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abstract

 

We used single-channel kinetic analysis to study the inhibitory effects of tacrine on human adult nic-
otinic receptors (nAChRs) transiently expressed in HEK 293 cells. Single channel recording from cell-attached
patches revealed concentration- and voltage-dependent decreases in mean channel open probability produced by
tacrine (IC

 

50

 

 4.6 

 

�

 

M at 

 

�

 

70 mV, 1.6 

 

�

 

M at 

 

�

 

150 mV). Two main effects of tacrine were apparent in the open- and
closed-time distributions. First, the mean channel open time decreased with increasing tacrine concentration in a
voltage-dependent manner, strongly suggesting that tacrine acts as an open-channel blocker. Second, tacrine pro-
duced a new class of closings whose duration increased with increasing tacrine concentration. Concentration de-
pendence of closed-times is not predicted by sequential models of channel block, suggesting that tacrine blocks
the nAChR by an unusual mechanism. To probe tacrine’s mechanism of action we fitted a series of kinetic models
to our data using maximum likelihood techniques. Models incorporating two tacrine binding sites in the open re-
ceptor channel gave dramatically improved fits to our data compared with the classic sequential model, which
contains one site. Improved fits relative to the sequential model were also obtained with schemes incorporating a
binding site in the closed channel, but only if it is assumed that the channel cannot gate with tacrine bound. Over-
all, the best description of our data was obtained with a model that combined two binding sites in the open chan-
nel with a single site in the closed state of the receptor.
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I N T R O D U C T I O N

 

The nicotinic acetylcholine receptor (nAChR)* from
adult mammalian muscle is a heteropentameric pro-
tein with the subunit composition 2

 

�

 

, 

 

�

 

, 

 

�

 

, 

 

�

 

. Each of
the subunits is structurally homologous, and consists of
a large, extracellular NH

 

2

 

-terminal domain, four mem-
brane spanning segments (M1-M4), and a large intra-
cellular loop between M3 and M4. Contained within
the nAChR complex are two binding sites for acetylcho-
line, which are located in the NH

 

2

 

-terminal domains of
the subunits, and a centrally located cation selective
channel (Arias, 1996).

Although atomic structural insight recently emerged
for the NH

 

2

 

-terminal ligand binding domain via X-ray
crystallography of an ACh binding protein (Brejc et al.,
2001) and a mutagenesis-based model of the muscle re-
ceptor (Sine et al., 2002), our understanding of the

transmembrane domains continues to rely on lower
resolution cryoelectron microscopy studies (Miyazawa
et al., 1999), site-directed mutagenesis, affinity label-
ing, and the substituted cysteine accessibility method
(SCAM) (for review see Arias, 1996). Together, these
techniques lead to a model of the receptor in which the
subunits are arrayed around a central ion channel, with
the lining of the channel formed largely by the M2 do-
mains of each of the subunits, and perhaps, smaller
contributions from the extracellular ends of the M1
segments. (Arias, 1996; Miyazawa et al., 1999)

The M2 domains are highly conserved amongst the
subunits, meaning that the overall channel structure
can be viewed as a series of rings, stacked one upon the
other. Each ring consists of five homologous amino ac-
ids, one from each subunit. The secondary structure of
these channel lining segments is thought to be 

 

�

 

-helical
but with a distinct “kink” part way along their length. At
the apex of this kink in each subunit is a conserved leu-
cine residue. In one current model of channel gating,
the ring of bulky leucine residues projects into the
channel and occludes ion flux when the channel com-
plex is in the closed state. When agonists bind and the
channel opens, the leucine residues swing out of the
pore, allowing ions to pass (Unwin, 1995). An alterna-
tive model, derived from SCAM studies, holds that the
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channel gate is 

 

�

 

10 residues more cytoplasmic than the
conserved leucine ring (Wilson and Karlin, 1998).

The ion channel of the nAChR is the target of a di-
verse group of noncompetitive antagonists that have
generally been classified as open channel blockers (for
review see Arias, 1996). Open channel blockers inhibit
receptor function by entering and physically plugging
the open channel, thereby preventing ion flux. Because
the binding site is accessible only when the channel has
been activated, and is located within the membrane
field, the actions of open channel blockers are use
and voltage dependent. Photoactivatible open channel
blockers (e.g., chlorpromazine) were instrumental in
pinpointing residues that line the channel and hence in
the identification of the M2 segments as the major
structural components of the channel (Changeux,
1990; Arias, 1996). However, despite the historical im-
portance of open channel blockers in structure–func-
tion studies, our knowledge of their sites and mecha-
nisms of action is incomplete. In particular, there have
been very few systematic investigations of the kinetics of
open channel block at the single channel level.

In this study, we investigated the blocking mechanism
of tacrine (9-amino-1,2,3,4-tetrahydroacridine) at hu-
man adult nAChRs. Tacrine is used clinically to treat
Alzheimer’s disease and is thought to exert its therapeu-
tic effects via inhibition of acetylcholinesterase. How-
ever, at higher concentrations than those used in the
clinic, tacrine has also been found to inhibit a wide
range of other proteins, including K

 

�

 

 channels (Dreix-
ler et al., 2000), NMDA receptors (Hershkowitz and Ro-
gawski, 1991; Vorobjev and Sharonova, 1994), voltage-
gated Ca

 

2

 

�

 

 channels (Dolezal et al., 1997), and mus-
carinic acetylcholine receptors (Perry et al., 1988;
Kiefer-Day et al., 1991; Kojima and Onodera, 1998). Pre-
vious studies showed that tacrine is a noncompetitive
antagonist of 

 

Torpedo

 

 electric organ nAChRs (Canti et al.,
1998), and speculated that the mechanism of this inhi-
bition may involve open channel block. In the present
study, we used maximum likelihood techniques to fit a
series of kinetic models to single channel data. Our re-
sults suggest that tacrine is an atypical open channel
blocker and interacts with at least two sites within the
open- and one in the closed-state of the receptor. Thus,
there may be multiple binding sites for tacrine and
structurally related compounds in the nAChR complex.

 

M A T E R I A L S  A N D  M E T H O D S

 

Materials

 

Dulbecco’s modified Eagle’s medium (DMEM), penicillin, and
streptomycin were purchased from GIBCO BRL. Tacrine was
purchased from RBI. All other materials were obtained from
Sigma-Aldrich. [

 

125

 

I]-labeled 

 

�

 

-bungarotoxin was obtained from
Amersham Biosciences. The sources of the human nAChR sub-
units were as described previously (Ohno et al., 1996).

 

Cell Culture and Receptor Expression

 

Human embryonic kidney 293 (HEK 293) cells were maintained
in culture at 37

 

	

 

C, 5% CO

 

2

 

 in DMEM containing 10% FCS, 50
IU/ml penicillin, and 50 

 

�

 

g/ml streptomycin. In all experi-
ments, cells were transfected at 

 

�

 

30% confluency using calcium
phosphate precipitation as previously described (Prince and
Sine, 1996). For each 35-mm culture dish, 2.7 

 

�

 

g of 

 

�

 

 subunit
DNA and 1.35 

 

�

 

g each of 

 

�

 

, 

 

�

 

, and 

 

�

 

 were used in the transfec-
tion mixture. A plasmid encoding fluorescent green protein
(pGreen lantern) was also included (0.5 

 

�

 

g/35 mm plate) in the
transfection mixture to allow identification of transfected cells
under fluorescence optics. The culture medium was replaced
with fresh medium 12–16 h after transfection, and the cells were
maintained at 37

 

	

 

C for a further 24–48 h before recordings or
binding studies were performed.

 

Patch-clamp Recording

 

Recordings were obtained from transfected HEK 293 cells in the
cell-attached configuration at membrane potentials of 

 

�

 

70,

 

�

 

110 or 

 

�

 

150 mV, at a temperature of 23

 

	

 

C. The bath and pi-
pette solutions contained KRH buffer: (in mM) KCl 142, NaCl
5.4, CaCl

 

2

 

 1.8, MgCl

 

2

 

 1.7, and HEPES 25, pH 7.4. The patch pi-
pette also contained various concentrations of acetylcholine
(ACh) and tacrine, as required.

Recordings were made using an Axopatch 200A amplifier at a
bandwidth of 50 kHz. Data were digitized at 200 kHz using an ITC-
16 analogue to digital interface and recorded directly to hard-disk
using the program Acquire (Bruxton Instruments). Channel
openings and closings were detected off-line by the half-amplitude
criterion using the program TAC (Bruxton Instruments) at a final
bandwidth of 10 kHz. Open- and closed-duration histograms of
the idealized data were constructed using TACFit (Bruxton Instru-
ments) and were fitted by the sums of exponential functions.

At the concentrations of ACh (6–300 

 

�

 

M) used in this study,
channel openings group into clusters corresponding to activa-
tion episodes of single AChRs. The long closings that mark the
boundaries of clusters correspond to periods when all channels
in the patch are in a desensitized conformation. Data within clus-
ters were identified and selected for maximum likelihood analy-
sis as described previously (Prince and Sine, 1998a). For each re-
cording, we calculated the mean open and closed durations
within clusters (

 

m

 

open

 

, 

 

m

 

closed

 

) and the mean probability that the
channel was open within clusters of openings (

 

P

 

open

 

). Concentra-
tion-response curves for ACh were constructed using 

 

P

 

open

 

 values
and were fitted using the following form of the Hill equation:

 

(1)

 

where 

 

X

 

 represents the concentration of ACh, 

 

M

 

 is the fitted
maximum 

 

P

 

open

 

, 

 

EC

 

50

 

 is the concentration of ACh yielding 50% of
maximal 

 

P

 

open

 

, and 

 

n

 

 is the Hill coefficient.
Tacrine inhibition curves were fitted using the following equa-

tion:

 

(2)

 

where 

 

X

 

 represents the concentration of tacrine, 

 

M

 

 is the 

 

P

 

open

 

 in
the absence of tacrine, 

 

IC

 

50

 

 is the concentration of tacrine that
yields a 

 

P

 

open

 

 of 50% of 

 

M

 

, and 

 

n

 

 is the Hill coefficient.

 

Maximum Likelihood Analysis

 

To determine the rate constants governing receptor activation
and block by ACh, recordings obtained over a range of ACh con-

Popen
M.Xn

Xn EC50
n+

------------------------ ,=

Popen M. 1 Xn

Xn IC50
n+

-----------------------–
 
 
 

,=
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centrations (6–300 

 

�

 

M) were analyzed according to Scheme A
(see Fig. 3) using the maximum interval likelihood (MIL) pro-
gram developed by Qin et al. (1996). A dead-time of 22 

 

�

 

s was
imposed on all recordings. The MIL program calculates the like-
lihood that a given kinetic scheme and set of rate constants gave
rise to the experimental set of openings and closings. The pro-
gram then systematically varies the rate constants to maximize
the likelihood. Once the parameters in Scheme A had been es-
tablished, recordings obtained with 100 

 

�

 

M ACh and 1–60 

 

�

 

M
tacrine (data at 60 

 

�

 

M tacrine were included only at 

 

�

 

70 mV)
were analyzed according to mechanisms B-I (see Fig. 3), with the
values of the parameters for activation and block of the receptor
by ACh constrained to the values determined by fits to Scheme A
in the absence of tacrine (see Table IV). Nested models (models
derived from the same parent kinetic scheme) were compared
using the likelihood ratio test (LRT) statistic (Rao, 1973):

where 

 

LL

 

1

 

 and 

 

LL

 

2

 

 are the log-likelihood values of the models be-
ing compared. 

