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The neuronal nicotinic acetylcholine receptor α4β2 forms pentameric proteins with two alternate stoichiome-
tries. The high-sensitivity receptor is related to (α4)2(β2)3 stoichiometry while the low-sensitivity receptor to
(α4)3(β2)2 stoichiometry. Both subtypes share two binding sites at theα4(+)/β2(−) interface with high affinity
for agonists. (α4)3(β2)2 has an additional binding site at theα4(+)/α4(−) interfacewith low affinity for agonists.
We investigated activation kinetics of both receptor subtypes by patch-clamp recordings of single-channel activ-
ity in thepresence of several concentrations of acetylcholine (0.5 to 300 μM).Weused kinetic software tofit these
data with kinetic models. We found that the high-sensitivity subtype correlates with the low-conductance chan-
nel (g−70 = 29 pS) and does not activate with high efficacy. On the contrary, the low-sensitivity subtype corre-
lated with a high-conductance channel (g−70 = 44 pS) and exhibited higher activation efficacy. Opening events
of individual nAChRs at high agonist concentrations occurred in clusters, which allowed us to determine kinetic
constants for the activation of the triliganded receptor. Our kinetic modeling identified an intermediate state,
between resting and open conformation of the receptor. Binding of the third molecule increases the efficacy of
receptor activation by favoring the transition between resting and intermediate state around 18 times. The low
rate for this transition in the diliganded receptor explains the action of acetylcholine as partial agonist when it
binds to the high-affinity sites. The presence of the third binding site emerges as a potent modulator of nicotinic
receptor α4β2 activation which may display different functions depending on agonist concentration.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Nicotinic acetylcholine receptors (nAChRs) are members of the
ligand-gated ion channel (LGIC) superfamily together with the
ionotropic γ-aminobutyric acid, serotonin and glycine receptors.
They form pentameric receptors that open their intrinsic channels
upon binding of neurotransmitters such as acetylcholine (ACh), se-
rotonin, γ-aminobutyric acid (GABA) or glycine [1,2]. nAChRs mostly
assemble as heteromers with a combination of at least 2 subunits, an
α one that bear the principal binding site (BS) for the agonist ((+)
face) and an accessory subunit that forms the complementary BS
((−) face), such as β, δ or ε subunits [1,3]. However, some receptors
can also assemble as homomers, such as that formed by α7 or α9
subunits, where each subunit possesses the two faces of the BS [4].
Neuronal nAChRs can belong to either subgroup, being homomeric
C, high-conductance; HS, high-
AChRs, nicotinic acetylcholine
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receptors represented only by α7 nAChR in the mammalian brain.
Heteromeric mammalian neuronal receptors are assembled by at
least 2 α subunits (from α2 to α6) and the complementary number
of β subunits (from either β2 to β4) [2].

The predominant heteromeric neuronal nAChR expressed in the
brain is the α4β2 receptor [5]. It is broadly expressed in CNS [6,7] and
the physiological roles of this receptor subtype have been linked to at-
tention, learning and memory [8,9] and in pathological processes such
as nicotine addiction, autosomal nocturnal frontal epilepsy and neuro-
degenerative disorders [1,10,11]. nAChRs are localized post- and pre-
synaptically and also in the preterminal area. In the last two regions,
they would perform the main physiological functions [1,6,9,12]. Here,
nAChRs modulate the release of several neurotransmitters directly or
indirectly [13–17].

nAChR α4β2 was found to be expressed with two different stoi-
chiometries, containing 3 α4 and 2 β2 subunits ((α4)3(β2)2) and
conversely ((α4)2(β2)3) [18–20]. Each stoichiometry has different
sensitivities for agonists, with high-sensitivity (HS) and low-sensitivity
(LS) receptors associated with (α4)2(β2)3 and (α4)3(β2)2 stoichiome-
tries, respectively. These subtypes have in principle two structurally
equivalent BSs located at the interface between α4 and β2 subunits
(α4(+)/β2(−)) with high-affinity for the agonist ACh [21], although
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would not be functionally equivalent [22]. The structural basis for the
differences in sensitivity was found to be located in an additional BS for
agonists that is present only in (α4)3(β2)2 subtype [21,23]. This stoichi-
ometry has and α4(+)/α4(−) interface, that binds the natural agonist
AChwith lower affinity than the canonical siteα4(+)/β2(−) but improves
channel activation.

Due to differences in agonist sensitivity and receptor subtype local-
ization in some cases, it is supposed that both subtypes would perform
different functions [9]. HS subtype mediates glutamate release in
prefrontal cortex and striatum [17,24–26] but also LS subtype has
been implicated in this function in the prefrontal cortex [26]. Using
the LS site-selective agonist NS9283 [27], it was demonstrated that
this subtype participates in cognitive function and analgesia, opening
the possibility to use this kind of drugs as cognitive enhancers in pa-
tients with Alzheimer disease or neuropathic pain [28,29].

