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Abstract 

A family of twenty tris-azaaromatic quaternary ammonium (AQA) compounds were 

tested for their inhibition of α7 nicotinic acetylcholine receptors (nAChRs) expressed in 

Xenopus oocytes.  The potency of inhibitory activity was related to the hydrophobic 

character of the tris head groups.  Two tris-AQA compounds were studied in detail:  the 

highly effective inhibitor, tPyQB, and the less potent antagonist, tPy2PiB.  Additionally, 

we evaluated tkP3BzPB, a tetrakis-AQA with very hydrophobic headgroups.  We 

compared the activity of the AQA compounds to the frequently used α7-antagonist 

methyllycaconitine (MLA).  Both tPyQB and tkP3BzPB were selective antagonists of α7.  

However, while inhibition by tPyQB was reversible within 5 min, the recovery time 

constant for tkP3BzPB inhibition was 26.6 ± 0.8 min, so that the equilibrium inhibition in 

the prolonged presence of nanomolar concentrations of tkP3BzPB was nearly 100%.  The 

potency, selectivity, and slow reversibility of tkP3BzPB were comparable to or greater 

than that of MLA.  The inhibitory actions of tPyQB, tPy2PiB, and tkP3BzPB were 

evaluated on the acetylcholine (ACh)-evoked responses of native nAChRs in rat brain 

slices.  The α7-mediated responses of hippocampal interneurons were effectively reduced 

by 1 µM tPyQB and tkP3BzPB, but not tPy2PiB.  In rat medial septum, tkP3BzPB 

produced a greater inhibition of ACh-evoked responses of cells with fast inward currents 

(Type I) than of cells with predominantly slow kinetics (Type II), suggesting that 

tkP3BzPB can block α7 yet preserve the responsiveness of non-α7 receptors.  These 

agents might be helpful in elucidating complex receptor responses in brain regions with 

mixed populations of nAChRs.  
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Nicotinic acetylcholine receptors (nAChRs) are distributed throughout the central 

and peripheral nervous systems (Role and Berg, 1996; Wonnacott, 1997).  Presently, nine 

neuronal α subunits (α2-α10) and three neuronal β subunits (β2-β4) have been identified 

and cloned in vertebrate systems.  One type of neuronal nAChR is formed by the 

assembly of α and β subunits, with functional properties depending on both α and β 

subunits within the receptor complex (Buisson and Bertrand, 2002).  In Xenopus oocytes, 

pairwise combinations of some neuronal α and β subunits form functional receptors.  

However, the existence of complex subtypes consisting of more than two different 

subunits has been documented in native brain regions.  In addition to the heteromeric 

receptors, α7, α8, or α9 nAChR subunits can form functional α-bungarotoxin-sensitive 

homopentamers (Couturier et al., 1990; Elgoyhen et al., 1994; Peng et al., 1994; Seguela 

et al., 1993).  The two major subtypes in the central nervous system (CNS) are α4β2* 

(asterisk denotes the possibility of additional subunits) and α7 nAChRs (Flores et al., 

1992; Lindstrom et al., 1996). The majority of the α7 nAChRs in the brain are believed to 

be homopentameric receptors; however, recent data suggest the existence of putatively 

heteromeric α7β2 nAChRs on the medial septum/diagonal band (MS/DB) neurons (Liu 

et al., 2009).   

Although the functional diversity of brain nAChRs has been widely documented, 

the structural composition of many receptors subtypes remains to be elucidated.  The 

therapeutic targeting of isolated neuronal nAChRs is challenged by the diversity in their 

composition, distribution, and pharmacological properties.  Single neurons frequently 

express multiple nAChR subtypes (Henderson et al., 2001; Papke, 1993; Thinschmidt et 

al., 2005a).  The pharmacological isolation of nicotinic components is possible with the 

use of subtype-selective ligands.  Specifically, several “classical” antagonists that have 

been either obtained from natural sources or synthesized have been used to identify 

particular nicotinic receptor subtypes.  Methyllycaconitine (MLA) is a toxin derived from 

the seeds of Delphinium brownii that has been reported to be an α7-selective antagonist 
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at low concentrations (Aiyar et al., 1979; Alkondon, 1992).  However, at higher 

concentrations MLA has also been shown to block α4β2 receptors expressed in HEK 

cells (Buisson et al., 1996).  Additionally, MLA was shown to inhibit other nAChR 

subtypes on dopamine neurons from rat striatum at concentrations commonly used to 

"selectively" block α7-mediated responses (Mogg et al., 2002).  Therefore, there is still a 

need for better ligands to pharmacologically isolate neuronal nAChR subtypes. 

 In the present work, we evaluated a family of novel azaaromatic quaternary 

ammonium (AQA) analogs for their ability to inhibit α7 nAChR-mediated responses in 

Xenopus oocytes.  We studied two tris-AQA compounds in detail, 1,3,5,-tri-{5-[1-(2-

picolinium)]-pent-1-yn-1-yl}benzene tribromide (tPy2PiB) and 1,3,5-tri-[5-(1-

quinolinum)-pent-1-yn-1-yl]-benzene tribromide (tPyQB, Figure 1A).  Because the 

activity profile of the tris compounds indicated that potent inhibition of α7 was 

associated with the presence of multiple hydrophobic head groups, we also tested a 

tetrakis-analog with four hydrophobic head groups, 1,2,4,5-tetra-{5-[1-(3-

benzyl)pyridinium]pent-1-yl}benzenetetrabromide (tkP3BzPB, Figure 1B).  All three 

AQA analogs showed a higher selectivity for α7 than for α4β2 or α3β4 nAChRs 

expressed in Xenopus oocytes.  We evaluated the activity of the AQA analogs both on 

stratum radiatum interneurons in area CA1 of rat hippocampus, that express 

predominantly α7 receptors, and on neurons from the medial septum, that express both 

α7 and α4β2* receptors.  While the more hydrophobic tris analog was most potent in co-

application experiments, the hydrophobic tetrakis-analog produced inhibition that was 

only slowly reversible and therefore was very effective if pre-applied to cells or tissue at 

low concentrations.  Our data support the hypothesis that, like MLA, tkP3BzPB can 

block α7-mediated responses and preserve the responsiveness of non-α7 receptors in 

neurons with a mixed receptor phenotype.  However, while MLA is a competitive 

antagonist, tkP3BzPB inhibition is noncompetitive, and is both use and voltage 

independent.  The unique mechanism of tkP3BzPB inhibition may be useful to increase 
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our understanding of receptor-mediated signaling and whether ligand binding may have 

effects that are independent of ion conduction.  
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Methods 

Chemicals 

Tris- and tetrakis-AQA analogs were prepared as previously described (Dwoskin 

et al., 2008; Zheng et al., 2007).  PNU-120596 was purchased from Tocris (Ellisville, 

MO).  All other chemicals for electrophysiology were obtained from Sigma Chemical Co. 

(St. Louis, MO). 

nAChR expression in Xenopus oocytes  

For recombinant nAChR studies, mature (>9 cm) female X. laevis African frogs 

(Nasco, Ft. Atkinson, WI) were used as a source of oocytes.  Prior to surgery, frogs were 

anesthetized by placing the animal in a 1.5 g/l solution of MS222 (3-aminobenzoic acid 

ethyl ester) for 30 min.  Oocytes were removed from an incision made in the abdomen.  

All procedures involving frogs were approved by the University of Florida Institutional 

Animal Care and Use Committee (IACUC).   