 

LRT

 

 is distributed as 

 




 

2

 

 with the degrees of free-
dom being the difference in the number of free parameters be-
tween the two models.

We also made a global comparison of all models using the as-
ymptotic information criterion (AIC) (Akaike, 1974). The AIC
provides a method of comparing nonnested models and is calcu-
lated thus:

where 

 

n

 

 is the number of free parameters and 

 

LL

 

 is the log-likeli-
hood value for the model under consideration. The model with
the minimum AIC value is considered the best.

 

Ligand Binding Assays

 

48 h after transfection, the growth medium was removed and the
HEK 293 cells were harvested by gentle agitation in phosphate-
buffered saline containing 5 mM EDTA. The cells were centri-
fuged for 5 min at 1500 

 

g

 

 and then resuspended in KRH buffer
containing 30 mg/l BSA. Tacrine affinity was determined by com-
petition against the initial rate of [

 

125

 

I]-labeled 

 

�

 

-bungarotoxin
binding (Prince and Sine, 1998b). In a separate set of experi-
ments designed to test the possibility that tacrine could desensi-
tize the receptor, cells were preincubated for 1 h with the re-
quired concentrations of tacrine and carbamylcholine before ad-
dition of [

 

125

 

I]-labeled 

 

�

 

-bungarotoxin.
Nonspecific binding was determined in the presence of 10

mM carbamylcholine. Binding data were analyzed according to
the following form of the Hill equation: 

 

(3)

 

where 

 

f

 

occ

 

 is the fractional occupancy of receptor by the compet-
ing ligand, 

 

X

 

 is the concentration of competing ligand, 

 

n

 

 is the
Hill coefficient, and 

 

IC

 

50

 

 is the concentration of the competing
ligand that yields 50% occupancy of the receptor. Nonlinear re-
gression was performed using Prism 3.0 (GraphPad Software).

 

R E S U L T S

 

Ligand Binding Experiments

 

To assess whether tacrine competes with ACh at the re-
ceptor agonist binding sites, we determined the affinity

LRT 2. LL1 LL2–( ),=

AIC 2. n LL–( ) ,=

1 focc– 1 Xn

Xn IC50
n+

----------------------- ,–=

of tacrine by competition against the initial rate of
[125I]-labeled �-bungarotoxin binding. Tacrine bound
with an IC50 of 309 � 30 �M and a Hill coefficient of
1 � 0.1 (n � 3) (Fig. 1 A). As described below, ACh-
induced currents are antagonized by much lower concen-
trations of tacrine, eliminating competitive antagonism
as the primary mechanism for functional inhibition of
the nAChR by tacrine.

In a separate series of binding experiments, we as-
sessed whether tacrine could desensitize the nAChR by
determining the affinity of carbamylcholine in the pres-
ence of varying concentrations of tacrine (Fig. 1 B). No
difference was seen in log IC50 values for carbamylcho-
line (P � 0.64 by one-way ANOVA), indicating that
tacrine does not produce the increase in ACh affinity ex-
pected of a desensitizing agent (Sine and Taylor, 1982).

Figure 1. (A) Steady-state binding of tacrine to nAChRs. The
smooth curve is a fit of the Hill equation (Eq. 3) to the data with
the following parameters IC50 � 309 � 30 �M, n � 1 � 0.1. (B)
Steady-state binding of ACh to nAChRs in the presence of 0, 1, 10,
100 �M tacrine. Fits of the Hill equation to the data yielded the
following parameters: 0 tacrine (�) IC50 � 4.5 � 0.7 �M, n � 0.8 �
0.1; 1 �M tacrine (�) IC50 � 3.4 � 0.4, n � 0.7 � 0.1; 10 �M
tacrine (�) IC50 � 5.5 � 0.7 �M, n � 0.7 � 0.1; 100 �M tacrine
(�) IC50 � 6.1 � 1 �M, n � 1 � 0.1. For both types of experiment,
ligand affinity was determined by competition against the initial
rate of [125I]-labeled �-bungarotoxin as described in materials
and methods. Each point is the mean of three determinations
and the error bars represent the SEM.
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Patch-Clamp Experiments: Initial Observations

Activation by ACh. We recorded responses to 6–300 �M
ACh at three membrane potentials: �70, �110, and
�150 mV. At each potential, periods of channel activity
corresponding to the activation of single nAChRs were
readily discernible as clusters of channel openings
bounded by long closed times (Fig. 2). For each record-
ing, we calculated the mean Popen (probability that the
channel is in the open state) within clusters and fitted
the Hill equation to our data. The resulting concentra-
tion-response curves revealed Hill coefficients close to
two at each potential and a voltage-dependent decrease
in EC50 (Fig. 2, Table I).

Within clusters, there were two main components in
the closed time histogram. The faster component (�20
�s) did not vary in duration, but increased in relative
area with increased ACh concentration. In contrast, the
longer component of intracluster closings (�100 �s at
100 �M ACh) decreased in relative area with tacrine
concentration but moved progressively to shorter dura-
tions. This component of the closed time histogram is
described by a rate constant termed �, (also known as
effective channel opening rate) (Sine and Steinbach,
1987) and arises from dwells of the channel in the C,
AC, and A2C states (Fig. 3, Scheme A).

The long closed times which bound clusters of
openings are thought to represent periods when all re-

ceptors in the patch are desensitized. We observed three
exponential components of desensitization closed times
in this study. Long (�7.5 s) duration closings were ob-
served at all concentrations of ACh and were some-
what variable in duration. desensitization on this
time scale has been reported in numerous studies dat-
ing back to Katz and Thesleff (1957). Medium (�30
ms) duration desensitization closings could be re-
solved at concentrations above 10 �M ACh, but were
obscured by slower components of the closed time
probability density function (p.d.f.) at lower concen-
trations of agonist. This type of desensitization was of
constant duration across the concentration range 20–
300 �M and is in good agreement with results from
rapid agonist application experiments which have
yielded desensitization time constants of 15–50 ms
(Dilger and Liu, 1992; Franke et al., 1992; Jahn et al.,
2001). A similar duration closed-time component was
also observed by Sine and Steinbach (1987) in single
channel recordings from BC3H-1 cells. Finally, at con-
centrations of 60 �M ACh and above we observed a
fast (2 ms) desensitization component that did not al-
ter in duration with agonist concentration. A similar
(4.5 ms) component was noted by Zhang et al. (1995)
and was assumed to represent a rapid form of desensi-
tization.

Inhibition by tacrine. To determine the effects of tac-
rine on ACh-evoked single channel activity, we re-
corded responses to 100 �M ACh in the presence of
1–100 �M tacrine at membrane potentials of �70, �110
and �150 mV. We chose 100 �M ACh because it al-
lowed clusters to be identified over a wide range of
tacrine concentrations. Inclusion of tacrine in the
patch pipette produced a concentration- and voltage-
dependent reduction in channel open probability with
fitted IC50 values close to 3 �M (Fig. 4, Table II). In a
separate series of experiments, we recorded responses
to 300 �M ACh in the presence of 10 �M tacrine. As
predicted for noncompetitive antagonism, the reduc-
tion in Popen (expressed as percentage change from con-
trol) produced by 10 �M tacrine at 300 �M ACh (74%)

Figure 2. Activation of human adult
muscle nicotinic acetylcholine recep-
tors by ACh. (Left) Openings of single
receptors were grouped into clusters
bounded by long closings. (Right) Con-
centration-response curves for adult hu-
man nAChRs activated by ACh (�, �70
mV; �, �110 mV; �, �150 mV). The
overall Popen for each recording was cal-
culated at the indicated concentrations
as described in materials and meth-
ods. The data are the mean of 2–5 re-
cordings and the solid lines are fits to
the Hill equation (Eq. 1). Parameters
for these fits are given in Table I.

T A B L E  I

Activation of Adult Human nAChRs by Acetylcholine

Membrane potential EC50 n M

mV �M

�70 13.2 � 0.46 1.8 � 0.09 0.95 � 0.01 

�110 8.43 � 0.34 2.01 � 0.16 0.91 � 0.01

�150 5.74 � 0.33 1.88 � 0.19 0.93 � 0.02

The parameters and error estimates are derived from fits of the Hill
equation (Eq. 1) to the data shown in Fig. 1. Each fitted parameter is
expressed � SE. EC50 is the concentration which yields 50% of the maximal
response, n is the Hill coefficient, and M is the fitted maximum Popen.
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Figure 3. Kinetic schemes used in maximum
likelihood fitting. (Notation used for receptor
states) C, AC, A2C are closed states with agonist
binding sites unoccupied, singly occupied, and
doubly occupied, respectively; A2O is the open
state; A2BA is the open state blocked by acetylcho-
line; A2BT and A2BT are distinct open-blocked
states that have bound tacrine to one site within
the channel; A2BTT is an open blocked state in
which tacrine has bound to two sites within the
channel; A2CT and A2CTT are closed states which
have bound one and two molecules of tacrine re-
spectively. (Notation used for rate constants) Gen-
eral mechanism. (A) �, � are channel opening
and closing rate constants respectively; k�1, k�2,
kB�1 are association rate constants for ACh at the
two agonist binding sites and channel block site
respectively; k�1, k�2, kB�1 are dissociation rate
constants for ACh at the two agonist binding sites
and channel block site, respectively. A is the con-
centration of ACh. General mechanisms B–I:
kT�1, kT�2, kT�3 and kT�4 are association rate con-
stants for tacrine and kT�1, kT�2, kT�3 and kT�4 are
dissociation rate constants; �* and �* are channel
opening and closing rate constants with tacrine
bound; m and n are the forward and backward
rate constants for the diffusion of tacrine between
a shallow site within the channel to a deeper site;
T is the concentration of tacrine. DB indicates
that the scheme was constrained by detailed bal-
ancing. In general mechanisms B–I, only the rate
constants that were derived by maximum likeli-
hood fitting are shown. Other rate constants
within the schemes were fixed to values deter-
mined from fitting to Scheme A (see Table IV).
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was essentially the same as that produced at 100 �M
ACh (77%). To determine whether tacrine can act as
an agonist at the nAChR we made recordings with 10
�M tacrine and no ACh in the patch pipette. No re-
sponses were observed in the presence of tacrine alone
(n � 3).

Effects of Tacrine on Dwell-time Distributions

Preliminary examination of channel open- and closed-
times revealed that tacrine decreased mopen and in-
creased mclosed. These effects are strongly suggestive of
open channel block, which for the nAChR has been de-
scribed classically by Scheme B1 (Fig. 3).

