentanyl and E-4031 

compete for a common binding site on hERG, 10 μM fentanyl was applied to block the channel 

while an additional 0.5 μM E-4031 was applied in the same manner as when it was applied alone 

(Fig. 10A, right). Upon the washout of E-4031 and subsequently fentanyl, IhERG recovered more 

than that from E-4031 block alone, to 43.2% ± 16.2% (n = 7, P < 0.01 vs. E-4031 alone, 

unpaired t-test). These data suggest that fentanyl may share binding sites with E-4031 to block 

hERG channels as E-4031 cannot access the binding site when fentanyl is present. 

High-affinity binding of E-4031 and many other hERG blockers involves Tyr652 and 

Phe656 of the S6 transmembrane segment (Lees-Miller et al., 2000; Mitcheson et al., 2000a; 

Perry et al., 2004; Guo et al., 2006). Therefore, we examined fentanyl block in Y652A and 

F656T mutant channels. Y652A and F656T were resistant to block by 10 μM fentanyl (P < 0.01 

vs. WT, one-way ANOVA with Dunnett’s post-hoc test) (Fig. 10B), supporting the notion that 

fentanyl interacts with the typical hERG binding site involving residues Tyr652 and Phe656. 
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Figure 9. Fentanyl is an open channel blocker of hERG. 

(A) hERG currents in control (CTL) and the first three traces in the presence of 2 µM fentanyl 

(FENT) recorded with the voltage protocol shown above. The first trace with fentanyl is 

indicated by arrow a, and subsequent traces by arrow b. The inter-pulse interval was 60 s, and 

fentanyl was immediately washed-in after the control current was recorded. (B) hERG current 

with fentanyl (FENT) and the first two traces after a complete washout of fentanyl (WASH). The 

first trace after fentanyl washout is indicated by arrow a, and subsequent trace by arrow b. The 

inter-pulse interval was 60 s, and fentanyl was immediately washed-out after the current with 

fentanyl was recorded. Figure from Tschirhart et al. (2019). 
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Figure 10. Fentanyl competes with E-4031 for binding to hERG channels. 

(A) Blockade and washout of IhERG (measured as peak tail current) by fentanyl, E-4031 and 

fentanyl plus E-4031. Left: IhERG was rapidly blocked by 10 μM fentanyl, and largely recovered 

within 1 min upon fentanyl washout (n=4). Middle: IhERG was blocked by 0.5 μM E-4031, and 

minimally recovered upon E-4031 washout (n=4). Right: Presence of fentanyl promoted IhERG 

recovery upon E-4031 washout (n=7). Data obtained by Jun Guo. (B) The Y652A or F656T 

mutation decrease fentanyl-mediated block of IhERG. While 10 μM fentanyl nearly abolished WT 

IhERG, it affected neither Y652A nor F656T IhERG. The voltage protocol is the same as figure 3A. 

Peak tail currents upon the −50 mV step after 50 mV depolarization were used for current 

amplitude analysis. The current with fentanyl was normalized to the control current in the same 

cell, and plotted in each group. **P < 0.01 vs. WT, one-way ANOVA with Dunnett’s post-hoc 

test). Figure from Tschirhart et al. (2019). 
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3.8 hERG Inactivation is not Required for Fentanyl Block 

In addition to a common binding site, inactivation gating plays a critical role in high-

affinity binding of various compounds to hERG channels (Wang et al., 1997; Ficker et al., 1998; 

Zhang et al., 1999; Chen et al., 2002). We examined whether fentanyl-mediated hERG block is 

also dependent on channel inactivation. To this end, we used three hERG inactivation mutants: 

S631A, S620T, and S620C. The Ser631 residue is located in the extracellular mouth of the pore 

(Schönherr & Heinemann, 1996). The S631A mutation causes a large positive shift in the voltage 

dependence of inactivation (Zou et al., 1998) such that the resulting channels are essentially  

non-inactivating. Ser620 is located in the inner pore, and the mutation to Thr or Cys largely 

removes inactivation (Ficker et al., 1998). In contrast to the notion that inactivation plays a 

critical role in drug-mediated hERG blockade, fentanyl blocked S631A and S620C mutant hERG 

currents more potently than WT (Fig. 11), whereas S620T decreased the potency of hERG block 

by fentanyl. The IC50 values were 0.9 ± 0.2 μM for WT (Hill coefficient, 1.1 ± 0.2), 0.5 ± 0.3 μM 

for S631A (Hill coefficient, 1.2 ± 0.2), 0.05 ± 0.07 μM for S620C (Hill coefficient, 0.6 ± 0.2), 

and 3.5 ± 1.4 μM for S620T (Hill coefficient, 1.1 ± 0.2). In particular, although both S620T and 

S620C removed hERG inactivation, they displayed very different sensitivities to fentanyl. Thus, 

unlike other hERG blockers (Wang et al., 1997; Ficker et al., 1998; Zhang et al., 1999; Chen et 

al., 2002), inactivation does not play an important role in fentanyl-mediated block of hERG 

channels. 

3.9 Fentanyl Blocks hERG in a Voltage-Dependent Manner 

We measured tail currents upon −50-mV repolarization after a 4-second 50-mV 

depolarizing step for WT hERG channels, but we measured pulse currents at the end of a 4-

second 50-mV depolarization for inactivation-deficient mutant hERG channels to construct  
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Figure 11. Inactivation does not play a role in fentanyl mediated block of hERG channels. 

WT, S631A, S620T, or S620C hERG currents in the absence (control, CTL) or presence of 

fentanyl at various concentrations were elicited using the voltage protocol shown in figure 1A. 

