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Abstract

Nicotinic acetylcholine receptors (nAChRs) are ligand-gated ion channels involved in fast synaptic 

transmission. nAChRs are pentameric receptors formed from a combination of different or similar 

subunits to produce heteromeric or homomeric channels. The heteromeric, α9α10 nAChR subtype 

is well-known for its role in the auditory system, being expressed in cochlear hair cells. These 

nAChRs have also been shown to be involved in immune-modulation. Antagonists of α9α10 

nAChRs, like the α-conotoxin Vc1.1, have analgesic effects in neuropathic pain. Unlike other 

nAChR subtypes there is no evidence that functional receptor stoichiometries of α9α10 exist. By 

using 2-electrode voltage clamp methods and maintaining a constant intracellular Ca2+ 

concentration, we observed a biphasic activation curve for ACh that is dependent on receptor 

stoichiometry. Vc1.1, but not the α9α10 antagonists RgIA or atropine, inhibits ACh-evoked 

currents in a biphasic manner. Characteristics of the ACh and Vc1.1 activation and inhibition 

curves can be altered by varying the ratio of α9 and α10 mRNA injected into oocytes, changing 

the curves from biphasic to monophasic when an excess of α10 mRNA is used. These results 

highlight the difference in the pharmacological profiles of at least two different α9α10 nAChR 

stoichiometries, possibly (α9)3(α10)2 and (α9)2(α10)3. As a result, we infer that there is an 

additional binding site for ACh and Vc1.1 at the α9-α9 interface on the hypothesized (α9)3(α10)2 

nAChR, in addition to the α10-α9 and or α9-α10 interfaces that are common to both 

stoichiometries. This study provides further evidence that receptor stoichiometry contributes 

another layer of complexity in understanding Cys-loop receptors.
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1.0 Introduction

Nicotinic acetylcholine receptors (nAChRs) are members of the ligand-gated ion channel 

(LGIC) superfamily that mediate fast synaptic transmission between cells of both the central 

and peripheral nervous systems [1]. Receptors are formed by a pentameric arrangement of 

subunits that surround a central ion-conducting pore [1]. To date, 14 nACh subunits (α1-

α10, β1-4) have been cloned from vertebrates [2]. Each subunit contains a large extracellular 

domain, four transmembrane regions (M1-M4), of which the second M2 contains the amino 

acids that line the channel pore, two short transmembrane loops (M1-M2, M3-M4) that act 

as “hinges” for channel gating, and a large intracellular loop (M3-M4) that controls ion 

conductivity and interacts with scaffolding proteins [3]. The ACh-binding site is located at 

the interface of subunits in the extracellular domain, approximately 30 Å away from the 

gating region of the pore where cations passively cross the membrane [4].

The α9 and α10 subunits are known to form a heteromeric receptor in the mammalian 

cochlea and mediate postsynaptic transmission between the olivocochlear fibres and the 

outer hair cells [5]. Initial studies were not able to detect currents recorded from hair cells 

that express only α9 subunits [6] yet subsequent studies demonstrated that currents of 

diminished amplitude could be recorded from outer hair cells in α10 null-mutant mice [7]. 

This indicates α9 homomeric receptors do form functional receptors but the currents 

observed from these channels are very small and that the most likely physiologically 

relevant receptor in this tissue are α9α10 heteromeric receptors. α9α10 nAChRs are 

thought to be involved in the molecular mechanisms attributing protection of the inner ear 

from excess sound [8].

The α9 and α10 subunits have also been identified in lymphocytes, skin keratinocytes, 

sperm and dorsal root ganglion (DRG) [9-13]. Although the role of α9α10 nAChRs at a 

molecular level in non-auditory systems are not well understood, α-conotoxin (α-CTx) 

antagonists of α9α10 such as Vc1.1, a cysteine-rich peptide isolated from Conus victoriae 
[14] and RglA isolated from the marine snail Conus regius [15] display analgesic properties 

in rat models of neuropathic pain, possibly via immunomodulatory effect [16]. Blockade of 
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this nAChR subtype was shown to reduce the number of choline acetyltransferase-positive 

cells (macrophages and lymphocytes) at the site of injury [16].

Although these toxins display a high degree of selectivity for the α9α10 receptor over other 

nAChR subtypes [16], the exact mechanism of action for alleviating pain is not really known 

and other target sites have been proposed including inhibiting the N-type Ca2+ channels in 

an indirect manner. In rodent DRG neurons, Vc1.1 and RglA were shown to inhibit Voltage 

Gated Calcium Channel via activating GABAB receptors [17-19], in a mechanism that is 

independent of α9α10 nAChRs [20].

The stoichiometry of α9α10 was initially suggested to be (α9)2(α10)3 in oocytes [21]. 

Using this stoichiometry, molecular modeling and docking studies showed that ACh and the 

α-CTx RglA bind to the principal α9 (+) side (α9-α10) and complementary α10 (−) side of 

the α9α10 binding pocket [22]. However, mutational studies aimed at understanding the 

differential sensitivity of rat and human α9α10 nAChR to α-CTx RglA, revealed an 

interaction of this α-CTx at the complementary (−) side of α9 and the principal (+) side of 

α10 (α10-α9 binding interface) [23]. Likewise Vc1.1 binds to the α10-α9 binding interface 

as evidenced by comparing calculated mutational energies to that observed from 

electrophysiological recordings [24].

