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ABSTRACT: Nicotinic acetylcholine receptors (nAChRs) were studied in detail in the past regarding their
interaction with therapeutic and drug addiction related compounds. Using fast kinetic whole-cell recording,
we have now studied effects of tacrine, an agent used clinically to treat Alzheimer’s disease, on currents elicited
by activation of rat o384 nAChR heterologously expressed in KXa3p4R2 cells. Characterization of receptor
activation by nicotine used as agonist revealed a Ky of 23 + 0.2 uM and 4.3 £ 1.3 for the channel opening
equilibrium constant, @~ '. Experiments were performed to investigate whether tacrine is able to activate the
a334nAChR. Tacrine did not activate whole-cell currents in KXo354R2 cells but inhibited receptor activity at
submicromolar concentration. Dose—response curves obtained with increasing agonist or inhibitor concen-
tration revealed competltlve inhibition of nAChRs by tacrine, with an apparent inhibition constant, Kj, of 0.8
uM. The increase of ® ' in the presence of tacrine suggests that the drug stabilizes a nonconducting open
channel form of the receptor. Binding studies with TCP and MK-801 ruled out tacrine binding to common
allosteric sites of the receptor. Our study suggests a novel mechanism for action of tacrine on nAChRs besides

1763

Inhibition Mechanism of Rat a4 Nicotinic Acetylcholine Receptor by the Alzheimer

inhibition of acetylcholine esterase.

The tobacco alkaloid nicotine exerts its effects on the central
and peripheral nervous system (CNS and PNS) through ligand-
gated ion channels, named nicotinic acetylcholine receptors. To
date, 11 neuronal (a2—a7, 09—a.10, 52—p4) and 5 muscular (al,
Bl, y, € 0) nAChR' subunit genes have been identified in the
mammalian genome. The nAChRs can assemble from five copies
of a single type of subunit, but they more commonly assemble
from several different types of subunit, giving raise to a relatively
hydrophilic way and allowing the influx of cations such as Na™,
K", and Ca®* (1). These receptors are involved at a wide range of
physiological and pathophysiological processes. They are located
in the neuromuscular junction, where they play a key role in
creating the skeletal muscle tone and, in the CNS, where they are
involved in several processes related to cognitive functions,
learning and memory, motor control, and analgesia (2).

Several compounds target nAChRs and inhibit them by
allosteric mechanisms or by competition for agonist binding sites,
ie., a-bungarotoxin. Noncompetitive, allosteric inhibition was
observed for local anesthetics such as procaine and QX-222
(3, 4), the anticonvulsant dizocilpine (MK-801) (5), tenocyclidine
(TCP, thienylcyclohexylpiperidine), and the abused drugs phency-
clidine (PCP) and cocaine (6) as well as for cembranoids isolated
from sea anemones and tobacco (Figure 1) (7, 8).

One of the most prominent expressed subtypes of neuronal
nAChRs is the osf; one, expressed in autonomic ganglia,
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controlling the release of the catecholamines norepinephrine
and epinephrine. These receptors are also present in particularly
high density in the superior cervical ganglion, pineal and adrenal
glands, substantia nigra, striatum, hippocampus, locus coeruleus,
habenulointerpeduncular tract, and cerebellum (9). Receptor
inhibition by anesthetics (barbiturates, etomidate, and propofol,
for example) has been reported and can explain, up to a certain
point, arterial hypotension observed during anesthesia (10). At
the same time, azf4 nAChR inhibition attenuated the signs of
opioid withdrawal (11).

Tacrine used for the treatment of Alzheimer’s disease (AD)
inhibits acetylcholine esterase (AChE) and protects acetylcholine
from degradation, increasing cholinergic neurotransmission aiming
at counteracting the disease state which is characterized by the loss
of cholinergic neurons and nAChRs throughout the brain (12).
However, experimental evidence points at direct action of tacrine
with neuronal nAChRs (13, 14). Here we show that tacrine inhibits
nicotine-evoked 033, nAChR activity by a competitive mechanism.
A rapid chemical technique with a time resolution of 10 ms (15) was
used to obtain kinetic parameters and compare them with those
observed with the noncompetitive nAChR inhibitor MK-801.

