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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 fentlaaylpmplete molecular
mechanismef such deathbave not been wetlefined.Although activation of opioid receptors

in the brainstencauses respiratory depressianmost cases afruginducedsudden death

cardiac arrhythmias are implicatéthereforewe posited that disrujin of cardiac
electrophysiologynay contribute to fentamyhduced deathrhehuman ethea-go-go-related
gene(hERQ encodes the porrming subunit of the rapidly activating delayed rectifier
potassium channelgl). Drugmediated disruption of hERG function is the primary cause of
acquired longQT syndrome, which predisposes affected individuals to ventricular arrhythmias
and sudden deathherefore we investigated the effects of fentanyl on hERG chaniiéls

effects of norfentanyl, the main metabolite, and naloxone, an anticetdruentanyl overdose,
were also examined. Currents of hERG channels stably expressed in HEK293 cells were
recorded using wholeell voltageclamp. When hERG tail currents upoB0 mV repolarization
after a 50 mV depolarizatiomere analyzedfentanyl ad naloxone blocked hERG current
(Irerg) With ICsov al ues of 0.9 and 74.3 &M, resplheti vel:
reduction of kerc by fentanyl was naantagonizedby naloxone, indicating théthe reduction

was not through activation of mid receptorsAn interesting finding is thdentanytmediated
block of hkercwas voltagedependentConsequently, Wwen ahuman ventricular action potential
waveformvoltage protocol was used, fentanyl blockegkdé with an IGoo f 0 , whicheisM
within the range of blood concentrations after overdose deaths in huruathermore, fentanyl

( 0. 5 blacked k- andprolongedaction potentiatiuration in ventricular myocytes isolated

from neonatal rats. The concentrations of fentanyl used iptbjsctwere higher than seen with



clinical use but overlap withostmortemoverdose concentratiorisurther co-expressedbng
and shorisoforms of hERGproposed to mimioative channelgjisplayed an increased
sensitivity to fentanylAlthough mechanisms of fentansdlated sudden deatieedfurther
investigation, blockade of hERG channels may contribute to deaitidividuals with high

concentration overdose or compromised cardiaclaegation.
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Chapter 1

| nt r odaircd i loint er ature Revi ew

1.1 Fentanyl

In recentyears, fentanyassociated death has become a serious issue in North America.
In fact, within British Columbia, there werk,310fentanytdetected illicit drug overdose deaths
reportedin 2018 alongBC Coroners Service, 201%urther, fentanyl was detected in 87% of all
illicit drug deathsduring2018(BC Coroners Service, 201%entanyl is a potent synthetic
opi oi d t h-apioid eecept@ agansgRagnoret al, 199). The affinity of fentanyl for
themreceptor is 150 and 242 times greater than fodtlandk-opioid receptorsrespectively
(Maguireet al, 1992) Fentanylis used clinically for managemeaott severe paiandcombined
with other drug foranesthesiéStanley, 2014)lllicit fentanyl use poses a risk because of its
addictive characteristics and side effects, particularly its propensity to sadden deati he
medulla oblongata of tharainstencontains a higldensity of opioid recepto®amsley, 1983)
It is known that fentanyécts at these receptovghich caussaredudion in chemosensitivityo
hypercapnia and hypoxidiminishing respiratory drivédrom the central nervous system
(McQueen, 1983)This fentanyinduced respiratory depressimnbelieved to underlie fentanyl
induced sudden deatiHowever, in many cases sfidden deathdisruption of cardiac
electrophysiology is implicate@Roden, 2004)

Fentanyl is highly lipophilic and distributes quickly and extensiveyn plasmao
bodily compartments such as the central nesssystenfHug & Murphy, 1979) In humans, the
volume of distributions approximately 310 I(4.08L/kg) (McClain & Hug, 1980)After an

intravenous dos&ver95% of a dose is eliminated from the plagméhe first 5 minutesmostly



throughuptaketo the brain, heart and lung, followed bgtaketo skeletalmuscle and fat with a
slower time courséMurphyet al, 1979; Hug & Murphy, 1979, 1981; McClain & Hug, 1980)
Notably, astudy in rats found thdteart tissue concentrations of fentanyl a@titnes higher
than pasmaatfter this redistributiofiHug & Murphy, 1981) In humans, postortem heart tissue
concentratios after overdose were 194 times greater than femoral blood concentrations
(Luckenbillet al, 2008) however, in this study there was a delay between death and analysis, so
postmortem fentanyl redistribution should not be ruled out. A larger study foundabat
mortem heart tissue fentanyl concentrations at autopsy were an average of 6 timethgreater
heart blood at autopsy, 6 times greater than femoral blood at autop$88 ames greater than
femoral blood shortly after death (2% hours)Olsonet al, 2010) However, once again, pest
mortem redistribution of fentanyl may playale in the higher heart concentrations observed in
this study

Fentanyl is rapidly metabolized by hepatic biotransformation to allow for excreson
less than 8% of intravenous fentanyl is excreted unchanged in urine an@vsiGtdin & Hug,
1980; Bovill & Sebel, 1980; Tanalk# al, 2014) The major route ometabolism is N
dealkylation by cytochrome P45334 to form norfentany{Goromaruet al, 1984; Tateishet
al., 1996) Other metabolites have been found, includiegpropionylfentanylVan Rooyet al,
1981) hydroxyfentany(Goromaruet al, 1984) and hydroxynorfentanyGoromaruet al,
1984) however these metabolites are minor compared to norfent@mylare not reliably
detected. Such fentanyl metabolites, including norfentanyl, doembdstrate significant
activity at opioid receptoréSchneider & Brune, 1986and thus the duration of effect is
dependent on the time required to metabolize fentéftgr the initial fast decrease in plasma

fentanyl concentrations arising from uptake into tissues, clearance occurs through two phases.



