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Highlights
» The previously characterized Bichannel block is not responsible for the lethalitexary
toxicity of kK-HXTX-Hvlc
* K-HXTX-Hvlc is a positive allosteric modulator ofetlinsect nicotinic acetylcholine receptor
which acts by prolonging current decay and revgrsateptor desensitization
* The likely lethal target ok-HXTX-Hv1c is the nicotinic acetylcholine receptagting by a

mechanism similar to that of the insecticide spymo&.

ABSTRACT

K-Hexatoxins K-HXTXs) are a family of excitotoxic insect-sele@iwneurotoxins from Australian
funnel-web spiders that are lethal to a wide raofiensects, but display no toxicity towards
vertebrates. The prototypicHXTX-Hv1c selectively blocks native and expressedkroach large-
conductance calcium-activated potassium {Blr Kc.1.1) channels, but not their mammalian
orthologs. Despite this potent and selective acboninsect k,1.1 channels, we found that the
classical k1.1 blockers paxilline, charybdotoxin and iberiatgxwhich all block insect K.1.1
channels, are not lethal in crickets. We theref@ed whole-cell patch-clamp analysis of cockroach
dorsal unpaired median (DUM) neurons to study tifiects of k-HXTX-Hv1lc on sodium-activated
(Kna), delayed-rectifier (Kg) and ‘A-type’ transient (K) K channels. 1 pM-HXTX-Hv1c failed to
significantly inhibit cockroach K, and Kyr channels, but did cause a 30 + 7% saturating itidribof

K channel currents, possibly via a Kv4 (Shal-likefian. However, this modest action at such a high
concentration ok-HXTX-Hv1c would indicate a different lethal targétccordingly, we assessed the
actions ofk-HXTX-Hvlc on neurotransmitter-gated ion channelscockroach DUM neurons. We
found thatk-HXTX-Hv1c failed to produce any major effects o\BA » or glutamate-Cl receptors
but dramatically slowed nicotine-evoked ACh recegttAChR) current decay and reversed nAChR
desensitization. These actions occurred without atgrations to nAChR current amplitude or the
nicotine concentration-response curve, and areistens with a positive allosteric modulation of
NAChRs.k-HXTX-Hv1c therefore represents the first venomtipthat selectively modulates insect

NAChRs with a mode of action similar to the ex@tot insecticide spinosyn A.

Keywords:Spider toxins, bioinsecticide, nAChR PAM, insedestve, peptide toxins

Abbreviations 4-AP, 4-aminopyridine; K,1.1 channel, large-conductance’Cand voltage-gated 'K
channel (also known as Maxi-K, BK, or Slol);\Cehannel, voltage-gated €achannel; ChTx,
charybdotoxin (potassium channel scorpion taxiiTx1.1); DUM, dorsal unpaired median; HXTX,
hexatoxin (from the venom of spiders belonging he family Hexathelidae); IbTx, iberiotoxin

(potassium channel scorpion toxinKTx1.3); Ik, transient A-type K current; lgica), calcium-
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activated K channel currentikory, delayed-rectifier K current;a-KTx, potassium channel scorpion
toxin; Ka channel, ‘A-type’ transient Kchannel; KR, median knockdown dose;pK channel,
delayed-rectifier K channel; K, channel, sodium-activated' Kkhannel; K, channel, voltage-gated'K
channel; nAChR, nicotinic acetylcholine receptorSla) mouse slowpoke channel; \Nahannel,
voltage-gated sodium channel; NIS, normal insetihesapSlo, Periplaneta slowpoke channelk-
SPRTX-Hvlb, k-sparatoxin-Hvlb (formerly heteropodotoxin-2 frorhetvenom ofHeteropoda
venatorig family Sparassidae); TAG, terminal abdominal deamg TEA, tetraethylammoniumi-
TRTX-Psla,k-theraphotoxin-Psla (formerly phrixotoxin-1 frometlvenom ofParaphysa scrofa

family Theraphosidae), TTX, tetrodotoxin.

Funding
Financial support for this study was provided byrastralian Postgraduate Award to M.J.W.

1. Introduction

As insects continue to develop resistance agaimstitt agrochemical insecticides, it is critical to
source a new pool of insect-selective lead molacwith novel targets. Spider venoms are a relativel
untapped source of potentially millions of inseid&d peptide toxins including the excitatory
neurotoxink-HXTX-Hv1c (See Windley et al., 2012 for a revievigolated from the venom of the
Blue Mountains funnel-web spiddiadronyche versutéHexathelidae: Atracinaek-HXTX-Hv1c is
lethal against a number of agriculturally and maliijcimportant arthropod pests (Maggio and King,
2002a; Tedford et al., 2007; Wang et al., 2000)yeheer it lacks overt toxicity against a number of
vertebrates including mice, rabbits, rats and @mnsk(\Wang et al., 2000).

Whole-cell patch-clamp studies on American cockiho@eriplaneta americanedorsal unpaired
median (DUM) neurons revealed thetHXTX-Hvlc selectively targets voltage-gated poiass
currents ) (Gunning et al., 2008Y.he selective inhibition of the globh{ is a result of potent block
of large-conductance calcium-activated potassiugl() channel currents (§of 2 and 240 nM for
native and expressed channels, respectively), anthar inhibition of Ky channel currents (Gunning
et al., 2008). Block of K.1.1 was found to be insect-selective, confirmedablack of activity on
native rat dorsal root ganglion, and heterologoesiyressed mouse (mSlo}X.1 channels.

Despite the potent and, seemingly, selective astirR-HXTX-Hv1c on insect k1.1 channels,
this fails to conclusively demonstrate that, K1 channels are the lethal target in insects. ot
evidence indicates that the pharmacophores forkbtdcKc,1.1 channels and insect lethality are
almost identical (Gunning et al., 2008), it canbetruled out that the same, or overlapping, residue
are responsible for toxin interactions with additibtargets that remain unexplored. The evidenae th

brings into question whether the &.1 channel is the prime insecticidal target arfs@® the finding
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that genetic mutations that eliminadtg, do not appear to be lethalrosophila(Elkins et al., 1986).
In addition, there are several other neurologicaldhannel targets that merit further investigation

There are range of insect voltage- and neurotrdtesagiated receptors that represent potential
candidates for the lethal activity efHXTX-Hv1lc. The prospective voltage-gated ion chelrtargets
include the transient potassium current (Gunninglgt2008) and the, yet untested, sodium-gated
potassium channel; while neurotransmitter-gatedtesaters include the excitatory nicotinic-gated
acetylcholine receptor (NAChR) or the inhibitorytgimate- (GluCl) and GABA-gated (GABA-CI)
chloride receptors. Receptor subtypes within tiesgotransmitter families are not well charactatize
in insects, however studies suggest that at least dubtypes exist for each receptor based on
pharmacological and kinetic profiles. GABA subtypm® distinguished by dieldrin, fipronil and
picrotoxinin block (Le Corronc et al., 2002), GluGy sensitivity to fipronil and the presence of
desensitization (Narahashi et al., 2010) and nAQiyRsensitivity toa-bungarotoxin ¢-BgTXx).
Investigations on cockroach neurons have revehk#di{BgTx sensitive NAChR receptors may even
be dissected further based on mixed nicotine, miuscaactivity with slow or fast current decay
(Lapied et al., 1990), and sensitivity to spinogyfSalgado and Saar, 2004), whileBgTx resistant
receptor subtypes are defined by sensitivitg-tabocurarine (AChR1 and nAChR2) (Courjaret and
Lapied, 2001).

The initial aim of this study was to determine i£K1 channels are viable insecticide targets.
Considering the absence of lethal effects followtark of insect kK channels, the subsequent aim of
this study was to determine additional targets lolgpaf mediating the lethal effects KWHXTX-Hvl1c
in insects. The present study found that there weresignificant effects ok-HXTX-Hvlc on
GABAR, and only minor effects on GIuCIR currents, hogrevt was found thak-HXTX-Hvlc
caused a potent concentration-dependent positil@stalic modulation of nAChR. This was
associated with a prolongation of the decay of tmesevoked currents and the reversal of nAChR
desensitization. As the nAChR is already a knowgetiaof insecticides this receptor is the mostljike

candidate for the lethal excitatory activitytoHXTX-Hv1c.

2. Materialsand methods
2.1. Acute toxicity testing

The insecticidal activity of several,Kchannel blockers was assessed in unseXed"3nstar
juvenile house cricketsACheta domesticusPisces Enterprises Pty. Ltd., Kenmore, Queenkland
Crickets of mass 80-120g were injected intrathoracically with 26 of solution using a 0.6l
precision syringe. An Arnold microapplicator (Bugkld Scientific Supply, Rickmansworth, England)

was used to inject toxin into the upper dorsaloegif the thorax, between the second and thirdgsair
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legs, using a 29-gauge syringe. Purified toxinsavgissolved in normal insect saline (NIS) contagnin
(in mM): NaCl 200, KCI 3.1, Caghb.4, MgC} 4, NaHCQ 2, NgHPO, 0.1 with the addition of 0.1%
bovine albumin serum (BSA) to reduce non-specifitding, and the pH adjusted to 7.4 witiM1
NaOH. Concentrated toxin solutions were made up %% NIS.In addition, paxilline was dissolved
in 0.7% v/v ethanol in insect saline. Control expents indicated that the presence of 0.7% v/v
ethanol did not cause any overt signs of acuteityxin crickets.