In Scheme B1 (Neher and Steinbach, 1978), the
open-blocked state (A2BT) is connected only to the
open state (A2O). This simple connectivity means that
the rate constants kT�1 and kT�1 can be determined by
examining the effects of blocker on the distributions of
open, burst, and closed durations. As in most previous
studies of nAChR channel block, therefore, Scheme B1

was our starting point from which to investigate the ki-
netics of block.

Open Time Distributions

More-detailed examination of the open-duration histo-
grams (Fig. 5 A) revealed that the tacrine-induced de-
crease in mean channel open time was concentration
and voltage dependent. Neglecting for the moment
block of the channel by ACh itself, Scheme B1 predicts
the reciprocal of the mean channel open duration
(�open) to be related linearly to the concentration of
open channel blocker (T):

(4)

To apply Eq. 4 to experimental data, it is first neces-
sary to correct apparent mean open durations for un-
resolved dwells in the closed states. These missed clos-
ings result in the concatenation of successive channel
openings and thus in an overestimation of �open. In the
present study, the exact form of Eq. 4 cannot be used
because the partially resolved brief closings that arise
from channel gating are of a similar duration to those
that arise from block of the channel by ACh itself.
However, it can be demonstrated (appendix a) that
open time correction can be omitted for our present
data and that using the apparent mean open time
(�app), yields a straight-line with a slope approximating
kT�1:

(5)

where �0 is the apparent mean open time at zero tacrine
concentration. Plots of Eq. 5 are shown in Fig. 5 B.

Burst-duration Distributions

An alternative method of investigating channel block is
the integration method of Neher (1983). The integra-
tion method makes use of the fact that for sequential
block, burst duration increases with blocker concentra-
tion, but the total open time per burst does not vary.
On the other hand, “parallel block” models such as
Scheme C2 (Fig. 3) that provide the receptor with a
pathway back to the closed state, thereby bypassing the
unblocked open state, predict a decrease in the total
open time per burst. Therefore, in theory, the integra-
tion method can distinguish between sequential and
parallel block mechanisms. However, a limitation of the
integration method is that it can only be used when in-
dividual bursts can be identified unequivocally, i.e., at
low concentrations of agonist where the mean duration
of block closings is shorter than 1/�. In the present
study, this condition cannot be met because even at the
lowest concentrations of tacrine, the mean block dura-
tion is considerably longer than 1/�.

1
τopen
---------- α T.kT 1+ .+=

1
τapp
--------- 1

τ0
---- T.kT 1+ ,+=

Figure 4. Tacrine inhibition of responses to 100 �M ACh at �70
mV (�), �110 mV (�), and �150 mV (�) membrane potential.
The data are the mean of 2–4 recordings and the solid lines are fits
to the Hill equation (Eq. 2). The parameters derived from these
fits are summarized in Table II. The top of each curve was fixed to
the mean Popen obtained in the absence of tacrine.

T A B L E  I I

Inhibition of Adult Human nAChRs by Tacrine

Membrane potential IC50 n

mV �M

�70 4.6 � 0.23 1.4 � 0.08

�110 2.5 � 0.24 1.5 � 0.15

�150 1.6 � 0.09 1.9 � 0.19

The parameters and error estimates are derived from fits of Eq. 2 to the
data shown in Fig. 2. Each fitted parameter is expressed � SE. IC50 is the
concentration of tacrine that produces a 50% reduction in Popen. n is the
Hill coefficient.
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Closed-time Distribution

Predictions about the closed time distribution can also
be made from Scheme B1. First, open channel block
should produce a new class of closings and these clos-
ings should increase in frequency with increasing
blocker concentration. Ogden and Colquhoun (1985)
exploited this predicted increase in “blocking fre-
quency” to calculate blocker association rate constants.
Blocking frequency (Bf) is simply the number of block-
ing events per unit time and is calculated thus:

(6)

where Nblock is the number of closings attributable to
block by tacrine, Nopen is the number of channel open-
ings (corrected for missed openings), and mopen is the
apparent mean channel open time. For blockers that
follow Scheme B1, plots of Bf against blocker concen-
tration should be straight lines with slopes of kT�1. As
predicted by Scheme B1, tacrine produced an addi-
tional exponential component in the closed time distri-

Bf
Nblock

Nopen.mopen
--------------------------- ,=

Figure 5. (A) Tacrine alters the closed and
open times distributions of responses to 100
�M ACh. Representative open and closed
time distributions of responses to 100 �M
ACh at �70 mV in the presence of the indi-
cated concentrations of tacrine. The arrows
indicate the component of the closed time
histogram attributed to block by tacrine. Data
are plotted using a square root scale y-axis.
(B) Apparent open time plot. As described in
the text and in appendix a, the simple se-
quential mechanism for open channel block
(Fig. 3, Scheme B1) predicts a linear relation-
ship between tacrine concentration and the
reciprocal apparent mean open time, 1/�app

(Eq. 5). The slopes of the lines approximate
to kT�1 and are given in Table III. (C) Block-

ing frequency plot. Blocking frequency is the number of blocking events per unit time and was calculated as described in the text (Eq.
6). Scheme B1 (Fig. 3) predicts a straight-line relationship between blocking frequency and tacrine concentration. The slopes of the
lines are predicted to be equal to kT�1 and are given in Table III. (D) Mean durations of channel closings arising from block by tacrine.
The symbols used in B, C, and D are as follows: �70 mV (�), �110 mV (�), and �150 mV (�).
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bution, the relative area of which increased with tacrine
concentration (Fig. 5 A). Blocking frequency plots for
tacrine derived using this component (Fig. 5 C) were
straight lines and yielded values of kT�1 close to, but
consistently smaller than, those derived from Eq. 5 (Ta-
ble III). As discussed below, these differences are pre-
dicted by our kinetic modelling studies.

A final prediction of Scheme B1 is that the time con-
stant of block closings should depend solely on the dis-
sociation constant of the blocker (kT�1) and thus should
be concentration independent. Contrary to Scheme B1,
however, the duration of block closings increased with
increasing tacrine concentration (Fig. 5, A and D).

Taking our initial analyses of open and closed distri-
butions together, our data strongly suggest that tacrine
inhibits the nAChR by interacting with the open chan-
nel but the mechanism of this inhibition is incompati-
ble with Scheme B1. To gain further insight into how
tacrine interacts with the nAChR we therefore decided
to fit a series of kinetic models to our single channel
data using maximum likelihood techniques.

Maximum Likelihood Analysis

Kinetics of activation of the receptor by ACh. Detailed kinetic
analysis of the mechanism by which tacrine inhibits the
nAChR requires knowledge of the rate constants that
govern activation of the receptor by ACh in the absence
of tacrine. To estimate these rate constants we recorded
currents at 6–300 �M ACh and analyzed the resulting
open and closed dwell times using maximum likeli-
hood fitting (materials and methods). We used a
standard linear scheme (Fig. 3, Scheme A) to describe
activation of the receptor and block by ACh itself.
Scheme A does not include monoliganded openings of
the receptor, but at the concentrations of ACh used in
this series of experiments only a single class of open-
ings was observed. Scheme A should therefore be a

good approximation of reality under the conditions
used in this study. A global set of rate constants (Table
IV) for Scheme A was obtained by simultaneous fitting
to data obtained over the range of ACh concentrations,
and the resulting probability density functions are
shown as smooth curves superimposed on the open
and closed time histograms (Fig. 6). The rate constants
derived from this series of experiments are, at �70 mV,
very similar to those observed by Ohno et al. (1996).
Our results reveal that the voltage dependence of the
EC50 of ACh is largely due to decreases in the channel
closing rate (�) and the rates of dissociation of ACh
from the agonist binding sites (k�1, k�2).

Kinetics of tacrine inhibition. Once the parameters for
channel activation by ACh were determined, we ap-
plied maximum likelihood fitting techniques to record-
ings made at 100 �M ACh in the presence of tacrine.
We fitted 16 schemes to our data (Fig. 3), constraining
the rate constants for activation and block of the
nAChR by ACh to the values in Table IV. Global fitting
was again performed by simultaneous fitting of data ob-
tained over a range of tacrine concentrations.

First, we considered the classic sequential scheme for
open channel block (Scheme B1). A priori, Scheme B1
cannot account for the inhibition of the nAChR by
tacrine because it predicts that the durations of block
closings should be independent of tacrine concentra-
tion. However, fitting Scheme B1 to our data provides a
baseline for comparing the merits of other models. As
expected, Scheme B1 yielded a poor fit to our data,
particularly in the closed time distribution.

T A B L E  I I I

Fit Parameters for Apparent Open Time and Blocking Frequency Plots

Membrane potential 

�70 �110 �150

mV mV mV

Apparent open time plot

kT�1 (�M�1 s�1) 95 � 2 100 � 3 114 � 5

Intercept (s�1) 1,195 � 86 1,744 � 101 1,456 � 112

Blocking frequency plot

kT �1 (�M�1 s�1) 69 � 1 70 � 4 83 � 5

Intercept (s�1) 37 � 47 97 � 143 76 � 138

Fit parameters are from linear regression to the data in Fig. 5, B and C, and
are given � SE (errors derived from linear regression). According to
Scheme B1, the slope of either plot should give an estimate of the
association rate for tacrine (kT�1). At each membrane potential,
comparison of the slopes (Zar, 1984) revealed that the two plot methods
yield significantly different values of kT�1 (P � 0.0005).

T A B L E  I V

Kinetic Parameters for ACh Activation of Human Adult nAChRs

�70 mV �110 mV �150 mV

k�1 211 � 11 140 � 9 138 � 15

k�1 4,126 � 260 2,654 � 248 1,845 � 228

K1 19.6 19 13.4

k�2 165 � 4 148 � 5 139 � 5

k�2 20,261 � 262 13,410 � 231 10,345 � 226

K2 123 90.6 74.4

� 53,211 � 1,163 54,585 � 1,254 57,352 � 1591

� 2,290 � 49 1,770 � 46 1,373 � 48

� 23.2 30.8 41.8

k�b 38 � 4 77 � 3 90 � 3.2

k�b 149,000 � 4,122 97,761 � 2,004 105,963 � 1,671

KB 3,921 1,270 1,177

Parameters were derived from maximum likelihood fitting of Scheme A
(Fig. 3) to single-channel data obtained at ACh concentrations from 6–300
mM and are expressed � SE. The rate constants are defined in the legend
to Fig. 3. Association rate constants are given in units of �M�1 s�1, and all
others in units of s�1. K1, K2 and KB (mM) are dissociation constants
governing the binding of ACh to the high- and low-affinity agonist binding
sites and the channel block site, respectively. � is the equilibrium constant
governing channel opening. K1, K2, KB, and � were calculated from their
constituent rate constants.
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Next, we fitted a series of kinetic schemes to our
data that described more complex interactions be-
tween tacrine and the receptor (Fig. 3). We consid-
ered three general mechanisms by which tacrine

might bind to and inhibit the function of the nAChR:
(a) competitive inhibition at the nAChR agonist bind-
ing sites; (b) binding to the closed channel; and (c)
binding to the open channel. The individual schemes

Figure 6. Kinetics of activation of nAChRs by acetylcholine. Left panels show traces of individual clusters from patches recorded at the
indicated concentrations of ACh. The traces are displayed at a bandwidth of 5 kHz. The smooth curves through the open and closed time
histograms are theoretical probability density functions calculated from the fitted rate constants for Scheme A (Fig. 3), with values given in
Table IV. At least two recordings were obtained at each of the following concentrations of ACh: 6, 10, 20, 30, 60, 100, 200, 300 �M. For
each concentration, the number of clusters selected for analysis ranged from 85–198 (�70 mV), 49–111 (�110 mV) and 43–135 (�150
mV), while the number of events ranged from 7,330–11,190 (�70 mV), 7,686–14,080 (�110 mV) and 4,658–15,638 (�150 mV).
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are described in detail in the discussion. However,
the following general observations can be made by
considering AIC ranking (Table V): (a) schemes that
allowed tacrine to bind within the closed channel of
the receptor produced an improved fit relative to the
sequential scheme, but only if it was assumed that the
channel could not open or close with tacrine bound
(Schemes C4, G2); (b) improvements relative to the
sequential model were also obtained with models that
allowed tacrine to bind only to the open channel but
also allowed the channel to close with tacrine still
bound (Schemes C3, G1); (c) schemes that postu-
lated two binding sites for tacrine within the open
channel of the receptor (Mechanisms E–I) yielded
dramatic improvements in goodness of fit; (d) the
best schemes had two binding sites in the open state
and allowed interactions between tacrine and the
closed state (Mechanisms G–I). Taking into account
our results from maximum likelihood analysis and
from single channel simulations (see below), the best
overall description of our data is achieved with
Scheme G2. Fig. 7 shows the predicted probability
density functions for Scheme G2 superimposed over
our experimental data.