The first phase is the metabolism of fentanyl from the central compartment, and this occurs with
a relatively fast time cotant of 13.4 min in humar@®1cClain & Hug, 1980) The central
compartmenincludes thelung, heart, brain, and liver, where exchange of fentanyl occurs readily
and elimination of fentanyl parallels its elimination from plasma, dedgferencesn absolute
concentrationgHug & Murphy, 1979, 1981)The second phase of elimination is rate limited by
the reuptake of fentanyl from the peripheral compartrtissues 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 human@vicClain & Hug, 1980) The peripheral compartment tissues include skeletal
muscle and fafHug & Murphy, 1981) Thus, despite fast clearance from the plagh&ag is a
slow release of unmetabolized fentanyl from the peripheral compartment, leading to prolonged
clearance and accumulatian the body with repetitive dos@glurphyet al, 1979)

The drug commonly used for reversing fentanyl overdose is naloxone. Naloxone is a
competitive inhibitor ok-, - alin dopiaid receptorgMartin, 1976) Therefore, when given
during a fentanyl overdose, it prevents bindinghie-opioid receptor and displacéntanyl
from occupiedreceptos (Villiger et al, 1983) The efficacy of naloxone for reversing fentanyl
overdose is high, antis effectivein preventing deatfClarket al, 2014; Rzasa Lynn &
Galinkin, 2018) however there arecases of atrieand ventricular arrhythmigdlichaeliset al,
1974; Azar & Turndorf, 1979; Cusd al, 1984; Merigian, 1993; Hunter, 2005; Lamegral,
2014)andsudden deatpAndree, 1980jollowing naloxone administratiofor opioid overdose

treatment or reversal of surgical anesthesia

1.2 The Cardiac Action Potential

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

Na*, Ca&* andK™ into and out of cardiomyocytes through ion chanr@@lgh currents give rise to

3



cardiac action potentials (AR ardiac APs are stimulated butorhythmic cells located within
the sinoatrial node of the right atniuThe autorhythmic activity of these cells arises from
hyperpolarization activated cyclic nucleotide gatd@lN) channelstransient (Ttype) C&*
channels, antieterotetrametric Kir3.1 and Kir3.4 channelhichgenera¢ G-proteinactivated

K* current(lkach). HCN channelgenerateardiacpacemaker or funny current)(landare
activated by intracellular cAMP or hyperpolarization, watholtage of hakmaximal activation
(V1r2) around- 60 to- 70 mV (Baruscottiet al, 2005) HCN channelhave a mixd permeability
of Na" and K, generating a net depolarizing currerien activated at hyperpolarized potentials
(Baruscottiet al, 2005) Upon reaching threshold potential, a cardiac AP is evoked.

The cardiac AP occurs in five phasés the purposes of this thesis, tentricular AP
will be of focus (Fig. 1). Duringghase4, nonrautorhythmic ventricular myocytes are at resting
membrane potential, approximatel90 mV.Resting membrangotential is primarily
maintained byki, an inwardrectifying potassium current tha activated at hyperpolarized
potentials(Dealet al, 1996) During phase 0, membrane depolarization activates sodium
channels, giving rise to inward Neurrent (ha), which results in membrane depolarization.
Phase 1s characterized by a notch in the membrane poteotiaked by an early transient
repolarizatiorarising from transient outward potassium curre@) (Dealet al, 199%). Phase 2
is the plateawyvhere the repolarizing effect &f is offset by inward Ltype calcium current
(Icaw), resulting in a relatively stable membrane potential. Phase 3 is the repolarization phase.
The repolarization phase begins with #utivation of KCNQ1 channelsvhichpass the slowly
activating delayed rectifiggotassium currentKd) and theclosure of L-type calciumchannels.
The corresponding negative change in membrane potential opens humamgetiyerrelated

gene (hERG) potasum 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 inautanmythme ventricular
myocyte. During phase 4, the resting membrane potential is primarily maintained Bijadse 0

is commencedvhen exogenous stimulation depolarizes the membrane, activiating phase 1,

Ina inactivates, and the membrane is slightly repoéal by lo. During phase 2 chw) maintains

the membrane at a relatively constant potential, called the plateau. Phase 3 is characterized by
the repolarization of the membrane lyih the early stag, and latetby I«r. Figure modified

from Morenoet al.(2012)



current (k). These currents drive the membrane back to resting potential (phaseigl)k: is
critical for phase3 repolarization of the cardiac AP and participates in determining action
potential duration (APDjCurranet al, 1995; Sanguinetgt al, 1995;Keating & Sanguinetti,

2001)

1.3The hERG K* Channel and Long QT Syndrome

1.3.1Structure and Function

hERGencodes the porrming a-subunit of thehnERG potassium chann@armke &
Ganetzky, 1994; Curraet al, 1995) which generatek: (Sanguinettet al, 1995; Trudeaet
al., 1995) The hERGa-subunitis made up of several domaife PerArnt-Sim (PAS) domain
constitutes the first 135 residues of theédkminus(Cabralet al, 1998) The PAS domain in
guestim is highly conserved amongst tihera-go-go (EAG) K* channel familyWarmke &
Ganetzky, 1994)The PAS domain is important for regulating hERG channel gating, particularly
deactivation. It vas found that deletion of most (residue352) (Spectoret al, 1996; Wanget
al., 1998)or all (residues-873)(Schonherr & Heinemann, 1996) the Nterminus removes
slow deactivation, decreasing the deactivation time constants. More spegitiediyon of the
PAS domain(Cabralet al, 1998)but not the proximal Merminus(residues 13873) (Viloria et
al., 2000)decreasedeactivation time constants, suggesting that the PAS domain is cuatical f
slow deactivation kinetics. Cabretl 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 unwba¢dhe PAS domain interacts
with the cyclic nucleotide binding domain (CNBD) of the channel to regulate deactivation
kinetics(Gustina & Trudeau, 2011hrough interaction between positively charged residues in

the PAS domain andegatively charged residuestime CNBD(Ng et al, 2014) TheCNBD is
6



located within the @erminus 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 pvent Golgi transit and cause retention of channetbarER
(Akhavanet al, 2003, 2005)In additon to the CNBD, the @erminus of hERG contains a
tetramerizing coiled coil (TCC) domain. As the name suggests, these domains foratoiiled
structures, which interact to form tetramers that are important for the assembly of functional
channelgJenkeet al, 2003) Between the Nand Gtermini, the hERG-subunit consists of six
transmembrane segments {S8). The voltage sensor domain (VSD) is made up €8&while
the pore domain is comprised by S5 and Séniiag the ion conduction pathway in the
tetrameric channel (Fi@) (Vandenberget al, 2012)