MATERIALS AND METHODS

Materials. Unless otherwise indicated, all reagents were
purchased from Sigma and were of the highest available quality.
[PH]TCP (40.8 Ci/mmol) was purchased from PerkinElmer
(Fremont, CA, USA).

Cell Culture and Maintenance. KXa3p4R2 cells expressing
recombinant rat o304 receptors (/6) were grown in Dulbecco’s
modified Eagle’s medium (DMEM, high glucose; Invitrogen)
supplemented with 10% (v/v) fetal bovine serum (Cultilab,
Campinas, Brazil) in the presence of 100 IU/mL penicillin,
100 ug/mL streptomycin, and 0.7 mg/mL Geneticin at 37 °Cin a
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FIGURE 1: Molecular structures of nicotine, tacrine, MK-801, and
TCP. Nicotine and tacrine potentiate cholinergic neurotransmission,
the former functioning as agonist and directly activating the
nAChRs, and the latter inhibiting acetylcholinesterase (AChE).
MK-801 and TCP are well-known nAChR inhibitors. TCP is a
structural analogue of the abused drug phencyclidine.

water-saturated atmosphere containing 5% CO,. Cell cultures
were seeded at a density of 5 x 10° cells/culture flask (175 cm?)
(Cultilab, Campinas, Brazil) and subcultured weekly. Cells were
fed three times during that period by replacing the old medium.
For electrophysiology, 2 x 10* cells were plated into 35 mm cell
culture dishes and used for experiments within 2—4 days.

Whole-Cell Current Recording. Recording glass pipets
were pulled from borosilicate glass (World Precision Instruments
Inc., Berlin, Germany), using a two-stage puller (Sutter P-0;
Sutter Instruments, Novato, CA). Pipet tips were fire-polished
using a flame polisher (MF-83; Narishige, Tokyo, Japan). The
extracellular recording buffer contained 145 mM NaCl, 5.3
mM KCI, 1.8 mM CaCl,-2H»0, 1.2 mM MgCl,, 10 mM
glucose, and 10 mM HEPES, pH 7.4. The intracellular solu-
tion consisted of 140 mM KCI, 10 mM NaCl, 2 mM MgCl,,
1 mM EGTA, and 10 mM HEPES, pH 7.4. An Axopatch 200A
amplifier and the pClamp software packet (Molecular Devices
Corp., Union City, CA) were used for data collection. The ob-
tained data were analyzed on a personal computer using
Microcal Origin (Northampton, MA). All measurements were
carried out at a transmembrane voltage of —70 mV. Data from
each cell were normalized to the response measured with
300 uM nicotine. All solutions used in the experiments were
prepared on the day of the measurement.

Rapid Application of Ligand Solution. The flow method
used for rapid ligand application has been described by Krishtal
and Pidoplichko (15) and Udgaonkar and Hess (/7). Briefly, a
cell in the whole-cell recording configuration (/8) was placed ca.
100 um from the porthole (diameter of ca. 100 um) of a U-tube
(Hamilton, Reno, NV) (15). The flow rate of solutions emerging
from the flow device, containing neurotransmitter with or with-
out inhibitor, was typically 1 cm/s. The observed rise time of the
whole-cell current to its maximum value, characteristic of the
time for nicotine to equilibrate with the cell surface receptors, was
10—15 ms. The cells were allowed to recover for 3 min between
each experiment, a time sufficient to guarantee full recovery of
the receptors from desensitization.

Current Correction for Desensitization in Cell-Flow
Measurements. The current maximum amplitude is a measure-
ment of the concentration of open-receptor channels. In cell-flow
experiments, the observed maximum current amplitude was
corrected for the rate of desensitization occurring while the
receptors equilibrate with the channel-activating solution that
flows over the cell surface (17, 18). This correction was performed
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using eq 1 and provides the maximum current amplitude
corrected for the desensitization (/).

n

IA([”) = (C(XAT - 1) Z(lobs)m, + (Iobs>A,ﬂ (1)

i=l

in which (Zyus)a,, is the observed current during the ith time
interval. I5(t,) becomes equal to /5 when the ¢, value is either
equal to or longer than the time it takes for the current to reach its
maximum amplitude.