In this study, we demonstrate the existence of a novel binding site for Vc1.1 on α9α10 

nAChRs by investigating the pharmacology of Vc1.1 inhibition of α9α10 nAChRs with and 

without Ca2+. We also investigated whether Vc1.1 inhibits α9 receptors with a different 

sensitivity, or whether α9α10 nAChRs exist in different stoichiometries that differ in 

sensitivity to Vc1.1. We also determined whether RgIA [15] or the small molecule, atropine 

[25, 26], two other known α9α10 antagonists can also discriminate between different 

stoichiometries of α9α10 nAChRs. We found that by eliminating Ca2+ from the 

extracellular solution, and then buffering intracellular Ca2+, Vc1.1 but not RgIA or atropine 

inhibits α9α10 receptors in a biphasic manner. We demonstrated that Vc1.1 inhibition of α9 

homomeric receptors is unlikely to explain this biphasic phenomenon. Using altered ratios 

of α9 and α10 mRNA injection ratio, we demonstrated that Vc1.1 binds to at least one 

binding site that is common to the various α9α10 stoichiometries, but also binds to an 

additional binding site located at an α9-α9 interface in stoichiometries that contain more α9 

than α10 subunits.

2.0 Materials and Methods

2.1 Reagents

HEPES (hemisodium salt), sodium pyruvate, theophylline, ethylene glycol tetraacetic acid 

(EGTA), atropine, naringin, lysophosphatidic acid, tricaine, gentamycin, kanamycin and 1,2-

bis(O-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA) from Sigma, Castle Hill, 

NSW, Australia.

2.2 Expression of recombinant α9 and α10 receptors in Xenopus oocytes

Rat α9 and α10 cDNAs subcloned in a modified pGEMHE vector [27] were kind gifts from 

Dr. A.B. Elgoyhen (Universidad de Buenos Aires, Buenos Aires, Argentina). Rat α9 and 
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α10 plasmids were linearized using NheI (New England Biolabs, Ipswich, MA, USA). 

mRNAs were transcribed in vitro using T7 mMessage mMachine™ (Ambion Inc., Austin, 

TX, USA) transcription kit. Where indicated, plasmids were linearised with HindIII and the 

transcribed mRNA was polyadenylated using the poly-A-tailing kit (Ambion Inc., Austin, 

TX, USA). RNAs were purified with the MEGAClear RNA purification kit (Ambion Inc., 

Austin, TX, USA) or lithium chloride precipitation. RNA was treated with DNase prior to 

purification and RNA concentrations were measured by spectrophotometry using the 

Nanodrop (Thermal Fisher Scientific). The RNA was then diluted in ratios of α9:α10 10:1, 

1:1, 1:3 and 1:10. RNA was injected at a ratio of 1:1 unless otherwise stated in the text.

2.3 Xenopus laevis surgery, oocyte extraction and injection

The experiments were performed with Animal Ethics approvals from The University of 

Sydney (ethics approval number K21/1-2013/3/5915). Female X. laevis was anesthetized 

with tricaine (850mg/500mL). Several ovarian lobes were surgically removed by a small 

incision on the abdomen of the X. laevis. The X. laevis were allowed to recover from the 

surgery the time interval between surgical procedures on each frog was 6-12 months. Five 

recoverable surgeries were performed on each X. laevis and a final terminal surgery, with the 

frog exposed to a lethal dose of anaesthetic. The lobes were cut into small pieces and were 

rinsed thoroughly with oocyte releasing buffer 2 (OR2; 82.5mM NaCl, 2mM KCl, 1mM 

MgCl2, 5mM HEPES (hemi-Na)). The lobes were digested with collagenase A (2mg/mL in 

OR2; Boehringer Manheim, Germany) at room temperature. The oocytes were further 

washed with OR2 and stored in Frog Ringer buffer (ND96) wash solution (96mM NaCl, 

2mM KCl, 1mM MgCl2, 1.8mM CaCl2, 5mM HEPES (hemisodium salt), supplemented 

with 2.5mM sodium pyruvate and 0.5mM theophylline, until ready for injection. Stage V–VI 

oocytes were selected and microinjected with 2ng mRNA in 50.6nL H2O. After injection, 

the oocytes were maintained at 18°C in the presence of ND96 wash solution augmented with 

50μg/mL kanamycin.

2.4 Electrophysiological recording of recombinant receptors

Whole-cell currents were measured using a two-electrode voltage clamp with a Digidata 

1200, Geneclamp 500B amplifier together with a Powerlab/200 (AD Instruments, Sydney, 

Australia) and Chart version 3.5 for PC as previously described. The recording 

microelectrodes were filled with 3 M KCl and had resistance between 0.2 and 1 MΩ. Where 

indicated, intracellular Ca2+ was buffered with 11mM EGTA added to the solution in the 

recording microelectrode and was allowed to equilibrate in the oocyte for 15 minutes prior 

to recording. Three to 7 days post-injection, oocytes held at −60 mV were used for 

recording. While recording, oocytes were superfused with Frog Ringer (ND96) until a stable 

base current was reached. Increasing concentrations of Vc1.1 (Tocris Bioscience, Bristol, 

UK), RgIA (synthesized as described previously [15] or atropine was evaluated in the 

absence and presence of a submaximal concentration of ACh (30 μM), respectively, until 

maximal current was reached, at which time the oocyte was washed for 12 min to allow 

complete recovery of response to acetylcholine (30 μM). Unless otherwise indicated, Ca2+ 

free, 1.8mM Ba2+ solution was used that contained 115mM NaCl, 2.5mM KCl, 1.8mM 

BaCl2, 10mM HEPES and “low divalent” buffer contained 115mM NaCl, 2.5mM KCl, 

0.2mM CaCl2, 10mM HEPES. Where indicated a stock concentration of 5mg/mL 1,2-bis 
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(O-aminophenoxy)ethane-N,N,N’,N’-tetracetic acid (BAPTA) was dissolved into 0.3N 

Na2CO3 and then pH adjusted to 7 and 50.6nL injected to oocytes immediately prior to 

recording.