Two main isoforms ofthe hERGa-subunitexist(Fig. 3): it was originally believed that
only the 1a transcript of tHeEERGgene encodefbr a-subunis; howeveran alternate transcript
termed 1b was uncoveread further characterized over several y¢aegsMiller et al, 1997;
Londonet al, 1997; Jonest al, 2004; Phartiya¢t al, 2007) The hERG la isoform is 1159
amino acids in lengtWarmke & Ganetzky, 1994nd contains the domains describddhe
shorterlb isoform was first cloned from mouse hearitNgD It is 820 amino acids long, and
although S1 to the -@rminus is identical tbERG1a,hERG1b contains a uniqueshorter(36
amino acid longkytoplasmic Nterminus(LeesMiller et al, 1997; Londoret al, 1997)and
lacks the PAS domaimnterestingly, when hERGa and 1b are eexpressed iheterologous
expression systegnthe currents resemble native more closely than hERGaexpresse@lone
(Londonet al, 1997; Salestal., 2008; Larsen & Olesen, 2010hdicating that both contribute to
the native curreniThe presence of the hERIB 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 hERGa-subunits assemble to form cimeels, with the iofconducting pore located in

the center. (B) Schematic of an assembled channel in the plasma membrane. Only two subunits
are shown for clarity. The ferminal tail (Nter) and Cterminal tail (Gter), including the Per
Arnt-Sim (PAS) domim and cyclic nucleotide binding domain (CNBD) respectively, are located
intracellularly. The transmembrane segmentsS8iare located in the plasma membrane. The
voltage sensing domain (VSD) is formed by&4 and the pore is formed by S5 and S6. The
porehelix (PH) stabilizes the inactivation gate of the channel, whereas the selectivity filter (SF)
confers selectivity to the conductance of Kigure modified fronKalyaanamoorthy & Barakat
(2018)



(Joneset al, 2004) Coimmunoprecipitation analyses demonstrated that hERG 1a and 1b
subunits ceassemble to form heterotetramuaiishin the endoplasmic reticulum (ER) as channels
become associated aftre glycosylation, which occurs-t@nslationally in the ER, but before
complex glycosylatioypwhich occurs in th&olgi apparatugJoneset al, 2004; Phartiyaét al,
2007) Finally, the functional role of hERGb was elucidatedsing human induced pluripotent
stem cellcardiomyocytes, in which knockdown BERG 1b with short hairpin RNA decreases
Ikr, prolongs APD, and increases APD variabi{dgpneset al, 2014) As the discovery of the
hERG 1b transcript was relatively recent, the hEREX cell line used for the majority of this
project contains solely hERG 1a, in line with most current research.

When fully assembled, channétsm aheterdetramerof 1a and 1lka-subunis, through
interactions between the TCC domains of individual subunitly assembled channels are
sometimes referred to as Kv11.1, or commonly hERG chartaatdher, channels associate with
up to twotransmerbraneaccessory-subunis. The subunits in question gretassium voltage
gated channel subfamily E regulatory suburiKCNE1) also known as minimal potassium
channel subunit\linK), andpotassium voltaggated channel subfamily E regulat@ybunit 2
(KCNEZ2) also known aMlinK -related peptide IMiRP1). MinK (McDonaldet al, 1997; Finley
et al, 2002)and MiRP1(Abbottet al, 1999; Mazharet al, 2001)have been shown to associate
with hERG channelandalter channegating and current densitiiowever, the role olb-
subunits in vivo is still under debate as expression of these subunits is not essential for
generation of hERG current in heterologous expression sy$femastharam & Abbott, 2005;

Li et al, 2006; Abbottet al, 2007; Vandenbergt al, 2012) in contrast to KCNQ1, which
requires ceexpression of MinK to generate curréBarhaninet al, 1996; Sanguinetét al,

1996)



N-linked
glycosylation

Figure 3. hERG 1la and 1b isoforms.

A diagrammatic representation of the hERG 1a isoform (expressed in the HERGell line

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

la from position 376 onward. However, it is lacking residu8%3 and contains a unique, 36
amino acid long Nerminal region located intracellularly. Also illustrated are the major domains.
The N and @&ermini are represented by grey lesgxtransmembrane segments by grey cylinders,
linkers by black lines, and domains by white boxes. Figure modified Ptaantiyalet al. (2007)
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1.3.2Gating and Kinetics

The hERG channel exhibits some unique gating propeftieschannel can exist in
closed (deactivated), open (activated), or in&ttates (Fig4A), with current being passed only
when the channel is in the open stéteresting poential channels are closddpon membrane
depolarizationthe channels first activate. The time course of activation is faster than KCNQ1
(Iks) channels, and thus current passed by hERG is referreddo @sspite the activation time
course being slowaghan some other chael types, such as sodium channé&lse channels then
undergaoC-typeinactivation where the conformation of the channel pore is altered, preventing
the passage of potassium ig8shdnherr & Heinemann, 1996)ERGchannneinactivation is
voltagedependentwith a greatedegreeof inactivationand faster time coursg more positive
membrangotentials(Smithet al, 1996; Spectoet al, 199@; Schonherr & Heinemann, 1996)
This phenomenon gives rise to the inward rectificapooperties 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, inactvation of hERG channels occurs with a very fast time course, faster in fact
than activatior{Sanguindt et al, 1995; Trudeaet al, 1995; Smitret al, 1996) Therefore, the
current passed upon initial depolarization is sma#n the driving forc€Fig. 4B) as a large
portion of channels are inactivatadpon repolarization, hERG channels rapidly transition from
the inactive to open state, gi viwhithrepreseatst o a
openchannel conductance in response to the preceding depolari#itiodB). After recovey
from inactivation, the channels slowly transition from the open state to the closedvbiateis
a twostep procesbest fit with a biexponential functiqi®anguinettet al, 1995; Trudeaet al,

1995) As such, deactivation proceeds with two time constants,astemd one slow. At more
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Figure 4. hLERG channel stateand a demonstration of hera.

