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Abstract 

 

Nicotinic acetylcholine receptors (nAChRs) are oligomeric transmembrane 

proteins in which five subunits co-assemble to form a central ion-channel pore. 

Conventional agonists, such as acetylcholine (ACh), bind to an orthosteric site, 

located at subunit interfaces in the extracellular domain. More recently, it has 

been demonstrated that nAChRs can also be activated by ligands binding to an 

allosteric transmembrane site. In the case of α7 nAChRs, ACh causes rapid 

activation and almost complete desensitization. In contrast, allosteric agonists 

such as 4BP-TQS, activate α7 nAChRs more slowly and cause only low levels of 

apparent desensitization. In the present study, single-channel patch-clamp 

recording has been used to investigate differences in the mechanism of activation 

of α7 nAChRs by ACh and 4BP-TQS. The most striking difference between 

activation by ACh and 4BP-TQS is in single-channel kinetics. In comparison to 

activation by ACh, single-channel open times and burst lengths are substantially 

longer (~160-fold and ~800-fold, respectively), and shut times shorter (~8-fold), 

when activated by 4BP-TQS. In addition, co-application of ACh and 4BP-TQS 

results in a further increase in single-channel burst lengths. Mean burst lengths 

seen when the two agonists are co-applied (3099 ± 754 ms) are ~2.5-fold longer 

than with 4BP-TQS alone and ~370-fold longer than with ACh alone. Intriguingly, 

the main single-channel conductance of α7 nAChRs, was significantly larger 

when activated by 4BP-TQS (100.3 ± 2.4 pS) than when activated by ACh (90.0 ± 

2.7 pS), providing evidence that activation by allosteric and orthosteric agonists 

result in different α7 nAChRs open-channel conformations.  
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Introduction 

 

Nicotinic acetylcholine (ACh) receptors (nAChRs) are excitatory neurotransmitter-

gated ion channels that belong to the Cys-loop receptor superfamily (Lester et al., 

2004). Seventeen nAChR subunit genes have been identified in vertebrates (α1-α10, 

β1-β4, γ, δ and ε) and can assemble into a variety of hetero-pentameric and homo-

pentameric receptors (Le Novère et al., 2002; Millar and Gotti, 2009). Particular 

attention has been focussed recently on homomeric α7 nAChRs. In part, this is a 

consequence of evidence that they may play a role in neurological and psychiatric 

disorders such as Alzheimer’s disease and schizophrenia (Taly et al., 2009). As a 

consequence, there has been great interest in the identification and characterization 

of α7-selective agonists and allosteric modulators (Arneric et al., 2007; Bertrand and 

Gopalakrishnan, 2007; D'hoedt and Bertrand, 2009; Williams et al., 2011b).   

Nicotinic receptors are allosteric proteins (Changeux and Edelstein, 2005) 

that are activated by the binding of the endogenous agonist ACh to an extracellular 

binding site, located at the interface of two subunits (Taly et al., 2009). In addition to 

this well-characterised orthosteric binding site, nAChRs can be modulated by a 

variety of ligands acting at distinct allosteric sites (Arneric et al., 2007; Bertrand and 

Gopalakrishnan, 2007; D'hoedt and Bertrand, 2009; Williams et al., 2011b). For 

example, recent evidence has suggested that some positive allosteric modulators 

(PAMs) of α7 nAChRs bind in an intrasubunit cavity located in the transmembrane 

domain (Young et al., 2008; Collins et al., 2011; Gill et al., 2011; Gill et al., 2012). 

TQS is a well-characterised allosteric modulator of α7 nAChR that has no 

pharmacological effect when applied alone but causes dramatic potentiation of 

agonist responses when co-applied with ACh (Grønlien et al., 2007; Gill et al., 2011; 

Gill et al., 2012). In addition, whereas activation by ACh causes rapid desensitisation 

of α7 nAChRs (Couturier et al., 1990), co-application of ACh with TQS causes an 

almost complete loss of agonist-induced desensitisation (Grønlien et al., 2007; Gill et 
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al., 2011). Recently, it has been demonstrated that 4BP-TQS, a compound with close 

chemical similarity to TQS, is able to activate α7 nAChRs in the absence of ACh and 

appears to do so by acting as an allosteric agonist, by interacting with a 

transmembrane binding site similar to that proposed for allosteric modulators such as 

TQS (Gill et al., 2011; Gill et al., 2012).  