To remove the follicular cell layer, harvested oocytes were treated with 1.25 

mg/ml Type 1 collagenase (Worthington Biochemicals, Freehold, NJ) for 2 h at room 

temperature in calcium-free Barth’s solution with a composition in mM of: 88 NaCl, 1 

KCl, 0.8 MgSO4, 2.4 NaHCO3, 15 HEPES (pH 7.6), and 12 mg/l tetracycline.  Stage 5 

oocytes were then isolated and injected with 50 nl (5-20 ng) each of the appropriate 

subunit cRNAs.  The rat neuronal nAChR and mouse muscle α1, β1, and δ clones were 

obtained from Dr. Jim Boulter (UCLA, Los Angeles, CA).  The mouse ε clone was 

provided by Dr. Paul Gardener (University of Massachusetts, Worcester, MA), and 

human nAChR receptor clones from Dr. Jon Lindstrom (University of Pennsylvania, 

Philadelphia, PA).  To improve the expression of α7 nAChR, α7 RNA was routinely co-

expressed with human RIC-3 (Halevi et al., 2003).  The RIC-3 clone was obtained from 

Dr. Millet Treinin (Hebrew University, Jerusalem, Israel).  After linearization and 

purification of cloned cDNAs, RNA transcripts were prepared in vitro using the 

appropriate mMessage mMachine kit from Ambion (Austin, TX).   
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Voltage-clamp recording in Xenopus oocytes expressing nAChRs  

Experiments were conducted using OpusXpress 6000A (Molecular Devices, 

Union City, CA).  Each oocyte received initial control applications of acetylcholine 

(ACh), co-applications of ACh and the experimental drugs, and then a follow-up control 

application of ACh.  The standard control ACh concentrations for α7, α4β2, and α3β4 

receptors were 60 µM, 10 µM, and 100 µM, respectively.  Both peak amplitude and net 

charge of the responses were measured for each drug application (Papke and Papke, 

2002) and calculated relative to the preceding ACh control responses to normalize the 

data, compensating for the varying levels of channel expression among the oocytes.  Net 

charge values were used to report inhibitory effects.  Competition experiments were 

conducted by generating concentration-response curves to ACh either applied alone or in 

the presence of the AQA analog.  Responses were initially normalized to the ACh control 

response values and then adjusted to reflect the experimental drug responses relative to 

the ACh maximums.  Means and standard errors (SEM) were calculated from the 

normalized responses of at least four oocytes for each experimental concentration.  

Concentration-response data were fit to the Hill equation, assuming negative Hill slopes.   

 

Brain slice preparation and patch-clamp recording 

All procedures involving rats were approved by the University of Florida IACUC 

and were in accord with the NIH Guide for the Care and Use of Laboratory Animals.  

Male Sprague Dawley rats (post-natal day 12–25) were anesthetized with Halothane 

(Halocarbon Laboratories, River Edge, NJ) and swiftly decapitated.  Transverse (300 µm) 

whole brain slices were prepared using a vibratome (Pelco, Redding, CA) and then 

placed in a high Mg2+/low Ca2+ ice-cold artificial cerebral spinal fluid (ACSF) containing 

(in mM) 124 NaCl, 2.5 KCl, 1.2 NaH2PO4, 2.5 MgSO4, 10 D-glucose, 1 CaCl2, and 25.9 

NaHCO3, saturated with 95% O2 - 5% CO2.  Slices were incubated at 30°C for 30 min 
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and then left at room temperature until they were transferred to a submersion chamber 

(Warner Instruments, Hamden, CT) for recording.  During experiments, slices were 

perfused at a rate of 2 ml/min with normal ACSF containing (in mM) 126 NaCl, 3 KCl, 

1.2 NaH2PO4, 1.5 MgSO4, 11 D-glucose, 2.4 CaCl2, 25.9 NaHCO3, and 0.004 atropine 

sulfate, saturated with 95% O2 - 5% CO2 at 30°C.  Cells were visualized with infrared 

differential interference contrast microscopy using a Nikon E600FN microscope.  Patch-

clamp recording pipettes were pulled from borosilicate glass (Sutter Instruments, Novato, 

CA) using a Flaming/Brown micropipette puller (P-97; Sutter Instruments, Novato, CA).  

Recording pipettes were filled with an internal solution of (in mM) 125 K-gluconate, 1 

KCl, 0.1 CaCl2, 2 MgCl2, 1 EGTA, 2 MgATP, 0.3 Na3GTP, and 10 HEPES (pH adjusted 

to 7.3 with KOH).  The resistance of the recording pipette when filled with the internal 

solution was 3 – 5 MΩ.  Cells were held at –70 mV, and a -10 mV/10 ms test pulse was 

used to determine access resistance, input resistance, and whole-cell capacitance.  Cells 

with access resistances > 60 MΩ or those requiring holding currents > 200 pA were not 

included in the final analyses.  Signals were digitized using an Axon Digidata1322A and 

sampled at 20 kHz on a Dell computer using Clampex version 8 or 9.  Data analysis was 

done with Clampfit version 8 or 9 (Molecular Devices, Union City, CA), Excel 2000 

(Microsoft, Seattle, WA), and GraphPad/Prism version 4.02 (GraphPad Software, San 

Diego, CA).  Data are reported as mean ± SEM.  Statistical analyses were performed 

using two-tailed Student’s t-test and one-way analysis of variance (ANOVA). 

 

Drug application in brain slice preparations 

Local somatic applications of ACh (1 mM pipette concentration) were made using 

single- or double-barrel glass pipettes attached to a picospritzer (General Valve, Fairfield, 

NJ) with Teflon tubing (10-20 psi for 5-15 ms).  ACh was alternately applied every 30 s.  

Co-application experiments were performed using a double-barrel pressure application 

pipette in which one side had 1 mM ACh and the other side had 1 mM ACh + 300 µM 
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tkP3BzPB, each one alternately applied with a 30 s interstimulus interval.   Single-barrel 

pipettes were pulled from borosilicate glass with an outer diameter (o.d.) and inner 

diameter (i.d.) of 1.5 mm and 0.86 mm, respectively (Sutter Instruments, Novato, CA).  

Pipette opening size of the single barrel was typically 2-3 µm.  Double-barrel pipettes 

were pulled from borosilicate theta glass with an o.d. of 1.5 mm; pipette opening size was 

around 3-4 µm.  The application pipette was usually placed within 10-15 µm of the cell 

soma.   

In experiments in which AQA analogs were bath-applied, for each cell four ACh 

baseline-evoked responses were recorded before bath application of the antagonist.  ACh-

evoked responses were then recorded for 13-22 min in the presence of the AQA analog.  

Each analog was bath-applied at a final concentration of 1 µM.  In some septum 

experiments, dihydro-β-erythroidine (DHβE) was also bath-applied at a final 

concentration of 1 µM.  

When pipettes were loaded with 1 mM ACh, the average net charge of evoked 

responses did not differ significantly between single- and double-barrel experiments (data 

not shown).  Experiments conducted to describe the error produced by alternating 

pressure applications using double-barrel pipettes showed an 85 ± 8% (n=5) 

correspondence in the peak amplitudes between the agonist applications from the two 

barrels (data not shown).  In previous experiments, we determined that pressure 

application from a pipette containing 1 mM ACh delivered an effective concentration of 

approximately 30 µM to the surface of the cell (Lopez-Hernandez et al., 2007).  
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Results 

Inhibition of rat nAChR responses expressed in Xenopus oocytes 

 The library of 20 tris-AQA analogues (Figure 1B) was tested at a probe 

concentration of 1 µM on oocytes expressing α7 receptors.  The results shown in Figure 

2 indicate activities ranging from nearly complete inhibition with tPyQB to no significant 

effect of tPy2PiB at the 1 µM probe concentration.  When the compounds were ordered 

for their relative effectiveness at inhibiting α7 receptors at the probe concentration, a 

structure-activity relationship was suggested (Figure 3), relating greater predicted 

hydrophobicity of the AQA head group to greater inhibition of α7 nAChR.  In order to 

further test the hypothesis that multiple hydrophobic head groups contribute importantly 

to α7 inhibition, we also synthesized a tetrakis analog with very hydrophobic head 

groups, 1,2,4,5-tetra-{5-[1-(3-benzyl)pyridinium]pent-1-yl}benzenetetrabromide 

(tkP3BzPB), shown in Figure 1B. 