(A) hERG channels can exist in closed (deactivated), open (activated), or inactive states. The
transition from closed to open and vice vessalow, whereas the transition from open to
inactive and vice versa is fagigure modified fronPerrinet al.(2008) (B) Current trace (top)
recorded from a hERGIEK cell expressing hERG 1lia response to the shown voltage protocol
(bottom).Upon initial depolarization to +50 mV, the majority of channelsvaté. However,

during the course of channel activation, a large proportion of channels quickly inactivate due to
voltagedependent inactivation. Upaapolarization te 50 mV, the inactivated channels quickly
recover to the open statgving rise to tailcurrent before slowly deactivatingherefore, tail
current represents maximal channel conductaren given an adequate depolarization such as
+50 mV andcan also be used to determine the proportion of channels activated by a given
depolarizing pulsevhen activation is less than maximal
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positive potentials (above0 mV) the slow component predominates, whereas at

voltages negative t060 mV the fast component predominaféandenberget al., 2006)

The Nterminus of hERGnfluencesseveral gating propertieBeletion of the majority of
theN-terminus (residues 254 or 373)f hERG shifts the voltagelependence of activation and
inactivation by 20 to 30 mV in the positive direction, and drastically accelerates deactivation
(Spectoret al, 1996; Schonherr & Heinemann, 199@&)s discussed, interactions between the
PAS and CNDB are believed to underlie the role of tHemhinus in hERG deactivation
(Gustina & Trudeau, 2011These altered kinetics are of interest as heterologously expressed
hERG 1a and 1b heterotetramers display similar propeBset al (2008) found that
heterotetrameric channels demonstrate larger currenitadgbccelerated activation, positively
shifted voltagedependence of inactivation, accelerated recovery from inactivation, and
accelerated deactivation compared to homotetrameric hERG l1a channels expressed in HEK293
cells It has been proposed thaepresence of 1b subunigplainsthe differencein observed
gating kinetics betweelmeterologoushexpressethERGlaand kr recorded from ventricular

myocytes(Mitcheson & Hancox1999; Weerapurat al, 2002)

1.3.3Drug Block, Long QT Syndrome, and Sudden Death

A decrease in hERG channel functigmlongs APD, which manifests &g QT
syndrome (LQTS)a prolongation of the QT interval on a surface ECG recor(higg 5).
Notably, LQTS predispossaffected individuals ta polymorphic ventricular tachycardia known
asTorsadeade PointegTdP, Fig.5) (Keating and Sanguinetti, 200IdP arisedrom prolonged

repolarization due to reactivation oftipe calcium channels, which can trigger a premature
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D Schematized ECG strip
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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 repolarizglibure), but peak current @ecreased in

LQTS (red). (C) A representation of how electrical activity in cardiomyocytes gives rise to a
surface ECG recording, atide effect of a prolonged repolarization phase. (D) A prolonged QT
interval can causapremature ventricular depolarizani referred to aanearly after

depolarization. This premature depolarization triggers TdP, which can eventually degenerate into
ventricular fibrillationandsudden deathrigure modified frontGrilo et al.(2010)
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ventricular depolarization known as an early after defaaon (Shimizuet al, 1995; Chiang &
Roden, 200Q)TdP may resolve spontaneby but can degenerate into ventricular fibrillation

leading to sudden deat@hiang & Roden, 2000)

1.4 Hypothesis and Objectives

It is uncleaiif cardiac arrhythmias play a role in fentasgllated 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 humansidhé cl
literature regarding fentanyl is less clear; unchar{@tnget al, 2008; Gfieroet al, 2011,

H a net &, 2013; Oztiirket al, 2015)and prolongedLischkeet al, 1994; Kelleret al, 2016;
Choet al, 2016; Xuaret al, 2018)QT intervals have been reportdthese discrepancies may
be due to the design of these studiedpasdoses of fentanyl in combination with other
anaesthetic agents were ugednost casesA recent review suggests a datependent effect of
fentanyl on the QT intervgBehzadiet al, 2018) though the mechanism remains elusive
Experimentally, fentanyl at concentrations of 94.6 A8I)nM, and950nM prolong the cardiac
AP in isolated canineentricular Purkinje fibers (Blaet al, 1989).As the prolongation is not
reversed by naloxon#&he authors proposed that it arose fromexhanism separate from p
opioid receptor agonism (Blag@t al, 1989). Since the reduction @f prolongs AP duation and
is responsible for most cases of diinduced LQTSwe investigated the effects of fentanyl on
hERG1lachannels stably expressedHEK293 hERGHEK) cells. We also examined the
effects of fentanyl on cardiac APs and various currents in neonatal rat ventricular myocytes
(NRVMSs). Furthermore, the effects of norfentamgre studied to determine if the metabolic
product of fentanyl could contribute sadden deathAs naloxoneéhas been shown to induce

cardiac arrhythmias in some individuals, it was also examirtggpothesized that fentanyl,
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norfentanyl, or naloxone decreaserk and kr, leading to prolongation of APD. To address this
hypothesis, | examined tlefironic effects of fentanyl, norfentanyl, and naloxone on hERG
membrane protein in hERBEK cells using Western blot analysis. To examine the acute effects
of fentanyl, norfentanyl, and naloxone asrzand kr, | used wholecell voltageclamp on
hERGHEK cells and isolated NRVMs, respectively. Lastly, to observe effects on APD, APs
were recorded from isolated NRVMs using whoddl currentclamp. Further, the mechanism of
fentanyl blockas well as the physiologic relevaneerefurther examined using whetell

voltageclamp recordings from hERB&EK cells.
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Chapter 2

Materials and Met hods

2.1 Molecular Biology

hERGCcDNA was provided by Dr. Gail Robertson (University of Wiscordedison, Madison,
WI). Point mutations Y652A, F656T, S631A, S620T, and S620C were crestedpolymerase
chain reaction overlap extension technique, as described preMiGusiet al, 2006) The D2-

354 andD2-9 hERG mutants were also created using the PCR method and confirmed by DNA
sequencing (GENEWIZ, South Plainfield, NBlumanEAG cDNA was provided by Dr. Luis
Pardo (MaxPlanck Institute of Experimental Medicine, Géttingen, 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. MiehSanguinetti (University of
Utah, Salt Lake City, UT). Human Kv4.3 was provided by-Boing Li (University of Hong
Kong, Hong KongHong Kong Special Administrative Region of the People's Republic of
Ching. Human Kir2.3 cDNA was provided by Dr. CaroaNdenberg (University of California,
Santa Barbara, Santa Barbara, CA). The HEK293 cell line stably expressirgpeildVT)

hERG channels (hERBEK cell line) was obtained from Dr. Craig January (University of
WisconsinMadison). HEK293 cell lines stabfxpressing>2-354 hERGEAG, Kv1.5, and
KCNQ1 + KCNE1 were created using transfection followed by G418 selddtimg/mL) and
maintenance (0.4 mg/mLKv4.3, Kir2.3, and mutant hERG Y652A, F656T, S631A, S620C,
S620T, andD2-9 were transiently expressed in HEK293 cells. For transient transfection, GFP
cDNA [pIRES2EGFP (enhance GFP); Takara Bio USA, Inc., Mountain View, CA] was co