The aim of the present study was to investigate the contrasting effects of the 

classical orthosteric agonist ACh and the allosteric agonist 4BP-TQS. In previous 

studies (Gill et al., 2011; Gill et al., 2012), the properties of allosteric agonists such as 

4BP-TQS have been examined only by whole-cell recordings. Here, the mechanism 

of action of 4BP-TQS on the human α7 nAChR has been examined by single-

channel analysis. The results indicate that activation of α7 nAChRs by 4BP-TQS 

causes significantly increased open times, increased open probability and increased 

burst lengths when compared to activation by ACh. Further differences are in single-

channel kinetics are observed when these two agonists are co-applied. In addition, 

differences in single-channel conductance resulting from activation by orthosteric or 

allosteric ligands provides further evidence for differences in their mechanisms by 

which they cause receptor activation.  
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Materials and Methods 

 

Materials. 4-(4-bromophenyl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[C]quinoline-8-

sulfonamide (4BP-TQS) and 4-(napthalen-1-yl)-3a,4,5,9b-tetrahydro-3H-

cyclopenta[c]quinoline-8-sulphonamide (TQS) were obtained from Chembridge 

Corporation (San Diego, Ca). BAPTA was obtained from Calbiochem and all other 

chemicals were obtained from Sigma (Poole, UK).  

 

In vitro synthesis of cRNA. The human α7 nAChR subunit cDNA subcloned into 

the plasmid expression vector pSP64GL has been described previously (Broadbent 

et al., 2006). Plasmid DNA was linearized using the restriction enzyme BamHI and 

purified using QIAQuik PCR purification kit (Qiagen, UK). In vitro reverse 

transcription was performed using SP6 mMessage mMAChine kit (Ambion, 

Warrington, UK). 

 

Expression in Xenopus oocytes. Adult female Xenopus laevis frogs were obtained 

from the European Xenopus Resource Centre, Portsmouth University, Portsmouth. 

Stage V-VI Oocytes were isolated and defolliculated as described previously (Young 

et al., 2007). Human α7 cRNA was injected into the oocyte cytoplasm using a 

Nanoject II variable volume microinjector (Drummond Scientific). cRNA was injected 

in a total injection volume of 36.8 nl/oocyte.  Injected oocytes were incubated at 18°C 

in a modified Barth’s solution (Young et al., 2007) for 3-5 days.  

 

Two-electrode voltage-clamp recording. Two-electrode voltage-clamp recording 

was performed using an Axon Geneclamp 500B amplifier, Axon Digidata 1200 and 

pClamp software (Molecular Devices, Sunnyvale, CA). Solution containing 3 mM 

ACh diluted in external saline was applied using a BPS-8 solution exchange system 

(ALA Scientific Instruments, Westbury, NY). Currents were recorded from oocytes 
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impaled by microelectrodes filled with 3 M KCl. A holding potential of -60 mV was 

applied.  

 

Single-channel recording. Oocytes showing significant expression levels of the 

receptor (0.5-2 μA response to ACh) were selected for single-channel outside-out 

patch-clamp recordings. Oocytes were placed in hyperosmotic medium (containing 

100 mM NaCl, 10 mM HEPES, 1 mM CaCl2, 1mM MgCl2, 222 mM gluconic acid 

lactone and 222 mM N-methyl-D-glucamine) to aid removal of the vitelline 

membrane. Oocytes were placed in a recording chamber on the stage of a Zeiss 

upright microscope with Nomarski-DIC optics and the edge of the oocyte examined 

at x400 magnification. Oocytes were continuously bathed in the recording solution 

(10mM HEPES, 150 mM NaCl, 1mM CaCl, pH 7.4). Patch pipettes were made from 

thick-walled borosilicate glass (GC150F, Harvard Apparatus, Kent, UK) and had a 

region approximately 15 mm in length up to 2 mm from the tip covered with Sylgard 

(Dow Corning). Pipettes were fire polished to a final resistance of 6-8MΩ and filled 

with saline solution (150 mM NaOH, 10 mM HEPES, 10 mM BAPTA, 150 mM 

gluconic acid lactone, 10 mM NaCl, pH 7.2). Outside-out patches were voltage 

clamped at -60 mV (or from -80 mV to +50 mV for generation of IV curves). A 

microperfusion system was used to deliver agonists and allosteric modulators. Drugs 

were applied to each patch for periods ranging between 15 seconds and 18 minutes 

and the number of drug applications made to each patch ranged from 1 to 5. The 

data presented in this study was derived from a total of 39 patches that were used to 

determine both single-channel amplitude and kinetic data. In five patches ACh, 4BP-

TQS and ACh+4BP-TQS were investigated on the same patch, and in these patches. 