From the family of tris-AQA compounds, we selected two compounds that varied 

greatly in their ability to inhibit α7 at the 1 µM probe concentration, tPy2PiB and tPyQB, 

to study in detail, along with the tetrakis-AQA, tkP3BzPB.  These AQA analogs were 

tested on combinations of rat neuronal nAChR α and β subunits (α4β2 and α3β4) and on 

α7 homomeric receptors expressed in Xenopus oocytes (Figure 4 and Table 1).  Whereas 

α3β4 nAChRs represent a minimal model for ganglionic nicotinic receptors, α4β2 and 

α7 nAChRs are the two predominant subtypes of nicotinic receptors in the CNS.  All 

three AQA analogs most potently inhibited alpha7 nAChRs among the subunit 

combinations tested.  The IC50 value of tPyQB for oocytes expressing α7 subunits was 

0.13 ± 0.02 µM, as determined with a simple co-application protocol, while the IC50 

values for tPy2PiB and tkP3BzPB were 6.3 ± 0.6 µM and 1.0 ± 0.1 µM, respectively.  

Note that there was partial inhibition of the α4β2 receptors at the lowest concentrations 

of tPy2PIB.  This experiment was conducted on cells following the injection of equal 

amounts of α4 and β2 RNA, which results in a mixed population of receptors with 
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different subunit stoichiometry (Lopez-Hernandez et al., 2004; Nelson et al., 2003).  The 

data suggest that the minor population (most likely those with an α4:β2 subunit ratio of 

3:2) may have significantly greater sensitivity to tPy2PIB than the major population of 

receptors in these cells. 

For comparison, we also studied the effects of MLA on human α7, α4β2, and 

α3β4 nAChRs expressed in Xenopus oocytes (Figure 4D).  When a simple co-application 

protocol was used, MLA appeared non-selective as an antagonist of α7 and α3β4 

receptors and was approximately 20-fold less potent for α4β2, with IC50 values of 1.2 ± 

0.2, 2.0 ± 0.2, and 34 ± 5.4, respectively (Table 1).  We also evaluated the inhibitory 

activity of MLA for mouse muscle (α1β1εδ) nAChRs expressed in Xenopus oocytes 

(data not shown) and obtained an IC50 value (1.5 ± 0.2 µM), comparable to that for the 

inhibition of α7 receptors in co-application experiments.  This apparent lack of selectivity 

of MLA for α7 receptors was somewhat surprising.  However, when MLA was applied to 

receptors other than α7, the inhibition produced during the co-application was fully 

reversed after a 5 min washout, while the inhibition of α7 receptors was not.   

While there was very little inhibition of the α7 responses during co-applications 

of ACh and concentrations of MLA ≤ 100 nM, at concentrations ≥ 100 nM the oocytes 

did not recover their full responsiveness to subsequent applications of ACh 

(representative data are shown in Figure 4E).  For this reason, in order to test the activity 

of MLA in co-application experiments at concentrations greater than 100 nM, separate 

sets of cells were used for each higher concentration tested.  These data suggested that an 

effective selectivity of low concentrations of MLA for the inhibition of α7 nAChR might 

be achieved with pre-applications and continued application of MLA.  As shown in 

Figure 4F, when α7 receptors were first pre-exposed to 3 nM MLA for 3 min prior to the 

co-application of MLA and ACh, there was greater than 90% inhibition of the responses 

to high ACh concentrations.  Following the 3 min incubation with MLA, with subsequent 

wash out of the MLA, the net charge responses to control applications of 60 µM ACh 
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recovered with a time constant of 24 ± 4 min.  When a similar pre-incubation protocol 

was used with oocytes expressing α4β2 nAChR (not shown), there was no significant 

effect of 3 nM MLA on ACh-evoked responses (not shown). 

 

Recovery from inhibition in Xenopus oocytes expressing rat nAChRs  

Under conditions when co-applications of ACh and antagonist did not 

significantly reduce subsequent responses to ACh applied alone, our routine protocol (see 

Methods) of making alternating applications of ACh and ACh plus antagonist allows 

single sets of oocytes to be used to generate full concentration-response data sets.  

However, as was the case with MLA applications to cells expressing α7, slow kinetics of 

recovery from inhibition required the use of multiple sets of cells and additional 

experimental protocols.  All three of the nAChR subtypes tested recovered fully during 

the 5 min wash periods following applications of either tPyQB or tPy2PiB (data not 

shown).  However, a difference in recovery was noted for α7-expressing cells treated 

with tkP3BzPB.  As shown in Figure 5 (A and B), α3β4 and α4β2 nAChRs showed no 

significant residual inhibition 5 min after washout of tkP3BzPB at any of the 

concentrations tested.  In contrast, α7 receptors exhibited decreasing recovery with 

increasing tkP3BzPB concentrations (Figure 5C).  Therefore, as with MLA, fresh sets of 

cells were required for each concentration of tkP3BzPB ≥ 1 µM.   

In order to evaluate the actual time constant for the recovery of α7 nAChRs from 

tkP3BzPB inhibition, responses to ACh alone were recorded after 1 µM tkP3BzPB was 

co-applied with 60 µM ACh.  The responses obtained after increasing periods of washout 

were compared to original ACh controls.  The recovery time constant for tkP3BzPB was 

26.6 ± 0.8 min (Figure 5D).  
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Mechanistic studies of inhibition in Xenopus oocytes expressing rat nAChRs  

 We investigated whether the inhibition of α7 nAChRs by tPyQB, tPy2PiB, or 

tkP3BzPB was voltage dependent (Figure 6A).  Cells were held at either -40 or -80 mV 

and stimulated first with 60 µM ACh alone, followed by 60 µM ACh plus either 300 nM 

tPyQB, 3 µM tPy2PiB, or 1 µM tkP3BzPB.  There was no significant difference in the 

inhibition of α7 receptors by tkP3BzPB at these two voltages.  However, there was a 

significant effect of voltage on the inhibition by tPyQB and tPy2PiB. 

Additionally, co-application experiments were conducted in Xenopus oocytes 

expressing rat α7 nAChRs.  ACh concentration-response studies of α7 receptors (net 

charge) were conducted in the presence of either 300 nM of the high potency antagonist 

tPyQB, or 3 µM of the less potent antagonist tPy2PiB, and compared to the responses to 

ACh alone (Figure 6 B and C). The data obtained with ACh alone were normalized to 

Imax = 1 and fit with an EC50 = 65 ± 9 µM.  In the presence of tPyQB, the Imax was 

reduced to 0.40 ± 0.01, and the EC50 was 267 ± 8 µM (Figure 6C).  In the presence of 3 

µM tPy2PiB, the Imax was reduced to 0.84 ± 0.02, with an EC50 of 105 ± 9 µM (Figure 

6B).  In the case of tPyQB and tPy2PiB, both compounds produced a depression of the 

maximal response of agonist dose-response curves, and this inhibition was not 

completely overcome by increasing ACh concentrations.  These data are consistent with 

noncompetitive inhibition.  However, tPyQB also produced a larger rightward shift of the 

dose-response curve, and there was a small shift in EC50 value for ACh in the presence of 

tPy2PiB.  These changes in EC50 values in the presence of tPyQB and tPy2PiB suggest a 

more complex mechanism than just simple voltage-dependent channel block.   