We used transiently transfected cells with the α4β2 receptor to
study activation kinetic of receptor subtypes by analysis of single chan-
nel recordings. Our results link channel conductances with receptor
stoichiometries and activation kinetic. (α4)2(β2)3 subtype has lower
unitary conductance with a pattern of channel activation with low-
efficacy. On the contrary, (α4)3(β2)2 channel has a higher conductance
and a higher opening efficacy. Binding of ACh to the 2 high-affinity BS
does not generate an efficient coupling to gating but binding of the
third molecule to the low-affinity BS does. Our kinetic analysis suggests
the presence of primed states, as demonstrated for others receptors of
the Cys-loop family [30–33], that precede channel opening and that
limits activation efficacy for either subtype.

2. Materials and methods

2.1. Expression of neuronal nAChRs

TotalmRNAswere extracted frommouse brain and cDNA forα4 and
β2 nAChR subunits were obtained using specific primer pairs. cDNAs
were cloned into pcDNA3.1 (Invitrogen, cat N°V790-20) vector using re-
striction enzymes EcoRI/XhoI for both nAChR subunits. BOSC cells, a cell
line derived from HEK cells which increase protein expression [34],
were transfected with a total amount of 5 μg of plasmid DNAs contain-
ing neuronal α4 and β2 subunits in a ratio 1:1 using the calcium phos-
phate precipitation method [35]. To check for different stoichiometries
assembly, we also transfected the subunits in a 1:4 or 4:1 ratio. To
identify transfected cells, a plasmid encoding green fluorescent protein
was included in the cDNA mixture diluted ten folds of the total 5 μg
cDNA. For transfections, cells at 40–50% confluence were incubated for
8–12 h at 37 °C with the calcium phosphate precipitate containing the
cDNAs in DMEM plus 10% fetal bovine serum. Cells were used for re-
cordings 2 to 3 days after transfection.

2.2. Patch-clamp recordings

Single-channel currents were recorded in the cell-attached configu-
ration at 22 °C. The bath and pipette solutions contained an equimolar
depolarizing solution composed of (in mM): 142 KCl, 5.4 NaCl, 0.2
CaCl2 and 10 HEPES, pH 7.4. In this condition, membrane potential
was close to 0 mV. Pipette potential applied was +70 mV. ACh was
added to the pipette solution at different concentrations. Pipettes
were pulled from capillary tubes and coated with Sylgard. Single-
channel currents were recorded using an Axopatch 200B amplifier
(Molecular Devices), low-pass filtered to 5 kHz, digitized at 10 us inter-
valswith the PCI-6111E interface (National Instruments, Austin, TX), re-
corded to the computer hard disk using the Acquire program (Bruxton
Corporation, Seattle, WA). Recordings were manually analyzed outline
using the TAC X4.2.0 software (Bruxton Corporation) at a final band-
width of 5 kHz. Channels were observed as upward deflections from
the baseline and analyzed individually for amplitude, open- and
closed-time durations. Open- and closed-time histograms were plotted
by using a logarithmic abscissa and a square root ordinate and fitted to
the sum of exponential functions by maximum likelihood using TACFit
X4.2.0 software (Bruxton Corporation). To determine amplitudes corre-
sponding to different assembly stoichiometries, opening events were
tracked individually without any amplitude restriction. Then we con-
structed amplitude histograms andmean amplitude values for different
populations were determined by fitting with Gaussian functions. We
used at least 3 different recordings from the transfected cells to deter-
mine the mean ± S.E. for each amplitude population. From the fitted
histograms, we also determined manually the intersection point be-
tween the 2 amplitude populations, which corresponded to the value
where both curves intersected each other (see Fig. 2B). This method
generatedmisclassified events that corresponded to the overlapping re-
gion under the fitted curves (Fig. 2). The fraction of misclassified events
was on average 8 ± 3% of total events. To determine the mean open-
and mean closed-duration for each low-conductance (LC) and high-
conductance (HC) channel amplitudes we used the opening events de-
tected in the analysis performed without any restriction. Then we con-
structed open-time and closed-time histograms for either LC or HC
channels by selecting the openings and closed events that occur in be-
tween an amplitude range below and above the intersection point,
respectively.

2.3. Kinetic analysis

Kinetic analysis was performed as described before [36,37]. The
analysis was restricted to clusters of channel openings, each reflecting
the activity of a single nAChR. Clusters were identified as a series of
opening events preceded and followed by closed intervals longer than
a critical duration (ιcrit), which was taken as the point of intersection
of the concentration-dependent closed component (τcl3HC) and the
succeeding one in the closed-time histogram. ιcrit changed with ACh
concentration. For lower concentrations of agonist we observed a high
degree of overlapping events between τcl3HC and the succeeding one,
which difficulted determination of ιcrit. However, at higher agonist con-
centrations, as τcl3HC shortened, ιcrit wasmore accurately determined. Av-
erage value for misclassified closed events was 7± 4 of the total events
observed in clusters in the range of 50 to 300 μMACh. Clusters showing
double openings were rejected. Typically more than 80% of the clusters
were selected [36]. The resulting open and closed intervals were ana-
lyzed according to kinetic schemes using QuB software (www.qub.
buffalo.edu, State University of New York, Buffalo) [38]. The dead time
was 50 μs. The model and the estimated rates were accepted if the
resulting probability density functions correctly fitted the experimental
open-duration and closed-duration histograms.