ACh was applied first, followed by 4BP-TQS and then the two agonists were co-

applied. Patches were washed with drug-free recording solution between 

applications. All experiments were performed at room temperature. Single channel 

currents were recorded using an Axopatch 200B patch-clamp amplifier (Axon 
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Instruments, USA) and filtered at 10 kHz by an 8 pole Bessel filter. Acquired data 

were further filtered at 2 kHz and digitized at 20 kHz using a Micro1401 interface 

(Cambridge Electronic Design, Cambridge UK) and stored to computer using 

WinEDR (Dempster, 2001). 

 

Analysis of single-channel data. Single channel activity was analysed using the 

time course fitting programme SCAN (Colquhoun and Sigworth, 1995). Distributions 

of current amplitudes, open times, shut times, burst lengths and total open time per 

burst were obtained using EKDIST software (Colquhoun and Sigworth, 1995). 

Amplitude distributions were created for openings longer than 2 filter rise times (322 

µs), open and shut time distributions were made for intervals longer than 100 µs. 

Amplitude distributions were then fitted with the sum of 3 Gaussian components 

using the maximum likelihood method. Open and shut time distributions, burst length 

and total open time per burst distributions were fitted with a mixture of exponential 

components using the maximum likelihood method. Mean open and shut time, mean 

burst length and total open time per burst were calculated by integrating the 

exponential components. Bursts were defined as openings that were separated by 

shut times shorter than a critical time (tcrit). Critical times were calculated using the 

best-fit parameters of the two longest exponential components of the shut time 

distribution. Probability of opening (Popen) was calculated by dividing the mean open 

time by the sum of mean open time and shut time in the data record. Stability plots 

(Weiss and Magleby, 1990) for amplitudes, open times, shut times and Popen were 

also generated to check whether channel activity was stable during recordings.  

 

Statistical analysis. Multiple comparisons of single-channel data were performed by 

1 way ANOVA with Tukey’s post-hoc test. Pair-wise comparisons were performed by 

Student’s unpaired t-test. 
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Results  

 

The single-channel properties of human α7 nAChRs, expressed in Xenopus oocytes, 

were recorded from a total of 39 outside-out patches treated with either the 

orthosteric agonist ACh or an allosteric agonist, 4BP-TQS. In several recordings, 

multiple superimposed channel openings were observed suggesting that some 

patches contain several receptors, despite the observation that many isolated 

membrane patches gave no response to either agonist. Recordings from two multi-

channel patches are shown in Figure 1 to illustrate the remarkable differences 

observed in response to activation by ACh alone, 4BP-TQS alone and when the two 

agonists were co-applied. While these effects are qualitatively similar to the effects 

observed when these two agonists are examined by whole-cell recording (Gill et al., 

2011; Gill et al., 2012) these examples also illustrate the wide variation in responses 

that can be observed in isolated patches. For analysis of channel kinetics, channel 

records were selected assuming only a single channel was active if no double 

openings were observed during application of 4BP-TQS.  