Between 10 and 30 crickets were injected at eactn tooncentration with Ful/100 mg
bodyweight, while a control group of 10 crickets reveinjected with insect saline/0.1% BSA.
Percentage lethality was noted at 12, 24, 48 arfdf@Rowing injection. Knockdown, defined as the
loss of the righting reflex or the inability to raim upright, was also recorded at the same timetgoi
Median knockdown (Kk) and lethal (LR,) doses were calculated from data fitted by a Liagis
equation (See Eq. 2).

2.2. Isolation of insect neurons

The whole-cell patch-clamp technique was emplogeidentify the lethal target(s) eFHXTX-
Hvlc in the insect nervous system (Hamill et @81). Dorsal unpaired median (DUM) neurons were
used in this study, as they are the most comprélensharacterized neurons in the insect nervous
system. They generate spontaneous action potemtialscontain a range on voltage-gated and
neurotransmitter-gated ion channels known to playddmental roles in the insect nervous system
(Grolleau and Lapied, 2000; Wicher et al., 200)rtikermore, they contain all the ion channels
groups targeted by insecticides to date and asaneca useful model for the purpose of this study.

DUM neurons, isolated from the terminal abdominahglion (TAG) of unsexed American
cockroaches Reriplaneta americana were used for all patch-clamp experiments irs thiudy
(Gunning et al., 2008; Lapied et al., 1989; Wind&tyal., 2011). Single adult DUM neurons were
isolated from cockroach TAG through mechanical eangiymatic dissociation, as previously described
(Gunning et al., 2008; Windley et al., 2011). ByefTAG were dissected from the ventral nerve cord
and transferred to C#Mg*-free NIS containing (in mM): NaCl 180, KCI 3.1, N-
hydroxyethylpiperazine-N-ethanesulfonic acid (HEPE®) and p-glucose 20. Following the
mechanical removal of the external sheath, TAG wecebated in Ing/ml collagenase (type 1A)
dissolved in NIS for 4fnin at 29C. Ganglia were washed and resuspended in NISesuppted with
5% fetal bovine serum (FBS) and 0.1% penicilli@gtomycin. Individual neurons were dissociated
by gentle trituration of ganglia through a lighfiye-polished Pasteur pipette. Dissociated neurons
were dispensed onto 12-mm diameter glass covenstipsoated with ing/ml concanavalin A (type
IV) and maintained in NIS supplemented with 5% F&®l 0.1% penicillin/streptomycin at 3G,
100% humidity for no longer than B4

2.3.  Whole-cell patch-clamp electrophysiology
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lon channel currents and action potentials werekedan voltage-clamp and current-clamp
mode, respectively. Data were recorded usingPBEAMP (versions 9 and 10) data acquisition
system (Molecular Devices, Sunnyvale, CA, USA) &ltdred at SHz with a low-pass Bessel filter.
Leakage and capacitive currents were subtracted &sP/4 procedures. Digital sampling rates were
between 15 and 281z for voltage-gated ion channel recordings arkdH2 for transmitter-gated ion
channel recordings. Single-use electrodes weregdtbm borosilicate glass with d.c. resistances of
ca 1, 1.5 and 2.B1Q for Na,, Ca, and K, channel current recordings, respectively, andMQ2for
glutamate-, GABA-and nicotinic acetylcholine-gated (nACh) channetrent recordings. Liquid
junction potentials for the various combinationsird&rnal pipette and external bath solutions were
calculated using JPCALC (Barry, 1994), and all daere compensated for these values. Series
resistance compensation was >80% for all cellslsGeére bathed in external solution through a
continuous pressurized perfusion systemrat/thin, while toxin and receptor agonist solutiomsre
introduced via direct pressurized application vigesfusion needle ata. 50ul/min/psi (Automate
Scientific, San Francisco, CA). All experiments ev@erformed at ambient room temperature (20-23
°C).

2.3.1. Action potential recordings

Cockroach DUM neurons are spontaneously activeaamdsting membrane potentials most are
capable of generating repetitive overshooting acgiotentials with firing frequencies of around 6-7
Hz (Grolleau and Lapied, 2000). To record spontameaction potentials under current-clamp
conditions the external solution contained (in mM&Cl 190, KCI 3.1, Caglb, MgChL 4 and HEPES
10. The pH was adjusted to 7.4 wittMLNaOH. Internal pipette solutions for recordingtiac
potentials included (in mM): K gluconate 160, KF, TaC} 0.5, NaCl 15, MgGl 1, HEPES 10 and
EGTA 10. The pH was adjusted to 7.4 witMl KOH and the osmolarity of both internal and emtdr
solutions was adjusted to 480 mOsmol/L with sucrose. In order to record spontaseaction

potentials, gap-free recordings fos &ere made at 1-min intervals in the absencemécustimuli.

2.3.2. Voltage-gated ion channel electrophysiology

To record the effects ok-HXTX-Hvlc on isolated voltage- and neurotransmitiated ion
channels a number of voltage-clamp protocols, wiffe bathing and pipette solutions, as well ion
channel blockers, were used.

The external bath solution for recording all DUMunenly apart fromlna, contained (in mM):
NaCl 150, KCI 30, CaGl5, MgCh 4, TTX 0.3, HEPES 10 armtglucose 10. The pipette solution
consisted of (in mM): KCI 135, KF 25, NaCl 9, CaGl1, MgC} 1, EGTA 1, HEPES 10 and ATP-

Na, 3.
To record outwardkpg) in DUM neurons,lx,) were blocked by the addition of r6M 4-

aminopyridine (4-AP) to the external solution (Geali and Lapied, 1995; Gunning et al., 2008;
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Windley et al., 2011)lna) and voltage-gated Nahannel currentd(,) were blocked by the addition
of 300nM TTX to the external solution, whiledgl.1 channels were blocked by the combination of 30
nM IbTx and ImM CdC}, that also blocked voltage-gatedCéCa,) channels.

Kcal.1 channel currentdgca) could not be recorded in isolation frampr) because there are no
selective blockers of insebpg). Consequently, K1.1 channel current isolation was achieved using
the following procedure (Gunning et al., 2008; Waydet al., 2011). Initially, botlkpry andlxca)
were recorded concurrently (protocol 1). Seconth, test compound was applied and whole-cell
currents were recorded until equilibrium was redclifiypically 5min of perfusion; protocol 2).
Finally, 100nM IbTx was perfused to completely eliminalgca) (protocol 3). The subsequent
isolation of Ixca Was achieved by offline subtractiohthe remainindkpg). Thus: Igkca) control =
protocol 1 — protocol 3; whilégkca toxin = protocol 2 — protocol 3.riM CdCL and 5mM 4-AP
were included in the external solutions to block €aannel currents ard ), respectively (Grolleau
and Lapied, 1995; Gunning et al., 2008; Windleglgt2011). Test pulses to +H30/ for 100ms from

a holding potential\{;) —-80mV delivered at 0.Hz were used to evoke outward non-inactivating K
and K l.1channel currents. To determine the voltage-depa@ehchannel activation, families lpf
were evoked by 100-ms depolarizing test pulses #8Mto +60nV in 10-mV increments, at OHz.

To record transierk,), 1mM CdClL and 30WM IbTx were introduced in the external solution to
block Kcal.1 channel currents. Furthermore, thé]fk was reduced from 3@M to 7mM KCl in
order to increase the'Kiriving force and obtain largég). As with lggcay, Ik cannot be recorded in
isolation fromly gy due to the lack of selective blockers of indegk,. Therefore)y, were isolated
from Ixpry USiNg voltage protocols designed to exploit thactivation of I, by depolarizing
prepulses (Grolleau and Lapied, 1995). Initiallptiolg, and lkpry Were elicited by a 100-ms
depolarizing test pulse to +A4V preceded by a 1-s prepulse potential to AU0(protocol 1). On
every alternate pulséxpry were recorded in isolation by changing the 1-pise to —20nV to
inactivatel ) (protocol 2). In order to isolat@ea), the currents resulting from protocol12gg)) were
digitally subtracted offline from the currents rkisig from protocol 1 lkpr) + lkp)) (S€€ Fig. 1G).
Pulse protocols were delivered at G-83

Families oflk,) andlkpr) Were evoked to assess the voltage dependenceydbxn actions.
Test pulses of 100-ms duration from —80 to AB0in 10-mV increments, preceded by a 1-s +hv0
(protocol 1) or =2V (protocol 2) prepulse, were used to evblgsy andlk) or Ikpr), respectively.