3. Results

3.1. Identification of opening events elicited by neuronal nAChRs α4β2

In order to analyze α4β2 nAChRs activation, we performed single-
channel recordings on transiently transfected BOSC cells with cDNA
for both subunits in a ratio 1:1. Recordings were done in the presence
of ACh concentrations from 0.5 to 300 μM. Initially, to identify nAChRs
channel openings, recordings were done in untransfected cells in the
presence of 50 μM ACh in the pipette; and transfected cells without
ACh in the patch pipette. In these conditions and at a pipette potential
of +70 mV, no channel activation was observed, or in the case of
transfected cells, infrequently isolated openings of 3–4 pA were
observed with a total open-time fraction b 0.01. Occasionally, in
untransfected and transfected cells (with or without ACh in the pipette
solution), opening events with an amplitude of 5 pA were observed.
They activated as consecutive openings of about 1 ms separated by a
closed time of approximately 100 μs and the activity did not decay
over time. This channel activation was consistent with the already
observed endogenous channels that are expressed in HEK cells, the
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original cell line which gave rise to BOSC cell line [39,40]. When this
channel appeared during recording the data was discarded. In the pres-
ence of ACh, in transfected cells, we observed a consistent activation of
opening events of around 3 to 4 pA that we identified as events gener-
ated by activation of the nAChRs. As previously reported by others, char-
acterization of this nAChR activation is complicated because of deep
desensitization of the receptor in the continuous presence of agonists
or run-down [18,41–43]. The probability of getting single-channel cur-
rents in the presence of ACh was below 0.2 (1 successful patch every
6/7 patches). In successful patches, in most of the cases, channel open-
ing events decayed within the first 2 min after sealing (Fig. 1A) with a
low proportion of recordings that exhibited a reasonable activity for 5
to 10 min. In any case, the total number of opening events was never
above 1500 with a media of 400 events (n = 76). The frequency of
channel openings increased with ACh concentration (Fig. 1B). At the
lowest ACh concentration (0.5 μM), the frequency of channel openings
was below 0.2 and increased 7-fold when 100 μM ACh was present in
the pipette (Fig. 1C). Thus, the concentration-dependence, together
with the detection of these channels only in transfected cells, supported
initially our idea that these events were generated by the activation of
nAChRs. Additionally, we transfected cells with different amount of
cDNA ratios which changed the proportion of the populations observed
and we also noticed changes in the activation kinetic (see below).

3.2. Characterization of nAChRs α4β2 single-channel opening events

Once we identified opening events corresponding to the transfected
neuronal nAChRs, next we analyzed the amplitude and activation
parameters of these channels. As also reported by others [18,41–46],
we found two different channel amplitudes at all concentrations of
ACh, a low-conductance (LC) channel of around 2 pA and a high-
conductance (HC) channel of around 3 pA (Fig. 2A and B). Both ampli-
tudes didn't change significantly with increasing concentrations of
ACh (p N 0.05, ANOVA test) (Fig. 2B and C, left panel). So, we pooled
the amplitude values at all concentrations and obtained an average
value of 2.09 ± 0.19 pA (n = 23) for the LC channel and 3.14 ±
0.28 pA (n = 24) for the HC channel. The chord conductances (g−70)
for the LC and HC channels were 29 ± 3 pS and 44± 4 pS, respectively.
The number of events in each population of channel changed with ACh
concentration (Fig. 2C, right). At 0.5 μMACh, the relative area for the LC
component was around 0.6 and decreased to a value below 0.4 at
concentrations ≥ 10 μM ACh while HC component increased to values
ranging between 0.65 and 0.9 (Fig. 2C). We also evaluated channel am-
plitudes of cells transfected with cDNAs ratios of 4:1 and 1:4 forα4 and
β2, respectively. We evaluated channel properties of the receptors
Fig. 1.Activity of nAChRα4β2 activated by acetylcholine in cell-attached recordings of transient
receptor activated by 100 μM ACh. Openings are shown as upward deflections. (B) Activity o
openings at the indicated concentrations of ACh. n = 7 and n = 6 for 0.5 and 100 μM ACh, res
activated by 30 μM ACh. We observed both channel amplitudes that
were similar to the 1:1 ratio (for 4:1 ratio: 2.02 ± 0.22 (n = 4) and
3.24 ± 0.15 (n = 6); for 1:4 ratio: 2.15 ± 0.22 (n = 4) and 3.02 ±
0.25 (n = 4)). However, we determined a change in the distribution
of channel populations. With a 4:1 ratio, mostly all openings were HC
channels with a relative area of 0.92 ± 0.04 (n = 4). The opposite was
observed for the 1:4 ratio, LC channel weremore frequent and predom-
inated in the histogram (relative area: 0.86 ± 0.06) but the number of
opening events was lower compared to the other transfection ratios.
In consequence, data from several patches were pooled.