 

Single-channel kinetics. Application of ACh resulted in infrequent single-channel 

openings that were of very short duration (mean open time 1.49 ± 0.28 ms; Table 1 

and Figure 2). These findings were as expected, based on the very rapid 

desensitisation of α7 nAChR whole-cell responses (Couturier et al., 1990) and are in 

agreement with previous single-channel studies α7 nAChRs (Mike et al., 2000; Fucile 

et al., 2002; daCosta et al., 2011; Williams et al., 2011a). In contrast, activation of α7 

nAChRs by 4BP-TQS resulted in mean open times that were approximately 160-

times longer, and mean shut times approximately 10-times shorter (Table 1 and 

Figure 2). Although some patches gave initial multi-channel responses, data 

segments were chosen for kinetic analysis assuming only a single channel was 

active if no double openings were observed during application of 4BP-TQS. Because 
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it is not possible to determine if multiple receptors are active in the presence of ACh, 

this approach if anything will tend to underestimate the difference in Popen between 

ACh and 4BP-TQS.The calculated open probability with 4BP-TQS was approximately 

800-times greater than for ACh (Table 1). In addition, when receptors were activated 

by 4BP-TQS, openings had mean burst lengths approximately 370-fold longer and 

mean total open time within bursts approximately 600-times greater than that 

observed with ACh (Table 1).  

Previous whole-cell electrophysiological studies with α7 nAChRs have shown 

that the macroscopic effects of agonist activation by 4BP-TQS are broadly similar to 

the effects of activation with ACh in the presence of a PAM such as TQS (Gill et al., 

2011; Gill et al., 2012). Here we examined the single channel kinetics on co-

application of ACh with TQS. In comparison to single-channel kinetic properties 

observed with ACh alone, the channel kinetics were qualitatively similar when either 

ACh was co-applied with TQS or when 4BP-TQS was applied alone. These effects 

included increased open times, decreased shut times and increased burst lengths 

(Table 1 and Figure 2).  

Previous studies have demonstrated that, in addition to acting as an allosteric 

agonist, 4BP-TQS is also an extremely effective potentiator of responses to ACh (Gill 

et al., 2011; Gill et al., 2012). For example, it has been found that co-application of 

ACh and 4BP-TQS generates much larger whole-cell responses than are seen with 

either agonist alone (Gill et al., 2011). The effect of co-application of ACh and 4BP-

TQS on single-channel kinetics was therefore examined. As is illustrated in Figure 2 

and summarised in Table 1, co-application of ACh and 4BP-TQS resulted in a 

significantly longer mean burst length and longer total open time per burst than was 

observed with 4BP-TQS alone (2.5-fold and 2.4-fold, respectively).  

Activation by ACh resulted in channel open time distributions that were 

dominated by a single fast exponential component of time constant (1.02 ± 0.24 ms, 

and relative area of 92 ± 4.7%). In contrast, when receptors were activated by 4BP-
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TQS, three exponential components were apparent in distributions of channel open 

times (Figure 3) with the most prominent component (59.0 ± 3.8 % of the distribution 

area) having the longest time constant (626 ± 386 ms). The significance of these 

extra exponential components, visible in the presence of the allosteric agonist, and 

also with ACh in the presence of either 4BP-TQS or TQS, is considered further in the 

Discussion. Channel closed times during activation by ACh were dominated by long 

closed periods (4742 ± 3436 ms; n=5), reflecting the very low steady-state open 

probability observed with the endogenous neurotransmitter. In contrast, when 

receptors were activated by 4BP-TQS, the channel closed time distribution (Figure 

3C) could be described with three exponential components (as was the case with 

ACh), however the proportion of long closed times (4332 ± 2422 ms; n=10) observed 

in the data record was much reduced (24.4 ± 6.7 %; n=10), consistent with the idea 

that desensitized states of the receptor occur much less frequently in the presence of 

the allosteric agonist (Figure 3C). 

 

From these studies, is clear that allosteric modulators (both allosteric agonists such 

as 4BP-TQS and PAMs such as TQS) exert a dramatic effect on the single-channel 

kinetics of α7 nAChRs. 

 

Single-channel amplitudes. In addition to their effects on single-channel kinetics, 

allosteric modulators were found to exert more subtle, but significant, effects on 

single-channel amplitudes. For both ACh and 4BP-TQS, three Gaussian components 

were required to adequately describe the amplitude distribution of single-channel 

currents (Figure 4 and Table 2). Although ACh and 4BP-TQS generated single 

channel openings of broadly similar amplitudes, the single channel conductance of 

the largest component (which was also the most frequent component: relative area, 

79.7 ± 3 %) was significantly larger with 4BP-TQS than with ACh (chord 

conductances of 100 ± 2.4 pS and 90 ± 2.7 pS, respectively; P < 0.05).  
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In addition, due to the greater ease of obtaining single-channel currents with 

4BP-TQS than with ACh, it was possible to estimate the slope conductance for α7 

nAChRs activated by 4BP-TQS from recordings performed at different membrane 

potentials (Figure 5). An approximately linear current-voltage relationship was 

observed (Figure 5) giving a slope conductance of 99 pS.  