2.5 Data analysis

The amplitude of each current response to ACh (I) was normalized to the amplitude of the 

maximum current response to ACh (Imax) according to the following equation:

Normalized concentration-response curves were constructed and analyzed using GraphPad 

“Prism” version 5.0 according to the equation:

Where [A] is the ligand concentration and nH is the Hill slope. Mean parameters of each 

curve were derived from at least three oocytes and stated in the text. Unless otherwise stated, 

the 95% confidence interval derived from the curve fitting is given in brackets.

Biphasic normalized concentration-response curves were constructed and analyzed using 

GraphPad “Prism” version 5.0 according to the equation:

Where Imax is the response to the 30μM ACh, I0 is the response to a maximal inhibitory 

concentration of ligand [A] and nH1 and nH2 are the two Hill slopes of the curve. When 

fitting the biphasic curves to ACh, we constrained nH1 and nH2 to 1. We also constrained the 

nH to 1 when evaluating the monophasic ACh curve for comparison, as described in [28]. 

The R2 value to describe the goodness of fit of the curve to the data is shown when 

comparing data to either biphasic or monophasic response curves. Where appropriate, 

biphasic and monophasic fits were compared with an F-test using the analysis software 

Prism. The p-value expressed in the test will be based on the null hypothesis that the curve is 

a monophasic fit. Where indicated in the text, statistical comparisons between groups with 

single values were compared with a one-way ANOVA and Tukey's post-hoc tests. If a 

biphasic curve was determined by the F-test, values are described with the 95% confidence 

interval derived from fitting the curve. Statistical comparisons for curves with different 

conditions or different ratios of RNA injected were compared with a two-way ANOVA for 

the response to each point. For all curves, the EC50 or IC50 values for individual curves are 

described with the 95% confidence interval as derived from fitting the curve.
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3.0 Results

3.1 Activation of α9α10 nAChR by ACh and inhibition by Vc1.1 are best described by 
biphasic concentration response curves

A concentration response curve to ACh in Ca2+ free, 1.8mM Ba2+ solution was constructed 

to oocytes injected with equal concentrations of α9 and α10 subunit mRNA (Fig 1A). In the 

external buffer Ca2+ was replaced with Ba2+ to prevent activation of endogenous Ca2+-

activated chloride channels [29]. The resulting concentration-response curve preferred a 

biphasic activation curve fit compared to a monophasic curve fit (F-value of 3.37; p<0.05), 

with EC50 values for ACh of 11μM and 281μM, respectively (Fig 1B, Table 1).

We then constructed an inhibition curve to Vc1.1, where the peak responses to 30μM ACh in 

the presence of increasing concentrations of Vc1.1 were measured. Vc1.1 was pre-applied 

for 180s to ensure that equilibrium with the antagonist was reached. Using curve-fitting 

analysis, a monophasic and biphasic curve fits were performed to the appropriate Hill 

equation. Comparison of goodness of fit of the curves with an F-test indicated that the best 

curve fit was biphasic (R2 (biphasic) = 0.893, R2 (monophasic) = 0.861, p < 0.01), with IC50 

values for Vc1.1 of 34nM and 10μM, respectively (Fig 1C, Table 1).

3.2 Change in receptor stoichiometry shifts the ACh-response curve from a biphasic to a 
monophasic curve

Concentration-response curves were constructed to ACh in Ca2+ free, 1.8mM Ba2+ solution 

for each ratio of RNA injected (Fig 2). A ratio of 1:10 α9:α10 mRNA yielded currents that 

were too small to allow an accurate measure of an inhibition curve up to 6 days post-

injection (data not shown). In contrast concentration-response curves could be constructed 

when the ratios of RNA injected were 10:1 and 1:3 α9:α10. When injected with excess α10 

(α9:α10; 1:3), the ACh-activation curve exhibited a monophasic shape with an EC50 value 

of 22μM (Fig 2A, Table 1). Interestingly, cells injected with excess α9 (α9:α10; 10:1) show 

a biphasic activation curve to ACh with EC50s of 10μM and 537μM, respectively, 

corresponding to high and low ACh sensitivity sites (Fig 2B, Table 1). When this was 

compared with a monophasic curve for 10:1, the “best model F-test” preferred a biphasic 

over a monophasic curve with an F-value of 8.69 (p < 0.05). This is similar to the trend that 

was observed with a 1:1 injection ratio that preferred a biphasic curve fit, with EC50 values 

of 11μM and 281μM for high- and low-sensitivity ACh sites, respectively.

An F-test comparing ACh concentration response curves of 10:1 and 1:3 stoichiometries 

showed that the two curves were significantly different from each other (F-value of 3.43, p < 

0.05). Best-fit EC50, Hill-slope and maximum values of ACh response curve of 10:1 

injection ratio, when compared to 1:1 injection ratio using Prism analysis, showed no 

significant difference with F-value of 0.64 (p > 0.59), suggesting that both the 1:1 and 10:1 

injection ratios produce similar receptor populations. In contrast, the best-fit values of 1:3 

injection ratio were significantly different to 1:1 injection ratio with F-value of 3.75 (p < 

0.05).
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3.3 The Vc1.1 inhibition curves are altered by varying the mRNA injection ratios of α9 and 
α10 subunits

To determine whether varying the subunit abundance alters the Vc1.1 inhibition curve to 

ACh, we injected α9:α10 mRNA corresponding to ratios of 10:1 and 1:3. Vc1.1 inhibited 

ACh (30μM) in a biphasic manner when oocytes were injected with a 10:1 mRNA ratio (F-

value, 14.3; p < 0.05). The IC50 values for Vc1.1 were 34nM and 3.2μM, respectively (Fig 

3A, Table 1). A two-way ANOVA comparing the response at each concentration, and F-test 

comparing best-fit values (IC50s, Hill-slopes and fractions), showed that the response to 

Vc1.1 at oocytes injected with a 10:1 mRNA ratio was not significantly different to the 1:1 

injection ratio (F-value, 1.06; p > 0.05). The fraction of current inhibited with a low-

sensitivity to Vc1.1 is inferred from the graph to be 36%.