Nextwe analyzed the duration of the opening events (Fig. 3). Initial-
ly, we used the raw data obtained from the data analysis without dis-
criminating between LC and HC channels. Open time histograms
showed twomean open time components, a short-duration component
(τon1) of about 500 μs that did not change significantly with ACh con-
centration and a long-duration component (τon2) that changedwith in-
creasing concentration of ACh from2ms at 10 μMACh to 1ms at 300 μM
ACh (p b 0.05). To determine if each component corresponded to LC and
HC channels and gain more insights into the channel activation of each
population, we sorted open-time durations for LC and HC channels and
generated open-time histograms for each category (see Materials and
methods). For both populations, we observed a short and a long open-
time component at all ACh concentrations (Fig. 3A and B). For the LC
channel, the duration of both components did not changewithACh con-
centration (p = 0.81 and p = 0.98, respectively; ANOVA's test). Mean
open time for the short component (τon1LC ) at all concentration was
0.26 ± 0.03 ms (S.E., n = 21) and for the long component (τon2LC ) was
1.31 ± 0.14 ms (S.E., n = 21). τon1LC was the predominant component
at all concentrations with a contribution above 0.7 of the relative area
(Fig. 3C). For the HC channel, we obtained also 2 open components, a
short (τon1HC ) and a long component (τon2HC ). τon1HC changed slightly but sig-
nificantly the open-time duration from 10 to 300 μM ACh (p = 0.02,
Student's t-test). Except for 300 μM, τon1HC was longer than τon1LC (p b 0.01,
Student's t-test), indicating different activation kinetic. τon2HC decreased
slightly but not significative from 10 to 100 μM ACh (Fig. 3C) (p = 0.45,
respectively; ANOVA's test). However, at 300 μM ACh, the presence of
this component was not constant. In 2 of the 3 recordings obtained for
this concentration, only one exhibited this component and the rest had
only 1 brief component. This concentration is shown in Fig. 3C, but only
for 1 recording. Average τon2HC (10 to 100 μM ACh) was 1.32 ± 0.14 ms
(S.E.; n=15). The duration of the long component of LC andHC channels
did not differ significantly (p = 0.6; Student's t-test). For both channel
populations, the predominant open component was the short one
(Fig. 3C, right panel). However, the behavior with ACh concentration dif-
fered between both populations.While the relative area of τon1LC remained
ly transfected BOSC cells. (A) Continuous single-channel recording of the neuronal subtype
f opening events at two different ACh concentrations. (C) Average frequency of channel
pectively. Pipette potential for all recordings: +70 mV.



Fig. 2. Characterization of single-channel opening events. (A) Opening events elicited by different concentrations of ACh. Dash lines indicate 1 pA of amplitude. (B) Opening histograms
corresponding to recordings shown in A. Graphs were fitted with 2 components. (C) Average values obtained for the amplitudes (left) and relative area (right) obtained from the fitted
histograms at different concentrations of ACh. Values are shown as average± S.E. Two channel amplitudeswere found and named “low-conductance” (LC) and “high-conductance” (HC)
channels. All recordings were obtained at +70 mV pipette potential.
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constant with ACh concentration (Fig. 3C, right; p= 0.35, ANOVA's test),
the relative area of τon1HC increased significantlywith agonist concentration
(Fig. 3C, right).

Additionally, we analyzed closed-time periods for both populations
(Fig. 4). LC channel exhibited mostly isolated opening events (Fig. 4A)
and occasionally it was observed as 2–3 consecutive openings. For this
reason, closed-time histograms showed a variable number of long com-
ponents that varied among recordings (Fig. 4B, left). The durations of
these closed components were dependent on the number of channels
present in the patch pipette and corresponded to the period in which
LC channel receptors stayed in desensitized states. Activity of the chan-
nel is observed when they returned from desensitized states. The
shortest component was more constant with a mean closed duration
around 100 μs, independently of ACh concentration and the relative
area of this component did not modify with the agonist concentration
(around 0.25, not shown). Activation of HC channel deeply differed
from LC channel. HC channel opened as burst of consecutive openings
(Figs. 4A and 6A). Closed time histograms for HC channel indicated 2
components whose durations were independent of ACh concentration
(p = 0.32 and p = 0.48, respectively). These corresponded to the 2
shortest components (τcl1HC and τcl2HC; Fig. 4B, close-arrow). Average values
were 0.13 ± 0.01 ms for τcl1HC and 1.91 ± 0.10 ms τcl2HC. Besides, the con-
tribution of these components increased significantly with the agonist
concentration (Fig. 4B and C, right panel), indicating a dependence of
activation kinetic with agonist concentration. Additionally, we observed
a third closed component (τcl3HC), longer than τcl2HC that shortenedwith in-
creasing concentrations of ACh (Fig. 4B, open-arrow). The intersection
between this concentration dependent component and the succeeding
one was taken to define clusters (Fig. 4B). At 100 μM ACh the compo-
nent had an average value of 27.98 ± 2.48 ms (Fig. 4B) (SE, n = 18).
Longer closed-components were more variable among ACh concentra-
tions, indicating periods in which HC channels enter in long-lived
desensitized states. Durations of these long closed components depends
on the number of HC channels present in the patch pipette and are not
useful for kinetic analysis. Return from desensitization allowed channel
to activate in bursts and clusters (Fig. 6A). For these reasons, long shut
periods were discarded for kinetic analysis.