In order to isolatéy families, currents resulting from protocol 2 werbtracted offline from those
evoked by protocol 1. To record outward transiesdism-activated k channel currentslna),
recording solutions adapted from Grolleau and Lap{®994) were utilized. External solutions
contained (in mM): NaCl 100, Tris-Cl 70, KCI 3.1aC}, 1.8, MgC} 4, HEPES 10, Cd¢ll, and 30
nM IbTx, adjusted to pH 7.4 withM NaOH. Neither 4-AP nor TTX were included in thee¥nal
solution as they both blodikna. The pipette solution contained (in mM): KCI 13&; 25, NaCl 9,
CaCh 0.1, MgC} 1, HEPES 10, EGTA 1 and ATP-N&, adjusted to pH 7.4 withM KOH. To
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isolate lkwna), channel currents were initially recorded in thesence of TTX. The outwarkys,) is
activated by Naand as such channel activation is closely coedlatith the inward Nacurrent and
subsequently both are blocked by TTX (Grolleau hagied, 1994). To recortkng in isolation a
similar technique tdkcq) isolation was employed. Initiallyxna andly, were recorded concurrently
(protocol 1). Secondly, the test substance wasexpphd recordings were made until equilibrium was
reached (protocol 2). Finally, 300 TTX was added in order to blodkna andlya (protocol 3).
Subsequently, through employing offline subtractmfncurrents evoked by protocol 3 from both
protocol 1 and protocol 2, the portion of the outivaurrent sensitive to TTX could be identified.
Unfortunately,lxna could not be recorded in isolation frdgg, as the only characterized blocker of
Ka channels, 4-AP additionally inhibitsyiKchannels (data not shown). Agua) were evoked by test
pulses to -1V from a holding potential of —98V, the contribution ofx, would be minimal but

still significant enough to take into consideration

2.3.3. Neurotransmitter-gated ion channel electyspblogy

The effects ok-HXTX-Hv1lc were also assessed on Glu-Cl, GABA-CtarACh receptors in
DUM neurons. To record whole-cell inward glutamgtted [(g,.c) and GABA-gated Igagacl)
chloride channel currents the external bath salutionsisted of (in mM): NaCl 167, K gluconate 33,
KCI 3.1, MgCh 4, CaC} 5, HEPES 10, pH adjusted withtMLNaOH. The internal pipette solution
contained (in mM): NaCl 15, KCI 170, Mg{l, CaC} 0.5, EGTA 10, HEPES 20, phosphocreatine-
diTris 10 and 3 ATP-Mg pH adjusted with B1 KOH.

To record nAChR channel currenisagnr) the external bath solution included (in mM): NacCl
200, KCI 3.1, CaGl5, MgC} 4, HEPES 10 and 300 TTX, pH adjusted to 7.4 withNl NaOH. The
internal pipette solution contained (in mM): Nad, KCl 170, Cad 0.5, MgC} 1, HEPES 20,
EGTA 10, ATP-Mg 3, pH adjusted with &1 KOH.

lei-c, leasact @ndlnachr Were activated by their cognate neurotransmiitiets/ered through a
pressurized Picospritzer system (Parker, Castle Milstralia). Solutions under pressure (2-5 psi)
were introduced through a glass micropipette (raste <0.531Q when filled with agonist) positioned
within 50um of the DUM neuron. This system allowed for coléieband direct application of agonist
while minimizing channel desensitization. With anstant bath flow of inl/min the agonist was
rapidly removed from the vicinity surrounding thalcin no experiment did the pressurized injection
of the bath solution with the same protocol resuiiny deviation from the baseline current.

To establish an agonist dose-response relation&iripneurotransmitter-gated ion channels
PCLAMP digital inputs were employed to program agonistspuprotocols of varying durations.
Assuming a constant pressure is applied, the mllsstion has been shown to be proportional to the
log[agonist] value at any point on the cell memlerghMcCaman et al., 1977). To confirm that the
volume of solution delivered and the pulse duragamployed were directly proportional, droplets of

solution were injected into a droplet of immersiaih for a known duration and the change in oil
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droplet diameter was calculated as an indirect oreasent of volume (data not shown). This
approach has been employed in a number of prewtudes with insect neurons (Courjaret et al.,
2003; Lapied et al., 1990). To determinaiHXTX-Hv1c alters the sensitivity of transmittertgd
channels to glutamate, GABA or nicotine, dose-raspocurves were generated from agonist
applications ranging from 2.5-158% for lgy.c;, 100-1600ns for lgaga.ci and 4-33ns for lpachr
Inward currents were evoked at 1-min intervals gap-free recordings of up to $Guration were
recorded at —-50 mV.

The voltage-dependence of the effect ®WHXTX-Hv1ic on lgyc, leasacr @and lhachr Were
determined in response to 1@, 400ms and 10ns pulses of agonist, respectively. The membrane
voltage was stepped in 10-mV intervals from —76-7O0mV for durations of 16.28 from a holding
potential of —50nV for lgy.cjand lgagaci Or 20-mV intervals from —90 to +30V from a holding
potential of —50nV for l,achr Agonist pulses were applied 3.§5nto the voltage step to allow
voltage gated currents to reach steady state ameintsi were allowed to resolve before stepping back
to the holding potential. The membrane potentiad Wweld at -5V between pulses and during the
first and last Bns of the pulse protocol. Currents were evokedratriintervals.

In order to assess the ability of a toxin to regenAChR desensitization to nicotine, 5-min
nicotine pulses were applied at low pressure (513via the Picospritzer pressure ejection system.
The toxin was applied 1@0into the nicotine pulse, when channels were gbrtor fully sensitized.

Nicotine delivery was ceased prior to the removad-61XTX-Hv1c.

2.4. SH-SY5Y cell culture

SH-SY5Y human neuroblastoma cells were maintainedRPMI medium (ThermoFisher
Scientific, Scoresby, Australia) supplemented witi%6 foetal bovine serum andglutamine and
passaged every 3-5 days using 0.25% trypsin/EDTHRerfhoFisher Scientific). For fluorescence
measurements ef3f2/a3p4, (henceforth known ag3-containing;a3*) anda7 NnAChR activity, cells
were plated at a density of 30,000 cells/well oa-8&ll black-walled imaging plates (Corning) 48 h,
prior to FLIPR assays.

2.5. Fluorescence measurementdfanda3* nAChR activity

Fluorescence measurementa@fanda3* nAChR activity were performed using the FLIPR*
fluorescence plate reader (Molecular Devices, Sumliey CA) as previously described (Vetter and
Lewis, 2010) In brief, SH-SY5Y cells were loadedwCalcium 4 no-wash dye (Molecular Devices)
diluted in physiological salt solution with the lfmlving composition (in mM): NaCl 14&-glucose
11.5, KCI 5.9, MgQd 1.4, NaHPQO, 1.2, NaHCQ 5, CaC} 1.8, HEPES 10, for 3@in at 37°C. To
assess activity of endogenously expressed humamRAfLiorescence responses (excitation 470—495

nm; emission 515-5%%n) to addition ok-HXTX-Hv1c were assessed for 5 min prior to stintiola
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with agonist. Nicotine (3(lM) was used to activate endogenously expressed rmagtanAChRs,
while endogenously expressed huma@mAChRs were activated using e nAChR agonist choline
(30pM) in the presence and absence of the positivestallic modulator PNU120596 (fud1). Raw
fluorescence readings were converted to responser daseline using the analysis tool
SCREENWORKS 3.1.1.4 (Molecular Devices) and wengressed relative to the maximum increase

in fluorescence of control responses.

2.6. Data analyses

Patch-clamp data analyses were completed off-limdlowing experimentation using
AXOGRAPH X version 1.1 (Molecular Devices). Mathdinal curve fitting was achieved using
PRISM version 6.00c for Macintosh (GraphPad Softw&an Diego, CA, USA). All curve-fitting
routines were performed using non-linear regressinalysis employing a least squares method.
Comparisons of two sample means were made usirgiredpStudent’s-test. Multiple comparisons
were assessed by repeated measures of analysisiafice (ANOVA) with a Bonferroni’s multiple
comparison post-hoc test; differences were consitléo be significant ifp < 0.05. All data are
presented as mearstandard error of the mean (SEM) roindependent experiments, unless stated

otherwise. The following equation was employedttodrrent-voltagelfV) curves:

1
|'= O 1_{1_'_ eXF{(V _Vllz)/s]} (V _Vrev)

Wherel is the amplitude of the peak current (eithgy Ina, Ik, lei-ci, leasa-ci OF Inachr) at a given test
potentialV, gmax is the maximal conductanc¥y, is the voltage at half-maximal activatiasijs the
slope factor, an¥,, is the reversal potential.

Concentration-response curves were fitted usinddifmving Logistic equation:

_ 1
y - Ny

1+([X]/1Cs)
wherex is the toxin doseyy is the Hill coefficient (slope parameter), a, is the concentration at
which 50% block of channel current is evident. e ttase of concentration-response curves to a
neurotransmitter, th&Cs, value was substituted ByDsg; the agonist pulse duration that gives a half

maximal response.

2.7. Source of chemicals

All chemicals were of analytical grade. Iberiotgxalarybdotoxin, margatoxik-SPRTX-Hv1b

(formerly heteropodotoxin-2) and paxilline were ghased from Alomone Labs (Jerusalem, Israel).
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CaCl and MgC} were obtained from Merck Chemicals (Kilsyth, Aaditr). BDS-1 andk-TRTX-Psla

(formerly phrixotoxin-1) were generously provideg Dr Sylvie Diochot and Dr Pierre Escoubas,
respectively (IPMC, CNRS, Valbonne, France)HXTX-Hvlc was generously provided by Prof.
Glenn King (Institute for Molecular Bioscience, Waeisity of Queensland, Australia). All remaining

chemicals were purchased from Sigma-Aldrich (Cadille Australia).