Data Analysis. Data analysis was performed under the
condition that the agonist (in this case, nicotine) needs to interact
with two binding sites of the receptor for channel opening and
that agonist binding to both sites with the same affinity (19), as
shown by the scheme:

o _
A ot p K AL,=—AL,

k12ﬂkm k43Hk34
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A represents the active, nondesensitized receptor; the
subscripted number 2 indicates the number of agonist
molecules bound. AL, is the open-channel form of the
receptor, and 7 denotes the inactive desensitized form of
the receptor. K; and K, are dissociation constants for
agonist binding to nondesensitized and desensitized re-
ceptors, respectively. The rate constants k describe the
desensitization process and ® describes the channel-clos-
ing equilibrium constant.

Dose— Response Curve. The ECsy and ny values were
calculated by linear regression using the GraphPad Prism soft-
ware (San Diego, CA). K; was determined using eq 2 (20):

IA Imax (2)
Kl

1| ©+1

+} -

Inax represents the maximum current obtained from one cell
when all receptor channels are open; Kj is the agonist dissociation
constant; L is the agonist concentration; ® is the channel-closing
equilibrium constant, and I are the current amplitudes obtained
experimentally and corrected for desensitization. This equation is
linearized (eq 3):

Ioox "2 K
< a; +1> _ q)l/2+ Ll (DI/Z (3)

Dose— Response Curve in the Presence of a Competitive
Inhibitor.
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1 is the inhibitor concentration, and K is its inhibition constant.
The other constants were already defined before. This equation
was used to analyze how the current measurements vary with the
inhibitor concentration. The inhibition constant (Kj) describes
the affinity of the inhibitor for the receptor and can be determined
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FIGURE 2: Whole-cell current response evoked by o354 nAChR activation in the presence of 1 mM nicotine. Measurements were carried out with
KXoa364R2 cells at pH 7.4, room temperature, and a transmembrane voltage of —70 mV with a flow rate of the nicotine solution of ~1 cm/s for the
rapid equilibration of cell surface receptor with the ligand. The observed whole-cell current (solid line) is a measure of the number of receptors in
the open-channel form in the cell membrane. The falling phase of the current, indicative for receptor desensitization, reveals two processes: ~98%
of the current decays with a rate coefficient of 9.5s ™!, and ~2% of the current decays with a rate coefficient of 0.1 s™'. The dotted line parallel to the
time axis represents the current corrected for the rate of desensitization that occurs during the rising phase of the current (/7) (eq 1).

by using eq 5:

IC
K = 752 (5)
I+
ECso
assuming that inhibitor and ligand (agonist) bind to the same site
of the receptor (21). The 1Csy was determined using a Hill fitting.

Noncompetitive Inhibition.

]max 12 1/2 Kl 1
-1) =(o"?+—0'?)z 6
(,A ) & (©

where Z = (I/K)(1/1 — FAL,)"* when the noncompetitive
inhibitor 7 binds to all forms of the receptor and Z = (I/K; + 1)'2
when the noncompetitive inhibitor binds only to the closed-
channel forms of the receptor.

General Noncompetitive Inhibition.

I gy ! ™)

Iaq) K

[ is the concentration of the noncompetitive inhibitor, and K| is
the inhibition constant. /5 and /4y are the obtained currents at a
constant agonist concentration in the presence and in the absence
of inhibitor, respectively.
Competitive Inhibition.
Ia
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I is the concentration of the inhibitor, and K is its inhibition
constant. F and Fap are the fractions of unoccupied receptors
and receptor species bound to one ligand molecule at equilibrium,

respectively:
2
() (2)e
L L
e M TR
I 1
— ] D+1 —+1) d+1
<L+1> " <L ' ) ’

It is noteworthy that, when the term Fa(//Kj) < 2F + Fap, that
is, at low inhibitor concentrations, the equation for competitive
inhibitor reduces to that one for noncompetitive inhibitors (22).

Binding of [’H]TCP to o3, nAChRs. For binding mea-
surements, 1.75 x 10* KXa3p4R2 cells were plated into 24-well
plates and used for experiments within 2 days. The cells were
incubated for 40 min with 19.6 nM [*H]TCP (40.8 Ci/mmol) in
the absence or presence of increasing concentrations of competi-
tors MK-801 and tacrine (100 pM—1 mM) in a total volume of
200 uL of extracellular buffer. Then cells were washed three times
with 200 uL of extracellular buffer and were then solubilized in 1%
SDS. The radioactivity retained by the cell layer was determined
by liquid scintillation counting. MK-801, a noncompetitive in-
hibitor of 0384 nAChRs, was used in control experiments. The
affinities of the ligands to their binding sites on the receptors were
registered as ICsq values, the concentration at which the ligands
displace 50% of the radioactive ligand from the receptor (6).