In contrast, Vc1.1 inhibited 30μM ACh-evoked currents in oocytes injected with a 1:3 ratio 

of α9:α10 RNA in a monophasic manner with an IC50 of 1.5μM (Fig 3B, Table 1). As the 

relative abundance of α10 subunits was increased in this ratio, a greater proportion of 

receptors containing the low-sensitivity Vc1.1 site were detected. A biphasic curve could not 

be fitted to the data, and a comparison by two-way ANOVA and best-value F-test using 

prism analysis showed that responses were significantly different to the responses with a 1:1 

ratio (p < 0.05).

3.4 Vc1.1 inhibition at α9α10 nAChRs is insurmountable by ACh

To determine if Vc1.1 and ACh compete for the same binding site(s) on the α9α10 receptor, 

ACh concentration-response curves in the presence of varying concentrations of Vc1.1 were 

constructed for the 10:1 and 1:3 α9 and α10 mRNA injection ratios. If the ACh and Vc1.1 

bind at identical sites, the inhibition by Vc1.1 should be reduced by high ACh 

concentrations that occupy the majority of binding sites, leading to parallel shifts and 

surmountable inhibition [30]. In cells injected with 10:1, α9: α10 mRNA, there appears to 

be a 35% reduction in the efficacy of ACh in the presence of Vc1.1. The EC50 values of the 

low sensitivity ACh site appeared to increase with increasing concentrations of the 

antagonist although this was not significant. In contrast, the inhibition appears 

insurmountable for the high-sensitivity ACh site, as there was a reduction in the maximal 

ACh current but no significant change to the EC50 (Fig 3C, Table 2; p>0.05). The observed 

shifts of ACh concentration response curves in the presence of increasing concentrations of 

Vc1.1 were not parallel; suggesting possible co-operative effects of Vc1.1 and/or ACh to the 

α9α10 receptor. An F-test comparing ACh response curves in presence of 100nM Vc1.1 and 

1.5μM Vc1.1, showed that the two curves were significantly different from each other (F-

value of 10.69; P < 0.05). These results are not consistent with a single non-competitive, or 

single competitive, binding mode for Vc1.1 but highlight the existence of multiple Vc1.1 

binding sites some of which may be distinct from the ACh-binding site or alternatively 

different receptor stoichiometries are expressed and are inhibited differently by Vc1.1

When oocytes are injected with excess α10 compared to α9, (α9:α10; 1:3 mRNA ratio) the 

ACh curves in the presence of Vc1.1 (1.5μM and 3μM) were insurmountable, as the 

maximum ACh currents were significantly reduced compared to ACh alone (p<0.01; n=4-5). 

For 1.5μM Vc1.1 the EC50 for ACh was similar to EC50 of ACh in the, absence of blocker. 
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In the presence of 3μM Vc1.1 the maximum ACh current remained similar to that of the 

1.5μM Vc1.1, but the EC50 value for ACh shifted to the right (Fig 3D, Table 2). The 

maximal ACh current in the presence of 30nM Vc1.1 was not significantly different to the 

maximal current produced by ACh alone (p>0.05; n=3; Student's t-test) which contrasted 

data using 1.5μM and 3μM Vc1.1 (Fig 3D insert).

The differences in the curves between the two mRNA injection ratios (10:1 versus 1:3) when 

Vc1.1 was co-applied with ACh suggest an additional binding site for Vc1.1 at receptors that 

have incorporated more α9 subunits. The additional binding is unlikely to be the channel 

pore as Vc1.1 showed voltage independent block for both stoichiometries (data not shown).

3.5 The biphasic inhibition curve is not a result of α9 homomeric and α9α10 heteromeric 
populations of receptors

It's been previously shown that α9 receptors can form homomeric receptors when expressed 

in vitro. One interpretation of a biphasic inhibition curve would be that the Vc1.1 has 

separate affinities for the α9 homomeric and α9α10 heteromeric receptors. To determine if 

the fraction of the current could be contributed by the α9 homomeric receptor, we injected 

α9 and α10 receptor mRNA alone and measured the peak currents elicited by 30μM ACh. In 

ND96 or Ca2+ free, 1.8mM Ba2+ solution, the peak response was never higher than 4 nA. 

However, this may be due to the presence of the divalent ions Ca2+, Ba2+ and Mg2+ in the 

solutions as all have been shown to block α9 receptors [31]. When the external solution was 

changed to “low divalent” buffer, the peak current was significantly enhanced (Fig 4A). This 

is in agreement to the results obtained by Katz et al [31]. Irrespectively, the currents were 

still too small to accurately measure concentration response curves (<18 nA, n=13 for α9 

homomeric receptors, c.f 55 ≤ I ≤ 448 nA, n=7 for α9α10 receptors injected at the same 

concentration in Ca2+ free, 1.8mM Ba2+ solution) (Fig 4B). This is consistent with other 

studies [31] and demonstrates that α9 homomeric receptors make little or no contribution to 

the 30μM ACh-evoked current, eliminating these receptors as the cause of the biphasic 

inhibition curve. Injection of α10 mRNA alone did not result in ACh-evoked currents (data 

not shown), consistent with all the available literature [26]. To determine if the poly-

adenylation within the oocyte was consistent between the two constructs, mRNA was 

transcribed from HindIII-cut DNA and poly-Adenylated in vitro. The inhibition of 30μM 

ACh by 1μM Vc1.1 applied to cells injected with a 1:1 α9:α10 ratio was similar for either 

transcription method (I/I30μMACh=0.52±0.023 HindIII n=3, I/I30μMACh=0.48±0.02 NheI, 

n=4, p > 0.05), and HindIII-cut DNA was used for subsequent experiments.