Tail currents upon −50 mV after the 50 mV depolarizing pulse were used for analysis of WT 

channels, and current amplitudes at the end of the 50 mV depolarizing pulse were used for 

analysis of inactivation deficient mutant channels. Current amplitudes with fentanyl were 

normalized to control and plotted against drug concentrations. Data were fitted to the Hill 

equation to obtain IC50 values. Error bars represent S.D. WT, n=5; S631A, n=3-15; S620T, 

n=58; and S620C, n=4-8. Figure from Tschirhart et al. (2019). 
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concentration-response relationships. To investigate whether hERG block by fentanyl is voltage-

dependent, we used inactivation-deficient channels to analyze fentanyl-mediated block at various 

voltages without interference from inactivation. Specifically, we used S631A and S620T mutant 

channels, as well as WT channels in the presence of 2 μM ICA, which removes inactivation 

(Gerlach et al., 2010). 

First, we recorded currents by depolarizing steps to voltages from −70 to 70 mV for 4 

seconds in 10-mV increments followed by a repolarizing step to −50 mV for 5 seconds in the 

absence and presence of fentanyl (Fig. 12). For S631A, S620T, and WT with ICA, 3, 30, or  

2 μM fentanyl was applied respectively to achieve a high degree of block while leaving some 

currents for analysis. The normalized pulse current-voltage and tail current-voltage relationships 

were constructed in the absence (CTL) and presence of fentanyl. Two observations are 

immediately obvious: First, fentanyl reduced the pulse currents to a greater extent than the tail 

current. Second, fentanyl decreased pulse current more at more positive voltages (Fig. 12). 

The voltage-dependence of hERG channel block by fentanyl was examined further. From 

a holding potential of −80 mV, cells were depolarized to 50 mV for 4 seconds to activate 

channels. This was followed by test steps from 70 to −50 mV in 20-mV decrements for 5 

seconds before returning to the holding potential (Fig. 13, top row). The current amplitudes after 

100 milliseconds of test steps were plotted against the voltages to construct normalized current-

voltage relationships. Although the currents increased with voltage in CTL, they were bell 

shaped in the presence of fentanyl (Fig. 13, middle row). When the ratio of current with fentanyl 

versus CTL was plotted against test voltage, it decreased linearly as voltage increased (Fig. 13, 

bottom row), demonstrating an increased block at higher voltages. 
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Figure 12. Fentanyl blocks pulse currents more than tail currents of inactivation-deficient 

hERG channels. 

Representative currents recorded using the voltage protocol shown at the top are shown above 

the normalized pulse current- and tail current-voltage relationships. For normalization, pulse and 

tail currents in the absence and presence of fentanyl were normalized to their respective maximal 

currents in control for each cell, and plotted against the depolarizing voltages. While fentanyl 

largely reduced the pulse currents at positive voltages, it moderately reduced tail currents of 

S631A (n=5), S620T channels (n=8) or WT hERG with ICA-105574 (n=5). Error bars represent 

S.D. Figure from Tschirhart et al. (2019). 
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Figure 13. Voltage-dependence of fentanyl block of inactivation-deficient hERG channels. 

S631A, S620T, and WT with ICA-105574 currents recorded using the voltage protocol shown 

above in the absence (control, CTL) or presence of 3, 30 or 2 µM fentanyl (FENT), respectively. 

The normalized current-voltage relationships in control (CTL) and with fentanyl (FENT) are 

shown in the middle. The currents measured after 100-ms of the test voltages between −50 and 

70 mV in control and with fentanyl were normalized to the maximal currents in control for each 

cell, and plotted against the test voltages. Summarized ratios of currents with fentanyl versus 

currents in control plotted against test voltages are shown in the bottom.  S631A, n=5; S620T, 

n=8; WT with ICA-105574, n=5. Error bars represent S.D. Figure from Tschirhart et al. (2019). 
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3.10 Fentanyl Blocks IhERG with a Greater Potency Using an AP Voltage Protocol 

When a ventricular AP voltage-clamp waveform is applied to hERG-HEK cells, hERG 

current activates rapidly, then increases as the membrane begins to repolarize, reaching a 

maximum at −20 to −30 mV (Zhou et al., 1998). Given the voltage-dependence of fentanyl-

mediated block of hERG channels, we were interested in examining how it affects hERG current 

during cardiac AP voltages.  To this end, we used a human ventricular AP voltage-clamp 

waveform to elicit IhERG and examined the concentration dependence of fentanyl block. Fentanyl 

blocked IhERG with an IC50 of 0.3 ± 0.1 μM and a Hill coefficient of 0.9 ± 0.1 with this more 

physiologically relevant voltage protocol (Fig. 14). 

3.11 Fentanyl Block of hERG is not Frequency-Dependent 

To determine the IC50 for fentanyl block of hERG with the AP waveform protocol, we 

used a start-to-start interval of 2 seconds (a frequency of 0.5 Hz, Fig. 14). I was interested in 

determining whether the frequency of stimulation has an effect on degree of block. To this end, I 

applied the AP waveform protocol shown in figure 14 to hERG-HEK cells at the previously 

investigated frequency of 0.5 Hz and also at 1 Hz. After 9 seconds, I applied 2 M of fentanyl. 

While it took slightly longer to reach steady state of block with a stimulation frequency of 0.5 

Hz, the degree of block was not significantly different (P > 0.05, two-way ANOVA with 

Bonferroni post-hoc test comparing 0.5 Hz and 1 Hz at each time point) (Fig. 15). Twenty 

seconds after fentanyl application, drug solution was washed out with control solution. 

Stimulation frequency had no effect on the time course of recovery from block.  



 

43 

 

 

Figure 14. Effects of fentanyl on IhERG elicited using a human ventricular action potential 

protocol. 