As was observed when α7 nAChRs were activated with ACh or 4BP-TQS 

alone, when ACh was co-applied with either TQS or with 4BP-TQS the distribution of 

single-channel amplitudes could be described by the sum of three Gaussian 

components (Table 2). Also, as was observed with 4BP-TQS alone, the amplitude of 

the largest component detected when ACh was co-applied with either TQS or with 

4BP-TQS was significantly larger. It appears, therefore, that the binding of an 

allosteric ligand (TQS or 4BP-TQS) to its proposed transmembrane site results in 

larger single channel currents than are seen when α7 nAChRs are activated only by 

ACh binding to its orthosteric extracellular site. This provides evidence that activation 

of α7 nAChRs by orthosteric and allosteric agonists results in different open channel 

conformations.  
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Discussion 

 

There have been relatively few studies examining the single-channel properties of α7 

nAChRs. To a large extent, this is probably a consequence of the difficulties that are 

associated with obtaining single-channel data from receptors that undergo such rapid 

agonist-induced desensitization. Where single channel data have been reported for 

α7 nAChRs in response to activation by ACh, openings have been infrequent and of 

very short duration. For example, studies conducted with human recombinant α7 

nAChRs and also with native α7 nAChRs from rat and chick, have reported single-

channel mean open times of less than 1 ms (Mike et al., 2000; Fucile et al., 2002; Nai 

et al., 2003), similar to the results obtained with ACh in the present study.  

Previous studies have reported much longer mean open times for α7 nAChRs 

when activated by ACh in the presence of the positive allosteric modulator PNU-

120596 (Hurst et al., 2005; daCosta et al., 2011; Williams et al., 2011a). Our data, 

obtained from ACh co-applied with TQS, is consistent with these previous studies. An 

important novel aspect of the present study is the single-channel data obtained from 

receptors activated by an allosteric agonist (4BP-TQS) in the absence of ACh. The 

dramatically longer mean open time, longer mean burst length and the greater open 

probability observed with 4BP-TQS gives new insight into previous studies of 

allosteric agonists conducted by whole-cell electrophysiological approaches and 

helps to define the mechanism of action of allosteric potentiators at α7 nAChRs (Gill 

et al., 2011; Gill et al., 2012). Similarly, the increased mean burst length observed 

when ACh and 4BP-TQS are co-applied is consistent with evidence that, in addition 

to causing allosteric receptor activation in the absence of ACh, 4BP-TQS is also a 

potent allosteric potentiator of ACh-evoked responses, (Gill et al., 2011; Gill et al., 

2012). 

The main focus of previous studies comparing activation of α7 nAChRs by 

ACh in the presence or absence of the positive allosteric modulator PNU-120596 
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appears to have been its effect on channel kinetics, rather than single-channel 

amplitudes (Hurst et al., 2005; daCosta et al., 2011; Williams et al., 2011a). This may 

be a consequence of difficulties in estimating the amplitude of the brief and 

infrequent openings in response to activation by ACh. For example, the authors of 

one study state that ‘it is difficult to draw a conclusion regarding the effect of PNU-

120596 on the unitary conductance’ (Hurst et al., 2005) whereas another study 

concluded that ‘the conductance measured in the presence of PNU-120596 is likely 

to be a reasonable estimate of single-channel α7 conductance in the absence of 

PNU-120596’ (Williams et al., 2011a). Interestingly, we observed significantly larger 

single-channel amplitudes when α7 nAChRs are activated by an allosteric agonist or 

in the presence of a positive allosteric modulator. This provides support for the 

conclusion that the binding of a ligand (4BP-TQS or TQS) to the α7 allosteric binding 

site may modify the open-channel conformation generated by the binding of ACh 

(alone) to its orthosteric site. An altered open channel conformation is also consistent 

with differences in rates of desensitisation that have been observed with whole-cell 

responses in these two situations (Gill et al., 2011; Gill et al., 2012). These findings 

are also consistent with a report suggesting that allosteric modulators can increase 

the single-channel conductance of GABAA receptors (Gaul et al., 2007).  