3.6 Effect of calcium on Vc1.1 inhibition at α9α10 nAChRs

Ca2+ is known to modulate the α9α10 nAChRs [32]. It is plausible that the different 

affinities and behavior of Vc1.1 in our experiments compared to the literature is a result of 

Ca2+ modulation. To test this, we measured the peak response of oocytes injected with equal 

concentrations of the α9 and α10 subunits to 1μM Vc1.1 and 30μM ACh, a concentration 

that elicits approximately 50 % of the current of 30μM ACh alone (Fig 1C). We performed 

this experiment in ND96 (1.8mM Ca2+) and Ca2+ free, 1.8mM Ba2+ solution and found that 

in ND96 the normalised current was significantly smaller than in Ca2+ free, 1.8mM Ba2+ 

solution (I/I30μMACh=0.275±0.035 ND96 n=9, I/I30μMACh=0.500±0.015 Ca2+-free n=7, 
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mean±s.e.m, p < 0.05 ANOVA), including in experiments which were wholly conducted on 

the same cell (I/I30μMACh=0.256±0.02 ND96 n=3, I/I30μMACh=0.520±0.02 Ca2+-free n=3, 

mean±s.e.m, p < 0.05 ANOVA) (Fig 5). Furthermore, 30μM ACh elicited currents with 4-

fold greater peak amplitudes in ND96 than in Ca2+ free, 1.8mM Ba2+ solution on the same 

cell (IND96/ICafree=4.0±0.7, n=4). When Ca2+ crosses the membrane of an oocyte, the 

changes in the intracellular Ca2+ concentrations activate endogenous Ca2+-activated chloride 

channels that are also measured in the two-electrode voltage clamp configuration [33]. To 

determine if this effect was due to external Ca2+ concentrations, rather than changes in 

internal Ca2+ concentrations, we repeated the experiment with ND96 external solution but 

placed 11mM EGTA in the internal pipette solution to buffer the internal Ca2+ concentration 

(Fig 5B). Ethylene glycol tetraacetic acid (EGTA) has previously been shown to be effective 

in preventing the activation of the Ca2+ channels [34] and the introduction of the chelating 

agent by the recording pipette has previously been described by Khiroug et al, [35]. This 

method prevented stimulation of Ca2+-activated chloride channels with lysophosphatidic 

acid (LPA) or naringin [36]. The inhibition was similar to the inhibition in Ca2+ free, 1.8mM 

Ba2+ solution, but significantly different to ND96 alone (I/I30μMACh=0.49±0.037 EGTA n=5, 

p < 0.05 cf ND96, ANOVA). To ensure that the Ca2+-chelation was complete, we applied 

repeat ACh concentrations to the oocyte and began the experiment when stable repeat 

recordings were measured, and continued to use ACh as an internal standard throughout the 

experiment.

We then chelated the intracellular Ca2+ concentrations with 1,2-bis(o-

aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA), known to buffer the Ca2+ 

concentrations more quickly but with a higher affinity for zinc and a greater propensity to 

interact with membranes and phospholipids than EGTA [37, 38]. Again, the inhibition was 

similar to the inhibition in Ca2+ free, 1.8mM Ba2+ solution (I/I30μMACh=0.46±0.06 BAPTA 

n=8, p < 0.05 cf ND96, ANOVA), and BAPTA injection prevented Ca2+-channel activation 

by LPA. Furthermore, we repeated both the ACh-evoked concentration response and Vc1.1 

inhibition curve in ND96 external solution with 11mM EGTA in the pipette solution. The 

concentration-response curve was not significantly different to Ca2+ free, 1.8mM Ba2+ 

solution (EC50=45μM, nH=0.6 n=4, p>0.05 ANOVA) and the inhibition curve was similarly 

biphasic (p < 0.05) with similar IC50 and Hill co-efficients to the inhibition curve in Ca2+ 

free, 1.8mM Ba2+ solution (Fig 4C-E) (IC50=17nM and 2.14μM, n=4)(Table 1). We also 

measured the inhibition curve of Vc1.1 to 30μM ACh after injection of 0.5nmol BAPTA. 

Comparison of goodness of fit of the curves with R2 values indicated that the curve fit was 

indeed biphasic (p < 0.05), with IC50 values of 19nM and 4.6μM (Table 1). In comparison, 

the inhibition curve in ND96 alone was monophasic (IC50 = 58nM, nH = 0.72, p > 0.05) and 

a comparison with the curve in Ca2+ free, 1.8mM Ba2+ solution by two-way ANOVA 

indicated that responses to ACh are significantly different (p < 0.05) (Fig 5C-E; Table 1). In 

contrast, there is no significant difference between the responses of the EGTA or BAPTA 

treated oocytes and the oocytes in Ca2+ free, 1.8mM Ba2+ solution (p > 0.05).

These results demonstrate that changes in the intracellular Ca2+ concentration, as opposed to 

the extracellular concentration of Ca2+, greatly affect Vc1.1 inhibition of α9α10 receptors. 