The human ventricular action potential waveform (top) was applied to hERG-HEK cells to elicit 

IhERG. The start-to-start interval was 2 seconds Representative currents in control (CTL), with 0.5 

or 10 µM fentanyl are shown (middle). Peak hERG currents with various concentrations of 

fentanyl were normalized to the control current in each cell, and summarized against fentanyl 

concentrations. Data were fitted to the Hill equation. The numbers above the data points indicate 

the number of cells examined from 3 independent experiments. Error bars represent S.D. Figure 

from Tschirhart et al. (2019). 
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Figure 15. Block of hERG by fentanyl at different stimulation frequencies. 

Cells were stimulated with the voltage protocol shown in figure 14 at a frequency of 0.5 Hz or 1 

Hz. After 9 seconds of baseline recording, extracellular solution containing 2 M fentanyl 

(FENT) was applied. As a control, extracellular solution not containing drug (CTL) was applied 

in the same manner. The peak hERG currents for each cell were normalized to the corresponding 

peak current during the first stimulation to facilitate comparisons, and summarized against time. 

For clarity, only data for 1 Hz stimulation of control are shown. CTL, n=3; FENT 1 Hz, n=5; 

FENT 0.5 Hz, n=6 from 1 independent experiment. Error bars represent S.D. 
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3.12 Fentanyl Decreases IKr and Prolongs APs in NRVMs 

We examined the effects of fentanyl on the native IhERG counterpart IKr as well as INa and 

ICa in isolated NRVMs. To determine the effects of fentanyl on IKr, we recorded IK with a voltage 

protocol that first involves 1-second stepwise depolarizations from −70 to 70 mV in 10-mV 

increments, followed by a 1-second step at −50 mV before returning to a holding potential of 

−80 mV. As we previously demonstrated using this protocol, the tail current upon −50 mV 

repolarization primarily represents IKr (Guo et al., 2007). Application of 0.5 µM fentanyl 

decreased tail current (Fig. 16A) (P < 0.05 at 10 mV and above vs. CTL, Friedman test with 

Dunn’s post-hoc test at each voltage), with complete recovery upon washout (Fig. 16A) (P > 

0.05 vs. CTL, Friedman test with Dunn’s post-hoc test at each voltage). The tail current indeed 

represents IKr as it was essentially abolished by 1 μM of the selective IKr blocker E-4031 (Fig. 

16A). On the other hand, fentanyl at a concentration of 10 μM did not affect INa or ICa-Ba (P > 

0.05, compared with CTL, Wilcoxon matched pairs test) (Fig. 16B&C). 

Whole-cell current-clamp was used to record APs in isolated NRVMs stimulated with a 1 

nA pulse. Fentanyl (0.5 μM) prolonged APD at 90% repolarization (APD90) compared with 

CTL, and this effect was reversed upon washout (Fig. 16D). The mean APD90 was 298.3 ± 83.7 

milliseconds for CTL, 404.4 ± 84.4 milliseconds with fentanyl (P < 0.01 vs. CTL, one-way 

ANOVA with Dunnett’s post-hoc test), and 269.7 ± 71.7 milliseconds upon washout (P > 0.05 

vs. CTL, one-way ANOVA with Dunnett’s post-hoc test). 

3.13 Chronic Hypoxia and Acute Fentanyl Decrease IhERG in an Additive Manner 

Chronic hypoxia has been shown to decrease IhERG and IKr (Lamothe et al., 2017). As 

fentanyl causes respiratory depression (McQueen, 1983), I was interested in investigating 

whether chronic hypoxia could potentiate hERG block by fentanyl. To address this, I cultured  
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Figure 16. Fentanyl decreased IKr and prolonged action potentials in neonatal rat 

ventricular myocytes. 

(A) Fentanyl-induced reduction of IKr. Representative IK recorded from NRVMs in control, with 

0.5 μM fentanyl, upon washout, and with 1 μM E-4031 are shown above summarized IK-voltage 

relationships from 6 cells. E-4031 was used to demonstrate that tail current of IK represents IKr, 

as it was selectively abolished. Tail currents at various voltages and conditions were normalized 

to the maximal tail current (following 70 mV depolarizing step) in control for each cell, and data 

from 6 cells were summarized. *P < 0.05 at 10 mV and above vs. CTL, Friedman test with 

Dunn’s post-hoc test at each voltage. (B) Representative INa in control and with 10 μM fentanyl 

along with the summarized INa-voltage relationships (n=7). (C) Representative ICa-Ba in control 

and with 10 μM fentanyl along with ICa-Ba-voltage relationships (n=5). (D) Representative action 

potentials in control, with 0.5 μM fentanyl, and upon washout along with summarized APD90 

(n=9 cells from 3 independent experiments, 42 action potentials for control and fentanyl, 22 

action potentials for washout). **P < 0.01 vs. control, one way ANOVA with Dunnett’s post-hoc 

test. Error bars represent S.D. Majority of data collected by Jun Guo and Wentao Li. I 

contributed 2 cells to panel A and D. Figure from Tschirhart et al. (2019). 



 

47 

 

hERG-HEK cells in 0.5% O2 for 6 hours. As a control, cells from the same passages were 

cultured in normoxia, 21% O2. As previously shown, 6 hours culture in 0.5% O2 decreased 

average IhERG by 52%. Currents recorded from normoxic cells were blocked 51 ± 9% by 1 M 

fentanyl, while currents recorded from hypoxic cells were blocked 41 ± 12% (P > 0.05, unpaired 

t-test) (Fig. 17). Since there was no significant difference in the degree of block between 

normoxia and hypoxia groups, chronic hypoxia and fentanyl have an additive effect in reducing 

IhERG, with average IhERG after hypoxia and fentanyl being 79% of average control IhERG. 