Due to the fact that there was poor recovery of α7 responses after application of 

tkP3BzPB, it was not practical to generate full ACh concentration-response curves in the 

presence of this compound.  Nonetheless, we wished to determine if inhibition by 1 µM 

tkP3BzPB could be surmounted by high concentrations of ACh, which would be 

consistent with competitive inhibition (Figure 6D).  However, high concentrations of 
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ACh evoke responses that are more rapid than the solution exchange (Papke et al., 2000; 

Papke and Papke, 2002).  Therefore, in order for tkP3BzPB to be even present at full 

concentration at the time of the peak of 1 mM ACh-evoked current, 1 µM tkP3BzPB was 

first pre-applied for 30 s and then co-applied with either 60 µM or 1 mM ACh.  The data 

from these experiments were compared to simple co-application experiments (without 1 

µM tkP3BzPB pre-application).  As seen in Figure 6D, there was less inhibition of α7-

mediated ACh-evoked responses by 1 µM tkP3BzPB when the ACh concentration was 1 

mM than when it was 60 µM, in both experimental settings (30 s pre-application 

followed by co-application and in co-application alone).   However, there was no 

apparent difference in the evoked responses measured after washout regardless of 

whether 60 µM or 1 mM ACh was co-applied with 1 µM tkP3BzPB (Figure 6D, right 

panel).  A concentration of 60 µM ACh is not sufficient to saturate all the binding sites of 

the receptor, but 1 mM ACh should be sufficient to saturate all the binding sites, so these 

data support the hypothesis that the inhibition of α7 nAChR by tkP3BzPB is non-

competitive.  Radioligand binding data also supports the hypothesis that tkP3BzPB 

inhibition of α7 nAChR is non-competitive with ligands binding at the ACh binding site.  

Specifically, using methods published previously (Wilkins et al., 2003), we determined 

that a 60 min incubation with 100 nM  tkP3BzPB displaced no more than 16 ± 8 % of the 

binding of 2.5 nM [3H]MLA to rat brain membranes.   

The data in Figure 6D suggest that the onset of inhibition by low concentrations 

of tkP3BzPB is relatively slow compared to the kinetics of the α7 response evoked by 1 

mM ACh, at least in regard to the persistent inhibition measured after washout.  

Inhibition increased throughout the 1 µM tkP3BzPB application regardless of whether 

ACh was present at high or low concentration, apparently reaching the same equilibrium 

inhibition prior to the full washout of this antagonist from the chamber.  The data also 

suggested that tkP3BzPB might produce inhibition in the absence of channel activation.  

If this is the case, then inhibition will depend on both tkP3BzPB concentration and the 
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amount of time that the antagonist is present.  In the simple co-application experiments 

tkP3BzPB was present for 12 s, the same duration as the agonist pulse.  As shown above, 

inhibition by tkP3BzPB is slow to reach equilibrium, so the antagonist effect will 

increase throughout the duration of application.  When using 60 µM ACh, the α7 

receptors continue to respond throughout the entire 12 s application (Papke and Papke, 

2002), and in contrast, α7 responses evoked by 1mM ACh reach a peak and return to 

baseline rapidly, long before the drug delivery is even complete (Papke and Thinschmidt, 

1998).  Therefore, during the co-application of 1 mM ACh and 1 µM tkP3BzPB, 

inhibition is measured after a very brief exposure to the antagonist, too soon for the 

inhibition to equilibrate to the degree that it did during the longer 60 µM ACh-evoked 

responses.  However, this effect was diminished with the pre-application protocol. 

To test the hypothesis that the inhibition of α7 by tkP3BzPB was use independent 

(i.e. that inhibition did not require channel activation), 12 s applications of 3 µM 

tkP3BzPB were made in either the presence or absence of 60 µM ACh.  Inhibition of 60 

µM ACh-evoked responses was then measured after a 5 min washout.  As shown in 

Figure 6E, there was no significant difference in the residual inhibition of α7-mediated 

responses, whether tkP3BzPB was applied alone for 12 s or co-applied with 60 µM ACh.  

These data demonstrate that the persistent inhibition of α7 nAChRs induced by 

tkP3BzPB does not require channel activation.  Additionally, the time to recovery of 60 

µM ACh-evoked responses after the application of 3 µM tkP3BzPB alone was 76 ± 3 

min (data not shown).  

The use-independence (Figure 6E), and slow kinetics of recovery suggest that 

tkP3BzPB would show increased potency at inhibiting α7 nAChRs with prolonged 

application.  With our typical co-application protocol (no pre-application) (Figure 7A), 

100 nM tkP3BzPB produced virtually no inhibition of 60 µM ACh-evoked responses 

either during the brief co-application (Figure 4C, solid circles), or following the washout 

period (Figure 5C).  In order to confirm that prolonged application of 100 nM tkP3BzPB 
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could produce substantial inhibition of ACh-evoked responses, we stimulated α7-

expressing cells, this time, with 300 µM ACh, a concentration which produces a maximal 

net charge response, and then switched the bath solution to one containing 100 nM 

tkP3BzPB for 5 min (pre-incubation period) before co-applying 100 nM tkP3BzPB and 

300 µM ACh.  As shown in Figure 7B, this protocol produced about 80% inhibition of 

the ACh-evoked responses that persisted through an additional 5 min washout period.   

As discussed above, with some experimental protocols, the rapid activation and 

desensitization of α7 receptors can make it difficult to measure and compare the 

inhibitory effects of agents with differing potency, kinetics, and mechanism.  Therefore, 

we have recently reported a new protocol for studying α7 antagonists under 

nondesensitizing conditions when the receptors generate steady-state current (Papke et 

al., 2009) due to the combined effects of bath-applied choline and the Type 2 positive 

allosteric modulator 1-(5-chloro-2,4-dimethoxy-phenyl)-3-(5-methyl-isoxanol-3-yl)-urea 

(PNU-120596) (Papke et al., 2009).  Figure 7C shows the ability of tkP3BzPB to block 

these steady-state currents compared to that of MLA and mecamylamine.  In these 

experiments, steady-state currents were generated with 60 µM choline and 10 µM PNU-

120596.  Mecamylamine at 100 µM produced only a partial and readily reversible block.  

The relatively small amount of block produced by mecamylamine might be due to several 

factors.  Specifically, in addition to having relatively low potency for the block of α7, 

mecamylamine is also use-dependent and has relatively rapid reversibility.  Although 

there is a large amount of steady-state current with the experimental paradigm illustrated, 

the actual single molecule Popen is probably much less than 0.10, based on the 10-fold 

larger amplitude of the ACh-evoked responses after choline and PNU-120596 were 

removed (Papke et al., 2009).  While mecamylamine only partially and transiently 

inhibited the steady-state currents, MLA and tkP3BzPB fully abolished these currents.  