transfected for the selection of transfected cells during férhp experimentd:or ce
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expresn of WT andD2-354 hERG2 g of eaclplasmidweremixedandtransfected together
with GFP.HEK293 cells were cultured in Gibco minimum essential medium (YME&dhsisting
of calciumchloride (CaCi), choline chloride, Dcalcium pantothenatédolic acid, L-arginine
hydrochloride, Lcystine 2HCI, L-glutamine, L:-histidine hydrochlorideH20, L-isoleucine, E
leucine, Llysine hydrochloride, imethionine, lphenylalanine, kthreonine, Etryptophan, k
tyrosine disodium salt dihydrate;\aline, magnesiunsulfate MgSQs), niacinamide potassium
chloride (KCI), pyridoxal hydrochloride, Riboflavinrsodiumbicarbonate (NaHC§), sodium
chloride (NaCl),sodiumphosphate monobasic (NaPi:-H20), thiamine hydrochlorideandi-
inositolsupplemented with 10%etal bovine serumHBS), nonessential amino aciflycine, L-
arginine, L-asparagine, {aspartic acid, tglutamic acid, kproline, and Eserine 20nmM eacl),
and 1 mM sodium pyruvate (Thermo Fisher Scientific, Waltham, NI&)ls wee passaged
every 23 days andvere used for experimeni$-24 hours after passageor passageellswere
treated with 37C 0.25% trypsin for 1 min, resuspended in MEM, then plated with 2 mL of
MEM per dish.Cells were maintained in a 3C/ 5% CQ incubator.For electrophysiological
recordings, the cells were collected from the culture dish using trypsinizBtiefily, cells were
rinsed with PBS (NaCl, KCI, N&IPQy, and KHPQu), then treated with 37C 0.25%trypsin for
1 min before collection with MEM. Collected cells were kiepVIEM at room temperature until

used (within 4 hours).

2.2NRVM Isolation

Neonatal rat experiments were approved by the
performed in conformity with the Canadian Council on Animal Care. SprBgudey rats of

either sex were used for isolation of ventricular myocytes at 1 day dageatal rats were

sacrificed by rapid decapitation with scissors followed/dntricleremoval using scissors and
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forceps.Ventricleswere then washed twice with filtered PBS on ice and minced with scissors.

The mincedventricleswere washed twice withéecold PBS, and then incubated with 8.5 of

PBS, 50QuL of collagenase (740 U), 5Q0. of trypsin (370 U), and 50QL of
deoxyribonucleasedDNAse) (2880 U) at 37°C for 10 minutes to dissociate single ventricular
myocytes. The supernatant was then exécheind placed in 20lmof 20% FBSimlDu | becc o6 s

modified eagle medium/FI®F medium[formulation:thermofisher.com/ca/en/home/technical

resources/medigormulation.60.htnj) supplemented with 3 mM NaHGQOL5 mM HEPES, and

50 mg/nL gentamycin). The enzymatic digestion and extraction were repeated six times. On the
last three digestions, the minceentricleswere gently aspirated with a pipette to maxintize
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, U&3 diluted in appropriate
amounts of Ads buffer (6.8 g of NaCl, 1.0 g of dextrose, 1.5 g okR@ 0.4 g of KCI, 0.1 g

of MgSQOy, and 4.76 g of HEPES inl1of doubledistilled water) to create 10lof three

separate densities: 1.050, 1.060, and 1.082 ghhenol red was added to the 1.060lg/m

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

added to a new centrifuge tube. Next, 0 ofia 1.060 g/rh solution was carefully added below
using a pipette. Last, the cell pellet was resuspended ir_16f en1.082 g/rh solution and

carefully added below the 1.060ngL. layer. The tube was then centrifuged at room temperature
(22 £ 1°C) for 30 minutes at 4&B(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 inl45fM0% FBS

containingDF medium, and centrifuged for 5 minutes at 95 g. The pellet containing
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cardiomyocytes was then resuspended in ROfM0% FBScontaining DF medium and pre

plated on 10amm plates. The plates were incubated at 37°C with 5%fQCI5 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 cultwin media containing 1AM of therespective drugs, hERBEK cells
were collected with iceold PBS. Cells were lysed by sonication in-omdd
radioimmunoprecipitation assay lysis buffer supplemented with 1% pheimylisigtony!

fluoride and 2% protease inhibitor cocktail. A DC Protein Assay Kit-{8aal, Hercules, CA)
was used to determine the protein concentration of samples. Fifteen micrograms of protein
sample was diluted to a volume of 4D with doubledistilled water. The 4QiL sample was
resuspended in J0L of 5x Laemmli loading buffer containing 5Bemercaptoethanol to achieve
a total volume of 5QIL, and boiled for 5 minutes. The pl samples were separated on 8%
SDS polyacrylamide electrophoresis gels aadsferred overnight onto polyvinylidene
difluoride membranes. The membranes were blocked for 1 hour using 5%atmoitk. The

blots were probed for 2 hours withe appropriate primary antibodies in 5% rfat milk and

then incubated with 1:20000 dilubn ofthe corresponding horseradish peroxidg$eP)
conjugated secondary antibodies in 5%-fetrmilk for an additional hour. Primary and
secondary antibody incubations were followed by triplerifute washes in Tribuffered
saline/Tween 20 (0.1% Twee0). The detection of actin was used as a loading control (CTL).
Goat anthERG (G20) primary antibodyGuoet al., 2009) and mouse antioat HRP

conjugated secondary antibofBkomedakt al, 1999)were purchased from Santa Cruz
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Biotechnology (Dallas, TX). Horse antiouse HRRconjugated secondary antibofBhanget

al., 2008)was purchased from Cell Signaling Technology (Danvers, MA). FB@ @rimary
antibody was used in a 1:1000 dilution, the-actin primary antibody was used in a 1:2000
dilution, and the antmouse and antjoat HRRconjugated secondary antibediwere used in a
1:20,000 dilutionThe blots were visualized with medicalray films (Fuji, Minato, Tokyo,
Japan) using an enhanced chemiluminescence detection kit (GE Healthcare). Densitometry
analyses of protein band intensities were performed usiagdJn an unblinded manneBoxes

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 backgrotimehwas
subtractedrom correspondindpand densies. Band sizes were identified using BLUeye
Prestained Protein Ladder (GeneDireX, Inc., Keelung, Taiwan) loaded on each gel. For
guantification, the band intensities of proteins of interest in each gel were first normalized to

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

2.4 Electrophysiological Recordings

The wholecell voltageclamp method was used to record various currents in HEK cells and
isolatedNRVMs. Whole-cell currentclamp was used to record Afrom isolatedNRVMs.