3.14 N-terminal Deletion hERG Mutants are Blocked by Fentanyl with a Greater Potency 

As there is evidence suggesting that native hERG channels are composed of 1a and 1b 

isoforms (Lees-Miller et al., 1997; London et al., 1997; Jones et al., 2004; Phartiyal et al., 2007), 

I was interested in examining if these channels are blocked by fentanyl with a different potency 

than the homotetrameric 1a channels studied thus far in this project. First, I examined fentanyl 

block of homotetrameric 2-354 hERG channels stably expressed in HEK cells (2-354 hERG-

HEK cells). These channels resemble hERG 1b, as the 1b isoform lacks the first 376 amino acids 

of 1a (Lees-Miller et al., 1997; London et al., 1997). I found that these channels were blocked 

with a greater potency than WT (hERG 1a) channels (Fig. 18). The IC50 values were 821 ± 130 

nM for WT hERG (Hill coefficient, 1.0 ± 0.1), and 249 ± 67 nM for 2-354 hERG (Hill 

coefficient, 0.9 ± 0.2). Since fentanyl is trapped by channel closure (Fig. 9), I next wanted to 

determine if fast deactivation was responsible for the increased sensitivity of 2-354 hERG 

channels to fentanyl block. To this end, I examined 2-9 hERG channels transiently expressed in 

HEK cells. The 2-9 hERG mutant has also been shown to decrease deactivation time constants 

(Ng et al., 2011), but a smaller deletion is less likely to alter channel structure and therefore 

allowed me to investigate the role of fast deactivation more directly. I found that 2-9 hERG  
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Figure 17. Combined effects of chronic hypoxia and acute fentanyl on IhERG. 

Cells were cultured in normoxia (CTL, 21% O2) or hypoxia (Hx, 0.5% O2) for 6 hours. For each 

cell, IhERG was recorded in normal extracellular solution, before changing to extracellular 

solution containing 1 M fentanyl (FENT). Representative current traces elicited with the 

voltage protocol are shown (top). The start-to-start interval was 15 seconds. Peak tail currents 

upon −50 mV repolarization after the 50 mV depolarizing step were used for analysis and are 

summarized in the box plot (bottom). CTL, n=12; FENT, n=12; Hx, n=10; Hx FENT, n=10 from 

3 independent experiments. **P < 0.01; *P < 0.05, one-way ANOVA with Tukey’s post-hoc 

test. 
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Figure 18. Block of N-terminal deletion hERG mutants by fentanyl. 

Representative currents recorded from WT hERG-HEK cells, 2-354 hERG-HEK cells, and 2-

9 hERG transiently expressed in HEK cells in control (CTL) solution and in the presence of 500 

nM or 2500 nM of fentanyl (top). The voltage protocol was the same as figure 1A, and the start-

to-start interval was 15 seconds. Tail currents upon −50 mV repolarization were used for 

analysis. The currents in the presence of each concentration of fentanyl were normalized to the 

current in control and plotted against fentanyl concentrations to construct the concentration-

response relationship (bottom). Data were fit to the Hill equation to determine IC50 values. WT, 

n=10 from 4 independent experiments; 2-354 hERG, n=12 from 3 independent experiments and 

2-9 hERG, n=5 from 2 independent experiments. Error bars represent S.D. 
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channels were also blocked with a greater potency than WT hERG (Fig. 18), with an IC50 of 403 

± 131 nM and a Hill coefficient of 1.1 ± 0.1. These data indicate that fast deactivation increases 

the block of hERG by fentanyl. 

To establish the physiological significance of this increased block potency, we transiently 

co-transfected WT and 2-354 hERG into HEK cells in a 1:1 ratio, to resemble native hERG 

1a/1b channels. Interestingly, these channels were also more sensitive to fentanyl than WT 

hERG (Fig. 19). The IC50 was 262 ± 54 nM and Hill coefficient was 1.0 ± 0.1. Therefore, the 

block of native channels by fentanyl may occur at lower concentrations than observed in cells 

expressing homotetrameric hERG 1a channels. 

3.15 Fentanyl Block Potency is Dependent on Extracellular pH 

The deactivation time constants of hERG channels are dependent on extracellular pH, 

with acidosis decreasing, and alkalosis increasing the time constants (Anumonwo et al., 1999; 

Jiang et al., 1999; Terai et al., 2000). To further investigate the role of fast deactivation in 

determining the potency of hERG block by fentanyl, I examined fentanyl block at an 

extracellular pH of 6.4, where deactivation was faster. However, despite exhibiting fast 

deactivation, hERG channels were blocked with a lesser potency at pH 6.4 compared to pH 7.4 

(Fig. 20A&B). The IC50 values were 2989 ± 589 nM for pH 6.4 (Hill coefficient, 1.0 ± 0.2), and 

1069 ± 476 nM for pH 7.4 (Hill coefficient, 1.0 ± 0.2). I then performed a concentration-

response experiment at pH 8.4. I found that despite slower deactivation, hERG channels were 

blocked with a greater potency at pH 8.4 compared to pH 7.4 (Fig. 20A&B), with an IC50 of 97 ± 

38 nM and a Hill coefficient of 0.9 ± 0.04. To ensure that the enhanced sensitivity of IhERG to 

fentanyl at pH 8.4 was due to channel blockade, I performed a washout experiment. First, at pH 

7.4 I applied 3 M fentanyl, which decreased IhERG by 76 ± 6%. After washout (measured at  
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Figure 19. Block of co-expressed WT and 2-354 hERG channels by fentanyl. 