Based on the fitted rate constants for Scheme G2, sev-
eral predictions can be made about the kinetic be-
havior of the nAChR channel in the presence of tac-
rine. For the open time distribution, predictions of
Scheme G2 are relatively straightforward. In any kinetic
scheme, the lifetime of a particular state depends on
the sum of the rate constants governing exit from that

state. Thus, Scheme G2 predicts that the reciprocal
mean open time of the channel (�open) varies linearly
with tacrine concentration as follows:

(7)

where � is the channel closing rate, T is the concentra-
tion of tacrine and kT�1 is the association rate for
tacrine. Eq. 7 has the same form as Eq. 5 and com-
paring the kT�1 values in Table VI with the values of
kT�1 derived from apparent open time plots (Table
III) demonstrates excellent agreement between experi-
mental and predicted association rates.

For the closed time distribution, the situation is more
complicated because of intercommunication between
the open-blocked states with one and two bound
tacrines, and between the closed-blocked state and the
closed states of the receptor. Considering first the
open-blocked states, it is clear that any given channel-
block event might consist solely of a dwell in the mono-
liganded A2BT state followed by dissociation of tacrine
and return to the open state. Alternatively, it might
consist of a dwell in A2BT followed by multiple transi-
tions to A2BTT before return to the open state. These
two types of block events are predicted to give rise to
two exponential components in the closed-time distri-
bution, but the rate constants describing these expo-
nentials do not relate directly to the lifetime of any in-
dividual states in Scheme G2. As described by Colqu-
houn and Hawkes (1981, 1995), the rate constants (�1,
�2) of these exponentials must calculated by solving the
quadratic equation �2 � b� � c � 0, where:

Similarly, the relative areas (a1, a2) of the two compo-
nents are given by the formulae:

The derivations of these equations are given in full in
appendix b. As shown in Fig. 8, Scheme G2 predicts
that the component of the closed-time distribution de-
scribed by �1 becomes briefer and that its relative area
(a1) decreases as the concentration of tacrine is in-
creased. However, we could not identify this closed-
time component in our experimental data, probably
due to temporal overlap of the �1 component with clos-
ings arising from agonist binding and channel gating
(�). Conversely, Scheme G2 predicts that the compo-
nent of the closed-time component described by �2, in-
creases in duration and relative area (a2) with increas-
ing tacrine concentration. The time constants of these
closings are in excellent agreement with our experi-
mental data (Fig. 8).

1
τopen
---------- α T.kT 1+ ,+=

b– λ1 λ2 kT 1– kT 2+ .kT 2–+=+=

c λ1 λ2 kT 1– .kT 2– .=+=
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λ1. λ2 λ1–( )
----------------------------------------- and a2 1 a1–= .=

T A B L E  V

Comparisons of Log-likelihood and AIC Values for Schemes B1–I1

Scheme �70 mV �110 mV �150 mV

LL AIC LL AIC LL AIC

B1 398,409 15 461,905 15 260,617 15

C1 398,362 16 461,871 16 260,606 16

C2 399,441 12 462,675 12 261,402 12

C3 399,441 11 462,675 11 261,402 11

C4 399,061 13 462,477 13 261,307 13

D1 398,633 14 461,958 14 260,874 14

E1 400,796 10 463,522 10 262,221 10

F1 401,027 6 463,642 2 262,310 3

F2 400,846 9 463,569 9 262,253 9

F3 401,018 8 463,635 7 262,287 8

F4 401,027 5 463,642 1 262,310 2

G1 401,024 7 463,641 2 262,292 7

G2 401,037 1 463,638 6 262,306 4

G3 401,036 4 463,641 5 262,306 5

H1 401,038 3 463,638 8 262,306 6

I1 401,039 1 463,643 2 262,314 1

Log-likelihood (LL) values were generated by maximum likelihood fitting
using the program MIL (Qin et al., 1996). AIC ranks were assigned as
described in the text. 
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Figure 7. Kinetics of activation of nAChRs by 100 �M acetylcholine in the presence of the indicated concentrations of tacrine. Left panels
show traces of individual clusters from patches displayed at a bandwidth of 5 kHz. The smooth curves through the open and closed time his-
tograms are theoretical probability density functions calculated from the fitted rate constants for Scheme G2, with parameter values given in
Table VI. At each concentration of tacrine, the number of clusters analyzed ranged as follows: �70 mV 44–127, �110 mV 59–136, �150 mV
51–88, whereas the number of events ranged from 4,932–11,580 (�70 mV), 6,020–12,940 (�110 mV) and 3,140–11,904 (�150 mV).
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For the closed-blocked state A2CT, the situation is
even more complex. In Scheme A, which describes re-
ceptor activation in the absence of tacrine, the receptor
may shuttle between the C, AC, and A2C states a num-
ber of times before finally opening. In the closed-time
histogram this is reflected in an exponential compo-
nent whose time constant, � (the effective channel
opening rate), depends on the values of k�1, k�1, k�2,
k�2, �, and the concentration of ACh. In Scheme G2,
A2CT is directly linked to A2C and thus indirectly to AC
and C, predicting that closed channel block should af-
fect the � component in a manner that depends on
tacrine concentration. This concentration dependence
arises because increasing concentrations of tacrine pro-
gressively trap the receptor in transitions between the
A2CT and A2C states. The probability that a receptor in
the A2C state binds tacrine, as opposed to opening or
losing a molecule of ACh, can be calculated thus:

At 60 �M tacrine (�70 mV) P � 0.11, suggesting that
even at the maximum concentrations of tacrine exam-
ined in this study, only marginal changes in � should
be observed. In agreement with this prediction we

P
kT 3+ .T

β k 2– T.kT 3++ +
----------------------------------------.=

found no tacrine-dependent changes in the value of �
in our experimental data.

A somewhat unexpected finding in our initial analy-
sis was that the tacrine association rates predicted by
the blocking frequency were consistently slower than
those derived from apparent open time plots. In con-
trast, previous studies have demonstrated that these
methods yield essentially identical results (Ogden and
Colquhoun, 1985). To understand these findings in the
context of Scheme G2, it is important to realize that
while blocking frequency and apparent open time plots
are both used to derive the same parameter (kT�1), they
make use of very different information. In the apparent
open time plot we measure interruption of channel
openings by blocking events. Providing these block
closings are long enough to be resolved, they will
shorten the mean channel open time whether they fol-

T A B L E  V I

Kinetic Parameters for the Block of nAChR Channels by Tacrine

�70 mV �110 mV �150 mV

Scheme F4 

kT�1 89 � 2 107 � 3 120 � 3

kT�1 686 � 25 441 � 19 297 � 14

KT1 7.7 4.1 2.5

kT�2 75 � 7 77 � 6 82 � 14

kT�2 535 � 38 301 � 15 208 � 15

KT2 7.1 3.9 2.5

kT�3 7 � 2 10 � 2 19 � 3

kT�3 535 � 143 210 � 35 155 � 24

KT3 76.4 21 8.2

Scheme G2 

kT�1 91 � 1 114 � 2 129 � 2

kT�1 675 � 21 426 � 17 290 � 13

KT1 7.4 3.7 2.2

kT�2 81 � 7 71 � 5 78 � 7

kT�2 596 � 3 307 � 14 213 � 16

KT2 7.4 4.3 2.7

kT�3 154 � 26 110 � 45 474 � 90

kT�3 1,773 � 384 267 � 92 231 � 55

KT3 11.5 2.4 0.5

Parameters were derived from maximum likelihood fitting of Schemes F4
and G2 to single channel data obtained at 100 �M ACh in the presence of
1–60 �M tacrine. Association rate constants are given in units of �M�1 s�1

and dissociation rate constants in units of s�1 and are expressed � SE.
Parameters governing activation and open channel block of the receptor
by ACh were constrained to the values given in Table IV. KT1, KT2, and KT3

are dissociation constants calculated from the relevant association and
dissociation rate constants, i.e., KT1 � kT�1/kT�1, and are expressed as �M.

Figure 8. Predicted block closed-time distributions for Scheme
G2. (A) Data are the observed time constants of closings arising
from tacrine block at �70 mV. (Inset) Low concentration range.
The lines are the time constants (�) 1/�1 (dashed) and 1/�2

(solid) calculated as described in the results section and in ap-
pendix b. (B) Predicted relative areas of the closed-time distribu-
tion components arising from �1 (dashed) and �2 (solid). The
lines were calculated as described in the results section and ap-
pendix b. (Inset) Low concentration range.
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low a single- or multiple-component distribution. Ap-
parent open time plots are therefore a robust method
for deriving values of kT�1. By contrast, the blocking fre-
quency plot requires us to determine the number of
block-closings. This can be a problem for mechanisms
that yield multicomponent and/or concentration-
dependent distributions of block closings. As detailed
above, the distribution of block closings predicted by
Scheme G2 is described by two exponential functions.
One component increases in mean duration and rela-
tive area with increasing tacrine concentration, and be-
cause this is the only clearly identifiable new compo-
nent in the closed-time histogram, only closings from
this exponential contribute to the block frequency
plot. The second exponential component becomes
briefer and has a smaller area as the concentration of
tacrine increases. This component cannot be identified
in the closed-time histogram because it becomes sub-
merged beneath the exponential components that
arise from channel gating and agonist binding. Neglect
of the brief block exponential, which at 60 �M ACh
(�70 mV) still comprises �10% of all block closings,

therefore leads to an underestimation of blocking fre-
quency and hence kT�1.