3. Resultsand Discussion

In the present study we obtained acute toxicity @ledtrophysiological data indicating that block
of insect K/4-like and/or k1.1 channels bg-HXTX-Hv1c does not produce lethal effects in irtsec
We also report a novel action efHXTX-Hv1lc as a positive allosteric modulator (PAMY) insect
NAChR, a known mode-of-action of current insecesidwhich likely explains its neurotoxicity.
Thereforek-HXTX-Hv1c represents a promising lead compoundhie development of insecticides

targeting nAChR through a novel mechanism.

3.1. K 1.1 channel toxins fail to induce insect lethality

Previous studies on cockroach DUM neurons inditiadé¢ the k1.1 channel is a target &f
HXTX-Hv1c in insect neurons, however it remainsht® proven whether block of this channel is in
fact lethal to insects. We therefore assayed a pumbKc,1.1 channel toxins for neurotoxic activity
in house crickets, including the insect-seleckvidXTX-Hv1c and classical K.1.1 channel blockers
including: paxilline, a non-peptidic tremorgeniaale alkaloid isolated from the fung&enicillium
paxilli (Cole et al.,, 1974); the well characterized butea non-selective ChTx (inhibits .1,
Kvl.2, K/1.3 and K/1.8 channels; (Grissmer et al., 1994; Miller et H985); and, the selective-i.1
channel blocker IbTx (Galvez et al., 1990). BothT&tand IbTx have both been shown to potently
inhibit Kc,1.1 channels in cockroach DUM neurons (Windley let 2011; Gunning et al., 2008).
Although the activities of paxilline have also beassessed on a number of mammaliaal K
channels, little is understood concerning its atoréeity in invertebrates.

Paxilline is one of the most potent non-peptideckéss of K,1.1 channels in vertebrates
(Sanchez and McManus, 1996) and was of importam¢het present study as it has been shown to
display insecticidal properties (Belofsky et al99%). Therefore, prior to assessing the neurotoxic
effects of paxilline in insects it was essentiaffitetly confirm the inhibitory action of paxillinen
Kcal.1 channels in cockroach DUM neurons. As expegbedilline was found to potently block
cockroach DUM neuron peak and l&¢gc. evoked at +30 mV with 1§ values of 13.6 + 1.4M and
12.5 = 1.7nM, respectiven(= 3-9; Fig. 1, A-B, F) with no overt effects i), lkor), lkna) (Figs. 1,
C-G), Icq Or Iy, (data not shown). Like IbTx, paxilline therefongpaars to be a potent and selective

blocker of both mammalian and insé&gi.1.1 channels.
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Figure 1 near here

Acute toxicity testing was carried out on houselats following intrathoracic injections. High
concentrations of paxilline up tonghol/g failed to induce insect lethality. The volerof toxin added
during acute toxicity experiments was equivalenb% of the cricket body weight. Assuming a 5%
dilution, a 2 nmol/g toxin injection is equivaldwotat least 100 nM in vivo, a concentration thaiudtl
induce complete block of the target channel fohezdhe toxins tested.

Furthermore, acute toxicity testing of all threéestive K-,1.1 channel blockers resulted in only
minor signs of toxicity including twitching limbsnd intermittent abdominal contractions, but at no
time was there any paralysis or death due to thedpes. At toxin concentrations of 2ABol/g no
signs of toxicity were evident at time points beg@hn (Fig. 2A). These minor effects with classical
Kcal.1 channeblockers are in contrast to the lethal neurotoxidémonstrated by-HXTX-Hvl1c at
doses >10-fold lower in house crickets gs267pmol/g after 4&; (Wang et al., 2000). These results
suggest that selective block of the insegtlKl channel is not sufficient to induce the potettial
effects demonstrated lryHXTX-Hv1c in insects.

Under current-clamp conditions, spontaneous agiaiantials were recorded from DUM neurons
to assess whethaHXTX-Hvlc had any overt effects on action potehfieing frequency. In the
absence of any channel blockers, cells exhibitetingg membrane potentials of —49.9 £ h¥ (n =
52) and overshooting potentials of approximatel®hV. In the presence of 100M K-HXTX-
Hvlc, spontaneous firing frequency showed a smalihbn-significant increase from 4.0 + B in
controls 6 = 52) to 6.0 + 3.B1z in the presence of toxim € 4, p > 0.05; Fig. 2C, F). The resting
membrane potential remained unaltered in the poeseh10M k-HXTX-Hv1lc (-54.1 £ 1.5nV, n
=4,p > 0.05). Similar tac-HXTX-Hv1c, 100 nM IbTx did not significantly altespontaneous activity
with a spike frequency of 4.4 + 1.1 Ha € 7, p > 0.05, Fig. 2D, F). In agreement with previous
reports (Grolleau and Lapied, 1995), it was evideat thelka,) blocker, 4-AP, more significantly
influenced action potential firing frequency. 4-Afoften used to isolate ) in DUM neurons at low
micromolar concentrations (Grolleau and Lapied,5)%hd was selected to assess the abilitygf
block to mimic the lethal, neurotoxic activity eFHXTX-Hvlc. Almost immediately following
application of 3nM 4-AP, firing frequency was increased to 12.1.#HF (h = 5, p < 0.05; Fig. 2E-
F). The ability of 4-AP to increase firing frequenis believed to be a consequence of enhanced
sensitivity to stimulus evidenced by a reductiontlie minimum refractory period (Grolleau and
Lapied, 1995).

Figure 2 near here

3.2. Validation of K, channels as a potential insecticidal target

Due to the reported modest effectskaAXTX-Hv1c on insectik (Gunning et al., 2008), and

the notable increase in AP firing frequency in pinesence of 4-AP, the potential Io{s) blockers to
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induce neurotoxic symptoms in insects was alsosingated. Acute insect toxicity testing in house
crickets resulted in overt signs of neurotoxicitjthmm 15min following the injection of 4-AP at
concentrations >100mol/g. Signs of neurotoxicity were initially chatarized by twitching of legs
and antennae and intermittent abdominal contragtidfithin the first hour, symptoms progressed to
uncoordinated movement and the absence of righéfigxes, characterized as knockdown, while at
48h crickets were dead. At concentrations >&6l/g knockdown occurred within the first hour,
while death was recorded at 324ost injection. The 48 KDso and LDy, values for 4-AP were 410 +
7nmol/g and 496 + 10mol/g, respectivelyn(= 3; Fig. 2A-B).

The progressive spastic paralysis, followed by aodeof flaccid paralysis and death is
reminiscent of the phenotype exhibited byIXTX-Hvlc in a number of insects (Maggio and King,
2002a; Tedford et al., 2007; Wang et al., 2000)esEhresults suggest that blocklgh may be
sufficient to induce lethal neurotoxicity in insgctand therefore at least one of the channels

responsible for the insel,s) may be the lethal target RfHXTX-Hvlc.

3.3. Effects ofk-HXTX-Hv1c on A-type transient/i€hannel subtypes

The modest inhibition ofi,x by k-HXTX-Hvlc, highlights a K channel as a potential
insecticidal target ok-HXTX-Hv1c. Interestingly, no more than 30% inhibit of I,y was observed
in the presence &f-HXTX-Hv1c concentrations up to,BM (n = 5; Fig. 3A-B, D). This inhibition had
a relative G, of 85 nM f1 = 3), a value over 40-fold less potent than foihitton of Kc 1.1 channels
in cockroach DUM neurons (Gunning et al., 2008)nifir to the inhibition of k1.1 channels,
inhibition of I,y occurred without any significant changes in thétage dependence of activation
(Fig. 3C-D). To interpret these results, we congdehe possibility that multiple Kchannel currents
may contribute tdg) in cockroach DUM neurons, of which only one issgve tok-HXTX-Hv1c.
Figure 3 near here

While it is known that several members of the Shakannel family contribute to the kurrent
in insects, the lack of selective blockers has mideidentification of these channels difficult in
native insect neurons (Grolleau and Lapied, 19@8yen the high sequence homology with the
mammalian counterparts of these distinct familie& g channels, we elected to test several known
mammalian K channel blockers in insects. According to expmsstudies withDrosophila Ky
channels, thahal andshakergenes appear to encode A-type transiepthéannel currents while the
shab and shaw genes encode for delayed-rectifier channels witimewhat slower activation and
inactivation kinetics (Covarrubias et al., 1991).

Initially, the selective k1 (Shaker-like) channel blocker margatoxin from tlenom of the
scorpionCentruroides margaritatu¢Bednarek et al., 1994; Garcia-Calvo et al., 19883 tested on
DUM neuronlg). As illustrated in Fig. 4A, iM margatoxin failed to alter the amplitude or kinst
of thelka) (4.0 = 2.7% inhibitionn = 4, p > 0.05, pulse protocol 4G). Furthermore, margatakd
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not alter the threshold of channel activation nior it modify theVy,,; (control = =31.2 £+ 1.0V vs.
margatoxin = -35.5 + 3r&V; n = 3,p > 0.05, data not shown).