Representative currents recorded from WT hERG-HEK cells (top), and WT with 2-354 hERG 

transiently co-expressed in HEK cells (WT+2-354 hERG, middle) in control (CTL) solution 

and in the presence of 500 nM or 2500 nM of fentanyl. The voltage protocol was the same as 

figure 1A, and the start-to-start interval was 15 seconds. Tail currents upon −50 mV 

repolarization were used for analysis. The currents in the presence of each concentration of 

fentanyl were normalized to the current in control and plotted against fentanyl concentrations to 

construct the concentration-response relationship (bottom). The data for WT are the same as 

figure 18. Data were fit to the Hill equation to determine IC50 values. WT, n=10 from 4 

independent experiments; WT+2-354 hERG, n=8 from 2 independent experiments. Error bars 

represent S.D. 
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sweep 18), current recovered to 90 ± 3% of control (Fig. 20C). At pH 8.4, 3 M decreased IhERG 

by 93 ± 2%. However, this decrease was only partially reversed upon washout (measured at 

sweep 18), to 51 ± 17% compared to control (P < 0.05 compared to pH 7.4 washout, unpaired t-

test) (Fig. 20C). Further, when the solution was then changed to pH 7.4, IhERG recovered to 

control levels (data not shown). Therefore, hERG block by fentanyl is dependent on pH, with 

lesser block occurring at low values, and greater block occurring at high values. 

3.16 Summary of Results 

Our data showed that norfentanyl did not block IhERG and that naloxone only blocked 

IhERG at tens to hundreds micromolar concentrations. However, submicromolar concentrations of 

fentanyl blocked IhERG, which could not be reversed by naloxone, indicating that reduction in 

current was through interaction between fentanyl and the channel rather than through opioid 

receptor signaling. Our data further revealed that fentanyl-mediated block of IhERG was strongly 

voltage-dependent, but was independent of channel inactivation gating. Notably, block potency 

was increased when examined with a ventricular AP voltage protocol compared to a more 

traditional protocol. Fentanyl also blocked IKr and prolonged APs in NRVMs. In terms of clinical 

significance, I found that co-expressed hERG 1a/1b channels were blocked with markedly 

greater potency than hERG 1a channels. Additionally, hypoxia and alkalosis may potentiate the 

reduction of IKr by fentanyl block. 
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Figure 20. Effects of extracellular pH on hERG block by fentanyl. 

(A) Representative currents recorded in extracellular solution with a pH of 6.4 (left), 7.4 

(middle), or 8.4 (right) without drug (control, CTL) and in the presence of 500 nM or 2500 nM 

fentanyl. The voltage protocol was the same as figure 1A and the start-to-start interval was 15 

seconds. (B) Tail currents upon −50 mV repolarization were used for analysis. The currents in 

the presence of each concentration of fentanyl were normalized to the current in control and 

plotted against fentanyl concentrations to construct the concentration-response relationship. pH 

6.4, n= 3, pH 7.4, n=6; pH 8.4, n=4 from 2 independent experiments. (C) IhERG was recorded 

with the same protocol as figure 1A with a start-to-start interval of 15 seconds in extracellular 

solution with a pH of 7.4 or 8.4. After 5 sweeps, solution of the corresponding pH containing 3 

M of fentanyl was added. After 5 additional sweeps, fentanyl was washed out with control 

solution of the corresponding pH. The data from each cell were normalized to the respective 

current on the fifth (last) baseline sweep. While there was a full recovery of IhERG in pH 7.4 

solution, there was only a partial recovery in pH 8.4 solution. pH 7.4, n=3; pH 8.4, n=3 from 1 

independent experiment. Error bars represent S.D. 
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Chapter 4 

Discussion 

Fentanyl-associated death represents a serious issue in North America. Although fentanyl 

gives rise to respiratory depression (McQueen, 1983), it also prolongs the AP in isolated canine 

cardiac Purkinje fibers (Blair et al., 1989). Katchman et al. (2002) described the effects of 

various opioid agonists including fentanyl, methadone, l-α-acetylmethadol, meperidine, codeine, 

morphine, and buprenorphine on IhERG recorded from hERG-HEK cells. Although this study 

showed that fentanyl blocks IhERG with an IC50 of 1.8 µM, and methadone blocks IhERG in the 

closed and open/inactivated states, the mechanisms of fentanyl-hERG interaction and the effects 

of fentanyl on native IKr and APs in cardiomyocytes were not investigated. 

The present project represents the first systemic investigation of the effects of fentanyl on 

IhERG in hERG-HEK cells and IKr in NRVMs. My results revealed that, in contrast to many hERG 

blockers such as dofetilide, whose high-affinity binding requires channel inactivation (Ficker et 

al., 1998), fentanyl blocked hERG channels in the open state (Fig. 9), but inactivation gating did 

not play a role in the fentanyl-hERG interaction (Fig. 11). I also demonstrated that fentanyl 

decreased IKr and prolonged APD90 in NRVMs (Fig. 16). 

Regarding the molecular mechanisms that underlie fentanyl-mediated hERG block, my 

project revealed that whereas fentanyl shares some properties with other hERG blockers, it 

possesses several novel properties. Previous mutagenesis and electrophysiological assays have 

shown that residues Thr623 and Val625 of the pore helix, and Gly648, Tyr652, and Phe656 of 

the S6 transmembrane segment are crucial for high-affinity binding of various compounds 

(Mitcheson et al., 2000a). Although I did not examine Thr623, Val625, or Gly648 mutations, I 

did show that Y652A and F656T mutant hERG channels are resistant to block by fentanyl (Fig. 
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10B). Furthermore, Jun Guo found that fentanyl competed with E-4031 for binding to hERG 

(Fig. 10A), suggesting that fentanyl occupies the common drug-binding site within the internal 

pore-mouth of the hERG channel. I propose that fentanyl enters the binding site of the channel 

and interacts with residues that line hydrophobic pockets (Wang & MacKinnon, 2017). Non-

covalent π-stacking interactions occur between two aromatic rings, where the positive potential 

of one ring aligns with the negative potential of the other, creating a strong association. The 

aromatic side chain of fentanyl may form π-stacking interactions with residues in the 

hydrophobic pockets including Tyr652 and Phe656, leading to blockade.  