Consistent with our co-application experiments, the rapid application of 10 µM MLA was 

sufficient to produce a complete block of the steady-state activation.  However, the 
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inhibition was rapidly reversed with washout, suggesting that MLA may intrinsically be 

relatively ineffective on receptors modified by PNU-120596, or alternatively when MLA 

is allowed a long period of time to incubate with the receptors in the absence of PNU-

120596 the MLA-receptor complex may change with time, for instance via transitions to 

longer-lived state(s). 

that there may be some sort of aging process increasing the apparent potency of .  

In these experiments tkP3BzPB, unlike MLA, produced a complete block of the steady-

state current that persisted long after the drug was washed out of the chamber. 

Effects of tkP3BzPB on other Cys-loop ligand-gated ion channel receptors. 

 In order to further evaluate the selectivity of tkP3BzPB for α7 nAChR, we also 

tested its effects on the GABA-evoked responses of both heteromeric and homomeric 

GABAa receptors and the serotonin-evoked responses of homomeric 5-

hydroxytryptamine type 3A (5-HT3A) receptors. When co-applied with 10 µM GABA, 3 

µM tkP3BzPB had no inhibitory effect on the GABA-evoked responses of GABAA 

receptors formed by the co-expression of α1β2γ2l subunits, or on the homomeric GABAC 

receptors, formed by the expression of the ρ subunit.  Likewise, there were no residual 

inhibitory effects on GABA-evoked responses after the co-application of 10 µM GABA 

and 3 µM tkP3BzPB, since there was no inhibition of responses to subsequent GABA 

applications (data not shown).  Since the anion-conducting GABA receptors show 

reversed charged distribution in the extracellular vestibule and conduction pathway 

compared to nAChR and 5-HT3A receptors (Corringer et al., 1999; Jensen et al., 2005; 

Wang et al., 2008), these results are consistent with the hypothesis that the positively 

charged headgroups of tkP3BzPB interact at sites within the negatively charged rings of 

the α7 vestibule. 

 Like α7 nAChR, 5-HT3A receptors can function as homo-pentamers, although 

they lack the rapid concentration-dependent desensitization characteristic of α7 nAChR 

(Maricq et al., 1991).  However, 5-HT3A receptors do show sufficient homology to α7 
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nAChR that functional α7-5-HT3A chimeric subunits are expressed effectively in oocytes 

and retain the high Popen characteristic of native 5-HT3A receptors (Bertrand et al., 2008).  

We found that when co-applied with 10 µM serotonin, 3 µM tkP3BzPB did produce an 

inhibition of 5-HT3A that was greater than the inhibition of ACh-evoked responses of 

α3β4 and α4β2 nAChR (p < 0.0001) and not significantly different from the inhibition of 

α7 ACh-evoked responses (data not shown) during co-application with 60 µM ACh.  

However, while α7 receptors showed poor recovery of their ACh-evoked responses after 

a 5 minute washout (Figure 5C), the serotonin-evoked responses of 5-HT3A receptors 

recovered fully, similar to the ACh-evoked responses of α3β4 and α4β2 nAChR (Figure 

5 A & B).   

Activity of tris- and tetrakis-AQA analogs on native α7 receptors on rat hippocampal 

interneurons 

 Interneurons in CA1 stratum radiatum of the rat hippocampus show robust 

responses to the pressure application of ACh.  These responses are mediated primarily by 

α7-type nAChRs (Alkondon et al., 1999; Frazier et al., 2003; Thinschmidt et al., 2005a).  

We obtained stable 1 mM ACh-evoked responses from hippocampal interneurons in fresh 

brain slices and then applied 1 µM tPyQB, tPy2PiB, or tkP3BzPB to the bath.  In oocytes 

expressing α7 nAChRs, 1 µM tPyQB was shown to completely inhibit 60 µM ACh-

evoked responses (Figure 2), thus, this concentration was selected for comparing the 

inhibition of 1 mM ACh-evoked responses induced by the AQA analogs in hippocampal 

interneurons.  Consistent with the oocyte data, the ACh-evoked responses of 

hippocampal interneurons were effectively reduced by tPyQB and tkP3BzPB, but not by 

tPy2PiB (Figure 8).  Only 4 ± 0.2 % of the baseline peak response and 0.4 ± 0.7 % of the 

baseline net charge response remained after 1 µM tkP3BzPB bath application.  Thus 

prolonged bath application tkP3BzPB produced a larger inhibition of ACh-evoked 

responses in rat hippocampal interneurons in terms of both peak amplitude and net charge 
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responses compared to the other AQA analogs, consistent with the results obtained with 

receptors expressed in oocytes.  

 

Differential inhibition of medial septal neurons by tkP3BzPB 

In rat MS/DB, functional nAChR subtypes are expressed that are associated with 

variations in the neuronal, physiological, and neurotransmitter phenotype (Thinschmidt et 

al., 2005b).  For example, MS/DB neurons that have fast firing rates are likely to be 

GABAergic, and often have both fast and slow components to their ACh-evoked 

responses, with the fast component being sensitive to MLA blockade, whereas slow firing 

neurons are putatively cholinergic with nicotinic responses predominantly mediated by 

MLA-sensitive α7* nAChRs (Thinschmidt et al., 2005b).  Different receptors containing 

α7, α4, and/or β2 subunits may account for most of the variety of nicotinic responses in 

the MS/DB (Henderson et al., 2005; Liu et al., 2009; Thinschmidt et al., 2005b). These 

neurons have been classified also according to the kinetics of their nicotinic responses.  

For example, Type I cells have relatively fast transient ACh-evoked responses, and Type 

II cells have slower ACh-evoked responses (Thinschmidt et al., 2005b).  To investigate 

whether the α7-selectivity of tkP3BzPB would discriminate between these types of ACh 

responses, a double-barreled picospritzer pressure application system was used with one 

barrel containing 1 mM ACh and the other containing 1 mM ACh + 300 µM tkP3BzPB 

(Figure 9).  Note, that we have previously estimated the concentration of drug delivered 

to cells with this method to be approximately 30-fold less than the pipette concentration 

(Lopez-Hernandez et al., 2007).  After co-application, Type I cells showed 72 ± 6 % and 

68 ± 9 % of the average baseline peak and net charge response, respectively.  On the 

other hand, Type II cells exhibited 86 ± 5 % and 93 ± 10 % of the average baseline peak 

and net charge responses, respectively. With this protocol there was significant inhibition 

induced by tkP3BzPB of the Type I responses with relatively less effect on the co-

application responses of the Type II cells in medial septum.  Note, however, that after the 
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sequence of co-applications, there were statistically significant decreases in the responses 

of Type II cells to applications of ACh alone.  It is unclear whether this was due to 

rundown in the ACh-evoked responses, or inhibition of an α7 component in the 

responses of these cells that was slow to equilibrate, but persistent. 

In the oocyte co-application experiments, the IC50 value for tkP3BzPB was higher 

than that for tPyQB; however, tkP3BzPB produced a prolonged inhibition of α7 nAChR 

responses.  Based on the oocyte data, prolonged application of tkP3BzPB would be 

expected to produce a greater inhibition than that produced by brief applications.  To test 

this hypothesis, we conducted experiments in which 1 µM tkP3BzPB was bath-applied to 

medial septal neurons. After bath application of tkP3BzPB, the peak amplitudes of the 

ACh-evoked responses of Type I cells were reduced to only 12 ± 0.6 % of the initial 

evoked responses and the net charge of the responses were reduced below our levels of 

detection.  In contrast, the peak currents of responses of Type II were only reduced to 59 

± 1 % with net charge values still at 79 ± 2% of the baseline response.  These difference 

between Type I and Type II cells were statistically significant (p < 0.001).  