The K,3 (Shaw-like) channel toxin BDS-I from the sea aoren@nemonia sulcaja(Yeung et
al., 2005) was tested on the DUM neurox &d Kyr currents using a dual pulse protocol to evoke
channel currents. At concentrations up Vi, BDS-I did not significantly alter the delayed:tiéier
portion of the current recorded following a +30-mbltage step (8.2 £ 2.3% decreases 3,p >
0.05, Fig. 4B, G). Covarrubiaand colleagues have shown that theosophila Shaw channel
expressed ifXenopusoocytes possesses similar voltage-independenegiep (Covarrubias et al.,
1991) to the nativépr). This suggests that the major channel subtypens#gle for mediatindxpr,
in cockroach DUM neurons is the,8like Shaw channel. However, BDS-| either does llotk
insect Shaw channels or, with the limited amournnaterial at our disposal, the concentrations deste
were insufficient.

As shalis believed to encode for the majority of transi€p channels in embryoniBrosophila
neurons (Tsunoda and Salkoff, 1995) the effect&\@f (Shal-like) channel blockers dr,) were
examinedk-TRTX-Psla (formerly phrixotoxin-1; (King et al.p@8) is known to block ¥4 and K,2
(Shab-like) channels in vertebrates (Diochot et1899). Given the high homology RfTRTX-Psla
with the insecticidal K;1.1 channel toxins isolated from the spideucratoscelus constrictus
(Windley et al., 2011) and its ability to block mamalian K,4 channels, this toxin was predicted to
target DUM neurorik,). Using a dual prepulse protocol to evdkg,, the application of 200M K-
TRTX-Psla was found to redutgs by 20.6 + 1.2%1{ = 4; p < 0.05; Fig. 4C, G). In comparison,
vertebrate k4.3 channels expressed in COS cells were almospletaly abolished at concentrations
greater than 206M (Diochot et al., 1999), suggesting that eithreseict K, channelglisplay differing
sensitivity to their mammalian counterparts, ott tha |« of DUM neurons comprises other K,4-
like (Shal) channels that remain relatively instwsito the actions af-TRTX-Psla.

Although the effects ok-TRTX-Psla on insedi,) were significant, they may represent a non-
selective block of K2 (Shab) channels. Therefore, it was necessaryedb & toxin known to
selectively block mammalian (Shal-like) channels that did not affeciX(Shab-like) channelg-
SPRTX-Hvlb (formerly heteropodotoxin-2) does notduate the activity of Shaker, Shab or Shaw
currents in vertebrates, nor does it inhibit maniamaCa and Ng channel currents (Sanguinetti et al.,
1997). Application of 508M kK-SPRTX-Hv1b was found to block 23.9 + 4.7%= 6, p < 0.05, Fig.
4D) of thelk) in DUM neurons. This appears to be a saturatimgeotration as a similar degree of
block was also seen in the presence offMd&-SPRTX-Hv1b (24.4 + 5.7% = 6, data not shown).
Interestingly, the portion dk) block correlated well with the results observedhe presence of-
HXTX-Hv1c.

Fig. 4 near here
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3.4. kHXTX-Hvlc andk-SPRTX-Hv1b share a common insect target

To determine whether boktSPRTX-Hv1b an&k-HXTX-Hv1c block the same portion &), a
number of co-application experiments were desigr&thilar to previous experimentsg,, were
evoked using a dual prepulse protocol and isoléddwing offline digital subtraction. Initially,
DUM neurons were exposed to a saturating concémraf one toxin until equilibrium was achieved,
after which a saturating concentration of the othgin was added to the perfusion solution and the
two toxins applied together (Gunning et al., 2008), were recorded for a furthemiin to evaluate
the occurrence of any additional current blockldwing 23.9 + 4.7% inhibition ofk) by 500nM K-
SPRTX-Hvlb, subsequent application of 500 k-HXTX-Hv1c failed to further inhibit the current,
which remained at 23.0 + 4.1% inhibitiom£ 3,p < 0.05; Fig. 4E). In the complementary experiment,
500nM k-SPRTX-Hv1b also failed to cause further inhibitiofr ¢4 following exposure to 508M k-
HXTX-Hv1c (n = 3; Fig. 4F). These findings suggest tkdi XTX-Hv1c inhibits the same channel as
the established selective & blockerk-SPRTX-Hv1b. Therefore, we propose thkaHXTX-Hvlc
blocks the K4 channel equivalent to Shal in insects (Butleal t1989; Wei et al., 1990).

3.5. Kjand K:z1.1 channel toxins are not lethal in crickets

Subsequently, acute insect toxicity assays werd tsessess the neurotoxicity of4& (Shal-
like) channel blockers in house crickets. No neaxiat symptoms were observed following the
injection of up to 5nmol/g of K-SPRTX-Hvlb at a 4B endpoint (Fig. 2A). To eliminate the
possibility of an obligate relationship where b#éth.l.1and K,4-like channel block are required for
insecticidal activity, insects were also simultamngy injected withk-SPRTX-Hv1b and the selective
Kcal.1 channel blocker IbTx, in a 1:1 stoichiometrygadn, following injection of doses up to 2
nmol/g of each toxin, the crickets failed to exhiahy overt signs of neurotoxicity (Fig. 2A). The
lethal effects of 4-AP in insects are most likekpkained by combined block ok (including K,1
and Kv4) and other voltage-gated channels, su¢tygafCovarrubias et al., 1991; Gasque et al., 2005;
Peng and Wu, 2007; Stocker et al., 1990; Wei et1890). Subsequently, the results of this study
indicate that block of K4-like channels alone or in combination with,K1 is not sufficient to result

in the insecticidal activity induced yHXTX-Hvlc.

3.6. Minor effects ok-HXTX-Hv1c on I, channel currents

Of the K, channels known to be present in cockroach DUM arei(Grolleau and Lapied, 1994;
Grolleau and Lapied, 1995), only thetchannel remained untested as a potential targetH{TX-
Hvlc. Accordingly, Kiachannel currents in DUM neurons were elicited i pinesence of the inward

Ina @nd isolated through offline subtraction routi{€gg. 5A, C; see methods for further details).
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Unfortunately 4-AP could not be used to bldg, as it also inhibitdkna) (Grolleau and Lapied,
1994; Wicher et al., 2001). The absencdugf block when recording # channel currents causes
somewhat of a dilemma given the reported modesbilign of Ik, by K-HXTX-Hvlc in DUM
neurons. In the presence giMl k-HXTX-Hv1c Ky, currents were reduced by 27.6 + 9.3%(4,p <
0.05; Fig. 5B). Due to the presencelgf), moderate block of i in the presence af-HXTX-Hvlc
does not necessarily confirm or eliminate this cehras a possible target. However, the current
inhibition does not appear to be substantially grethan the 24.9 + 3.6% (= 4, p < 0.05) Ik
inhibition at —10mV (Fig. 3C). These results further highlight theed to identify more selective
toxins for the isolation of channel currents iniveinsect neurons.

Figure 5 near here

3.7. Effects ofk-HXTX-Hv1c on nACh receptor currents

Several other potential targets are capable of atiedi rapid neurotoxicity in insects, including
the neurotransmitter-gated nACh, Glu-Cl and GABA&emtors. In a further attempt to identify the
lethal target ofk-HXTX-Hvlc we tested the effects of the toxin on MUnheuron nAChRs. In
cockroach DUM neurons from the terminal abdominahgjion application of nicotinic agonists
results in a biphasic response characterised ltyafas slow components (Lapied et al., 1990). We
found that concentrations up to 1 pYHXTX-Hv1c failed to significantly affect the amplide or
decay rate of the fast (0—700 ms) transient desangil achr (N = 5, p > 0.05; Fig. 6A-B and 7A),
however, within 5min of toxin application,k-HXTX-Hv1lc produce a concentration-dependent
slowing of the decay rates of the slow (>700 ms)-desensitizing,acnr (Fig. 7B).

In addition, an apparent slower secondakynr component following partial decay of the current
became prominent post-toxin application and visibe a second peak during the slow non-
desensitizindnachr This second peak was more apparent at higher tmticentrations (> 200M) as
the effects ok-HXTX-Hv1c to slow the rate of non-desensitizingremt decay were enhanced (Fig.
6C, blue circle). In the presence of 50 k-HXTX-Hv1c, a 9.9 + 1.0-foldrf = 5, p < 0.05)increase
in the amplitude of this secondary component wadeen. Measurements were taken at the maximum
amplitude (Fig. 6C) in response to toxin and coragawith control amplitudes at the same time point.
Importantly, kK-HXTX-Hv1c failed to induce a current when applididectly to DUM neurons at
concentrations up to 1 uM (Fig. 6D), indicatingtthi@e toxin was not capable of directly activating

I nAChR:

Figure 6 near here
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3.7.1. k-HXTX-Hvlc prolongs nAChR current decay

To compare data at varying concentrationg-bfXTX-Hv1c, the current duration was measured
at 20% of peak transiemischr amplitude o, Fig. 6C). We chose to measure thgvalue in the
present study, rather than fitting exponential fioms to the current decay, as no fewer than four
components were required, consistent with the stggeof at least four ACh receptor subtypes in
cockroach DUM neurons (see below). Control currentsked in response to 10-ms pulses giiNIO
nicotine decayed with &, of 2.2 + 0.3 (h = 27) reflecting mainly the late non-desensitiziRgr,
while ty values in the presence of 580 and IuM k-HXTX-Hv1c were increased to 9.8 + 3. =
6, p < 0.001) and 8.2 + 18 (h = 4, p < 0.001), respectively (data shown as a fold-iaseeover
control ty,, Fig. 7B). The duration of current decay was iasgdl byk-HXTX-Hvlc in an
concentration-dependent manner with ang&d 180.1 + 30.4M and a maximum increase of 4.7 +
3.2-fold in the presence of 58M toxin (0 = 4-6; Fig. 7B).