In support of this theory, norfentanyl, the main metabolite of fentanyl produced when the 

phenyl-containing side chain is removed through N-dealkylation by liver enzymes (Goromaru et 

al., 1984; Tateishi et al., 1996), does not block IhERG (Fig. 6B). This is in contrast to O-

demethylation of astemizole, which generates the principle metabolite desmethylastemizole that 

blocks hERG channels with a similar potency (Zhou et al., 1999). However, N-dealkylation of 

astemizole, which removes a phenyl-containing side chain to create norastemizole (a secondary 

metabolite), decreases block potency (Zhou et al., 1999). This indicates that side chains 

containing phenyl groups are important for hERG block by drugs like fentanyl and astemizole. 

Since fentanyl is primarily metabolized to norfentanyl, the difference in hERG blocking 

properties is of clinical significance. First, drugs or conditions that decrease liver enzyme activity 

would increase fentanyl concentration, increasing the risk of hERG block. Second, naloxone 

does not reverse the decrease in IhERG by fentanyl (Fig. 6C). Increasing liver enzyme activity is a 

promising therapeutic intervention for fentanyl-induced hERG toxicity, where arrhythmias and 

sudden death represent a concern. 
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Inactivation plays a critical role in high-affinity hERG binding by many compounds such 

as dofetilide, verapamil, E-4031, and cisapride (Ficker et al., 1998; Zhang et al., 1999; Chen et 

al., 2002). Given that fentanyl appears to block hERG through targeting a typical binding site, it 

is interesting that unlike many compounds, inactivation does not play a role in hERG block by 

fentanyl (Fig. 11). The reason for this discrepancy is unknown but is likely related to the distinct 

tertiary structure of fentanyl, for which inactivation-induced conformational change of hERG is 

not required for high-affinity binding. In this regard, our lab previously demonstrated that 

inactivation does not play a role in cocaine block of hERG channels (Guo et al., 2006). 

My results showed that whereas S631A and S620C were blocked by fentanyl with a 

greater potency than WT channels, S620T displayed a reduced sensitivity (Fig. 11). S620T is 

consistently more resistant to block than other inactivation-deficient mutants (Ficker et al., 1998; 

Zhang et al., 1999; Guo et al., 2006). Since Ser620 is within the inner pore of hERG (Ficker et 

al., 1998; Chen et al., 2002), it may be involved in drug interaction with the channel. Although 

the Cys molecule, similar in size to the Ser residue in WT, conserves the high-affinity binding 

site, the larger Thr residue may disrupt it. In support of this theory, despite disrupting 

inactivation to the same extent, hERG channels with four S620T subunits are more resistant to 

cisapride, dofetilide, and MK-499 block than channels with one S620T subunit and three WT 

subunits (Wu et al., 2015). Thus, I believe that fentanyl block is not associated with inactivation. 

However, channel opening is a prerequisite for fentanyl to block hERG channels as block does 

not develop until the channel is open (Fig. 9A). Once open, the block clearly develops in the first 

trace after fentanyl application and smaller currents with decay were observed in subsequent 

traces. This small decay is consistent with fentanyl being trapped with minimal unbinding when 
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hERG is held in the closed state. Even after completely removing fentanyl from the bath 

solution, IhERG does not recover until the channels are opened (Fig. 9B). 

Another interesting finding is the voltage-dependence of hERG block by fentanyl. Using 

hERG channels with inactivation removed by mutations or drug, my results demonstrated a 

nearly linear voltage-dependence of fentanyl block between −50 and 70 mV, with greater block 

at more positive voltages (Fig. 13). Like most hERG blockers such as verapamil (Zhang et al., 

1999), I propose that fentanyl enters the binding site within the pore from the internal side of the 

membrane. Fentanyl has a pKa of 8.12 at 37 oC, thus it is mostly positively charged at 

physiologic pH (Thurlkill et al., 2005). Therefore, positive voltages may repel the positively 

charged fentanyl molecules deeper into the internal pore mouth. Upon discovering that fentanyl 

blocks hERG in a voltage-dependent manner, I investigated fentanyl block with a cardiac AP 

waveform voltage protocol. Interestingly, whereas the IC50 for fentanyl block determined by 

measuring the tail current at −50 mV after channel activation at 50 mV was 0.9 μM (Fig. 

6A&B), it was 0.3 μM when analyzed using the more physiologically relevant AP voltage 

protocol (Fig. 14). This difference in potency is primarily due to voltage-dependent block, as 

peak hERG current during the AP protocol occurs at voltages more positive than −50 mV. This 

finding is clinically important because the hERG blocking effects of fentanyl are 6-fold more 

potent than originally described by Katchman et al. (2002). 

While investigating the block of IhERG elicited by the AP waveform voltage protocol, I 

was interested in determining whether stimulation frequency affected the degree of fentanyl 

block. Some hERG blocking drugs, such as verapamil (Zhang et al., 1999) and cisapride (Walker 

et al., 1999) block hERG to a greater extent at faster stimulation frequencies. Such frequency 

dependence is clinically significant as IKr reduction would become greater at faster heart rates. 
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However, I found that fentanyl did not block hERG to a greater degree at a stimulation frequency 

of 1 Hz compared to 0.5 Hz (Fig. 15). Due to the length of the AP stimulus waveform, higher 

frequencies could not be studied. Nonetheless, this data indicates that the frequency of 

stimulation, or heart rate, does not affect hERG block by fentanyl. A possible explanation for this 

observation is the fast binding of fentanyl to hERG channels, and the trapping by channel closure 

(Fig. 9). As binding occurs quickly, channels do not need to be open for a long period for block 

to occur, and therefore the number of stimulations required to develop steady state block is low. 

Additionally, since fentanyl is trapped in the channel pore when channels are closed, the amount 

of block is not affected by the length of time between stimulations. 