Effects of Tacrine on Cluster Duration

To allow data to be analyzed using the MIL program,
clusters of channel openings corresponding to the acti-
vation of single channels must be identified. Our pro-
cedure involves selecting groups of openings bounded
by long closed times that correspond to periods when
all channels in the patch are desensitized. In the ab-
sence of tacrine, responses to 100 �M ACh at �70 mV
(Fig. 5) revealed three distinct components of closings
attributable to desensitization: fast �d1 2.2 � 0.8 ms,
1.1 � 0.3% total closings; medium �d2 30 � 7 ms, 0.7 �
0.2% total closings; and slow �d3 7,400 � 3,100 ms, 0.4 �
0.1% total closings; mean � SEM of three record-
ings). In each recording, cluster boundaries are de-
fined using the fastest resolvable type of desensitization
closing. At 100 �M ACh, fast desensitization closings
are readily identifiable and including them when com-
puting cluster duration yields a mean duration of 37 �
7 ms (mean � SEM, n � 3). However, the fast and me-

Figure 9. Schemes used in
simulation experiments. In
Schemes Ax, B1x and F3x,
kD�1, kD�1, kD�2, kD�2 (rate
constants governing desensiti-
zation and recovery from de-
sensitization), kT�1, kT�1, kT�2,
and kT�2 were set to the values
in Table VII. For clarity, the
rate constants governing acti-
vation and block of the chan-
nel by ACh have been omitted.
In the simulations, these were
set to the values given in Table
IV (�70 mV data).
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dium rate desensitization closings occur primarily be-
tween activation episodes of the same channel so single
channel clusters can, in principle, also be defined using
the medium or slow desensitization closings. At 100 �M
ACh this results in mean cluster durations of 71 � 17
ms (medium) and 365 � 33 ms (slow). In the presence
of 10 �M tacrine and 100 �M ACh, fast desensitization
closings cannot be used to define cluster boundaries
because they are obscured by closings due to channel
block. The medium and slow desensitization closings,
however, can be readily resolved and yield clusters with
mean durations of 86 � 37 ms (medium) and 355 � 97
ms (slow) (mean � SEM, n � 4). These values are not
significantly different from the corresponding cluster
durations in the absence of tacrine (P � 0.7 by Stu-
dent’s t test). The failure of tacrine to alter cluster dura-
tion is consistent with a mechanism in which the recep-
tor can desensitize from open-blocked states at the
same rate as from the open-state.

Simulation of Single Channel Data

The concentrations of tacrine used in this study give
rise to closed times which overlap with closed times
arising from fast and medium onset desensitization. Al-
though desensitization closings make only minor con-
tributions to the closed time histogram, our modelling
results might be biased by their inclusion. In particular,
we were concerned that (a) improvements in fit rela-
tive to the classic sequential model for channel block
(Scheme B1), and that (b) the improved fits yielded by
Schemes F4–I1 relative to Scheme F3 were due to con-
tamination with desensitization closings. To address
this question we simulated single channel open and
closed dwell times using the method of Clay and DeFe-
lice (1983). First we expanded Scheme A by adding two
desensitized states arising from the diliganded open
state (Fig. 9, Scheme Ax) and simulated single channel
responses to 100 �M ACh according to the best-fit pa-
rameters for Scheme A. We then varied the rate con-
stants governing desensitization to replicate the time
constants and weights of the fast and medium rate de-
sensitization closings in our experimental data (final
values given in Table VII). Next, we incorporated the
fast and medium desensitization closings in Schemes
B1 and F3 assuming (a) that desensitization occurs
from open or open-blocked states but not closed-states
of the receptor and (b) that the binding of tacrine to
the receptor did not alter the desensitization rate con-
stants (the expanded schemes, given in Fig. 9 are de-
noted by the suffix x i.e., Scheme B1x, F3x).

We simulated 5,000 channel openings and closings at
1, 2, 3, 6, 10, 20, 30, and 60 �M tacrine according to
Schemes B1x and F3x using the rate constants that gave
the best fit of each scheme to our experimental data at
�70 mV (Table VII). Next, we selected clusters of open-

ings for analysis as described above and fitted, in turn,
Schemes B1, C3, C4, E1, F2, F3, F4, G1, G2, and I1 to
each data-set. The log-likelihood values for these fits
are summarized in Table VIII.

Data simulated according to Scheme B1x were well
described by Scheme B1 with fitted parameters within
9% of the input values. Schemes C3, E1, and F2 did not
produce convergent fits to Scheme B1x data but im-
proved fits relative to Scheme B1 were obtained with
Schemes F3, F4, G1, G2, and I1. This improvement pre-

T A B L E  V I I

Simulation Parameters for Schemes B1x and F3x

Scheme B1x Scheme F3x

kD�1 30 30

kD�1 400 400

kD�2 18 18

kD�2 33 33

kT�1 84 96

kT�1 144 655

kT�2 — 61

kT�2 — 497

Data were simulated according to Schemes B1x and F3x using the method
of Clay and DeFelice (1983). kD�1 and kD�2 are rate constants governing
the entry of the receptor into the fast and medium duration desensitized
states and kD�1 and kD�2 are the rate constants for exit from those states.
kT� 1 and kT�2 are the association rate constants and kT�1 and kT�2 are the
dissociation rate constants for tacrine binding at two sites within the open
channel. Values of rate constants governing desensitization were derived
by iterative simulation of data according to Scheme Ax, varying the rate
constants until the closed time histogram replicated our experimental data
obtained at 100 mM ACh (�70 mV values). Values of kT�1, kT�2, kT�1, and
kT�2 are from the maximum likelihood fits of Schemes B1 and F3 to our
experimental data (�70 mV).

T A B L E  V I I I

Log-likelihood Values Derived from Scheme Fitting to Simulated Data

Data generated using

Scheme B1x Scheme F3x

Scheme B1 235,984 232,928

Scheme C3 Did not converge 233,480

Scheme C4 235,984 233,069

Scheme E1 Did not converge 234,350

Scheme F2 Did not converge 234,334

Scheme F3 235,989 234,426

Scheme F4 235,989 234,436

Scheme G1 235,989 234,462

Scheme G2 235,989 234,426

Scheme I1 235,989 234,436

Log-likelihood values were generated by fitting schemes to data simulated
using Schemes B1x and F3x. Schemes B1x and F3x incorporate two
desensitized states leading from the open and open-blocked states. For
each scheme, channel openings and closings were simulated for 100 �M
ACh in the presence of 1–60 �M tacrine using the method of Clay and
DeFelice (1983). Clusters were defined and selected for analysis as
described in the text. 
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sumably arises because the fitting process interprets the
desensitization closings in terms of the additional closed
states afforded by more complex models. However, the
increase in log likelihood for Schemes F3, F4, G1, G2,
and I1 versus Scheme B1 was much smaller with the sim-
ulated data (five LL units) than with our experimental
data (�2,000 LL units) and the fitted values for kT�2,
kT�3 and kT�4 were in all cases very small (�2.5 �M�1

s�1) with errors �50%. Further, the fitted values for kT�1

and kT�1 were in all cases within 15% of the correspond-
ing input values from Scheme B1. Thus, with our experi-
mental data, the substantial improvements in fit ob-
tained with two-site relative to one-site models are not ar-
tifacts caused by receptor desensitization.

Similarly, fits of Scheme F3 to data generated using
Scheme F3x yielded excellent agreement between the
fitted parameters and the rate constants used to param-
eterize the scheme (maximum deviation of 4%). Rela-
tive to Scheme F3, improved fits were obtained with
Schemes F4, G1, and I1 but not with Scheme G2 or any
other model tested. These improvements presumably
arise because the fitting process accounts for some
of the desensitization closings using the additional
blocked state in Schemes F4, G1, and I1. Unlike our re-
sults with Scheme B1x, however, the increases in log
likelihood value with Schemes F4, G1, and I1 are of
similar magnitude to improvements in fit, relative to
Scheme F3, that are obtained when these schemes are
fitted to our experimental data. Thus, our simulation
results suggest that the likelihood values of models in
which tacrine is postulated to bind randomly to two sites
in the open channel or which allow for channel closing
with tacrine bound, may be significantly inflated by the
inclusion of desensitization closings in our data.

Scheme G2, on the other hand, does not improve
fits (relative to Scheme F3) to data simulated using
Scheme F3x. This indicates that for our simulated data,
desensitization closings cannot be accommodated by
the addition of closed-blocked states. By contrast,
Scheme G2 does produce an improved fit relative to
Scheme F3 with our real patch clamp data. Based on
our results with simulated data, this improvement is un-
likely to arise from the presence of desensitization clos-
ings and must therefore be due to dwells of the recep-
tor in the closed-blocked state.

Voltage Dependence of Tacrine Binding

Fits of Scheme G2 to our data revealed that the dissocia-
tion constants (calculated from the fitted rate constants)
for the two tacrine binding sites in the open channel de-
creased as the membrane potential became more hyper-
polarized (Table VI). Applying the Woodhull equation
(Woodhull, 1973) to these data yields electrical distances
of 0.38 for the first binding site and 0.32 for the second
site. Binding to the closed channel also shows apparent

voltage sensitivity but inspection of the association and
dissociation rate constants at this site reveals that they do
not vary in a consistent manner.

D I S C U S S I O N

Open channel block of the nAChR has classically been
described by a simple sequential mechanism in which
blockers bind to a single site within the open channel
of the receptor (Scheme B1). For many compounds,
e.g., QX-222 (Charnet et al., 1990), epibatidine (Prince
and Sine, 1998a), and pyrantel (Rayes et al., 2001),
such models provide a good, quantitative description of
the interactions between the blocker and the nAChR
channel, at least at lower concentrations of blocker. In
other studies, simple sequential models have failed to
explain fully the kinetics of nAChR block (Neher, 1983;
Papke and Oswald, 1989; Dilger et al., 1997; Evans and
Martin, 1996), but in most cases the merits of alterna-
tive models have not been explored systematically.

In our current study we found that the simple se-
quential model for open channel block can describe
accurately the concentration-dependent decrease in
channel open time produced by tacrine, but fails to ac-
count for the concentration dependence of the closed-
time distribution. The simple sequential mechanism
for open channel block predicts that the duration of
closings due to channel block should depend solely on
the dissociation rate constant of the blocker and thus
should not vary with blocker concentration.

Concentration dependence of channel closings re-
quires that tacrine stabilizes a state of the receptor in
which ion flux does not occur. Thus, there are two gen-
eral classes of mechanism that could explain the effect
of tacrine on the open and closed time distributions.
The first class requires that tacrine binds to and blocks
the open channel of the nAChR, but also binds to a
closed state of the receptor. The second class involves
multiple binding sites for tacrine on the open state of
the receptor. Below, we evaluate a variety of kinetic
models within these two general frameworks.