Statistical Analysis. The experimental data were analyzed
by using the unpaired Student’s ¢ test, in which differences were
considered statistically significant when p values were smaller
than 0.05. Data were expressed as mean values & standard
deviation.

RESULTS

Agonist-Induced Effects. Whole-cell current measurements
in combination with fast kinetic ligand application, the cell flow
technique, were done with a KXa3p4R2 cell in the presence
of 1 mM nicotine (Figure 2). The maximal response was obtained
within 10—15 ms, then decaying in agreement with a two ex-
ponential process. The rate coefficients for fast and slow receptor
desensitization, o and 3, were calculated to be 9.5 and 0.1 s
respectively, indicating that the initial desensitization process
occurs around 120 times faster than the second one. Similarly, the
receptor fraction that desensitizes quickly is far greater (98%)
than the receptor fraction related to the slow desensitization
process (2%). This second process, therefore, was not taken into
account for data analysis. The current corrected for desensitiza-
tion that takes place during the equilibration of nicotine with the
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FiGuRE 3: Dose-dependent activation of a3, nAChRs by nicotine in the absence and presence of 20 #M tacrine. Whole-cell currents collected at
various nicotine concentrations were normalized to average responses obtained in the presence of 300 M nicotine which was considered as 100%
response. Current amplitudes were corrected for receptor desensitization as detailed in the Materials and Methods section. Three to nine measurements
from a total of 10 cells were made at each concentration of nicotine. (A) Data were fitted to eq 1. The ECs, was determined as 22 = 4 4M (R*> = 0.99)
with a Hill coefficient of 1 & 0.2. For comparison, the dependence of the response on the concentration of nicotine in the presence of 20 uM tacrine
(dashed line and open squares) is also shown. (B) Data were fitted to the linear form of eq 2 with a slope of 11.03 £ 2.89 and an intercept of 0.48 - 0.14,
providing values for the channel-opening equilibrium constant ® ' and K; of 4.3 + 1.3 and 23 + 0.2 uM, respectively.
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FIGURE 4: Characterization of the mechanism of inhibition of the rat o35, nAChR by tacrine. Experimental conditions were as described in the
Materials and Methods section, and all measurements were performed at a constant concentration of 300 4M nicotine and increasing tacrine
concentrations. (A) The ICs, was determined as 13 + 4 uM (R> = 0.99) with a Hill coefficient of —1.85 & 0.96. (B) Curve fitting was carried out
according to eq 4 by simulation of linear (solid line, in the case of competitive inhibitor) and nonlinear (dotted line, for a noncompetitive inhibitor)
fitting. Linear fitting applied best for the data (R> = 0.97 and a slope 0f 0.048 + 0.004 «M ™ ') indicating a competitive mechanism. The constant for

receptor inhibition by tacrine (K;) was calculated to be 0.77 = 0.01 #M. The simulation of a nonlinear fit gave a value for R* of 0.27.

cell surface receptors (shown by the dotted line) was calculated
according to eq 1.

Whole-cell currents measured in voltage-clamped cells expres-
sing rat ogf, nicotinic acetylcholine receptors depended on
nicotine concentration. Current amplitudes obtained at different
nicotine concentrations were normalized to those obtained with
300 uM (100%) to adjust for differences in receptor expression
levels among cells and for small variations of the response
amplitude over the time. A Hill plot reports the dependence of
the concentration of open receptor channels on nicotine concen-
tration with ECso and nyg being 22 + 4 uM and 1 £ 0.2, respectively
(Figure 3A). The dissociation constant of the receptor site con-
trolling channel opening (K;) and the channel-opening equilibrium
constant (®~ ") were 23 £ 0.2 uM and 4.3 £ 1.3, respectively,
with 7.« (mean maximal current when all channels are open) of
1733 pA (Figure 3B). The open squares and the dashed line in
Figure 3A represent data obtained in the presence of a constant
concentration (20 uM) of tacrine and will be discussed later.