We observed multiple conductance levels for α7 nAChRs, a finding that is 

consistent with studies conducted previously with other nAChR subtypes (McGehee 

et al., 1995). Three distinct conductance levels were observed with all agonists 

examined in the present study. Although there have been relatively few detailed 

studies of the single-channel properties of the wild-type α7 nAChRs, a number of 

studies have been conducted with α7 nAChRs containing mutations in the M2 

transmembrane domain that confer reduced levels of desensitisation. In several of 

these studies with mutated α7 nAChRs, three broadly similar conductance states 

have been identified (Fucile et al., 2002; Tonini et al., 2003; Tonini et al., 2004). 

Studies of native rat hippocampal α7 nAChRs reported a mean single channel 
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conductance of 91.5 pS and, although a single Gaussian function did not provide a 

good fit of the amplitude distribution, it was not possible to identify unambiguously 

multiple conductance levels (Mike et al., 2000). In addition, studies of human 

recombinant α7 nAChRs expressed in SHEP1 cells have identified ‘two to three 

different levels of channel amplitudes’ (Vallés et al., 2009). Similarly, studies of native 

chick α7 nAChRs identified multiple conductance levels (Nai et al., 2003).  

In comparison with most other members of nAChR family, α7 receptors are 

somewhat atypical. They exhibit very fast rates of desensitization and, being 

homomeric, nAChRs, contain five potential ligand-binding sites (Couturier et al., 

1990; Palma et al., 1996). Opening of heteromeric receptors is believed to occur 

most efficiently in response to the binding of ACh to two or three binding sites (Rayes 

et al., 2009) and binding of ACh to its extracellular orthosteric site stabilises an open 

conformation that is associated with a rotation of the M2 transmembrane helices 

(Unwin, 1995). It has been reported previously that 4BP-TQS and PAMs such as 

TQS bind to α7 nAChR in an intrasubunit transmembrane cavity (Young et al., 2008; 

Collins et al., 2011; Gill et al., 2011) and it is reasonable to assume that there are five 

potential binding sites in a homomeric nAChR. It is possible that multiple 

conductance states observed after activation of α7 nAChRs, with either orthosteric or 

allosteric agonists, correspond to different levels of occupancy of agonist binding 

sites. Indeed, this explanation for multiple conductance states has been previously 

proposed for glutamate receptors (Rosenmund et al., 1998). However, preliminary 

experiments with a 100-fold higher concentration of ACh (1 mM) did not support this 

possibility. 

The single-channel data presented here provide direct evidence that, in the 

presence of an allosteric modulator, long-lived open states can be observed. A model 

for the action of PAMs on α7 nAChR has been suggested recently, whereby α7 

nAChRs exist in two open and two desensitized states (Williams et al., 2011b) and 

allosteric modulators were suggested to cause either destabilisation of a fast 
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desensitized state or its conversion into a long-lived open state. Below, we consider 

these two possible explanations in more detail in light of the new single channel data 

we have obtained in this study, and in particular, using for the first time, data from an 

allosteric potentiator that can activate the receptor in the absence of ACh (Gill et al., 

2011).  

Conceptually, a desensitized state is simply a long-lived closed state of the 

channel that has a high affinity for the agonist. Were the allosteric potentiator to 

impede channel closure when the receptor undergoes the desensitizing 

conformational change, the result would be a new, long-lived open state. This 

interpretation is similar to that used previously to explain the effects of the L247T 

mutation in the chick α7 nAChR (Revah et al., 1991). In the presence of ACh alone, 

the majority of patches (5 of 8) exhibit open time distributions that can be described 

by a single fast exponential (tau = 1.02 ± 0.24 ms) and, on average, this exponential 

component accounted for 92 ± 4.7% of ACh-evoked openings. This suggests that the 

receptor has predominantly a single open state when activated by ACh (Colquhoun 

and Hawkes, 1982; Shelley and Magleby, 2008). A mean open time around 1 ms at 

room temperature translates to around 290 μs at 37ºC (assuming a Q10 of around 

2.5 for channel gating). If the effect of an allosteric modulator were to prolong the 

channel open times by stabilising the open state (slowing the channel closing rate), 

we would expect to see the same number of exponential components in the channel 

open time distributions in the presence of TQS or 4BP-TQS as with ACh alone. 