I also found that hERG N-terminal deletion mutant channels were blocked by fentanyl 

with a greater potency (Fig. 18). In these experiments the IC50 for WT channels was 821 nM, 

while channels with the majority of the N-terminus deleted (2-354) demonstrated an IC50 of 

249 nM. As 2-354 channels exhibit fast deactivation, I proposed that fast deactivation traps 

more fentanyl in the pore, increasing block potency. To examine this, I investigated fentanyl 

block of 2-9 hERG channels, which also exhibit fast deactivation, but the shorter deletion is 

less likely to impact channel structure. The IC50 for 2-9 hERG channels was 403 nM, consistent 

with my theory that fast deactivation underlies increased fentanyl potency because the 

deactivation time constants of 2-9 hERG are intermediate to those of WT and 2-354 hERG 

(Ng et al., 2011). Of clinical significance, when WT and 2-354 hERG were co-expressed, these 

channels were blocked with an IC50 of 262 nM (Fig. 19). Co-expressing WT and 2-354 hERG 

was intended to resemble heterotetrameric hERG 1a/1b channels present in vivo. Interestingly, 

the IC50 for these channels was similar to 2-354 hERG expressed alone. These data are 

inconsistent with the notion that fast deactivation is responsible for enhanced fentanyl potency, 
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as co-expressed WT and 2-354 hERG have deactivation time constants that are intermediate to 

WT and 2-354 hERG expressed alone. Therefore, the full mechanism underlying enhanced 

fentanyl block of co-expressed WT and 2-354 hERG requires further investigation. 

 While investigating the role of fast deactivation in determining fentanyl block potency, I 

made the serendipitous discovery that fentanyl block of hERG is pH-dependent. I intended to use 

modification of extracellular pH as a tool to alter the deactivation speed of hERG channels 

(Anumonwo et al., 1999; Jiang et al., 1999; Terai et al., 2000) without deleting part of the N-

terminus. However, despite exhibiting the expected fast deactivation, hERG channels were 

blocked with a reduced potency at extracellular pH 6.4 compared to pH 7.4 (Fig. 20A&B). 

Further, hERG channels were blocked with an increased potency at extracellular pH 8.4 

compared to pH 7.4 whilst exhibiting the expected slow deactivation (Fig. 20A&B). There are 

several potential explanations for this phenomenon, though they are not mutually exclusive. 

First, high pH may increase the membrane permeability of fentanyl. As fentanyl is a weak base 

with a pKa of 8.12 at 37 oC (Thurlkill et al., 2005), it is predominately positively charged at a pH 

of 7.4. At a pH of 8.4, most of the molecule is in the neutral form, so it likely crosses the cell 

membrane more easily. As our data suggest that fentanyl blocks hERG through an intracellular 

mechanism (Fig. 13), enhanced membrane permeability would be expected to increase block 

potency. However, despite being positively charged fentanyl appears to be fairly efficient at 

crossing biological membranes. At physiological pH fentanyl readily crosses the blood-brain 

barrier to act at receptors in the central nervous system (Hug & Murphy, 1979). Furthermore, a 

study of buccal fentanyl absorption in canines found that a 10-fold increase in unionized fentanyl 

concentration only increased the permeability coefficient by 5-fold, suggesting that the ionization 

state of fentanyl may not directly determine membrane permeability (Streisand et al., 1995). 
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Another possible explanation for the extracellular pH-dependence of fentanyl block is 

that the neutral form of fentanyl has a higher affinity for the hERG channel than the positively 

charged form. This possibility has merit, as our findings suggest that fentanyl interacts with 

hydrophobic residues lining the pore of the channel (Fig. 10). Therefore, an uncharged, 

hydrophobic fentanyl molecule would interact more strongly with these residues than one that is 

positively charged. Additionally, we showed that positive depolarizations dramatically increase 

degree of block (Fig. 13), which suggests that the charged form of fentanyl may not have a high 

affinity for hERG channels. This theory is supported by the fact that when fentanyl is applied at 

pH 8.4, the reduction in IhERG is only partially reversed upon washout of the drug (Fig. 20C). 

This result suggests that neutral fentanyl molecules form strong interactions with the 

hydrophobic residues in the pore of the hERG channel, and do not dissociate readily. In fact, 

after blocking channels at pH 8.4, washing out the drug with pH 7.4 solution restores current to 

control levels (data not shown). It is likely that returning the extracellular solution to normal pH 

adds positive charge to most fentanyl molecules, weakening interactions with hERG channels. A 

potential flaw in this theory is the pipette solution remained at pH 7.2 for these experiments; 

therefore, once inside the cell the majority of fentanyl would be positively charged. However, the 

pore of hERG is open to the extracellular side of the membrane (Wang & MacKinnon, 2017). 

Thus, it is possible that the high pH of the extracellular solution is conferred to the pore of the 

channel. Once fentanyl molecules are in the pore, they may become unionized and bind to 

aromatic residues with the proposed high affinity. This scenario is supported by evidence 

suggesting that the pore of hERG can become blocked by protons at pH values lower than those 

studied here (Bett & Rasmusson, 2003; Van Slyke et al., 2012), indicating that extracellular pH 

can affect the environment within the pore. The alteration of pH within the channel pore presents 
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the final possibility. Such a change in pH may alter channel structure and ionization state of 

residues, which could create a higher affinity binding site for fentanyl. It remains possible that 

several of these explanations are true and together account for the enhanced potency of fentanyl 

block at high pH. 