Models Involving Interactions with Closed States

Parallel block mechanisms. The first general mechanism
we examined (Mechanism C) allows tacrine to bind to
the channel in both the open (A2O) and closed state
(A2C) and allows channel gating to occur with tacrine
bound (Adams, 1977). This type of mechanism has
been termed “parallel block” because it provides two
parallel pathways for the receptor to switch between
open and closed states. In studies of fetal mouse recep-
tors in a clonal cell line, Papke and Oswald (1989)
found that parallel block provided a quantitatively bet-
ter description than classic sequential block to explain
the kinetics of tetracaine, phencyclidine, and N-allyl-
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normetazocine on single channel currents activated by
low concentrations of ACh. A similar mechanism was
also proposed by Neely and Lingle (1986) to explain
the kinetics of chlorisondamine block.

Our first derivative of the parallel block mechanism
was Scheme C1 in which we assumed (a) that the chan-
nel could open and close at the same rate irrespective of
whether tacrine was bound and (b) that the rate con-
stants governing tacrine binding were the same in the
open and closed states of the receptor. This mechanism
yielded an even worse description of our data than the
sequential model (Scheme B1). Next, we tested a mech-
anism (Scheme C2) in which the constraints on channel
gating and tacrine binding were removed. However, we
found that fits of Scheme C2 to our data did not yield a
full, parallel block mechanism. Instead, Scheme C2 con-
verged with values of kT�2 and kT�2 (association and dis-
sociation rates governing tacrine binding to the closed
channel) close to zero and yielded the same log-likeli-
hood value as Scheme C3 (in which it was assumed that
tacrine could not bind to the closed channel). The
mechanism described by Schemes C2 and C3 has two
main characteristics. First, tacrine associates only with
the open state of the channel. Second, when the chan-
nel has bound tacrine it can access an additional non-
conducting state from which tacrine cannot dissociate.
Although Schemes C2 and C3 both yield better fits than
the classic sequential model (Scheme B1, see Table V
and Fig. 3) neither predicts concentration dependent
block closings. It is therefore not intuitively obvious from
where the improvement in fit obtained with these
schemes arises (they probably work better by merely in-
cluding a second closed state). Possible identities of the
additional nonconducting state are discussed below in
the context of two site models.

We also examined a variation of the parallel block
mechanism that assumes that the channel cannot gate
with tacrine bound (Scheme C4), but which allows
tacrine to bind to the closed state of the receptor. In
parallel block mechanisms the effective channel open-
ing rate, �, will vary with tacrine concentration be-
cause the A2CT state is connected directly to A2C and
thus indirectly to AC and C. Effects on � will be most
pronounced when kT�2 is much faster than �* (chan-
nel opening rate with tacrine bound) e.g., when �* and
�* are set to zero: as the concentration of tacrine is
raised the receptor will spend progressively more time
shuttling between the A2CT and A2C states. Although
Scheme C4 also yielded an improved fit relative to
Scheme B1, two factors suggest that this type of mecha-
nism is unlikely. First, examination of closed time histo-
grams (Fig. 5 A) shows that the component of the
closed-time distribution attributable to � (mean dura-
tion 100–200 �s) is unaffected by tacrine. Second,
for � to be lengthened significantly by tacrine, [tac-

rine].kT�2 must approach or exceed (� � k�2), which
for ACh at �70 mV is �73,000 s�1. Tacrine-induced
closings are readily distinguishable in the closed time
histogram and increase approximately linearly in dura-
tion with increasing concentration. To explain these
findings at, for example, 2 �M tacrine, requires kT�2 to
be �36,000 �M�1 s�1. This is �36-fold faster than the
upper limit for a diffusion-limited association reaction
and thus is physically unreasonable.

Competitive Interactions

The second type of model we considered combines se-
quential open channel block with a competitive inter-
action at the ACh binding sites (Scheme D1). This
model was of interest because ligand binding studies
on human cortical nAChRs (Perry et al., 1988) and
whole brain tissue (Hunter et al., 1989) provided evi-
dence for competitive binding at neuronal nAChR ACh
recognition sites, with Kd values in the low micromolar
range. However, more recent studies suggest a complex
mode of interaction with neuronal receptors. Svensson
and Nordberg (1996) and Svensson (2000) found that
chronic treatment with tacrine modulates receptor
number in clonal SHSY5Y and M10 cells and specu-
lated that this may involve interaction at an allosteric
site in addition to the agonist binding site. A study on
�4�2 and �4�4 subunit combinations (Zwart et al.,
2000), however, suggested that tacrine binds to the ago-
nist recognition site and acts as a coagonist with ACh,
in addition to blocking the receptor in the open state.
Although it is not always possible to extrapolate results
obtained with neuronal AChRs to the muscle receptor,
competitive interactions combined with open channel
block could, in theory, explain our present results.
Thus, we tested the hypothesis that tacrine competes
with ACh. We found three lines of evidence which to-
gether strongly suggest that tacrine does not exert its
effects via a competitive mechanism. First, we fitted a
model combining competitive interactions with open
channel block (Scheme D1). Although this mechanism
yielded a significantly better fit at all membrane poten-
tials than the classic sequential model for open channel
block, it ranked poorly compared with other mecha-
nisms. The poor fit likely results because competitive
interactions, like parallel block mechanisms, are pre-
dicted to alter the value of �. Second, we observed that
the decrease in Popen produced by 10 �M tacrine at 100
and 300 �M ACh was essentially the same. A competi-
tive mechanism predicts less inhibition at higher con-
centrations of agonist. Finally, we performed ligand
binding assays to determine directly the Ki for tacrine
competition against the initial rate of [125I]-labeled
�-bungarotoxin. The affinity of tacrine in this assay is 300
�M, much higher than the IC50 value determined in
patch-clamp experiments.
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Multiple Block Sites

We next examined general classes of mechanism in-
volving multiple binding sites for tacrine within the
open receptor channel. The first model we examined
(Scheme E1) postulates that there are two block sites at
different depths within the channel. Tacrine binds first
to the upper site, thereby blocking the channel, and
then can either dissociate or diffuse down the channel
to the deeper site. A second molecule of tacrine can
then bind to the upper site, trapping the first molecule
in the channel. Similar models have been used to fit
data for block of nAChRs by ACh itself (Maconochie
and Steinbach, 1995) as well as the anthelmintic agent,
morantel (Evans and Martin, 1996). As in both of these
previous studies, Scheme E1 gave superior fits to our
data compared with the classic sequential scheme for
open channel block (P � 0.0001 by LRT).

We also considered a general mechanism in which
tacrine can associate randomly with two binding sites in
the open state of the receptor (Mechanism F). To our
knowledge, models involving random association at two
binding sites have not been used to describe open chan-
nel block previously, but a derivative of this mechanism,
in which the two sites were assumed to have very differ-
ent affinities, was examined by Maconochie and Stein-
bach (1995) as a possible mechanism for block by ACh.
The first model we tested was Scheme F1, which allows
random association at the two sites and permits allosteric
interactions. We found that Scheme F1 yielded excellent
fits to our data with log-likelihoods 1,600–2,600 U higher
than the sequential model for open channel block (P �
0.0001 by LRT). However, the fitted values for kT�3, kT�4,
kT�3, and kT�4 were ill-defined and very slow. This
prompted us to examined three simplified versions of
Scheme F1. In Scheme F2 we assumed full indepen-
dence of the tacrine binding sites. This model produced
significantly worse fits to our data (P � 0.0001 by LRT)
than Scheme F1. Next, we assessed a model in which the
state A2BT was eliminated (Scheme F3). Again, we found
that this model did not perform as well as Scheme F1. Fi-
nally, in Scheme F4, only the transitions governed by
kT�4 and k�4 were eliminated. We found that this model
gave equal log-likelihood values to those obtained with
Scheme F1 and that the fitted parameters had much
lower error estimates. The rate constants derived from
fits to Scheme F4 (Table VI) describe a model in which
the two unoccupied tacrine binding sites differ greatly in
affinity. The binding of tacrine to the higher affinity site
enhances the affinity of the remaining site, but when the
low affinity site is occupied first, occupancy of the high
affinity site is prevented. Thus, the two sites interact with
positive cooperativity but the allosteric interaction de-
pends on the order in which the sites become occupied.
One possible physical correlate of this model would in-
volve two binding sites at different depths within the

channel. Tacrine can interact with either site, but associ-
ation with the upper site is allosterically enhanced by oc-
cupancy of the lower site. On the other hand, if the up-
per site is the first to bind tacrine, access to the lower site
is prevented by steric hindrance. However, while consid-
eration of log-likelihood values clearly demonstrates that
Scheme F4 provides a good description of our data, our
results from simulation experiments do not provide sup-
port for this model and suggest that the apparent superi-
ority of Scheme F4 over Scheme F3 may be due to inclu-
sion of channel closings arising from fast and medium
modes of receptor desensitization.

More Complex Models

Thus far we have discussed three distinct types of kinetic
model which yielded improved fits to our data relative
to the sequential model: a scheme in which the channel
can gate with tacrine bound, a scheme involving interac-
tions with the diliganded closed state of the receptor
and a series of models involving two binding sites on the
open state of the channel. Therefore, we wished to see if
combining features of these types of model into a single
mechanism would yield further improvements in the
description of our data. The first series of models we
considered (Mechanism G, Fig. 3) extends the parallel
block mechanism (Mechanism C) by adding a second
binding site for tacrine in the open state of the receptor.
Dilger et al. (1997) found that this type of model pro-
vided a good description of the block kinetics of pen-
tobarbitone at the mouse fetal-type nAChR. Like tac-
rine, pentobarbitone produces concentration-dependent
closed times. Based on our results from single-site paral-
lel block models, we considered three schemes within
this general framework. The first model we examined,
Scheme G1, gave substantial improvements in fit com-
pared with both its parent schemes (Schemes F3 and
C3). This model features two binding sites for tacrine in
the open channel and an additional “dead-end” state
that the receptor can access when the channel has
bound a single molecule of tacrine, but from which
tacrine cannot dissociate. At least three physical corre-
lates of Scheme G1 can be envisioned. First, the dead-
end state may arise because the channel closes, and
traps tacrine in its binding site. Second, in our model-
ling experiments we have assumed that the block of the
channel by tacrine and ACh are mutually exclusive.
However, the dead-end state in Scheme G1 might also
arise because ACh binds to a site within the channel
thereby preventing tacrine from escaping. Finally, the
additional state in Scheme G1 might correlate with a de-
sensitized state. We consider this the most likely expla-
nation because in our simulation experiments, Scheme
G1 gave much better fits than Scheme F3 to data gener-
ated using Scheme F3x (i.e., Scheme F3 incorporating
desensitization closings). Thus, the apparently superior
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fits obtained when Scheme G1 was applied to our patch-
clamp data may derive from the inclusion of desensitiza-
tion closings in our data.

Next, we fitted Scheme G2 to our data. This model as-
sumes that tacrine can bind to both the open and
closed states of the channel but does not permit chan-
nels occupied by tacrine to open or close. We found
that Scheme G2 gave a superior fit compared with
Scheme G1 at �70 and �150 mV but not at �110 mV.
Finally, we examined Scheme G3, which describes a full
parallel block mechanism that allows binding of tacrine
to the open and closed states and permits channel gat-
ing with tacrine bound. At �70 mV and �150 mV fits of
Scheme G3 yielded values of �* and �* close to zero
and therefore simplified to Scheme G2. Conversely,
when Scheme G3 was fitted to our �110 mV data it
yielded parameter values of kT�3 and kT�3 close to zero
and simplified to Scheme G1. Thus, consistent with our
results from single site models, our data do not appear
to be compatible with parallel block mechanisms.