However, in the presence of TQS or 4BP-TQS, channel open time distributions 

displayed predominantly 3 exponential components, as did the burst length and total 

open time per burst distributions. Since the number of exponential components 

observable in the open time distribution, or total open time per burst distribution is a 

guide to the number of open states of the channel (Colquhoun and Hawkes, 1982; 

Shelley and Magleby, 2008), these data showing an increase in the number of 

kinetically distinguishable open states in the presence of TQS and 4BP-TQS, are 
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consistent with the idea that when the allosteric potentiator is bound, receptors 

undergoing the desensitizing conformational change continue to allow ions to flow 

through the channel: in effect the desensitized state has been converted to a new 

open state. 

If the effect of the allosteric modulator were to destabilise a fast desensitized 

state, we should expect to see this reflected particularly in a change in the channel 

closed times (Shelley and Magleby, 2008) without necessarily any change in the 

channel open times (although the effects of limited time resolution in single channel 

recordings make predicting the effect of a dramatic shortening of the life time of a 

close state difficult). The channel closed time distributions show a clear tendency to 

briefer closings with overall an approximately 8-fold decrease in channel closed 

times. However, remarkably long closed times were regularly observed in the 

presence of either 4BP-TQS or with ACh in the presence of either allosteric 

modulator. These results therefore suggest that the channel can still enter long-lived 

shut states (‘desensitized’ states), although less frequently, in the presence of the 

allosteric modulators. Therefore, the channel shut time distributions are consistent 

with the idea that the potentiators destabilise a fast desensitized state, as has been 

suggested previously (Williams et al., 2011b; Williams et al., 2011a). However, the 

dramatic prolongation of the channel open times is also consistent with a slowing of 

the rate of entry into desensitized states. Overall, the single channel data support a 

combination of these two mechanisms in generating the remarkable allosteric 

modulation of α7 nAChR receptor responses observed in the presence of TQS and 

4BP-TQS. 

In summary, we have examined the single-channel properties of α7 nAChR 

when activated by either an orthosteric agonist (ACh) or an allosteric agonist (4BP-

TQS). The differences we that we have observed in single-channel kinetics and 

conductance help to explain the very different effects that these two types of agonists 
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exert on whole-cell responses and also provide evidence that they act through 

distinct open-channel conformations.  
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Figure Legends  

 

Figure 1. Representative recordings from two multi-channel outside-out patch 

isolated from Xenopus oocytes expressing human α7 receptors. Patches were 

exposed sequentially to 10 μM ACh alone, 10 μM 4BP-TQS alone and then to the co-

application of ACh + 4BP-TQS. With ACh, multiple openings were never observed, 

whereas 4BP-TQS resulted in the simultaneous activation of two or more channels. 

When ACh and 4BP-TQS were co-applied, the response was, in some cases, very 

markedly enhanced. 

 

Figure 2. Representative single-channel traces from an outside-out patch isolated 

from Xenopus oocytes expressing human α7 receptors. Illustrated are traces 

obtained in response to application of ACh (10 μM; A), 4BP-TQS (10 μM; B), co-

application of ACh+4BP-TQS (both 10 μM; C) and co-application of ACh+TQS (both 

10 μM; D). 

 

Figure 3. Kinetic properties of α7 receptors activated by 4BP-TQS. Distributions of 

channel open times (A), open time per burst (B), channel closed times (C) and burst 

length (D) are shown fitted with multiple exponential components. Values for the 

component time constants and associated areas are inset. Bisection of the shut time 

distribution second and third exponential components gave a tcrit value (see Methods) 

used in identifying bursts of channel openings. Data are from a single patch 

recording. 

 

Figure 4. Kinetic and amplitude stability of 4BP-TQS activated channel currents.  A.  

Kinetic stability plot analysis illustrated that the running mean of channel open and 

closed times was stable in this recording for around 1400 events before the channel 

Popen began to decrease associated with increasing duration of channel closed 
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intervals. B. Stability plot analysis of channel amplitudes from the same patch as 

illustrated in A, demonstrating that channel amplitudes were stable throughout the 

recording.  C. Distribution of channel amplitudes in α7 receptors activated by 4BP-

TQS. Each entry in the distribution corresponds to the amplitude of a single channel 

opening. The distribution is shown fitted with the sum of three Gaussian components 

with the standard deviation constrained to be the same for all three components. 