These data also demonstrate that in this system, the EGTA successfully removes the effect of 
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Ca2+-activated chloride channels similar to BAPTA and replacement of extracellular Ca2+ 

with Ba2+. The differences between reported Vc1.1 inhibition curves may also be affected 

by the divalent ion concentration in the external solution, in addition to Ca2+-activated 

chloride channel stimulation.

To demonstrate that Vc1.1 did not directly affect the Ca2+-activated chloride channel, we co-

applied 1μM Vc1.1 and 1μM LPA to uninjected oocytes. Vc1.1 did not prevent chloride 

channel activation (data not shown).

3.7 RgIA and atropine do not differentiate between stoichiometries of α9α10 nAChRs

To determine whether the biphasic curve was a unique property of Vc1.1 inhibition, we 

constructed inhibition curves to RgIA and atropine against 30μM ACh-evoked currents in 

oocytes injected with a 10:1 ratio of α9:α10 RNA, with ND96 external solution and 11mM 

EGTA pipette solution (Fig 6). This ratio was chosen as the previous experiments indicated 

that it would contain two populations of receptors. Both inhibition curves were monophasic 

and contained IC50's of 23nM and 0.98μM, respectively, similar to previously reported 

values [15]. This suggests that the affinity of RgIA and atropine is similar for the various 

stoichiometries of α9α10 receptors.

4.0 Discussion

There is growing evidence that heteromeric nAChR subtypes exist in different stoichiometric 

forms, each with distinct functional properties that will contribute to synaptic regulation for 

nicotinic signaling in the mammalian brain. In the present study, we provide 

pharmacological evidence that α9α10 nAChRs can also form different receptor 

stoichiometries in vitro with varying sensitivities to ACh and the α-CTx, Vc1.1.

The presence of different stoichiometries for nAChR is not in itself novel. Receptors made 

up of α4 and β2 subunits can form two distinct stoichiometries, either the (α4)2(β2)3 or 

(α4)3(β2)2 stoichiometry. These stoichiometries are thought to be present in vivo [39, 40], 

with the (α4)3(β2)2 nAChR being the more predominant (~70-80%) subtype in the brain 

[41]. These receptor stoichiometries differ in their sensitivities to agonists such as ACh, and 

have distinct desensitization kinetics, unitary conductance [42, 43], Ca2+ permeability [44], 

sensitivity to Zn2+ modulation [45] and chronic exposure to nicotine [42, 46, 47].

Recent studies detail a binding site for ACh at the α4-α4 in addition to the α4-β2 sites in 

α4β2 nAChRs. This α4-α4 interface is unique to the (α4)3(β2)2 nAChR stoichiometry and 

shows differential agonist sensitivities [28]. We also have shown that antagonists such as 

methyllycaconitine (MLA) can be covalently trapped at the α4-α4 interface of the 

(α4)3(β2)2 receptor form, highlighting an additional binding site for MLA at this interface 

[48]. Recently, studies identify that agonists binding to the α4-α4 interface may stimulate 

receptor desensitization [49]. Taken together, these studies indicate that interfaces, other than 

the traditional ACh binding sites located at the α4-β2 interface, contribute to the 

pharmacological effects of agonists and antagonists.

Indurthi et al. Page 10

Biochem Pharmacol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Stoichiometric forms of other nAChR subtypes such as the α3β4 nAChR also exist [50] but 

the physiological relevance of these is still unknown. Recently, it was demonstrated that the 

α-CTx, AuIB, prepared in two distinct conformational forms, ribbon versus globular bind 

with different affinities to different receptor stoichiometries of the α3β4 nAChR. Thus, it is 

plausible that α-CTxs can differentiate between different stoichiometries of nAChRs.

The stoichiometry of the α9α10 nAChR has previously been suggested to exist as the 

(α9)2(α10)3 stoichiometry [21]. This conclusion came from a careful study utilizing gain-

of-function M2 α9 and α10 mutants but despite varying the mRNA ratio, this approach 

could not detect alternative receptor stoichiometries. In our study, we used ACh and the α-

CTx, Vc1.1 to differentiate between receptor stoichiometries.

In oocytes injected with excess α9 mRNA, ACh exhibited a biphasic concentration response 

curve. In contrast, there was a shift from a biphasic to monophasic ACh concentration 

response curve when an excess of α10 mRNA is injected into the oocyte, with a loss of the 

ACh low sensitivity site. As homomeric α9 nAChRs were difficult to express and that the 

EC50 of ACh at α9 nAChRs is approximately 10μM [27] as compared to approximately 

300μM for the heteromeric receptor (Table 1), the receptor populations observed are most 

likely due to different receptor stoichiometries of α9α10 and not contamination of α9 

nAChRs. Therefore in analogy to the α4β2 and α3β4 nAChRs, we propose that the α9α10 

nAChRs exist in at least two stoichiometric forms. We propose that the most likely 

stoichiometries are (α9)3(α10)2 and (α9)2(α10)3, although we cannot rule out the 

possibility of a (α9)4(α10) stoichiometry. We propose that ACh has an additional low 

sensitive binding site located at the α9-α9 interface, in addition to the computationally 

established α9-α10 binding site [22] that is common to both stoichiometries.