3.3. Determination of activation kinetic parameters

Once we characterized activation parameters for open and closed
components, we assigned the activation of LC and HC channels to
the 2 possible stoichiometries based on the results shown previously
(see Discussion): LC channel corresponded to the high-sensitivity
(α4)2(β2)3 receptor (Fig. 5A, left), meanwhile, HC channel correlated
with the low-sensitivity receptor (α4)3(β2)2 (Fig. 5A, right). LC channel
would activate according to Scheme 1 (Fig. 5B), in which two agonist
molecules can bind to the high-affinity BS (Fig. 5A, white arrows). HC
channel also has the two high-affinity BS structurally identical to LC
channel and, additionally, the third low-affinity BS located in the
α4(+)/α4(−) face (Fig. 5A, black arrow). Thus, HC channel would acti-
vate at low concentrations of ACh by binding to the 2 HA sites and
when agonist concentration is increased, it will bind to the third site
(Fig. 5B, Scheme 2).

In order to analyze the kinetic of activation of nAChRs, we used our
experimental single-channel data to test models of channel activation.
Due to the lack of activation in clusters for LC channel, it was not possi-
ble to analyze kinetic behavior for this channel. So, we performed this
analysis only for HC channel. In typical cell-attached recordings, clusters
of events were easily detected at a low temporal resolution as series of
opening events that occur after long shut periods (Figs. 1 and 6A). De-
tailed observation of clusters activity at higher temporal resolution
showed that opening events occurred in between an irregular pattern
of closing periods (Fig. 6A). Initially, it is possible to identify openings



Fig. 3. Analysis of the duration of opening events for LC and HC channels. (A) Single-channel recordings showing channel duration at different concentration of agonist. (B) Open time
histograms for LC and HC channels for the corresponding recording shown in A. Channel populations were split according to amplitude histogram as explained in Materials and
methods. (C) Average values for the mean open time (left) and relative area (right) obtained for the two components of LC and HC channels from the open histograms. Values are
shown as mean ± S.E.
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events separated by very short closing periods (bursts). These bursts
within clusters are separated by longer closing periods (Fig. 6A, high)
and also individual openings in between bursts activity (Figs. 4A and
6A). Closed time from the bursts activity accounts for the shortest
closed-time components (Fig. 4B).

For kinetic analysis, we assumed that as for LC channel, binding of
ACh to the high-affinity sites did not render channel activation in clus-
ters behavior and, in consequence, clusters are generated by the in-
creased efficacy of channel opening when the third ACh molecule
binds to the LA site [47]. So, we constrained our analysis only to the
last step of the proposed model of channel activation (Fig. 5B, dash
line in Scheme 2). We fitted channel activation to several models
based on that derived from Scheme 2 (Fig. 5B and C) using the Maxi-
mum Interval Likelihood (MIL) algorithm from the QuB suite. Models
1 and 2 possess a transition from diliganded resting state to the corre-
sponding open state, a transition that is expected to take place in HC
channel, as isolated events are present at very low concentrations of ag-
onist. However,fitting of experimental data to kinetic schemeswithMIL
program did not render a rational value for this transition. Closing con-
stants α2 were extremely low, which in consequence resulted in very
high gating constants for diligated receptors (Table 1). This is not com-
patible with the observed kinetic behavior, for example at low ACh con-
centrations. Besides, the goodness of fit for Models 1 and 2 were the
lowest (Log-likelihood (LL) ~85,900 for both models). Models 3 and 4
lacked this transition and fitting of kinetic values were improved
(Table 1, LL 85900 and 102,700 for Models 3 and 4, respectively). How-
ever, as explained before, we expected that this transition would take
place. Additionally, as desensitization from diligated open state should
be a long-lived state, we excluded this state from fitting (Models 2
and 4). ForModel 2, the lack of this state did not change fitting obtained
using Model 1. For Model 4, fitting is slightly improved compared with
Model 3. However, the main problem for the kinetic models was the
lack of transition in the diligated state. Thus, all these models gave us
values that didn't fit properly the expected kinetic behavior of channel
openings (Table 1).