We have shown that fentanyl blocked IhERG with an IC50 of 0.3 μM (Fig. 14), and it 

prolonged the cardiac AP at a concentration of 0.5 μM (Fig. 16D). A retrospective study (Martin 

et al., 2006) based on 112 fentanyl-related deaths reported that the mean postmortem blood 

concentrations in deaths attributed solely to fentanyl was 25 μg/l (74.3 nM), with a range of 3 

μg/l (8.9 nM) to 383 μg/l (1.14 μM). Although the IC50 for fentanyl to block hERG is higher than 

the mean postmortem blood level, the upper ranges do overlap. Considering that the blood 

concentrations reported are postmortem, higher concentrations due to a large bolus dose of 

fentanyl cannot be ruled out. Therapeutic levels of fentanyl are complicated by tolerance with 

continued use. Hospital inpatients have demonstrated blood fentanyl concentrations up to 9.9 

μg/l (29.42 nM) with chronic treatment (Thompson et al., 2007). Additionally, blood fentanyl 

levels may not be a good indication of tissue levels as fentanyl undergoes extensive distribution. 

In fact, it has been reported that after an intravenous dose in rats, the concentrations of fentanyl 

in heart tissue are two to three times higher than plasma (Hug & Murphy, 1981). Thus, fentanyl 

may induce a high torsadogenic risk by blocking hERG channels, leading to sudden death, 

especially under the circumstances described below. First, chronic fentanyl users may experience 

periods of hypoxia as a result of respiratory depression (McQueen, 1983). Chronic hypoxia 

reduces mature hERG density and whole-cell current (Lamothe et al., 2017). As I found that 

chronic hypoxia and fentanyl have an additive effect in decreasing IhERG (Fig. 17), hERG block 

by fentanyl may pose a greater risk in the context of chronic respiratory depression. Second, 
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(Solis et al., 2017) found that intravenous fentanyl causes a prolonged increase in temperature 

due to metabolic brain activation and skin vasoconstriction. Hyperthermia in the presence of IKr 

block increases the transmural dispersion of APD (Burashnikov et al., 2008), which indicates a 

higher risk for arrhythmia (Surawicz, 1996). Fentanyl-mediated hERG blockade was analyzed at 

room temperature (22°C) in the present project. Although our analysis at physiologic 

temperature (37°C) did not alter fentanyl blocking potency (data not shown), the effects of 

increased temperature on transmural dispersion in the presence of fentanyl should not be ruled 

out. Third, conditions that cause alkalosis such as repetitive vomiting, severe dehydration, or 

endocrine disorders (Yee & Rabinstein, 2010) would potentiate block of hERG by fentanyl. 

Finally, hypokalemia is associated with an impairment of hERG function (Guo et al., 2009; 

Massaeli et al., 2010). Therefore, arrhythmia risk may be increased when fentanyl is used by 

those with existing electrolyte imbalances or when used concomitantly with other medications 

that interfere with hERG function. 

In summary, we presented fentanyl as a hERG channel blocker that was capable of 

prolonging APD90. We also demonstrated that fentanyl blocked hERG current in concentration-

dependent, channel state–dependent, and voltage-dependent manners, whereas inactivation did 

not play a role. Naloxone did not block hERG at relevant concentrations, indicating that the 

observed arrhythmias may be due to the inciting drug or a separate mechanism. Although this 

project does not conclusively demonstrate that hERG block by fentanyl is responsible for 

fentanyl-related death, it provides an alternative molecular mechanism, especially for those 

individuals with overdoses or circumstances where hERG function is compromised (e.g., 

hypoxia, hypokalemia, other drugs). 
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Future Directions 

 A limitation of this work is the majority of experiments were performed in hERG 1a-

expressing HEK cells. Although we showed that IKr recorded from NRVMs was also blocked by 

fentanyl, the IC50 or other properties of block were not determined in cardiomyocytes.  

Therefore, it would be beneficial to perform further experiments with cardiomyocytes to 

replicate our findings. Additionally, the hERG-HEK cell line used in this project lacks the hERG 

1b isoform present in vivo. To this end, we co-expressed WT and 2-354 hERG to mimic hERG 

1a/1b heterotetramers. However, 2-354 hERG is not equivalent to hERG 1b, as hERG 1b lacks 

the first 376 amino acids and contains a unique 36 amino acid N-terminal region (Fig. 2) (Lees-

Miller et al., 1997; London et al., 1997). Further, it is unknown whether co-expression resulted 

in formation of heterotetramers or simply formation of separate WT and 2-354 hERG 

homotetramers. To address this, we have requested a stable, well characterized hERG 1a/b cell 

line from the laboratory of Gail Robertson (Ríos Pérez et al., 2018). 

 Another finding that warrants further exploration is the extracellular pH-dependence of 

hERG block by fentanyl, as several possible explanations remain. To isolate the effects of 

fentanyl ionization state from extracellular pH, (±)-N-(3-fluoro-1-phenethylpiperidine-4-yl)-N-

phenyl propionamide (NFEPP), also known as 3-flurofentanyl, could be used (Spahn et al., 

2017; Rodriguez-Gaztelumendi et al., 2018). NFEPP has a pKa of 6.8, meaning that it is mostly 

neutral at physiologic pH, in contrast to fentanyl, which is primarily positively charged. hERG 

block potency could be determined with NFEPP to examine the impact of the ionization state of 

fentanyl without altering extracellular pH. 

 Lastly, while we have demonstrated that fentanyl can prolong APD in isolated NRVMs, 

we have not demonstrated a direct link between hERG block by fentanyl and ventricular 
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arrhythmia. To address this, in vivo experiments could be performed using an animal model for 

drug-induced LQTS such as rabbit or guinea pig (Vargas et al., 2015) to examine if fentanyl at 

clinically relevant doses prolongs the QT interval. Additionally, an observational study could be 

conducted in humans to monitor for QT prolongation in patients receiving fentanyl, or in patients 

admitted for fentanyl overdose. Such studies would be useful in determining if the hERG block 

we have demonstrated translates to LQTS and risk of arrhythmia in vivo.  
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