In addition, Vc1.1 displays a biphasic inhibition curve in the presence of ACh when 

receptors are formed with excess α9 mRNA. We propose that Vc1.1 is antagonizing the 

response of ACh at the (α9)3(α10)2 stoichiometry, most likely due to Vc1.1 binding to 

multiple sites on this receptor with variable binding sensitivities. Furthermore, there is an 

observed shift from biphasic to a monophasic inhibition curve when excess α10 mRNA is 

used, most likely due to a shift in stoichiometry from (α9)3(α10)2 to (α9)2(α10)3. Taken 

together, this data suggest the possibility of an additional high-sensitivity site for Vc1.1, 

most likely at the α9-α9 interface in the putative (α9)3(α10)2 stoichiometry. This is in 

addition to the known α10-α9 and the possible α9-α10 interface binding sites for Vc1.1 

[22] that are common to both stoichiometries, that mediate the low-sensitivity Vc1.1 site. 

The additional binding is unlikely to be the channel pore as Vc1.1 showed voltage 

independent block (data not shown). In contrast, RgIA and atropine do not differentiate 

between stoichiometries of α9α10 nAChRs.

The concentration-response curves of ACh in the presence and absence of Vc1.1 also 

highlight the existence of additional binding sites for both ACh and Vc1.1 at the different 

α9α10 stoichiometries. The apparent insurmountable inhibition of the ACh concentration-

response curves in receptors formed from excess α10 mRNA, that is the (α9)2(α10)3 form, 

indicates that Vc1.1 is either binding to two distinct sites, and/or that Vc1.1 is desensitizing 
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the receptor that occurs during the 180s pre-incubation of Vc1.1 prior to the co-application 

with ACh.

A much greater complexity of the ACh curves are observed when receptors are formed from 

an excess of α9 mRNA, proposed to be (α9)3(α10)2 nAChRs. These complex and dis-

proportional (unparalleled) shift in ACh response curves are difficult to interpret and may be 

a combination of the following: co-operative effects between ACh and Vc1.1; an additional 

binding site for Vc1.1 and ACh located an α9-α9 interface; and/or differing arrangements of 

subunits to create different populations of receptors (e.g α9α9α9α9α10; α9α9α9α10α10 

and α9α10α9α9α10). Like for what we observe for the (α9)2(α10)3 stoichiometry, there 

appears to be a reduction in the efficacy of ACh in the presence of Vc1.1. This may be due 

to an induced conformational change to the receptor that increases the probability of the 

receptor to be in a desensitized-like state, a phenomenon also observed by other nAChR 

antagonists [48]. Alternatively, Vc1.1 is binding at a site distinct from ACh and is unable to 

displace Vc1.1 at high concentrations. Finally, the concentrations of ACh required to 

displace Vc1.1 from one site may be higher than can be practically applied, and so appears 

as insurmountable inhibition.

This study contrasts previous studies that showed the receptor stoichiometry of α9α10 

nAChR to be (α9)2(α10)3 [21] and also from studies that showed the antagonistic action of 

Vc1.1 on α9α10 receptors to be monophasic [16, 51, 52]. It is, however, in agreement with 

the [3H]epibatidine displacement binding studies that demonstrate a biphasic binding curve 

for Vc1.1 with a Ki of 2.3nM and 3.7μM [14], although the Ki values cannot be directly 

compared with IC50 values.

We infer that the observed variability in Vc1.1 inhibition between research groups is due to 

the use of Ca2+ in the buffer. Originally, experiments testing the potency of Vc1.1 on α9α10 

nAChRs were performed with a fixed Ca2+ concentration (1.8mM), most likely to ensure 

recording conditions were as close to physiological conditions as possible. These conditions 

resulted in a monophasic Vc1.1 inhibition curve [16]. In this study, we investigated Ca2+-

dependence of Vc1.1 inhibition and determined that maintaining an intracellular 

concentration free of Ca2+ resulted in a biphasic curve. One explanation for the differing 

results is that the rise in intracellular Ca2+ concentration that occurs when ACh activates the 

α9α10 receptor leads to the opening of endogenous Ca2+-activated chloride channels 

expressed in oocytes. At the holding potential used in these experiments, this would result in 

an inward current, thus increasing the signal above the actual activation of α9α10 receptors 

alone. This increase has been estimated to be as high as 10-fold [26], we measured a 4-fold 

increase in currents elicited by the EC50 ACh concentration, and may lead to an increase in 

the apparent sensitivity of Vc1.1 to α9α10 receptors. Alternatively it is also possible that at 

higher concentrations of Vc1.1, either the Ca2+-activated chloride channels or another 

receptor is being non-specifically targeted. However, we demonstrate that Vc1.1 does not 

block these channels and that high concentrations of Vc1.1 are required to block α9α10 

receptors composed of more α10 subunits. In addition, we demonstrate that the shape of the 

curve is altered from a biphasic to a monophasic curve when the effect of Ca2+ is not 

buffered in standard ND96. Therefore, as previously reported, and demonstrated here, the 

monophasic response to Vc1.1 may be due a significant increase in current flowing through 
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the Ca2+-activated chloride channel compared to the current flowing through the α9α10 

receptor [26]. This may lead to the chloride channel contributing the vast majority of the 

current that is recorded in ND96, masking the biphasic effect. It is also possible that 

different stoichiometries of the receptor have differing Ca2+ permeability, resulting in only 

one stoichiometry being effectively measured in the ND96 external solution in the absence 

of intracellular Ca2+ buffering. Thus it is recommended that experiments be performed either 

in Ca2+ free, 1.8mM Ba2+ solution or ND96 with the Ca2+ chelator.