It has been demonstrated that LGIC can exhibit intermediate closed
states between agonist-bound resting and opening states, named
flipped and also primed state [30–32,48,49]. We analyzed this possibil-
ity for the receptor by evaluating amodel that included a closed primed
state between diliganded and triliganded state and the corresponding
open states (Fig. 6B). The third agonist molecule binds to either
diliganded closed-, flipped- or open-state or dissociate from the corre-
sponding triliganded state. For the analysis we excluded desensitized
state occupied by 2 ACh molecules because we assumed that it is a
long lived state. We fitted our experimental data to Model 5 shown in
bold letters (Fig. 6B). Open-time and closed-time histograms at several
ACh concentrations are well described by the theoretical curves
(Fig. 6C), indicating that Model 5 describes well kinetic behavior of HC



Fig. 4. Closed-time analysis for LC and HC channels. (A) Single channel recordings at different ACh concentrations. (B) Closed-time histograms corresponding to the recordings shown on
the left. Closed-periodswere split for LC and HC channel as explained inMaterials andmethods and fitted as the sum of exponential functions. Black arrows on top indicate concentration-
independent components, named ιcl1HC and ιcl2HC, respectively for all histograms. White arrow indicates concentration-dependent component ιcl3HC. Intersection of this component and the
succeeding one was used to determine ιcrit, which is indicated by thin arrows. (C) Average mean values for the two components indicated in B. Left, mean closed time and right,
relative area at each concentration obtained from the corresponding histograms.
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receptor. Association rates for the third agonist molecule to the resting
state gave an equilibrium constant (K3) value closed to 100 μM, similar
to the EC50 reported for the LS receptor. Interestingly, transition rates to
the primed state from the resting states A2R and A3R greatly differ,
exhibiting an 18-fold increase in equilibrium constant from the
triliganded state (F3) compared to the diliganded state (F2) (Table 1).
Based on the rate constant obtained (Table 1), once the receptor
reached the diliganded state, it had two possibilities. At concentrations
of ACh below 15 μM, the transition to the diliganded flipped state is fa-
vored. However, when ACh concentrations increased above this value,
the association of the third molecule increased transition to the
triliganded resting state and the transition to the triliganded primed
state. Surprisingly, activation constants are higher for diliganded than
triliganded state (θ′2 and θ′3, Table 1), indicating that transition from
the flipped state to the open state is not the limiting rate for the channel
to open (Table 1). Model 5 shows 2 open states in which, according to
constant rates, the shortest one corresponds to the triliganded state
A3O′. The long one corresponds to the diliganded state, A2O′. At high
ACh concentrations, when the triliganded open state is favored,
reaching A2O′ state will proceed mainly from the unbinding of ACh
molecules from the triliganded states, either A3R′ or A3O′. The first
one generates a closed time that precedes diliganded gating. The second
one prolongs the open duration, that will finish by closing the
diliganded state. According to Model 5, the unbinding/binding step of
the primed state (K′3) is very unlikely and the transition between
open states is more probable (J′3) (Table 1). In order to test if the tran-
sition between primed states is possible, we generated Model 6 in
whichwe excluded the transition between open states, forcing the pro-
gram to assign kinetic values to this parameter (Table 1). Model 6 ren-
dered values similar to that of Model 5, but with much higher values
for kinetic constants for k′+3 and k′−3. In consequence, with this
model, the transition between primed states is also possible and the
goodness of fit is exactly the same as Model 5 (not shown).

4. Discussion

We studied the activation kinetic at the single channel level of
neuronal nAChRsα4β2,which assembleswith two different stoichiom-
etries, with the patch-clamp technique. Our results showed the differ-
ences in activation performed for each receptor subtype and provide
an explanation for the partial agonism exhibited by the receptors acti-
vated at the high-affinity BSs and how the third agonistmolecule, acting
at the low-affinity BS improved activation.

4.1. Stoichiometry and conductance

In single channel recordings of transfected cells, we determined two
conductances for channel openings, a low-conductance channel with a
chord conductance of 29 pS and a high-conductance channel with
44 pS (Fig. 2). Our values are in the range already published using differ-
ent species and techniques [18,41,43–45,50–55]. Most of them ob-
served 2 conductances and even 3 different ones. The structural basis
for the two conductances would be determined by differences in chan-
nel assembly. In this regard, two stoichiometries have been proposed