Within the framework of Mechanism G, Scheme G2
produced the best fit to two out of our three datasets.
Therefore, we used Scheme G2 as the starting point
for our final two models. First we expanded Scheme
G2 to allow binding of tacrine to two sites on the
closed receptor (Scheme H1). Addition of the extra
closed-state binding site did not, however, produce any
significant improvements in the fits. Finally, we exam-
ined Scheme I1, which combines Schemes G2 and F3,
allowing tacrine to bind randomly to two sites in the
open channel and to interact with a single site on the
closed state of the receptor. Overall, Scheme I1 gave
the highest log-likelihood values of any model tested
in this study. However, as with Schemes F3 and G1, the
results of our simulations suggest that the improve-
ments generated by the incorporation of the A2BT

state are most likely due to the inclusion of desensitiza-
tion closings in our data.

Our simulated data reveal that fits to models which
postulate the binding of tacrine to closed as well as
open states (Scheme G2) do not appear to be greatly
influenced by desensitization closings, unlike models in
which tacrine can bind randomly to two sites within the
channel (Schemes F1, F4, I1) or which contain “dead-
end” states (Scheme G1). Assuming that this finding
can be extrapolated to our experimental data, the
model that provides the best, unbiased description of
our data is therefore Scheme G2. A simple interpreta-
tion of Scheme G2 is a mechanism in which there are
two allosterically coupled binding sites for tacrine
within the channel. One of these binding sites is acces-
sible to tacrine in the closed as well as the open state of
the channel, but the second site can be occupied only
when the channel is open and tacrine has bound to the
first site.

Nature and Location of the Tacrine Binding Sites
Conformation of the “blocked” state. Thus far we have as-
sumed that the “blocked” states in our models arise
from the physical plugging of the channel by tac-
rine. However, many noncompetitive inhibitors of the
nAChR have also been reported to cause receptor de-
sensitization as well as channel block (Benoit and
Changeux, 1993; Arias, 1996) and distinguishing be-
tween these modes of inhibition is problematic
(Clapham and Neher, 1984). It is therefore possible
that tacrine may have a similar dual action i.e., that one
or both of the “blocked” states in Scheme G2 are in fact
new desensitized states induced by tacrine. From our
modelling data, we cannot distinguish between chan-
nel block and desensitization because our models iden-
tify states by only connectivity and conductance i.e., a
“blocked” state is identified as a nonconducting state
that the channel enters when tacrine binds and this de-
scription applies equally well to a desensitized state.
However, three lines of evidence presented in this pa-
per point toward a site of action within the channel lu-
men and argue against tacrine affecting receptor de-
sensitization. First, our binding studies demonstrate
that tacrine does not cause receptor desensitization: at
the concentrations used in this study it acts solely as a
low potency competitive antagonist (Ki 300 �M). Sec-
ond, the actions of tacrine are voltage dependent, sug-
gesting a site of action within the membrane field. Sim-
ilar to our observations with tacrine, a study with chlor-
promazine by Benoit and Changeux (1993) found that
its desensitizing actions were insensitive to membrane
potential, whereas its channel blocking actions were
voltage sensitive. Finally, tacrine does not affect cluster
duration. Cluster duration is inversely proportional to
the desensitization rate of the receptor (Sakmann et
al., 1980; Auerbach and Akk, 1998). However, these
findings leave open the possibility that tacrine stabilizes
or induces a short-lived desensitized state that does not
alter agonist affinity in ligand binding studies. A similar
mechanism was proposed recently to explain the ac-
tions of the quinacrine at the mouse adult nAChR
(Spitzmaul et al., 2001).

Location of the tacrine binding sites. Apparent electrical
distances derived from the Woodhull equation (Wood-
hull, 1973) have been used extensively to infer the
locations of blocker binding sites within ion chan-
nels. Assuming that the field drops linearly across the
membrane, our data suggest (a) that both tacrine bind-
ing sites are located at similar depths in the open chan-
nel and (b) that the sites with which tacrine’s amino
group interacts are located about one third of the way
down the channel. This is similar to the electrical dis-
tance calculated for quinacrine (Adams and Feltz,
1980). By contrast, the classic open channel blocker
QX-222 binds at an electrical distance of �0.8 (Neher
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and Steinbach, 1978; Pascual and Karlin, 1998). QX-222
is membrane impermeant due to its quaternary amine
structure, suggesting that it must act on the nAChR
from the extracellular side of the cell membrane. As the
electrical distances calculated for tacrine place its bind-
ing sites more extracellular than that of QX-222, it
seems reasonable to conclude that tacrine also accesses
the nAChR channel from the extracellular side.

At the amino acid level, clues about the structure of the
tacrine binding sites can be drawn from previous photo-
affinity labeling studies. For example, quinacrine, which
is structurally similar to tacrine and binds at a similar elec-
trical distance, labels two residues at the extracellular end
of M1: �R209 and �P211 (for review see Arias, 1996). An
electrical distance of �0.3 also places the tacrine binding
sites at a depth close to the ring of conserved valine resi-
dues at position 13 in the second transmembrane do-
main (the terminology of Miller [1989] numbers the
NH2 terminus of M2 as 1. Therefore, position 13 corre-
sponds to �V255 and its equivalents in �, �, and �). By
analogy with other open channel blockers such as QX-
222 and ACh itself, the voltage sensitivity of tacrine bind-
ing suggests that tacrine binds in its protonated form.
However, position 13 residues in the � and � subunits of
the Torpedo receptor are photoaffinity labeled by the hy-
drophobic probe 3-(Trifluoromethyl)-3(-m-[125I]iodophe-
nyl)diazirine. As tacrine is a relatively weak base (pKa 9.4)
we cannot completely rule out the possibility that it is the
unprotonated form of the drug that binds to the channel,
with the apparent voltage sensitivity arising from subtle
changes in channel structure at more hyperpolarized po-
tentials. Ultimately, delimiting the binding site for tacrine
may require an approach similar to that adopted by Char-
net et al. (1990) who localized the binding site for QX-
222 by making nonconservative point mutations at key
positions within the channel domain and determining
their effects on channel kinetics.

Voltage Dependence of ACh Binding and Channel Gating

A prerequisite for our analysis of tacrine block kinetics
was that we first gained a detailed picture of the interac-
tions of acetylcholine itself with the receptor. Thus, at
each membrane potential we analyzed recordings made
over a range of ACh concentrations and determined the
rate and equilibrium constants governing activation and
block of the receptor by ACh. These experiments, which
to the best of our knowledge are the first to examine the
voltage dependence of human adult nAChR kinetics, re-
veal broadly similar behavior to nAChRs characterized
previously in terms of channel gating and channel block
by ACh, but intriguing differences in the voltage depen-
dence of ACh binding at the agonist binding sites. Be-
low, we discuss our findings in more detail.

First, the affinity of ACh for its channel block site in-
creased with increasing hyperpolarization (e-fold/66

mV). This is not surprising, as block of the channel by
ACh is presumed to involve a site within the membrane
field. We found that changes in affinity for this site
mainly involved an increase in the ACh association rate
and that the ACh dissociation rate was essentially volt-
age insensitive. This is in agreement with results from
fast-agonist application experiments (Maconochie and
Steinbach, 1995), but stands in contrast to the findings
of Sine and Steinbach (1984), who observed strong
voltage dependence of both association and dissocia-
tion rates for suberyldicholine block.

Second, we observed voltage dependence of the equi-
librium constant, �, governing channel opening. In
agreement with previous studies (Colquhoun and Sak-
mann, 1985; Auerbach et al., 1996) we found that � in-
creased with hyperpolarization and that this arose
primarily from decreases in the channel closing rate, �
(e-fold/156 mV), with only modest increases in the
channel opening rate, � (e-fold/1067 mV). Auerbach
et al.(1996) postulated that the voltage dependence of
� arises because a charged moiety moves through the
membrane field during channel closure and that this
charge is carried by the nAChR protein itself rather
than by bound ACh.

Finally, and unexpectedly, we found that the dissoci-
ation rates for ACh at the two agonist binding sites de-
creased with membrane hyperpolarization, with mod-
est decreases also in the association rates (k�1 e-fold/
188 mV, k�1 e-fold/99 mV, k�2 e-fold/467 mV, k�2 e-fold/
119 mV). Although there has been only limited in-
vestigation of the voltage dependence of ACh bind-
ing, previous studies on frog, mouse, and Torpedo re-
ceptors (Colquhoun and Sakmann, 1985; Auerbach et
al., 1996, Sine et al., 1990) have found k�2 (the rate
constant governing dissociation of ACh from its low
affinity binding site) to be essentially voltage insen-
sitive, in contrast to our present findings. Although
structural data (Miyazawa et al., 1999) place the ago-
nist binding site well outside the membrane field, it
has long been recognized that conformational changes
involving structural elements within the membrane
field (i.e., channel opening and desensitization) are
tightly coupled to the agonist binding sites and can
produce dramatic changes in agonist affinity. We spec-
ulate that in human adult nAChRs, the structural ma-
chinery that couples agonist binding to channel gat-
ing and desensitization may also couple the agonist
binding sites to an element within the membrane field
that senses the potential difference across the cell
membrane.

Comparison of the Maximum Likelihood Method 
with Other Methods of Analyzing Block

Previous single channel studies of nAChR channel
block for the most part, have examined the effects of
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blockers on parameters such as open, burst, and block
duration and blocking frequency. These types of analy-
sis can yield results that are difficult to interpret mecha-
nistically and have only limited sensitivity in terms of
their abilities to discriminate between kinetic models.
For example, models E1–F4, G2, H1, and I1 each pre-
dict linear relationships between tacrine concentration
and 1/�app, constant open-time per burst, an increase
in burst duration, and concentration dependence of
the block-closed time.

To the best of our knowledge, the present study is
the first heuristic study of nAChR channel block to
make use of maximum likelihood scheme fitting to
single channel data. In contrast with previous meth-
ods, maximum likelihood fitting offers the ability to
discriminate between even very closely related kinetic
schemes. The main drawbacks of the maximum likeli-
hood method are that (a) it requires detailed knowl-
edge of the parameters governing agonist interactions
with the receptor and (b) it requires the use of agonist
concentrations that produce clearly defined clusters,
i.e., concentrations that produce significant levels of
desensitization. However, these limitations can be
overcome with appropriate controls and our present
results indicate that maximum likelihood fitting is a
sensitive and robust technique for analysis of channel
block.

In summary, this study demonstrates that the kinetics
of tacrine cannot be explained by the classic sequential
model for open channel block and are instead consistent
with a model in which tacrine binds to two sites within the
open channel and to a single site on the closed channel.
Our results underline the complexity of channel block at
the nAChR and suggest that our picture of open channel
block of the receptor may require revision.