Pipettes were pulled from thimalled (0.19 mm)borosilicate glassTW150-6; World Precision

Instruments, Sarasota, CA) with &lBO0 micropipette puller (Sutter Instrument, Novato, CA)

and polished with heat to a resistanc®28f0Mq when f il l ed with solutio
Amplifier, Digidata 1440A Digitizer, an@€lampexversion 10.7 software (Molecular Devices,

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

filtered at 5 kHz. Voltagevas sampled at 100 kHz and filtered at 5 kRecordings 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 recordihgipette solution for recording
from channels expressed in HEK cells, as welkaant APs from isolateNRVMs contained

the following (in mM): 135 KCI, 5 EGTA, 5 MgATRand 10 HEPES (pH 7.2 with KOH). The
bath solution contained the following (in mM): 5 KCI, 135 NaCl, 2 GaCMgCk, 10 glucose,
and 10 HEPES (pH 7.4 with NaOH)he liquid junction potential (LJP) calculated with the
Junction Potential tool in Clampéd%.7 was 4.3 mV and was not compensatedcreate pH 6.4
bath solution6.0 M HCl was added drewise tonormal bath solution (pH 7.4intil pH 6.4 was
reached, measured bydigital pH meterTo create pH 8.4 bath solutidhOM NaOH was

added dropwiseto normal bath solution (pH 7.4intil pH 8.4 was reached, measured using
digital pH meterTo record ha andBa?*-mediatedca(Icaga), the pipette solution consisted of

the following (in mM): 135 CsCl, 10 EGTA, 5 MgATP, and 10 HEPES (pH 7.2 with §sBst
recording ka, the bath solution consisted of the following (in mM): 100 TEACI, 40 NaCl, 5 KCl,
1 MgCk, 10 glucose, and 10 HEPES (pH 7.4 with TEAOH)e calculated LJP was 6.4 mV and
was not compensated@io record tasa, the bath solution consest of the following (in mM): 140
TEACI, 5.4 BaCl, 1 MgCk, 10 glucose, and 10 HEPES (pH 7.4 with TEAOHR)e calculated

LJP was 3.0 mV and was not compensaten.acute concentratieresponse relationships,

control current was first recorded in the alzseof drug. Increasing concentrations of drug were
then addedand the currents after steady state of block (within 1 min after drug applicaé&oa)
normalized to controNormalized currents were plotted versus drug concentration to construct
concentrabn-response relationshipRecordings were carried out at room temperature (22 +

1°C).
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2.5Hypoxic Culture

For culture in hypoxic conditions, aChamber incubator subchamber with a ProOx 110 oxygen
controller (BioSpherixParish, NY) was used. 0.5%: was maintained with a 95%:N5% CQ

gas mixture, and temperature was maintained aC3Tells were passaged, then incubated for 6
hoursin MEM buffered with sodium bicarbonat€ontrol cells were maintained in the same
incubator, but outside of the hypoxic subchamber. Cells were collected for electrophysiological
studies by trypsinization, reuspended in hypoxic or normoxic media for control or hypoxia

treated cells respectively, and used within 1 hour.

2.6 Drugs and Reagerg

Fentanyl citrate, norfentanyl hydrochloride, and naloxone hydrochloride were purchased from
Toronto Research Chemicals (North York, ON, Canatia.powder form of fentanyl citrate

was handled in a biological safety cabinet with proper protective eqotgmeinimize risk of
exposureDrugs were dissolved indoubtei st i | | ed water andclasg or ed a
experiments, the drugs were diluted in bath solution and used within 8 Rouescute block,

control solution was drained from the batthaa suction pump, and drug containing solution
wasimmediatelyflowed in through a@ravity-fed perfusion systa. MEM, FBS, G418

(Geneticin), nonessential amino acids, and sodium pyruvate were purchased from Thermo Fisher
Scientific (Waltham, MA). E4031(N-[4-[1-[2-(6-methylpyridin2-yl)ethyl]piperidine4-
carbonyl]lphenyllmethanesulfonamide) dihydrochloride was purchased from Tocris Bioscience
(Bristol, UK), dissolved indoubld i st i | | ed water stored at T1T20AC
for patchclamp e&periments. Mouse anr#ctin primary antibodyKim et al, 2007) ICA-105574

[ICA (3-nitro-N-(4-phenoxyphenyl) benzamide)], electrolytes, EGTA, HER&Bglucose were
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purchased from Sigmaldrich (St. Louis, MO). Collagenase Type 2, TrypsindDNase were

purchased from Worthington Biochemical Corporation (Lakewood, NJ).

2.7 Statistical Analysis

Datain line graphs, scatter graphs, curves, and tex¢geessed as the mean = SHor box
plots,the middle line represesithe median, the box encompasses the interquartile range, and
whiskers represent the% rangeFor comparing multiple groups to control (CThpneway
analysis of variancBANOVA) with D u n n @dstthdr sestvas used to determine statistical
significance. For comparing multiple groups to CTL and each other,-avap&NOVA with

T u k e y éhec tgstavastused. For comparing one gtoupTL, atwo-t ai | ed t&student 6s
were used. For normalizéeV and activation curves Wilcoxon matched pairs tesas used to
compare currents with fentanyl to CTL currents at each voltagenormalized data with
multiple groups, a Kruskalallis test was usefposthoc teswwasnot required)For normalized
data with multiple paired groups, a Friedman test with Dué s-hop test was use&tatistical
analysis was performed with GraphPad Prism (GraphPad Software, San Diegd/@fg.
required, normality was tested in GraphPad PrRRuise currents recorded from hERHEK

cells were analyzed as the maximal curdaming the last 5@nillisecondsof the depolarizing

step inClampfit104 (Molecular Devices, San Jose, LAail currents recorded from hERG
HEK cells were analyzed as the maximal current during the firstblil8econdsof the
repolarizing step. Currémwere fit using single or double exponential functionSlaamfit, with

manual cursor placemeta ensure an accurate falf maximal inhibitory concentration (k)

values and Hill coefficients were determined by fitting data to the Hill equation{——

0 ) in Microcal Origin 6.0(OriginLab, Northampton, Massachusetts, USXoltages of half
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maximal activation (¥2) values and slope factors were determined by fitting data to the
Boltzmann functiondp ————— 0 ) in Microcal Origin 6.0For ICso values Hill

coefficients,V12 values and slope factorgach cell was individually fitted and theggues
were summarized to determine the mean and 3.P.value of 0.05 or less was considered to be

statistically sigificant.
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Chapter 3