Data are from a single patch recording of duration 80.8 s. 

 

Figure 5. Slope conductance of α7 nAChRs activated by 4BP-TQS. Single-channel 

openings recorded at different membrane potentials (A) enabled a slope 

conductance to be determined (99 pS) from plot of current verses membrane 

potential (B). 
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Table 1.  Single-channel kinetics 

Agonist Open 
time 

 
(ms) 

Shut time 
 

(ms) 

Open 
probability 

Burst 
length 

 
(ms) 

Open time 
within 
burst 
(ms) 

 
ACh 
(n = 9) 
 
ACh + TQS 
(n = 14) 
 
4BP-TQS 
(n = 20) 
 
ACh + 4BP-
TQS 
(n = 8) 

 
1.49 ± 0.28 
§ 
 
24.7 ± 5.8 
††† 
 
245 ± 68 * 
 
 
330 ± 56 ** 
 

 
4113 ± 1419 
§§§ 
 
379 ± 103 *** 
 
 
532 ± 184 *** 
 
 
590 ± 135 *** 
 

 
0.0004 ± 0.0015 § 
 
 
0.13 ± 0.04 ††† 
 
 
0.32 ± 0.09 * 
 
 
0.36 ± 0.09 ††† 
 

 
3.28 ± 2.24 § 
 
 
165 ± 55  
 
 
1228 ± 364 * 
 
 
3099 ± 754 ** 
‡ 
 

 
2.00 ± 1.26 
 
 
141 ± 42  
 
 
1207 ± 360  
 
 
2845 ± 745 ** 
§ 
 

 

Significant differences (determined by ANOVA) to ACh (* P < 0.05, ** P < 0.01, *** P 

< 0.001) or to 4BP-TQS (§ P < 0.05, §§ P < 0.01, §§§ P < 0.001) are indicated. 

Otherwise, significant differences determined by pair-wise comparisons to ACh (††† < 

0.001) or to 4BP-TQS (‡ < 0.05) are indicated. Numbers of patches selected as being 

suitable for burst analysis were: ACh (n = 3), ACh + TQS (n = 11), 4BP-TQS (n = 13), 

ACh + 4BP-TQS (n = 7). Data are means ± SEM. 
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Table 2.  Single-channel conductance 

Agonist Conductance 1 
(pS)  

[frequency (%)] 

Conductance 2 
(pS) 

[frequency (%)] 

Conductance 3 
(pS) 

[frequency (%)] 
 
ACh 
(n = 9) 
 
ACh + TQS 
(n = 14) 
 
4BP-TQS 
(n = 20) 
 
ACh + 4BP-
TQS 
(n = 8) 

 
32.7 ± 3.3  
[2.8 ± 2.9] 
 
47.0 ± 4.6 * 
[14.0 ± 2.0] 
 
40.0 ± 2.4 
[8.5 ± 2.6] 
 
40.6 ± 2.6 
[6.3 ± 2.2] 
 

 
63.6 ± 2.7  
[5.2 ± 2.9] 
 
81.1 ± 5.1 
[33.4 ± 4.4] 
 
67.6 ± 3.7 
[12.7 ± 2.9] 
 
63.9 ± 6.6 
[18.9 ± 1.9] 

 
90.0 ± 2.7 ‡ 
[92.0 ± 12.9] 
 
109.4 ± 5.5 ** 
[52.4 ± 7.0] 
 
100.3 ± 2.4 † 
[78.7 ± 5.2] 
 
107.3 ± 2.8 * 
[74.8 ± 2.3] 

 

Significant differences in conductance (determined by ANOVA) to ACh (* P < 0.05, ** 

P < 0.01) are indicated. Otherwise, significant differences determined by pair-wise 

comparisons to ACh († < 0.05) or to 4BP-TQS (‡ < 0.05) are indicated. Data are 

means ± SEM. The frequency of the three conductance classes was calculated as a 

weighted mean ± SEM, based on the number of openings in each patch.   
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