To identify any modulation of nAChR agonist sendiji we examined the ability of 200 k-
HXTX-Hvlc to prolong current decay in response tarying durations of nicotine application.
Duration measurements takentgtat a given nicotine pulse duration were comparnethé absence
and presence &f-HXTX-Hv1c. Despite the dramatic increase in thgvalue, no significant shift in
the nicotine duration-response curve was obsemiéaiving K-HXTX-Hv1c application (Ely = 6.6
0.5ms in comparison to 8.5 + s for controln = 3, p > 0.05; Fig. 7C). In addition, there were no
voltage-dependent effects on the amplitude of nAChRRents evoked by 1M nicotine f = 3; Fig.
7D).

Figure 7 near here

The results of this study indicate that the faangient, rapidly desensitizing portion of the
NAChR current is largely unaffected ByHXTX-Hv1lc while the slow non-desensitizing compaohe
of the nAChR undergoes significant slowing of cotréecay. Moreover, a clear increase in the initial
portion of the slow non-desensitizing current, igatarly in the presence of high concentrations-of
HXTX-Hv1c, might mask an enhancement of a compan&hich is obscured by the initial transient
current.

Investigations on cockroach DUM neurons from thienteal abdominal ganglion have identified
the presence of multiple nAChR channel subtypegs&hvary between the-BgTx-resistant fast
desensitizing (nAChD) ang@-BgTx-sensitive slow non-desensitizing current (1™} components of
the Inacnr (Courjaret and Lapied, 2001; Lapied et al., 1990 a-BgTx-resistant nAChR subtypes
are characterised as nAChR1 and nAChR2 receptosedban differing ion permeation and
pharmacological properties (Courjaret and Lapied0Q12. Studies have found that nAChR1 is
selectively blocked bg-tubocurarine, while NAChR?2 is preferentially bleckby mecamylamine and
the mammaliar7 nAChR blockerg-conotoxin Iml (Courjaret and Lapied, 2001). Howeva the

present studyk-HXTX-Hvlc targeted the slow non-desensitizing nAChurrent component. The
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identification of this component was confirmed e tpresent study by the addition of 304 a-
BgTx, which resulted in a modest block (Fig. 7A)tbé slow non-desensitizing component of the
DUM neuronlachr (Fig. 6D). In cockroach DUM neurons, tlisBgTx-sensitive nAChN component
includes channel subtypes with ‘mixed’ nicotinicdamuscarinic activity, where the antagonigts
BgTx (nicotinic) as well as pirenzepine (M1) andlgiaine (M2) all inhibiting the non-desensitizing
Inachr, Whereas the fast nAChD component is insensitiibése antagonists (Lapied et al., 1990).

In comparison to vertebrate NAChRs, insect gendlifssnare relatively small with diversity
created through alternative splicing (Jones et28lQ5; Lansdell and Millar, 2000). Insect nAChRs
consist of of homopentamerig-subunits or heteropentameréic and p-subunits that are highly
conserved with greater than 60% identity betweestisg and as high as 80% for th& subunit
(Jones et al., 2007). A total of 10 genes have iified in insects, nominallgl-a7 andp1-$3in
order of discovery, however in reality fewer likeigrm functional receptors (Jonas et al., 1990.;
Lansdell and Millar, 2000; Littleton and Ganetz00; Schulz et al., 1998). Unfortunately, while
the successful cloning of various nAChR subunits baen reported in several insect species, few
have been functionally expressed (Eastham et@38;1Gao et al., 2007; Hermsen et al., 1998; Millar
and Lansdell, 2010). Importantly, these insect sitbupossess relatively low homology with
vertebrates, most exhibiting only 30-40% homologthwammaliana2 or a7 subunits (Jones and
Sattelle, 2010). The lack of homology with vertdbraeceptors likely explains the relative insect

selectivity of insecticides that target NnAChRs @arview see Tomizawa and Casida, 2003).

3.7.2. k-HXTX-Hv1c reverses insect NnAChR channel deseaisitiz

Given thatk-HXTX-Hvlc slowed the rate off.achr decay, we explored if the mechanism was
related to changes in nNACh receptor desensitizatiBChR desensitization is exhibited as a reduction
in response to continuous application of nicotimel ahis process is reversible following agonist
removal (Katz and Thesleff, 1957; Quick and Les2€2). Following a 10 continuous application
of nicotine, Inachr @amplitude was found to reach 19.5 + 5% of maximammplitude as a result of
receptor desensitizatiom  6; Fig. 8A). Although slight differences were sdarthe initial I achr
decay timecourse (Fig. 8A-D), this variability ioost likely due to the mixed population of NnAChR
subtypes present in DUM neurons (Bai and Satt#883; Courjaret and Lapied, 2001; Lapied et al.,
1990; Salgado and Saar, 2004). Regardless of ey dane-course of controachr in response to
continuous application of nicotine, subsequentmoliaation of toxin and nicotine caused an increase
in the latel,acnr @amplitude thus partially reversing nACh receptesehsitization. Application of E§
concentrations ok-HXTX-Hv1lc (200nM) following partial (~80%).achr desensitization recovered
32.6 £ 2.9% ofl,achr amplitude ( = 2; Fig. 8B) and 500 nM-HXTX-Hvlc caused a 33.7 = 15.7%
recovery ofl,achr amplitude f = 3; Fig. 8C and D), while application of controlion failed to alter

current amplitude (Fig. 8A). Importantly, cessat@micotine perfusion and continued application of
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toxin resulted in the reduction @fxchr likely representing channel closure (Fig. 8B-Dirthermore,
K-HXTX-Hvlc did not directly activaté,nchr at concentrations up topM (data not shown). This
indicates that the presence of both agonist and tme required to reverse desensitization.

These findings are consistent with actions of pasitllosteric modulators (PAMs) on the
NAChR (Arias et al., 2011; Barron et al., 2009; tBard et al., 2008; Gronlien et al., 2007).
Furthermore, based on the ability koHXTX-Hv1c to both prolong current decay and ab&YChR
desensitization this toxin is likely to act as payl PAM (Bertrand and Gopalakrishnan, 2007).

Figure 8 near here

In this study we probed two features of NAChR matiah byk-HXTX-Hvlc, current decay in
response to short pulses of nicotine and reaativadf desensitized receptors to gauge effects on
resting (closed channel, no agonist); active (opeannel briefly stabilized by agonist); and,
desensitized (closed, stabilized in the prolongedsgnce of agonist) states (Bertrand and
Gopalakrishnan, 2007). Short pulses of nicotinen(®) briefly stabilize the open state of the channe
and results in relatively low levels of desenstima, allowing the rate of channel recovery to be
determined following agonist removal. The rate etay of this early phase of thgcns was not
significantly altered in the present of-HXTX-Hvlc, however, k-HXTX-Hvlc did cause a
prolongation of the late phase lafchr decay (Fig. 6C). Thus-HXTX-Hvlc may act like the type Il
PAM PNU-1205996 (Wang et al., 2015) by stabilizihg open state and prolonging channel opening.
This secondary slower component has also beenv@sserith other nAChR type Il PAMs, where it
has been attributed to the ability of the transmitd reach the orthosteric site faster than th1PA
reaches the allosteric site (Gill et al., 2012).wdwer, this explanation seems unlikely since the
currents were recorded in the sustained presentiof with intermittent exposure to nicotine. More
likely is the toxin has a differential action omwl non-desensitizing nAChRs, in comparison to fast
desensitizing nAChR channel subtypes contributinipé insectoachr (Salgado and Saar, 2004).

In the continued presence of nicotine, a populatiomostly fully desensitized channels seems to
be reactivated in the presence iteHXTX-Hvlc (Fig. 8B-D). This suggests thatHXTX-Hvlc
reactivates channels by destabilizing the deseaditstate, increasing the rate of transition tooghen
state. This potential mechanism has been previquesyulated for type Il PAMs (Wang et al., 2015).
However, an in-depth characterization xeHXTX-Hv1lc on the yet uncharacterized insect nAChR
subtypes comprising the slow non-desensitizingerurthat contribute to cockroach DUM neuron
Inachr IS required to fully elucidate the molecular matkes underlying the effects RfHXTX-Hv1c
on these receptors. Importantly, slow non-desemsifinAChN receptors are the target for a number
of insecticides including neonicotinoids and spawg$Salgado and Saar, 2004). Indeed, insecticides
targeting NnAChRs make up approximately a thirdhef global insecticide market with neonicotinoids
and spinosad contributing a major portion (SimonsDeet al., 2015). Importantly spinosyn A, the

active component of spinosad, acts allostericalyaaPAM of slow non-desensitizing nAChN



M.J. Windley et al. / Neuropharmacology 20

receptors (Salgado and Saar, 2004), in a similameratok-HXTX-Hv1c, lending further support to
the argument that the lethal targekafiXTX-Hv1lc is the nAChR.