Resul ts

3.1 Fentanyl and NaloxoneBlock hERG Currents, but Norfentanyl Does Not

Whole-cell voltageclamp was used to recorgkkc from hERGHEK cells before and
after drug application to the bath solutioszrt was elicited with the voltage piatol shown
above the current traces adtartto-startinterval of 15 seconds. Because of the characteristic
rapid inactivation propertigSpectoret al, 199@), hERG channels activate and inactivate
during the @polarizing 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 quaraifpttiede of kerc
Fentanyl blockednkrcin a concentratiomiependent mannevithin seconds of drug application
(Fig. 6A), and the blocked currents recovered completely within 1 minute upon washout.
Although naloxone at concentrations much highan clinically relevant dosgBlair et al,
1989)also blockedHerg, norfentanyl did not blockdrc The amplitudes ohtrcrelative to
CTL were plotted against corresponding fentanyl, norfentanyl, and naloxone concentrations, and
fitted to the Hill equation when apmpriate. Fentanyl blockedegkre with an 1Go of 0.9 + 0.5eM
and a Hill coefficient of 0.9 + 0.3. Naloxone blockeert with an 1Go of 74.3 + 36.ZM and a
Hill coefficient of 0.9 £ 0.1. Norfentanyl did not affeetks at concentrations up to 3601
(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 inrerc is not Reversed by Naloxone

Although HEK293 cells do not express tin@pioid receptor

(proteinatlas.org/ENSG0000011208%RM1/cel), to ensurehatfentanytinduced reduction of

Inerc camotbe prevented by naloxonkeapplied fentanyl alone, and then fentanyl plus naloxone

to the same hERGIEK cells during patcitlamp recordings. Our results showed thaML

fentanyl reducednkrc by 50.0% + 7.8% compared with CTL. WhegM fentanyl and 1@M

naloxone were applied together to the same cells, current was decreased by 5&%$6 + 7.
compared with CTLKig. 6C). Althoughaddition ofnaloxone caused a slight further decrease in
Iherg, this change was not significaf@> 0.05,onevay ANOVA wi t fhocTestk ey 6 s
Therefore, naloxone does not reverse the block of hERG chanrielstanyl.Further, when 10

€M naloxone was applied before fentanyl, it did not prevemrtreduction (data not shown).

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

To determine the chronic effects of fentanyl, norfentanyl,reasldxone on hERG channel
expression, hERGIEK cells were cultured overnight (for 16 hours)media containind0eM
of each compound. Whaleell protein was then extracted and analyzed using Western blot
analysis. Wholeell hERG proteins display two bas(Zhouet al, 1998) The lower (135Da)
band represents the immature, eghgcosylated protein located in thdR. The upper (15%Da)
band represents the mature fully glycosylated protein located in the plasma membrane. Chronic
treatment with 1@M fentanyl, norfentanyl, or naloxone did not decrease hERG channel
expressionKig. 6D) or lherc after cells wereemoved from drugontaining stution (data not

shown).
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Figure 6. Fentanyl acutely blocks kerc 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 & M -dependerst effgcts of fet@yl (FENOTh cent r at i
Naloxone (NAL), and Norfentanyl (NORENT) on herac 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 represént Sollected 30% of datdC) Box plots

of Inercrecorded from contro@ T L ) in the presence of fentanyl
eM) plus naloxone (10P<Ovs.EHNMewdyANOVAWih=12,6 **
T u k e y éhec tgstol sollected all data(D) Western blot analysis of effects of-h@reatment

with fentan y | norfentanyl, or nal oxone (10 &M, res
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 (R=50.05 KruskalWallis tes). Figure from
Tschirhartet al.(2019)
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3.4 Fentanyl-Mediated Block is Specific to hERG

To determine whether fentanyl blocks othérdkannelsJun Guo and Wentao ktudied
the effects of fentanyl on hERG along with EAG, Kv1.5, KCNQ1 + KCNE1, Kv4.3, and Kir2.3
stably or transiently expressed in HEKlIs. As shown irfigure 7, acute applicatiofwithin 5
secondspf 10eM fentanyl reducednkrc by 89.2% + 7.1%F < 0.01 compared with CTL
pairedt-tes) but did not reduce other channel currents studed .05 compared with CTL

pairedt-tes).

3.5 Effects of Fentanyl on hERG Biophysical Properties

The effect of fentanyl on hERG voltagependence of activation was studiédyure
8A shows families of hERG currents elicited with the voltage protocol above the current traces
in the absence amtesence of £M fentanyl The pulse currents measured at the end of the
depol arization steps and the peak tail curren
normalized to their respective maximal amplitude in CTL, were plotted versus activation
(depolarization) voltages. The tail currestitage relationships were fitted to the Boltzmann
equation. In addition to block, fentanyl shifted the fma#iximal activation voltage to negative
voltages by 14.3 mV (15.7 N edtang;P o001 pamedtCTL; T 2
tes). It also increased the slope factor from 6.6 £ 0.8 in CTL to 11.2 #PX10(0], pairedt-
tes). Because of the changes in halfiximal activation voltage and slope factor, an interesting
observation is thdioth pulse ad tail Inerc with fentanylareslightly greater atlepolarization
vol tages bet we eRx00RWicoaon chatches pairsndatespite being

reduced at 0 mV and abowve € 0.01 Wilcoxon matched pairs tgqFig. 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 uM of fentan(ENT) are shown (upper). Peak tail currents for hERG, pulse
currents at the end of the depolarizing step for EAG, Kv1.5, and KCNQ+KCNEL1, 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 summarizedietermine statistical significance,
currents after fentanyl were compared to respective CTL current with paesis for each