Fig. 5. Schematic representation of LC and HC channels activation. (A) Scheme of the LC and HC channels assembly. (B) Kinetic diagram for either channel activation according to the
number of binding sites. Dash line on Scheme 2 indicates the binding step of the third ACh molecule and was used to model HC channel kinetic of activation. (C) Models for HC
channel activation used to fit experimental data using QuB software.
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for this receptor subtype based on agonist sensitivity, a high- and a
low-sensitivity receptor that differs in the number of α4 and β2 sub-
units present in the pentamer [18,19,45]. The high-sensitivity receptor
was associated with (α4)2(β2)3 stoichiometry meanwhile low-
sensitivity receptor with (α4)3(β2)2 stoichiometry. Both assemblies
were validated by experiments done with concatameric subunits
which confirmed the relationship between stoichiometry and agonist
sensitivity [20,21,23]. Based on our results, we assigned the activation
of LC and HC channels to the 2 possible stoichiometries: LC channel cor-
responds to the high-sensitivity receptor (α4)2(β2)3, meanwhile HC
channel correlates with the low-sensitivity receptor (α4)3(β2)2. Our
conclusions are based on the following findings: a) Activity of channel
openings increasedwith ACh concentration,where LC channels are pre-
dominant at very low concentration and their contributions decrease
with increasing concentration of agonist. The opposite was determined
for HC channel; its contributions are minor at 0.5 μM ACh and predom-
inate at higher concentrations. b) Transfection with α4 and β2 cDNA in
a ratio 4:1 increases the proportion of HC channels while transfection
with a ratio 1:4 increases the proportion of LC channel. c) HC channel
activity at high agonist concentration occurs in clusters, indicating a
higher activation efficacy, which was previously found for the low-
sensitivity subtype [43,47]. Similar conclusions were reported by two
groups using either single-channel or noise-analysis [18,43]. However,
the opposite conclusion was obtained by [45]. Channel conductance of
the Cys-loop superfamily depends on the transmembrane domain 2
(TM2), which lines the channel pore, and also on a cytoplasmic helix
formed by the TM3–TM4, namedMA-stretch, which forms intracellular
portals that the ionsmust crosswhen entering or leaving the cytoplasm
[56]. Residues present in this region are important to determine channel
conductance of α4β2 receptors [57]. Structurally, the 5 portals formed
by the interface betweenMA regions inα4β2 receptorswould differ be-
tween receptor subtypes. LC and HC channels have in common 2α4/β2
and 2 β2/α4 portals but LC channel has a β2/β2 portal meanwhile HC
channel has an α4/α4 portal. Differences in the structure of these por-
tals could account for the different conductances observed for LC and
HC channels, taking into account that the key residues in TM2 for chan-
nel conductance are conserved between both subunits.

4.2. Activation and efficacy

We found that the LC channel did not activate in clusters, whereas
the HC channel did. Opening in clusters that correspond to the same re-
ceptor molecule flickering in between different states [38], indicates a
better gating efficacy [58–60]. (α4)2(β2)3 receptor has two identical
BSs at the α4(+)/β2(−) interface that, according to sensitivity and
mutation analysis of concatamers, has high-affinity for ACh (EC50

ranged between 0.95 and 3.8 μM). (α4)3(β2)2 assembly introduce
an additional BS at the α4(+)/α4(−) interface, with low-affinity for
ACh (EC50 ranged from 80 to 130 μM) [18–21,23,47]. Despite this af-
finity profile, the efficacy of activation upon binding of the agonist to
the high- or low-affinity sites is opposed. Binding of ACh to the high-
affinity BS generates gating of the channel but, maximal activation of
the (α4)3(β2)2 is achieved when ACh concentration raises, allowing
binding to the third site [21,23,47,61,62]. LC channel would activate
according to Scheme 1 (Fig. 5B), in which 2 agonist molecules can
bind to the high-affinity BS, α4(+)/β2(−). As we could not detect clus-
ters for this channel although binding occurs with high-affinity, gating
efficacymust be low, with ACh acting as a partial agonist, as already re-
ported [22,27,47,61,62]. In this regard, (α4)3(β2)2 subtype, when acti-
vated by the high-affinity BSs, accounts for approximately a 20% of the



Fig. 6.Kinetic analysis of HC channel. (A) Single-channel recordings of clusters activity at 3 different time resolutions. Dash box in upper trace delimits a cluster that is exposedwith higher
temporal resolution in the middle panel. Closed-numbered boxes delimit intracluster periods that exhibited in the lower traces 1 and 2 with higher temporal resolution. ACh
concentration: 100 μM. (B) Kinetic model which contains an intermediate primed state in between resting and open states for the diliganded and triliganded receptor. Bold letters and
arrows indicate the states used for fitting while white-filled letters and arrow indicates possible pathways that were not used for kinetic modeling. (C) Experimental open- and closed-
time histograms with the superimposed fit obtained from the model using the kinetic parameters calculated by QuB software.
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maximum current [21,22,62]. HC channel also has the 2 high-affinity
BSs structurally identical to LC channel besides the low-affinity BS,
α4(+)/α4(−). Thus, it would activate at low concentrations of ACh by
binding to the 2 high-affinity sites and when agonist concentration is
increased, it will bind to the third site (Fig. 5B, Scheme 2). [19–21,23,
43]. Based on our data for the LC channel activation and published
data, binding of ACh to the α4(+)/β2(−) site in HC channel would gen-
erate a low efficacious activation. This also has been observed for the
concatenated receptor [27,47]. Binding of the agonist to the α4(+)/
α4(−) promotes full activation of the receptor, increasing the amount
of current generated by the receptor molecules [21–23,62]. At the
single-channel level, this improved activation is correlated with the
presence of clusters generated by the activation of the receptor. We as-
sume that cluster activities are generated when the receptor binds the
third agonist and analyzed several kinetic models to describe activation
kinetics. The pattern of closures is complex and indicates that, com-
pared to muscle-type nAChR, the efficacy of activation is much lower
[59]. When we consider the total opening time inside a cluster for mus-
cle nAChR activated by an efficacious agonist is close to 99%, while here,
this time is close to 10% when we consider the whole clusters and ap-
proximately 40% if we consider burst of activations inside clusters.
Our kinetic analysis indicates that to open the channel, the receptor
must reach a primed state that precludes opening, indicating an expla-
nation to the action of the high-affinity sites as partial agonists. The
transition between the closed states to the primed states is much faster
in the triliganded receptor compared to the diliganded receptor
(around 18 times). In consequence, opening of the receptor with two
ACh bounded proceeds very slowly and could probably explain why
these receptor subtypes desensitize even in the presence of very low
concentrations of agonist [42]. Once the receptor reaches the primed
state, gating of the bi- or triliganded receptor is similar, with even a
faster opening rate for the diliganded than the triliganded state. Also
the stability of the diliganded open state is higher than the triliganded
open state (Table 1), reinforcing the idea that the third agonistmolecule
would act more as a modulator which favors the transition from the
resting to the primed state. Once the receptor is primed, it would be ef-
ficiently coupled to opening, nomatter if it has 2 or 3 agonist molecules
bound. Primed states also have been determined for members of the
Cys-loop family, like serotonin receptor, GABAA receptor and muscle
nAChRs [30,31,63] and this state would be responsible for the action
of several compounds as partial agonists [32,64]. Structurally, nAChRs
primed states would correspond to the movement of C-loop from
uncapped to capped position in the binding site upon binding of the
agonist [65,66], as it has been demonstrated for muscle nAChR [30].
Our study suggests that binding of ACh to its low affinity binding site
is necessary to overcome this conformational change necessary for
channel gating.