3.8. GABA and glutamate gated chloride channels argargfeted byk-HXTX-Hv1c

In order to confirm thak-HXTX-Hvlc selectively targeted the nAChR and nohey major
neurotransmitter receptors in insects we testecetieets on GABA and glutamate chloride channels.
To assess the effects efHXTX-Hvlc on Glu-Cl channels, inwarll,c, were evoked by 40-ms
pulses of 10uM glutamate. In the presence ofulil K-HXTX-Hvlc, lgu.ci peak amplitude was
increased 1.2 + 0.08-foldh = 4, p < 0.05; Fig. 9A, C) while at 58M currents were only increased
1.08 £ 0.03-fold f = 3, p > 0.05; Fig. 9C). Increases in amplitude were ewidgthin 2min of toxin
application.lgy.c) duration at 20% of maximal peak amplitudg)(was not significantly altered at
concentrations af-HXTX-Hv1c up to JuM (n = 3—4,p > 0.05; 9D). As a positive control we applied
100 nM picrotoxin, which blocks DUM neuron Glu-Glannel currents (n = $;<0.05, Fig. 9B, C).

Due to the effects ok-HXTX-Hv1lc on lg.c amplitude, the sensitivity of Glu-Cl channels to
glutamate was assessed. Prak: amplitude was recorded in response to varyingepdisations of
100uM glutamate in the absence and presence of toxm @E). Prior to toxin perfusion the data
yielded an Ely of 17.8 £ 1.4 ms while the Epvalue was reduced to 12.6 + &4 in the presence of
1 pM k-HXTX-Hvlc (n = 5, p < 0.05;Fig. 9F). Pealgy,.ci amplitude was increased at all pulse
durations of glutamate tested in the presence i t-igure 9E-F) and thus the amplitudelgf..c|
was increased beyond the maximum amplitude achiewater control conditions (i.e. at pulse
durations >32ns).

Despite these significant but modest actiond gy, it is unlikely that an enhancement of an
inhibitory response (Cleland, 1996; de Figueiredale 2001) is responsible for the potemtitatory
neurotoxicity caused by-HXTX-Hvlc. Furthermore, a significant enhancemefils, c; amplitude p
< 0.05) was only evident at a concentration pMl, which seems unlikely to be effective enough to
correlate with the potent toxicity seen in inseittasays (Gunning et al., 2008; Maggio and King,
2002b; Tedford et al., 2007; Wang et al., 2000).

Figure 9 near here

The effects ok-HXTX-Hv1c were also assessed l@giga.ci- In the presence of M toxin, lgaga-

o evoked by 100-ms pulses of GABA remained unalt€réd. 10A). |gasa.ci Were recorded in the
presence of toxin (108M and 1uM) for up to 10min however no significant changes lignsa-ci
amplitude or duration were observed £ 4-5,p > 0.05; Fig. 10C, D). In comparison, 100 pM
picrotoxin, a known inhibitor ofsaga.ci, resulted in significant a significant level obbk (n = 3;p <
0.05; Fig. 10B, C)Therefore, the effects a-HXTX-Hv1c on chloride currents appear to be lirdite

to those mediated by glutamate.
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3.9. kHXTX-Hvlc does not modulate vertebrafeanda3* nAChRs

To confirm that the effect ok-HXTX-Hvlc on nAChRs was selective for insects,caah
responses of vertebratd ando3p2/a3p4 NAChR were assessed in a FLIPR assay. These recepto
stoichiometries were selected as the CiVSando3p2, as well as the peripherally locatedp4,
receptors represent the most common neuronal nAglliRypes found in the vertebrate nervous
system, and the vertebrat® has been previously used in assays to deterrhimecfficacy and
selectivity of neonicotinoid insecticides (lhara a@t, 2003). When challenged with nicotine, the
calcium responses of endogenously expressed vattet* NAChR also remained unchanged in the
presence of increasing concentrationskéfiIXTX-Hvlc (n = 3, p > 0.05; Fig. 11B), while in the
presence ofl-tubocurarinex3* nAChR calcium responses were inhibited with @g bf 8.7 £ 1.1uM
(n = 3; Fig. 11B).k-HXTX-Hv1c also failed to activate eithef3* or a7 human nAChRs directly
despite the ability of the type Il PAM, PNU1205%6 enhance the3* response to nicotine (Fig. 11C)
or thea7 response to choline (Mueller et al., 2015). Madéea7 nAChR calcium responses evoked
by choline in the presence of PNU120596 were amuitly unaffected in the presencereHXTX-
Hvlc (h = 3,p > 0.05, Fig. 11A). It should be noted that du¢h small size ofi7 receptor responses
in this expression system, they were recordedénptiesence of the type Il PAM, PNU120596. This
may be problematic since PNU120596 exhibits simaletions on mammalian7 nAChR (Wang et
al., 2015) ax-HXTX-Hvlc does on insect nAChRs. HoweverHXTX-Hvlc failed to enhance the
response to choline, like PNU120596, and giventtiede receptors are exclusively found in the CNS
it is unlikely that a large peptide toxin likeHXTX-Hv1lc would be able to cross the vertebrateobl
brain barrier to reach the target receptor. Moreowe have confirmed that-HXTX-Hv1c does not
target peripheral human nAChR stoichiometrig3*), further supporting the phyla selectivity oigh
toxin for insects.

Figure 11 near here

3.10. Validation of nAChR as a lethal target

The insect nAChR is already recognised as an iicsgalt target (Millar and Denholm, 2007)
with a number of commercially available insectig@dbat enhance (imidacloprid; Bai et al., 1991),
inhibit (cartap; Lee et al., 2003) or allosterigathodulate (spinosad; Salgado and Saar, 2004)tinsec
NAChR receptor function. In support of the positalsteric modulation of NAChR and its ability to
induce lethal actions in insectg;HXTX-Hvlc appears to have a mode of action simitarthe
excitatory insecticide spinosyn A (Salgado, 1998lg8do and Saar, 2004; Salgado et al., 1998;
Watson et al., 2010). Moreover, studies have iniditdhat spinosyn A (the major component of

spinosad) interacts with a site on insect nAChR ith distinct from other insecticides (Salgado and
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Saar, 2004) and subsequently is not under higlctgaepressure that might contribute to the rapid
development of insect resistance. While spinosatitiadally enhances GABA receptor activity in
some insect species, the effect on nAChRs alomensidered to be sufficient to induce excitatory
insecticidal activity (Orr et al., 2009; Salgadaa®parks, 2005). Givex-HXTX-Hv1lc has weak to
no activity on GABA receptors, we believe that figsi allosteric modulation of the nAChR alone
explains the excitatory neurotoxic phenotype olegrin insects following exposure tGHXTX-
Hvlc.

Due to the modest effects fHXTX-Hv1c on action potential firing frequency the cockroach
neurons, we believe that while block o K.1 and K4-like channels are not lethal, they may play a
supporting role in the development of neurotoxidity insects. The increase in firing frequency
induced by kz1.1 and K4-like channel block may well play a synergistideravith the positive
allosteric modulation of nAChR by increasing netansmitter release to further enhance
excitotoxicity in the insect nervous system. Howews inhibition of k1.1 and/or K4-like channels
are not lethal it is unlikely that the effects drese channels are directly related to the all@steri
modulation of nAChRs.

K-HXTX-Hvlc is the first spider peptide toxin char@ized to target the insect nAChR (See
ArachnoServer database; Herzig et al., 2011). Alghoinsect nAChRs are not new targets for
insecticides (Millar and Denholm, 2006)HXTX-Hv1c exhibits a novel mode of action as aipes
allosteric modulator and therefore is likely toeirgct with a unique site on this receptor (Bertrahd
al., 2008). Moreover, given its novel mode of attie-HXTX-Hvlc may help alleviate insect
resistance to other nAChR agrochemicals that pigrtectivate nAChRs such as imidacloprid
(Buckingham et al., 1997). In support, studies hstvewn that pyrethroid-resistant strains were more
sensitive to insecticides that bound to the chaanélifferent locations than pyrethroids (McCutchen
et al.,, 1997). This suggests thatkiHXTX-Hv1c targets a different site on the same mRCas

commercially available insecticides it may be afwisg®ol in the control of insecticide resistance.

4, Conclusions

In conclusionk-HXTX-Hvlc is an insect-selective positive allogtemodulator of insect slow
non-desensitizing NACh receptors. This activitgamsistent with the lethal excitatory activity tof
HXTX-Hv1c in insects, and is potentially enhancettloe additional block of insectd{l.1 and K4-
like channelsk-HXTX-Hvlc is therefore an ideal lead compound fbe development of novel
insecticides and may also be a useful tool in aegiated pest management approach to preventing
insect resistance against existing agrochemicatgetiag nicotinic receptors. An improved
understanding of the complexity of NnAChR subtypessent in insects, particularly those involved in

the slow non-desensitizing nACh receptor curreni Wwé necessary to further understand the
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mechanism and site of action efHXTX-Hvlc on the nAChR and to aid in the design rafw

insecticides.
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Figure Legends

Fig. 1. Effects of paxilline on cockroach DUM neurbgy). (A) Representative superimposed current
traces showing the typical effect of A paxilline onlgkca). The peak and latggc, are indicated by

a circle and square, respectively. (B) Concentnatésponse curve fa-HXTX-Hv1c block of lgk(ca)

in DUM neurons. Data was fitted with a Logistic &tion (seeMaterials and Methodsyielding an
ICso Of 13.6 + 1./0AM and 12.5 + 1.:AM (n = 3-9) for block of peak (circles) and late (squpalggca)
respectively. (C-E) Representative superimposedentitraces showing the typical effect of
paxilline on (C)lk), (D) lkpr), and (E)lkna. Grey dotted lines beneath current traces derate z
current. (F) Test pulse protocols used to genégatg,) (panel A),lkpr) (Panel D) andkns) (panel E).
(G) Test pulse protocols used to genelgig(panel C).