As shown in Figure 10, following bath application of tkP3BzPB, the residual 

ACh-evoked responses in Type II cells were largely sensitive to DHβE blockade.  The 

difference in the inhibition of α7 nAChR responses by tkP3BzPB between co-application 

and prolonged bath application experiments in brain slices is consistent with the data 

obtained in the oocyte expression system, and supports the hypothesis that tkP3BzPB is 

slow to reach equilibrium and so ultimately produces more inhibition than can be 

measured with a simple co-application protocol. 
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Discussion 

In this study, we demonstrate the properties of the novel tris-AQA compounds 

tPyQB and tPy2PiB, and the tetrakis-AQA analog tkP3BzPB as α7 nAChR antagonists.  

These AQA analogs are, with varying potency, more effective at inhibiting α7 receptors 

than either α4β2 or α3β4 nAChR subtypes tested in the oocyte expression system.  The 

initial evaluation of the large family of tris-AQA compounds suggested that the 

effectiveness of these compounds at inhibiting α7 nAChR is correlated to the 

hydrophobicity of the head group.  The relative effectiveness of tPyQB and tPy2PiB was 

consistent with that hypothesis.  The tris-AQA analogs, tPyQB and tPy2PiB, produced 

inhibition of α7 ACh-evoked responses that was at least in part non-competitive, 

consistent with the voltage-dependence data which suggests interaction at sites within the 

membrane's electric field.  However, although the inhibition of α7 by tPy2PiB and 

tPyQB was not fully surmountable by increasing ACh concentration, the compounds did 

produce apparent shifts in ACh potency, suggesting that the mechanism of inhibition by 

these compounds could arise from multiple mechanisms.  While voltage-dependence 

would be consistent with direct channel blocking, because the effects of tPy2PiB and 

tPyQB were readily reversible and inhibition could only be observed during an ACh 

application, we could not determine if their inhibitory effects required channel activation, 

or merely could be measured only during channel activation.   

Inhibition by tkP3BzPB was not readily reversible and was voltage independent, 

suggesting that the inhibition of α7 nAChR by this compound was qualitatively different 

from that produced by the tris-AQA analogs.  The binding data, as well as the lack of 

both voltage- and use-dependence for tkP3BzPB inhibition, suggest that tkP3BzPB's 

antagonist properties arise from binding to sites that are distinct from the ACh binding 

sites and not within the membrane's electric field in the ion channel domain.  One 

possibility would be that the multiple hydrophobic head groups of tkP3BzPB are binding 

to hydrophobic sites on multiple subunits within the homomeric α7 receptor vestibule, 
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occluding the conduction pathway above the level of the membrane's electric field.  

Sequence analysis and homology modeling (not shown) suggest that in the α7 vestibule 

there are several hydrophobic domains which are not present in all the subunits of 

heteromeric nAChR. 

In hippocampal CA1 stratum radiatum interneurons, which predominantly exhibit 

α7-mediated responses, 1 µM tkP3BzPB or tPyQB effectively reduced ACh-evoked 

responses, while tPy2PiB effects were negligible at this concentration.  AQA analogs 

inhibit ACh-evoked peak amplitude and net charge responses in hippocampal 

interneurons as follows: tkP3BzPB > tPyQB >>> tPy2PiB.  On the other hand, in medial 

septum neurons there are different types of nicotinic responses mediated by α7 and/or 

non-α7 nAChRs (Henderson et al., 2005; Thinschmidt et al., 2005b).  The 

pharmacological isolation of these nicotinic components is possible with the use of 

subtype-selective ligands, both agonists and antagonists.  However, available nAChR 

antagonists show limitations in their selectivity profiles (Mogg et al., 2002; Yum et al., 

1996); therefore there is a need for better agents to target these receptors, especially in 

native systems.  For example, we previously showed that the amphipathic blocker 

2,2,6,6-tetramethylpiperidin-4-yl heptanoate (TMPH) produced a potent and long-lasting 

inhibition of non-α7 receptors, particularly α4β2 nAChRs, but only transient inhibition 

of α7 receptors expressed in Xenopus oocytes (Papke et al., 2005).  TMPH was shown to 

be useful in the characterization of complex nicotinic response, such as those arising from 

multiple nAChR subtypes in medial septal neurons by being able to eliminate the non-α7 

nAChR-mediated components of their ACh-evoked responses (Papke et al., 2005), 

essentially exhibiting the complementary effects of tkP3BzPB.   

The effectiveness of tkP3BzPB to block α7-mediated current and preserve the 

responsiveness of non-α7 receptors is similar to that of low concentrations of MLA 

(Thinschmidt et al., 2005a).  However, since the inhibition produced by MLA and 

tkP3BzPB arise from distinctly different mechanisms, comparisons of the effects of these 
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two agents may be may be of particular use for determining whether all of the effects 

documented for α7-selective partial agonists such as 3-2,4,dimethoxy-benzylidene 

anabaseine (GTS-21 (also published as DMXBA)) are strictly dependent on ion channel 

activation.  GTS-21, an α7-selective partial agonist, has relatively low efficacy for human 

α7 receptors and produces prolonged desensitization (Papke et al., 2009).  In addition to 

its effects on neuronal α7, GTS-21 has also been documented to have α7-mediated 

effects in non-neuronal cells in which no α7-mediated ion currents have been detected 

(Giebelen et al., 2007a; Giebelen et al., 2007b; Kageyama-Yahara et al., 2008; 

Wongtrakool et al., 2007).  In some cases, α7-dependent effects, particularly in non-

neuronal cells, have been shown to require downstream events such as modulation of 

voltage-dependent calcium channels (Ren et al., 2005) or intracellular signal transduction 

pathways (Giebelen et al., 2007a; Giebelen et al., 2007b; Marrero et al., 2004).  While 

tkP3BzPB will block currents evoked by GTS-21 or other α7 agonists, it is not likely to 

prevent agonist binding and may allow other forms of signal transduction to occur. 

The current study demonstrates the utility of tkP3BzPB to probe complex patterns 

of nAChR expression in brain.  This approach will be useful for the study of nAChRs in 

other brain areas such as the ventral tegmental area (VTA).  Nicotinic receptor functional 

expression in the VTA has been demonstrated, and is thought to mediate nicotine-evoked 

dopamine release in the nucleus accumbens (Pidoplichko et al., 1997; Wooltorton et al., 

2003) both through nicotine stimulation of VTA action potentials and through the 

stimulation of pre-synaptic nAChR in the terminal fields of the VTA.  It has been 

proposed that drugs that can inhibit the nicotinic-mediated enhancement of dopamine 

release could have therapeutic potential for the treatment of nicotine addiction (Dwoskin 

et al., 2004).  Within the VTA, α2, α4, α3, α5, α6, α7, β2, and β4 subunit mRNA 

expression has been detected (Azam et al., 2002; Charpantier et al., 1998).  Given this 

heterogeneous expression, it has been difficult to unambiguously determine which 

nAChR combinations are involved in mediating the dopamine release in the nucleus 
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accumbens.  Likely candidates are α7, α4*, and α6* (*receptors that may also contain 

other subunits), with all three subtypes being potentially important within the VTA 

(Mansvelder et al., 2002), and with α4− and α6-containing receptors more important on 

presynaptic terminals (Salminen et al., 2007; Salminen et al., 2004).   

Additionally, subtype-selective inhibitors, such as the novel AQA analogs 

described in the present study, will be valuable tools for the identification and isolation of 

molecular brain nicotinic substrates, as their use can be extended to brain structures and 

experimental electrophysiological paradigms, such as those associated with the 

cholinergic components underlying synaptic plasticity.  Moreover, the potential clinical 

development of nicotinic agents for neuropsychiatric indications, such as Tourette’s 

syndrome and nicotine dependence has been limited by the lack of truly selective agents.  