In summary, we have shown that α9α10 nAChRs give rise to a biphasic activation curve for 

ACh, and a biphasic inhibition curve to Vc1.1 that is dependent on maintaining oocytes free 

of intracellular Ca2+. This curve is altered to a monophasic curve when oocytes are injected 

with more α10 with respect to α9 RNA. By analogy to the α4β2 nAChRs, we propose that 

α9α10 nAChR exists in at least two distinct stoichiometries, possibly (α9)2(α10)3 and 

(α9)3(α10)2, with a high-sensitivity site for Vc1.1 at (α9)3(α10)2 and a low-sensitivity site 

that is common to both stoichiometries. Further studies are required to show whether these 

stoichiometries occur in vivo, whether they change in development, between different 

species or individuals and whether this will have consequences for drug therapies that target 

α9α10 nAChRs. Particularly, ligands that bind specifically to α9-α9 interface would be 

pharmacologically relevant as they target one stoichiometry without affecting the other. This 

is the first study showing the existence of an α9-α9 binding site that is unique to the 

(α9)3(α10)2 subtype that is proposed to be the high-sensitivity site for Vc1.1. This work 

adds to the growing evidence for the presence of different stoichiometries of nAChR 

subtypes.
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Figure 1. 
A Representative traces of Ba2+ currents evoked by increasing concentrations of ACh in 

Ca2+ free, 1.8mM Ba2+ solution from a single oocyte expressing α9α10 receptors injected 

in a 1:1 subunit ratio. Open bars indicate ACh application. B Monophasic (dotted line) and 

biphasic (solid line) concentration-response curve to ACh (n=7). C Inhibition curve of 30 

μM ACh-evoked by Vc1.1 (n=4).
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Figure 2. 
A Concentration-response curve to ACh for oocytes expressing α9α10 injected in a 1:3 ratio 

in Ca2+ free, 1.8mM Ba2+ solution (n=4). Normalized data is shown as a solid line that fitted 

to a monophasic curve (●, solid line). B Concentration-response curve to ACh for oocytes 

expressing α9α10 injected in a 10:1 ratio in Ca2+ free, 1.8mM Ba2+ solution (n=4). A 

biphasic regression line is fitted through the normalized data shown as a solid line (○, solid 

line). C An overlay of α9α10 1:3 (●, solid line) and 10:1 (○, solid line) ratios from A and 

B.
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Figure 3. 
A Inhibition curve of 30 μM ACh-evoked currents in Ca2+ free, 1.8mM Ba2+ solution by 

Vc1.1 in oocytes expressing α9α10 receptors injected in a 10:1 subunit ratio (n=4). 

Normalized response fitted to a biphasic regression line (■, solid line). B Inhibition curve of 

30 μM ACh-evoked currents in Ca2+ free, 1.8mM Ba2+ solution by Vc1.1 in oocytes 

expressing α9α10 receptors injected in a 1:3 subunit ratio (n=4). Normalized response fitted 

to a monophasic regression line (□, solid line). C. ACh concentration response curve for 

α9α10 injected in a 10:1 ratio with varying concentrations of Vc1.1 - No Vc1.1 (■, solid 

line), 30nM Vc1.1 (●, solid line), 100nM Vc1.1 (◆, dashed line), 1.5μM Vc1.1 (▼, solid 

line), 3μM Vc1.1 ( , solid line). D ACh concentration response curve for α9α10 injected in 

a 1:3 ratio in the presence of varying concentrations of Vc1.1 – No Vc1.1 (●, solid line), 

1.5μM Vc1.1 (■, solid line), 3μM Vc1.1 (□, solid line). The inset compares the maximal 

ACh response in presence of various concentrations of Vc1.1 (0, 30, 1500 and 3000nM). 

Data are shown as mean ± s.e.m.
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Figure 4. 
A Representative trace of an ACh-evoked current in Ca2+ free, 1.8mM Ba2+ solution, ND96 

and “low divalent” solutions from a single oocyte expressing homomeric α9 receptors. B 
Bar graph showing the mean response of α9 receptors in “low divalent” solutions, to 30 μM 

ACh and in ND96 and Ca2+ free, 1.8mM Ba2+ solution (n=8 measurable responses out of 15 

oocytes in “low divalent” solutions). C Bar graph same as B except also showing the mean 

response of oocytes injected with α9 and α10 receptors at a 1:1 ratio in the same 

concentration as the α9 receptors in Ca2+ free, 1.8mM Ba2+ solution (n=11).
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Figure 5. 
A Representative trace from a single experiment superfused with Ca2+ free, 1.8mM Ba2+ 

solution (left) with response to 30 μM ACh and 30 μM ACh in the presence of 1 μM Vc1.1, 

then the same cell is superfused with ND96 and the response to 30μM ACh and 30 μM ACh 

in the presence of 1 μM Vc1.1. B Bar graph showing the response to 30 μM ACh and 1 μM 

Vc1.1 normalised to the response of 30 μM ACh for each cell. The responses in ND96, Ca2+ 

free, 1.8mM Ba2+ solution and ND96 with intracellular EGTA or BAPTA are shown as 

mean±s.e.m (n is shown in brackets, **p<0.01, ***p<0.001 one-way ANOVA, Tukey's post-

hoc test). Note that the responses in ND96 and Ca2+ free, 1.8mM Ba2+ solution were derived 

from the same oocytes. C-E Inhibition curve of 30 μM ACh-evoked currents in ND96 

solution by Vc1.1 in (C) ND96, (D) ND96 with intracellular EGTA and (E) ND96 after 

intracellular injection of BAPTA in oocytes expressing α9α10 receptors injected in a 1:1 

subunit ratio (n≥4).
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Figure 6. 
Inhibition curve of 30 μM ACh-evoked currents by RgIA (○) and atropine (▲) in oocytes 

expressing α9α10 receptors injected in a 10:1 subunit ratio (n=3-5). Experiments were 

conducted in ND96 with 11mM EGTA in the recording pipettes. Data are shown as mean ± 

s.e.m.
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