Fig. 2. Acute toxicity of Kc,1.1, Ka and K4 (Shal-like) channel blockers in the house crickeheta
domesticus(A) LDsq values at 48 post injection were 167 + ponol/g and 496 + 10mol/g for k-
HXTX-Hvlc (Wang et al., 2000) and 4-AP, respectveChTx, IbTx and paxilline produced no
insecticidal activity in house crickets at dosegai@nmol/g nor did a combination efSPRTX-Hv1b
and IbTx (1:1) injected simultaneously at dosesaupnmol/g. (B) Concentration-response curve for
lethal (closed circles) and knockdown (closed seglaeffects of 4-AP. Data were fitted with Eq. 2
generating LI and KDy, values of 496 + 10 and 410 Hihol/g, respectively. All acute toxicity data
represents the mean lethality and knockdown vatu8k recorded at 48post-injection from at least
three independent trials. (C-E) Typicgontaneous overshooting action potentials recordé&dlJM
neurons before (black traces), and following a B-perfusion with (C) 100M k-HXTX-Hv1c (cyan
trace), (D) 100 nM IbTx (green trace), and (EnM 4-AP (blue trace). (F) Mean spontaneous action
potential firing frequency in the presence of 3 dfi nM k-HXTX-Hvlc (cyan), 100 nM IbTx
(green) and 5 mM 4-AP (blue)p*k 0.05, one-way ANOVA.

Fig. 3. Effects ofk-HXTX-Hv1c on cockroach DUM neuroly). (A) Typical effect of a saturating
concentration ok-HXTX-Hv1c onlk). Currents were recorded by offline subtractionthef currents
generated by the two-pulse protocol with test pal46 mV shown in panel D. (B) Concentration-
response curve fa-HXTX-Hv1c block of pealk) in DUM neuronsif = 3-5). Data was fitted with

a Logistic function (sedlaterials and Methodsyielding an 1G, of 85 £ 39nM and a maximal
inhibition of 36.1 + 4.2% oflkp). (C) lkw)-V relationship for the block by 1 pM-HXTX-Hvlc.
Currents were recorded by offline subtraction @f ¢thrrents generated by the two-pulse protocol with
test pulses from —80 to +60 mV in 10-mV steps showpanel D. Grey dotted lines beneath current

traces in panels A-C denote zero current.
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Fig. 4. Effects of K, channel modulators on cockroach DUM neutdgp, and lkpg). (A, C)
Superimposedik traces illustrating the typical effects of (A) 20@ k-TRTX-Psla (red), (C) @M
margatoxin (red). (B) Representative trace showegtypical effect of tM BDS-I on Ikpry (red).
Currents were recorded in response to the tese garstocol shown in panel H. (D) Representative
trace oflg) illustrating the lack of further inhibition by 5060M k-SPRTX-Hv1b following prior
inhibition by 500nM k-HXTX-Hvl1c. Traces were generated by offline suttitn of the currents
evoked by the test pulse protocol shown in pandEGF) Complementary experiments to show lack
of additional block of k) by K-SPRTX-Hv1b (pink) ok-HXTX-Hv1c (cyan) following inhibition by
K-HXTX-Hvlc ork-SPRTX-Hv1b, respectivelyn(= 3-5).

Fig. 5. Minor effects of K, channel modulators on cockroach DUM neukgi). (A) Representative
superimposed current traces illustrating the ismabf Ixng using 300nM TTX. The sodium-
sensitive portion of the current, generated usheg gulse protocol in panel @& blocked by TTX
(grey shaded trace). The remaining current wagalligisubtracted offline to isolatigna shown in

panel B that demonstrates the modest effectydfl k-HXTX-Hv1c (cyan).

Fig. 6 Concentration-dependent effectskeHXTX-Hv1lc on nAChR-mediated currents in cockroach
DUM neurons.(A) Inward l,achr Were evoked in response to 10-ms pulse applicatadn1OpM
nicotine. Traces show the typical effects of inereg concentrations &f-HXTX-Hv1c onlachr. (B-

C) Traces from A were overlaid and the current magditio highlight the lack of effect of increasing
concentrations ok-HXTX-Hv1c on (B) peal,achr @amplitude and (C) the slowed ratel gf-nr decay

in the presence of toxiryy: duration ofl,achr at 20% of maximum current amplitude. (D) Effect of
500 nMa-BgTx on inwardl,achr €voked in response to 10-ms pulse applicatior0pM nicotine.
(E) Lack of activation of any current by direct &pation of 1 uMk-HXTX-Hv1lc. The dotted gray

line in panels A-D represents zero current.

Fig. 7. Effect of K-HXTX-Hvlc on l,achr @amplitude and decay. (Afomparison of peaknachr
amplitude values in the presence of increasing concentrat@ng-HXTX-Hvlc or 500 nM a-
bungarotoxin ¢-BgTx) (n = 3-8). (B) Concentration-response curve figeng durationg in the
presence of increasing concentrationg-6fXTX-Hv1c. Data were fitted with a Logistic funoti (see
Materials and Methodsyielding an EG, value of 180 + 30.4M (n = 3—-4). (C) Concentration-
response curve focontrol (black circles) and 200M k-HXTX-Hvlc (cyan circles)lyachr too in
response to increasing durations ofuM nicotine application, yielding Egvalues of 8.5 + 0.B1s
and 6.6 + 0.5ns ( = 3-4), respectively. Data were normalized to mh@ximal control nicotine
response. j < 0.05, *p < 0.01, ***p < 0.001, one-way ANOVA. (D)nachr’V relationship in the
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absence (black circles), and presence (cyan cirad€200 nMk-HXTX-Hv1c (n = 3). Currents were
generated by the test pulse protocol in the ingepamel D. Arrowheads denote timing of the

application of a 1éns pulse of nicotine. Data were normalized to tlaimal nicotine response.

Fig. 8. Effects ofk-HXTX-Hv1lc on partially and fully desensitized nARhchannels in cockroach
DUM neurons.l.achr Were recorded in response to 3.5rB continuous applications of 1M
nicotine in the absence (A), and in the presenc206hM (B) and 500M (C, D) k-HXTX-Hv1c.
Toxin was applied 108into nicotine perfusion, following partial (B, ©) full (D) desensitization of

InAChR-

Fig. 9. Minor effects ofk-HXTX-Hv1c on lgyucr in cockroach DUM neurongA-B) Superimposed
traces showing typical effects of (AuM K-HXTX-Hvlc and (B) 10uM picrotoxin onlg.c. (C)
Comparison ofg,.c; amplitude in response to increasing concentratidnsHXTX-Hv1lc (n = 3-4)
and 100 puM picrotoxin (PTXy = 3). (D) Lack of effect ok-HXTX-Hv1c onlg.c duration.tyy: lgu.ci
duration at 20% of control current amplitudep* 0.01, ****p < 0.0001, one-way ANOVA. (E)
Families of superimposed currents generated byl13Z3ms pulses of 100 uM glutamate in the
absence (Ea), and presence (Eb), of 1gtNIXTX-Hvlc. (F) Concentration-response curvel gf.c
amplitude in response to the application of i80 glutamate for varying durations in the absence
(closed circles), and presence (red circles), . dfikk-HXTX-Hvlc, yielding EG, values of 17.8 + 1.4
ms and 12.6 + 3.ths [ = 3-5), respectively. Data were normalized to reeximal controllgy.c

amplitude in response to 100 uM glutamate.

Fig. 10. Lack of effect ofk-HXTX-Hv1c onlgagar in cockroach DUM neurons. (A-BJuperimposed
traces showing typical effects of (AuM k-HXTX-Hv1c and (B) 10QuM picrotoxin onlgaga-ci- (C)
Comparison oflgasa.ci amplitude in the presence fHXTX-Hvlc and picrotoxin if = 4-5). (D)
Lack of effect ofk-HXTX-Hvlc on lgagac duration 0 = 3-4). o lgasar duration at 20% of

maximum current amplitude. **¥ < 0.0001, one-way ANOVA.

Fig. 11. Lack of affinity ofk-HXTX-Hv1c for vertebrate:7 anda3*nAChRs. Concentration—response
relationships for inhibition of neuronal?7 and ganglionic-type3* nAChR responses in SH-SY5Y
neuroblastoma cells. Data was fitted with a Logiftinction (seéMaterials and Methods Lack of
effect of K-HXTX-Hvlc (cyan symbols, dashed lines) on vertébre/ (A) and a3* (B) nAChR
responsesd-Tubocurarine (black symbols, solid lines) was uleld as a positive control in both
assays. Data represent the mean + SENM-08 experiments. (C) Enhancement of the respohgd*o
NAChRs to nicotine (beige circles) by the additainthe type 1l PAM, PNU120596 (red circles).
Nicotine was applied at time zero. Data repredsntitean + SEMn(= 4).
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