Although with brief application, tkP3BzPB did not appear to be as potent as tPyQB at 

inhibiting α7 nAChRs expressed in Xenopus oocytes, tkP3BzPB still showed a 

preferential inhibition of α7 responses over α3β4 and α4β2 subtypes, in addition to a 

remarkable long-lasting inhibition of α7 nAChRs.  Furthermore, tkP3BzPB was more 

efficient at inhibiting steady-state currents than either mecamylamine or MLA. This 

differential inhibition of nAChR subtypes identifies tkP3BzPB in particular as a 

potentially valuable tool for pharmacological isolation of nicotinic receptor responses.  

Further development of agents such as TMPH and tkP3BzPB will firstly aid in 

identifying the correct molecular targets for neuropsychiatric conditions such as 

Tourette’s syndrome and nicotine addiction and subsequently lead to therapies with 

reduced side-effect liability.  
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Figure legends 

Figure 1.  A) Tris azaaromatic quaternary ammonium (AQA) analogs.  Shown are 

structures of twenty tris-AQA molecules tested for their inhibitory effects on α7 nAChR.  

B)  The structure of tkP3BzPB, 1,2,4,5-tetra-{5-[1-(3-benzyl)pyridinium]pent-1-

yl}benzenetetrabromide. 

 

Figure 2. Shown below are the data for the inhibition and recovery of α7-mediated 

responses to the tris-AQA analogs.  Each drug was tested at a concentration of 1 µM co-

applied with 60 µM ACh.  The filled bars are the average responses (n ≥ 4 ± SEM ) 

during the co-applications, normalized to the response to ACh alone applied 5 min earlier 

to the same cells; the drug was then washed out for 5 min and ACh was applied again.  

The open bars show the amplitude of the subsequent responses to ACh alone, normalized 

to the original ACh controls.  The data are arranged so that the analogs are in order based 

on the fractional inhibition produced at the test concentration, with the most effective 

drugs on the left.  The same order is applied to the arrangement of structures in the top of 

the figure. 

 

Figure 3.  A structure-activity analysis for the inhibition of α7 by tris-AQA analogs 

based on the hydrophobicity of AQA head groups.  Inhibition was calculated as 1 minus 

the normalized co-application response data taken from Figure 1.  LogP values are 

estimates for head groups only.  Compounds with a triple bond in the linker units are 

black symbols and those with saturated linker units are represented by gray symbols.  

Two linear regression lines are shown.  The R-values were 0.912 and 0.863 for the 

compounds shown in black and gray, respectively.   

 

Figure 4.  Inhibition of nAChR responses expressed in Xenopus oocytes.  Panels A-C 

show the averaged normalized mean data (± SEM, n ≥ 4) of net charge responses to co-
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application of ACh and a range of concentrations of tris- and tetrakis-AQA analogs from 

oocytes expressing rat α4β2, α3β4, or α7 subunits; tPyQB (A), tPy2PiB (B), and 

tkP3BzPB (C).  The data were normalized to responses to ACh alone obtained 5 min 

before the co-application of ACh and antagonist at the indicated concentrations.  Open 

circles correspond to the α4β2 data, while closed circles and squares represent α7 and 

α3β4, respectively.  IC50 values are provided in Table 1.  D) The averaged normalized 

mean data (± SEM, n ≥ 4) of net charge responses to co-application of ACh and a range 

of concentrations of MLA from oocytes expressing human α4β2, α3β4, or α7 subunits.  

IC50 values are provided in Table 1.  E) Representative data for the effects of low 

concentrations of MLA co-applied with 60 µM ACh from oocytes expressing human α7.  

Co-applications of ACh and MLA alternated with control applications of 60 µM ACh 

alone at 5 min intervals.  Although there was relatively little inhibition during the co-

application of ACh and 100 nM MLA, there was a significant decrease in the subsequent 

ACh control response.  F) The effect of pre-incubation on increasing the potency of MLA 

inhibition of α7 nAChR.  Shown are responses to 300 µM ACh applied alone before a 3 

min incubation with 3 nM MLA, then co-applied with 3 nM MLA.  Also shown are 

control responses to 60 µM ACh before and after the MLA treatment, used to follow the 

rate of recovery.  Note that although the peak amplitude of the final 60 µM response 

shown is similar to that of the first 60 µM control, the net charge of the responses were 

significantly less than the initial controls (p < 0.05, n = 5).  

 

Figure 5.  Recovery from tkP3BzPB inhibition in oocytes expressing rat nAChRs.   

Recovery experiments were performed after 5 min wash following application at 

increasing concentrations of tkP3BzPB for cells expressing α3β4 (A), α4β2 (B) or α7 

(C) nAChR.  There were no significant effects of tkP3BzPB concentration on the 

recovery of either α3β4− or α4β2−mediated responses.  However, there was a tkP3BzPB 

concentration-dependent accumulation of inhibition for the α7-mediated responses.  The 
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IC50 estimated for these recovery data was 1.9 ± 0.7 µM, which was not significantly 

different from the IC50 estimated from the co-application experiments (Figure 2).  D.  

Determination of recovery rate for tkP3BzPB-induced inhibition of rat α7 nAChR 

subunits expressed in Xenopus oocytes.  Responses to 60 µM ACh co-applied with 1 µM 

tkP3BzPB were measured at time = 0 (arrow).  Subsequently, responses to ACh alone 

were recorded at 5 min intervals. Data were normalized to original ACh controls.  Data 

represent the mean responses (± SEM, n ≥ 4).  Data were fit to an exponential function to 

estimate the apparent time for recovery. 

 

Figure 6.  Mechanistic studies of AQA analogs-induced inhibition of rat α7 nAChRs 

expressed in Xenopus oocytes.  A) The voltage dependence of α7 nAChR by tPyQB, 

tPy2PiB, and tkP3BzPB.  Cells were held at the indicated holding potentials and then 

stimulated first by ACh alone and then by ACh plus the tris- and tetrakis-AQA analogs 

(1 µM for tPyQB, 3 µM for tPy2PiB, and 1 µM for tkP3BzPB).  Hyperpolarization did 

not affect the inhibition produced by tkP3BzPB.  However, while 3 µM tPy2PiB 

produced no significant inhibition at a holding potential of -40 mV, the net charge 

responses were inhibited 43 ± 3% at a holding potential of -80 mV  (***, p <0.001).  

Likewise, 1 µM tPyQB, which produced 83 ± 2% inhibition when cells were held at -40 

mV, produced significantly more inhibition (97.7 ± 0.1 %) at -80 mV (***, p <0.001).  B) 

and C)  ACh concentration-response curves from cells expressing α7 nAChRs obtained 

in the presence of either 300 nM tPyQB or 3 µM tPy2PiB (-60 mV), compared to the data 

for ACh alone.  Each point represents data (± SEM) from at least 4 cells, normalized to 

the maximal response obtainable to ACh alone from the same cell.  In order to deliver the 

compounds effectively in the presence of high concentrations of ACh, which produce 

very rapid desensitization, the tris-AQA analog was first pre-applied to the bath for 30 s 

and then co-applied with ACh at the indicated concentrations.  D) Inhibition and recovery 

of ACh-evoked responses in oocytes expressing rat α7 nAChRs by tkP3BzPB.  Two 
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experimental settings were used; solid bars correspond to the experiments in which a 30 s 

1 µM tkP3BzPB application preceded ACh and tkP3BzPB co-application, and dashed 

bars correspond to co-application of ACh and tkP3BzPB.  ACh was used at two 

concentrations (60 and 1000 µM).  Data are presented as normalized net charge response.  