5. Conclusions

Themain finding of our study is the determination of kinetic param-
eters for the activation of the low-sensitivityα4β2 receptor. Our results



Table 1
Kinetic parameters for nAChR (α4)3(β2)2 activated by ACh. Kinetic parameters correspond to the activation schemes shown in Figs. 5C and 6C and are the result of a global fit of data
obtained over a range of ACh concentrations. Standard errors are shown. Equilibrium constants (indicated with bold numbers) are K for association to resting state, K′ for association
to the primed state, J for association to open state, F for primed state, θ for gating andKD for desensitization. Asterisks indicate equilibrium constants that are not compatiblewith observed
values.

Classical models Primed models

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6

k+3 (μM−1 s−1) 11 ± 1 15 ± 1 11 ± 1 11 ± 1 2.3 ± 0.5 2.5 ± 0.6
k−3 (s−1) 2944 ± 167 3341 ± 167 2886 ± 157 2940 ± 149 284 ± 25 292 ± 27
K3 (μM−1) 277.7 222.7 258.5 263 123 117
k′+3 (μM−1 s−1) – – – – 2.47E-04 11 ± 3
k′−3 (s−1) – – – – 1.90E-06 408 ± 78
K′3 (μM−1) – – – – 7.66E-03 37
j+3 or j′+3 (μM−1 s−1) 14 ± 1 15 ± 1 14 ± 1 16 ± 1 1.5 ± 0.3 –
j−3 or j′−3 (s−1) 356 ± 55 303 ± 46 377 ± 60 354 ± 49 162 ± 23 –
J3 or J′3 (μM−1) 25 20 27 22 108 –
γ2 (s−1) – – – – 37 ± 9 41 ± 10
δ2 (s−1) – – – – 1921 ± 184 2056 ± 208
F2 – – – – 0.019 0.019
γ3 (s−1) – – – – 1446 ± 96 1454 ± 97
δ3 (s−1) – – – – 4197 ± 290 4213 ± 317
F3 – – – – 0.34 0.34
β2 or β′2 (s−1) 43 ± 11 12 ± 9 – – 9040 ± 660 8952 ± 726
α2 or α′2 (s−1) 6.4E-05 ± 5E-06 8.6E-05 ± 3E-06 – – 1430 ± 65 1552 ± 73
θ2 or θ′2 6.7E + 05* 1.4E + 05* – – 6.3 5.8
β3 or β′3 (s−1) 6550 ± 279 6919 ± 290 6438 ± 274 5992 ± 239 5392 ± 312 5178 ± 322
α3 or α′3 (s−1) 2772 ± 96 2480 ± 71 2693 ± 89 2605 ± 70 3207 ± 72 3247 ± 85
θ3 or θ′3 2.36 2.79 2.39 2.3 1.7 1.6
k+D2 or k′+D2 (s−1) 207 ± 32 – 196 ± 39 – – –
k−D2 or k′−D2 (s−1) 38 ± 3 – 41 ± 5 – – –
KD2 or K′D2 0.18 – 0.21 – – –
k+D3 or k′+D3 (s−1) 1014 ± 35 1054 ± 30 991 ± 31 1002 ± 30 679 ± 48 699 ± 51
k−D3 or k′−D3 (s−1) 51 ± 1 52 ± 1 50 ± 1 52 ± 1 54 ± 2 53 ± 2
KD3 or K′D3 19.880 0.049 0.051 0.052 0.080 0.070
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indicate the presence of an intermediate state, between resting and
open conformation of the receptor. Binding of the third molecule to
the low-affinity BS increases the efficacy of receptor activation by favor-
ing the transition between resting and intermediate state, named
primed.
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