A P P E N D I X  A

The classic sequential mechanism for open channel
block (Fig. 3, Scheme B1) has simple connectivity and
predicts a linear relationship between the reciprocal of
the mean channel open duration (�open) and the con-
centration of open channel blocker (T):

(A1)

where � is the channel closing rate and kT�1 is the asso-
ciation rate for tacrine.

Plots of Eq. A1 can be used to derive values of � and
kT�1 but it is first necessary to correct apparent mean
open durations for unresolved dwells in the closed
states. These missed closings result in the concatena-
tion of successive channel openings and thus in over-
estimation of �open. In the present study, however, this
correction is not possible because the partially re-
solved brief closings that arise from channel gating are

1
τopen
---------- α T.kT 1+ ,+=

of a similar duration to those that arise from block of
the channel by ACh itself. Below we demonstrate that
for our present data, open time correction is unneces-
sary and that plots of reciprocal apparent mean open
time (�app) against tacrine concentration also yield a
straight-line with a slope approximating kT�1.

Closed Time Distribution for Scheme B1

Scheme B1 predicts three exponential components in
the closed time histogram due to entry of the channel
into the “C” states (C, AC and A2C). We term these
components “fast,” “medium” and “slow,” but it is im-
portant to realize that the mean durations of these
components vary with agonist concentration.

As the C, AC, and A2C states are interconnected, the
rate constants (�f, �m, �s) and relative areas (af, am, as)
of the fast, medium, and slow exponential compo-
nents do not relate in a straightforward manner to in-
dividual rate constants in Scheme B1 (The definitions
of the rate constants and concentration symbols used
in Scheme B1 are set out in the main body of this pa-
per [Fig. 3]), and must be derived by solving a cubic
function. The derivation of this function closely fol-
lows the method used by Colquhoun and Hawkes
(1981) for the allosteric agonist mechanism (defined
as mechanism 3.1 in their paper) and will not be re-
peated here. In Table IX we set out the values of the
rate constants and relative areas at 100 �M ACh (�70
mV) calculated using the parameters for ACh activa-
tion in Table IV.

Once the rate constants and relative areas of the fast,
medium and slow components are known, one can
readily calculate the relative fraction of closings in each
component (Ff, Fm, and Fs, respectively) that is resolved
given a dead-time of r:

T A B L E  I X

Parameters Describing Unblocked Closed State p.d.f for Scheme B1

Membrane Potential

�70 mV �110 mV �150 mV

�f (s�1) 79,317 71,697 70,352

�m (s�1) 27,337 19,774 18,384

�s (s�1) 8,543 7,978 8,506

af 0.61 0.71 0.78

am 0.09 0.11 0.08

as 0.3 0.18 0.14

Zf 0.17 0.26 0.34

Zm 0.07 0.14 0.14

Zs 0.76 0.6 0.52

The rate constants (�) and relative areas (a) of the fast, medium, and slow
exponential components of the unblocked closed state p.d.f were
calculated at a concentration of 100 �M ACh as described by Colquhoun
and Hawkes (1981). The relative contribution to the total time
encompassed by the p.d.f (Z) was calculated using Eq. A4.
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Thus, the fraction (Fc) of all resolved closed intervals
is given by:

and the apparent closing rate of the channel

Similarly, the fraction of closings due to ACh block that
is resolved (FA) is

and the apparent blocking rate for ACh (kBa) is

Assuming, further, that all closings due to tacrine
block are resolved, an expression for the total time spent
in A2O (�i) within a resolved opening is therefore:

(A2)

However, resolved openings also contain a finite con-
tribution (�u) from unresolved closings and ACh block
closings. Therefore the total mean duration of an ap-
parent opening (�app) is:

and

Thus, when �u is small compared with the total time
spent in A2O (�i), the reciprocal of the mean apparent
open time will be linearly related to the concentration
of tacrine:

(A3)

where �0 is the apparent mean open time in the ab-
sence of tacrine. This is a useful general result because
it allows the estimation of blocker association rates at
high concentrations of agonist i.e., under conditions
where rates of opening of the channel and block of the
channel by the agonist compromises distort the true
channel open time.
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Estimation of the Error Magnitude for Scheme G2

Scheme G2 (Fig. 3) also predicts that apparent open
time obeys Eq. A3. Thus, the errors involved in apply-
ing Eq. A3 to our data can be estimated from our de-
rived rate constants for Scheme G2. The first step in
this calculation requires us to determine the equilib-
rium occupancy of A2O (EO), the unresolved fraction of
the equilibrium occupancy of A2BA (EBu), and the frac-
tion of the “C” closed states that is unresolved (ECu). EO

and EBu are relatively straightforward:

where:

and � is the equilibrium constant for channel gating,
K1, K2, and KBA are equilibrium dissociation constants
for ACh at the low and high affinity agonist binding
sites and the channel block site respectively, CTotal and
TTotal are occupancy functions for the closed- and
blocked-states respectively, and � is the proportion of
time missed.

The use of � rather than the more familiar fractional
number of closings is important because a given num-
ber of closings with durations less than the dead-time
will distort the apparent open time less than the same
number of closings with durations greater than the
dead-time.

Calculation of ECu requires a little more work because
the rate constants and areas of the relevant exponential
components in the closed time histogram do not relate
to individual states of the receptor. Our first task is to
calculate the equilibrium occupancy of the “C” closed
states (EC).
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td

0
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For each of the three “C” closed state exponen-
tials,1 we must then calculate the proportion (��) of
the total unresolved time encompassed by that expo-
nential.

and the fractional contribution (Z�) of each compo-
nent to the total time spent in the closed state:

(A4)

The unresolved occupancy of the “C” closed states is
then given by:

From these equilibrium occupancy functions we can
calculate the ratio �u/�i:

At 100 �M ACh, this expression yields values of �u/�i

of 0.027 at �70 mV, 0.048 at �110 mV, and 0.054 at
�150 mV. These values are, as expected, independent
of tacrine concentration.

Since:

then from Eq. A2:

(A5)

EC
Ctotal

A2O A2B Ctotal Ttotal+ + +
--------------------------------------------------------------- .=

πf λf. t.e
t.λf–

td

0

r

∫= πm λm. t.e
t.λm–

td

0

r

∫=

πs λs. t.e
t.λs–

td

0

r

∫=

Zf

af

λf
----

af

λf
----

am

λm
------

as

λs
----+ +

-----------------------------= Zm

am

λm
------

af

λf
----

am

λm
------

as

λs
----+ +

-----------------------------=

Zs

as

λs
----

af

λf
----

am

λm
------

as

λs
----+ +

----------------------------- .=

ECu EC πf.Zf πm.Zm πs.Zs+ +( ).=

τu

τi
-----

ECu EBu+
EO

-----------------------=

τapp τi τu+ τi 1
τu

τi
-----+ 

  ,= =

τapp

1
τu

τi
-----+

αa [A].kBa T.kT 1++ +
------------------------------------------------------ .=

From Eq. A5 it follows that:

(A6)

Substituting our calculated values of �u/�i into Eq.
A6 reveals that using Eq. A3 with our data generates a
maximum error of 5% in kT�1. Thus, the calculations
presented in this appendix demonstrate that correc-
tion of open times for missed gating and block events
is unnecessary with our present data, and that plots of
reciprocal apparent open time against tacrine con-
centration provide accurate estimates of kT�1.

A P P E N D I X  B

In Fig. 8, we plot the predicted rate constants and rela-
tive areas of the closed-time components arising from
channel block. Below, we provide a derivation of the
equations used to calculate these parameters.

In Scheme G2, states A2BT and A2BTT are connected
to each other but not to any further closed states. The
rate constants and relative areas of the exponentials
corresponding to dwells in these two states can there-
fore be described using the following simplified
scheme (state and rate constant definitions are as de-
fined for Scheme G2 in the legend to Fig. 3).

Scheme I predicts a double exponential closed-
time distribution with a p.d.f. of the form:

where �1 and �2 are the rate constants of the two ex-
ponential components and a1 and a2 are the relative
areas under the p.d.f. accounted for by �1 and �2.
Note that a1 and a2 predict the areas of the exponen-
tials corresponding to open channel block relative to
each other in Scheme G2 but do not give information
about the areas of these components relative to those
of other closed states.

The transition rate matrix for Scheme I is:

1
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aa A.kBa T.kT 1++ +

1
τu

τi
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------------------------------------------------- .=

(SCHEME I)

f t( ) a1.λ1e
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Q
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3

1 2 3
kT 1– kT 2.+ T+( )– kT 2.+ T kT 1–

kT 2– kT 2–– 0

T.kT 1+ 0 T.kT 1+–

=

1In theory, the p.d.f for Scheme G2 should have four exponential com-
ponents that arise from “C” closed states. The additional component is
due to the closed blocked state. However, the closed blocked state has
very low equilibrium occupancy and the rate constants connecting it
to A2C are slow compared with k�2 and �. Thus, the three component
model used here should be a good approximation of reality.
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Defining state A as the compound closed state and
state B as the open state, the appropriate partition of
Q is:

Following the method of Colquhoun and Hawkes
(1981), the Laplace transform of the p.d.f. of the
closed time distribution is:

(A7)

Inversion of Eq. A7 yields the required p.d.f.:

(A8)

(A9)

The two rate constants �1 and �2 can then be found
by solving the quadratic equation,

where

Using the familiar solution:

(A10)

(A11)

As expected, the rate constants and weights of the expo-
nential components making up the block closed-time
p.d.f. do not relate directly to individual states or transi-
tions with the kinetic mechanism, so it is difficult to
make intuitive predictions about how the closed-time
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distribution will vary with tacrine concentration. How-
ever, insight into the kinetics described by this model
can be gained by examining its behavior under condi-
tions of limiting low and high concentrations of tacrine.

Low Tacrine Concentration

At limiting low concentrations of tacrine, Eqs. A10 and
A11 give:

From Eqs. A8 and A9:

(A12)

Substituting values of �1 � kT�1 and �2 � kT�2 into Eq.
A12 yields a1� 1 and a2 � 0. Thus, at very low concen-
trations of agonist, tacrine interacts solely with one
binding site and Scheme G2 is indistinguishable from
Scheme B1, the simple sequential mechanism for chan-
nel block.

High Tacrine Concentration

At high concentrations of tacrine, b2 � 4 ac and kT�1.T �
kT�1 � kT�2. Thus, from Eq. A10 we can approximate
the faster rate constant, �1:

(A13)

The behavior of the slower rate constant, �2, is more
conveniently examined using an alternative solution to
the quadratic equation:

(A14)

Again assuming that b2 � 4ac and kT�1.T � kT�1 �
kT�2, Eq. A14 yields the following approximation for �2:

(A15)

The assumptions set out above also allow us to exam-
ine the behavior of the relative areas, a1 and a2, of the
two p.d.f. components. From Eqs. A13 and A15, �1� �2.
Combining this with Eq. A12 therefore yields:

Thus, at high concentrations of tacrine, the mean du-
ration and relative area of the exponential component
governed by �1 and a1 will both be inversely propor-
tional to tacrine concentration. Conversely, there will
be a linear relationship between the mean duration of
the component of block closings governed by �2 and a2
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and tacrine concentration and the area of this compo-
nent relative to a1 will tend toward unity.
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