E) To determine if inhibition of α7 by tkP3BzPB was use-dependent, 12 s applications of 

3 µM tkP3BzPB were made, either with or without co-application 60 µM ACh.  

Inhibition of 60 µM ACh-evoked responses was then measured after a 5 min washout.  

There was no significant difference in the residual inhibition observed between cells 

treated with tkP3BzPB alone or tkP3BzPB co-applied with ACh. 

 

Figure 7.  Inhibition by tkP3BzPB increases with prolonged application to Xenopus 

oocytes expressing rat α7 nAChRs.  A) Representative recordings from a cell tested 

with the co-application of 100 nM tkP3BzPB and 60 µM ACh.  The averaged data for 

cells treated with this protocol appear in Figures 2 and 3.  B) The raw data traces show 

representative responses of a cell stimulated strongly with 300 µM ACh and then 

switched to a bath containing 100 nM tkP3BzPB for five minutes.  Averaged data from 5 

cells (± SEM) are shown in the bar graph below the traces, with the left-most bar 

representing the normalized net charge responses to 300 µM ACh for each cell obtained 

before the switch to the tkP3BzPB-containing bath solution.  C) The inhibition of the 

steady-state α7 nAChR activation promoted by bath application of 60 µM choline and 10 

µM PNU-120596 by nAChR antagonists.  Within 36 hours of RNA injection, cells 

expressing α7 were primed with three 12 s applications of 60 µM ACh in a bath 

containing 60 µM choline and 10 µM PNU-120596, after which a stable level of steady-

state activation was achieved that was approximately equal to the additional peak current 

that was stimulated by further applications of 60 µM ACh.  The dashed lines represent 

the original baselines (zero nAChR-mediated currents).  The steady-state current 

generated by the bath application of choline and PNU-120596 were several hundreds of 
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nanoAmps, as indicated by the initial deviations from baseline levels. These receptor-

mediated steady-state currents (Papke et al., 2009) were sensitive to nAChR antagonists.  

As shown, 100 µM mecamylamine produced a transient block of approximate 50% of the 

current, while a high (10 µM) concentration of MLA blocked 100% of the current in a 

more slowly reversible manner.  At 30 µM, tkP3BzPB blocked 100% of the steady-state 

current non-reversibly on the time scale of the experiment. 

 

Figure 8.  Inhibition of ACh-evoked responses of hippocampal interneurons.  Effects 

of AQAs bath application on α7-mediated responses on hippocampal interneurons are 

presented in terms of both peak amplitude (A) and net charge (B).  Stable baseline 

responses to the pressure application of 1 mM ACh were obtained from hippocampal 

interneurons. Cells were stimulated at 30 s intervals, and after four stable responses (1.5 

min) either 1 µM tPyQB (open circles), tPy2PiB (solid squares), or tkP3BzPB (solid 

circles) was bath-applied.  Solid bar represents the time course of the AQA analog 

application.  C) Representative traces of 1 mM ACh-evoked responses and the inhibition 

of those responses by 1 µM of tPyQB, tPy2PiB, and tkP3BzPB.  Black traces correspond 

to ACh baseline responses and gray traces correspond to the ACh-evoked responses at 

the end of AQA application.  While tPyQB and tkP3BzPB effectively reduced ACh-

evoked responses, tPy2PiB produced no significant reduction of ACh-evoked responses. 

Horizontal bars represent 250 ms.  Vertical bars represent 50 pA.  Data represent the 

averages of 6 – 7 interneurons.   

 

Figure 9.  Differential inhibition of septal neurons by tkP3BzPB co-application.  To 

investigate whether the α7-selectivity of tkP3BzPB would discriminate between the 

nicotinic components of ACh-evoked responses in septal neurons, a double-barreled 

picospritzer pressure application system was used with one barrel containing 1 mM ACh 

and the other containing 1 mM ACh + 300 µM tkP3BzPB.  A) Representative traces for 
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the tkP3BzPB co-application experiments in septum.  Three initial responses to ACh 

alone were obtained at 30 s intervals; the average response is shown in the left side of 

Panel A for both types of cells.  Three applications separated by 30 s were then made 

from the barrel containing 1 mM ACh + 300 µM tkP3BzPB, and the average of those 

traces are presented in the middle section of Panel A.  After ACh/tkP3BzPB applications, 

ACh alone was repeatedly applied at 30 s intervals, and the averages of those responses 

are presented in the right side of Panel A.  Horizontal bars represent 250 ms and vertical 

bars represent 10 pA. B) Peak and net charge responses for Type I and Type II cells, 

normalized to the average of the first three responses to ACh applied alone (that were 

acquired during the interval of time delimited by the white bar on left).  Subsequently 

cells given co-applications of ACh and tkP3BzPB (pipette concentrations of 1 mM and 

300 µM, respectively). The period of time when co-applications were made is delimited 

by   the hatched vertical bars.  Subsequent to the co-applications there was a recovery 

period when ACh was again applied alone (applications beneath the right-most white 

vertical bars in each plot). Open circles correspond to peak amplitudes and open squares 

correspond to net charge responses. Paired student’s t tests were performed to compare 

the normalized responses during co-application and recovery to baseline; asterisks denote 

p < 0.05.  Data represent the average of 11 neurons for Type I and 17 neurons for Type II. 

 

Figure 10.  Differential inhibition of ACh-evoked responses in septal neurons by 

tkP3BzPB bath application.  Effects of tkP3BzPB bath application on ΑCh-evoked 

responses on septum neurons are presented in terms of both peak amplitude (A) and net 

charge (B).   Cells were stimulated at 30 s intervals with 1 mM ACh, and after four stable 

responses (1.5 min) tkP3BzPB was bath applied.  The solid bar represents the time course 

of the 1 µM tkP3BzPB application.  Solid circles correspond to the Type I data, while 

solid squares represent Type II cells.  Type II cells were inhibited by tkP3BzPB to a 

lesser extent. C) Type II cells displayed a nicotinic component sensitive to DHβE block 
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(n = 3).  Open triangles correspond to the average normalized peak amplitude and solid 

triangles to the average normalized net charge responses.   Solid bars represent the time 

course of the 1 µM tkP3BzPB application, while open bars represent the time course of 1 

µM DHβE application.  D) Representative traces of 1 mM ACh-evoked responses for 

Type I and Type II cells in septum and the inhibition of those responses by tkP3BzPB.  

Black traces correspond to the average of the ACh baseline responses, and gray traces 

correspond to the average of the last four ACh-evoked responses at the end of 1 µM 

tkP3BzPB application.  Horizontal bars represent 250 ms.  Vertical bars represent 10 pA 

for Type 1 cells and 20 pA for Type II.  Data represent the average of 5 neurons for Type 

I and 11 neurons for Type II.  
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Table 1.  IC50 values for MLA and the AQA analogs in co-application experiments 

 

IC50 values, µM 

  α7 α4β2 α3β4 

 tPyQB 0.13 ± 0.02 4.1 ± 1.0 1.0 ± 0.1 

 tPy2PiB 6.3 ± 0.6 86 ± 10 10.0 ± 1.4 

 tkP3BzPB 1.0 ± 0.1 48 ± 11 9.2 ± 1.2 

 MLA 1.2 ± 0.2 34 ± 5 2.0 ± 0.2 
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