channel** P < 0.01vs.respectiveCTL, pairedt-test Data collected by Jun Guo and Wentao L.i.
Figure fromTschirhartet al. (2019)
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We used a threpulse voltage protocol to study the effects of fentanyl on hERG
inactivation. hLERGHEK cells were depolarized to 60 mV for 500 milliseconds to activate and
inactivate hERG channels. The cel |l sndwere t hen
allowing inactivated channels to recover to the open state with minimal deactiZimret al,
1998) The third step to vol t-m\giecemdntswagwesedio 1 30 an
elicit hERG inactivation. The decay hERG currents during the third sterefitted tosingle
exponential functiosito obtain the time constant of inactivatidia) values. Fentanyl
decreasetihactat voltages of 0 mV and below € 0.05 pairedt-tes (Fig. 8B).
To study the effas 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 betw&®andi 1 6n¥ in 10mV decrementso cause channel
recovery from inactivation (the rising phase of currents) and deactivation (the decay phase of
currents) Fig. 8C). The rising phase of currenigerefitted to single exponential functions to
obtain the time constaswf recovery from inactivation(c), which were plotted versus the
repolarizing voltagedn the presence of fentanyl, there was an apparent skiftisaluesby
approximately 25 m\in the negative directiori-{g. 8C). The decay phases of currents were
fitted to double exponential functiots obtain the time constant of deactivation values, which
were plotted versus the repolarizing voltageig.(8D). For deactivation, only voltages between
T90 and 1160 mV were analyzed because deactiyv
could be relialy fitted to determine the fast time constant of deactivatibiag) and the slow
time constant of deactivatiofdfeac). Fentanyl decreasdgiicactand@deacifrom’ 9071 1 6 0 mV

(P < 0.05at each voltageairedt-tes).
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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 {avyidRENT)
are shown. The pulse curré@nvoltage 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 summarizediagt depolarizing voltages. The tail currént
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 celplattddagainst
depolarizing voltaget=12). (B) Voltage protocol, representative currents (five traces

corresponding to the voltage protocol displayedsateo w n

for

and

corresponding voltages are shown (n=4). (C) Voltage protocol, representative currents (four
tracescorresponding to the voltage protocol aréd 0 w n

vol tages

ar e

for

r&viplatted agayndtest

s h aaayn & m & Eugnd) tionds DPnétaRts of deactivating

currentsplottedagainst test voltages are shown (n=5). Erros bgpresent 8. Figure from
Tschirhartet al.(2019.

32

and

G



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. Tekee | | s wer e finally repolarized 1tc
prior to returning to the holding pdtenti al o]
fentanyl was immediately applied during théer-pulseinterval of 60 seconds when the cell was
heldati 8 0 mV. A figurs 9Apofemtanylimediated block of hERG developed with time
when channels were opened despite the drug being present for 1 minute prior to the channel
opening. The timelependent block was most obvious upon the first trace aftemf@nt
application Fig. 9A, arrow a). Upon the second and subsequent depolarizing(Btgp2A,
arrow b), the initiaturrent wadargely 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 duringier-pulse interval when channels are
cosed at t he hol dianagstegupdstate oftblock ik presdnt aftedthe finst\Nrace

Openchannel blockers can be trapped by channel closing upon repolaridditioneson
et al, 200; Witchelet al, 2004; Storlet al, 2007) To investigate whether fentanyl can be
trappel by hERG channel closing, we first achieved a steady state of channel block by recording
hERG currents using the voltage protocol shown in the tdigute 9 for 5 minutes with 1M
fentanyl present in the bath solution. We then completely washed ¢amyé(within 2 seconds)
while cells were held at 1780 mV for 60 second
applying the next depolarizing sweep to elicit hERG currents. As shofigune 9B, when the
channels were opened, the current graduallyvereal Fig. 9B, arrow a) to CTL level within the

4-second sweep. After the first trace of washout, the current remained at CTL fege®i(
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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 fentardgln Gucexamined its competition with-E
4031, a webstudied hERG blocking druganguinetti & Jurkiewicz, 1990; Trudeatial, 1995;
Spectoret al, 1996). When hercwas recorded by repetitive pulsing to 50 mV for 4 seconds
foll owed by 150 stewvttobtartmtergal of 16 secamds$,siiMdentangt
mediated block was achieved after the fnslseduring20-minute recordings. Upon washout of
fentaryl, Inerc quickly recovered to 85.0% * 18.9% of CTi< 4) (Fig. 10A, left). However,
therecovery of kerc after 0.5eM E-4031 block is minimal and slow to 10.1% + 4.1% of CTL
(n = 4) after a 1Gminute washoutKig. 10A, middle). To determine whether tanyl and E4031
compete for a common binding site on hERGgMfentanyl was applied to block the channel
while an additional 0.5M E-4031 was applied in the same manner as when it was applied alone
(Fig. 10A, right). Upon the washout of8031 and sulexjuently fentanyl,nkrc recovered more
than that from E4031 block alone, to 43.2% + 16.2%< 7,P < 0.01 vs. E4031 alone
unpaired-tes). These data suggest that fentanyl may share binding sites-4fiBEto block
hERG channelas E4031 cannot access the binding site when fentanyl is present

High-affinity binding of E4031 and many other hERG blockers involves Tyr652 and
Phe656 of the S6 transmembrane segrtiezgsMiller et al, 2000; Mitchesort al, 200@;
Perryet al, 2004; Gucet al, 2006) Therefore, we examined fentanyl block in Y652A and
F656T mutant channels. Y652A and F656T were resistant to block oyl 16ntanyl P < 0.01
vs. WT,oneway ANOVA wi t h-hodesh(Rrig 10B)6ssppoptiogshe notiothat

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 presé@geM fentanyl

(FENT) recorded with the voltage protocol shown above. The first trace with fentanyl is
indicated by arrow a, and subsequent traces by arrow hinfEmgulse interval was 60 s, and
fentanyl was immediately washéul after the control auent 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 68, and fentanyl was immediately washkad after the current with

fentanyl was recordedrigure fromTschirhartet al. (2019)
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Figure 10. Fentanyl competes with E4031 for binding to hERG channels.

(A) Blockade and washout ofekc (measured as peak tail curreby) fentanyl, E4031 and

fentanyl plus E4031. Left: hercwasrapidlyb | ocked by 10 €M fentanyl,
within 1 min upon fentanyl washout (n=4). Middleedeswa s bl oc k e d4031yand0 . 5 & M
minimally recavered upon E4031 washout (n=4). Right: Presence of fentanyl prometed |

recovery upon #031 washout (n=7pPata obtained by Jun Gu@) The Y652A or F656T

mutation decrease fentanylediated block oflkra  Whi I e 10 e M fentanyl n €
Inerg, it affected neither Y652A nor F6561eke The voltage protocol is the samefigsire 3A.
Peak tail currents upon the 1T50 mV step after

amplitude analysis. The current with fentanyl was normalized to theotontrent in the same
cell, and plotted in each group.P< 0.01vs.WT,oneway ANOVA wi t h-hdbunnett o
test) Figure fromTschirhartet al.(2019)
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