The KXa34R2 cells expressing rat o334 nicotinic acetylcho-
line receptors, which responded to stimulation with 300 uM
nicotine with a large inward current, were also superfused with
100 pM, 1 nM, 10 nM, 100 nM, 1 uM, 100 uM, and 1 mM
concentrations of tacrine. No ion currents were observed upon
exposure to this drug, demonstrating that tacrine is not an

agonist of a6, nicotinic acetylcholine receptors (results not
shown).

Inhibition of the o384 nAChR by Tacrine. The dashed line
in Figure 3A shows the dependence of nicotine-mediated re-
sponse in KXa3p4R2 cells on nicotine concentration in the
presence and absence of 20 uM tacrine. The dose—response
curve is shifted to the right and to a higher ECs; value in the
presence of tacrine, with no change in the maximal response. This
result would be expected if tacrine was a competitive inhibitor of
the o35, nAChR but also if it acted as noncompetitive inhibitor
binding mainly to the closed-channel forms. More quantitative
approaches exist for differentiating between competitive and
noncompetitive inhibitors than the shift in the dose—response
curve, as illustrated in Figures 4 and 5.

Tacrine at 1—100 M concentrations inhibited nicotine-mediated
whole-cell currents when coapplied with nicotine. The Hill plot for
tacrine-induced receptor inhibition is shown in Figure 4A. The ICs
value of the a3, nAChR inhibition by tacrine was 13 + 4 uM
(R* = 0.99) with a Hill slope of —1.85 + 0.97. The K; value was
calculated as 0.9 + 0.4 uM by using eq 5 (Table 1).

In order to investigate the mechanisms by which tacrine inhibits
the o304 nAChR expressed on KXa344R2 cells, measurements
were made at a constant concentration of nicotine (300 uM) and
various concentrations of tacrine, and data were plotted in linear
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FIGURE 5: Inhibition studies of the a4 nAChR inhibition in the presence of tacrine and MK-801. Maximum current amplitudes corrected for
receptor desensitization were obtained in KXoa384R2 cells with 300 M nicotine in the absence or presence of the inhibitors tacrine and MK-801 at
pH 7.4, room temperature, and a transmembrane voltage of —70 mV. (A) Inhibition of a3, nAChR by tacrine. Only data points collected at a
tacrine concentration of up to 10 uM were used for curve fitting. The slope of the fitted line was 0.05 4 0.01 M ™" with an intercept of 1.05 # 0.07.
Using eq 7, an apparent inhibition constant Ky of 23 + 6 uM was calculated. Applying eq 8 and considering tacrine as a competitive inhibitor gave
an inhibition constant (Ky) of 1.4 + 0.4 uM. The breaks in the x- and y-axis (/o //a¢t)) are between 12 and 98 uM inhibitor concentration and 2 and
15, respectively. Note the deviation from linearity at higher concentrations of tacrine. (B) and (C) Inhibition of o33, nAChRs by MK-801. The
concentration of MK-801, a noncompetitive inhibitor, varied between 25 and 700 uM. For calculations, the average value for I, of 1457 pA was
used. For a noncompetitive inhibitor, a plot of (Zyax/Ia-1)"/* versus inhibitor concentration is not expected to be linear (eq 6). (C) The line has a
slope 0f 0.006 & 0.001 «M " and an intercept of 0.2 + 0.4; using eq 7, an apparent inhibition constant K of 166 + 29 uM was obtained. Note that
the linear relation is still valid at higher inhibitor concentrations (28Kj).

Table 1: Inhibition Constants for Tacrine and MK-801

inhibitor method for evaluation figure K; (uM) competitive K; (uM) noncompetitive
tacrine dose—response curve (eq 5) 4A 09+04

(Imax/Ia — 1" vs [tacrine] (eq 4) 4B 0.77+ 0.01

Ia/Iacr) vs [tacrine] (eq 8) SA 1.4+0.4

Iz/IacT) Vs [tacrine] (eq 7) SA 23+ 6
MK-801 In/Iaovk-son vs IMK-801] (eq 7) 5C 166 429
(for a competitive inhibitor) and nonlinear (for a noncompetitive value obtained at low concentrations of the inhibitor tacrine and
inhibitor) forms. The linear fit applied best for the data (R* = 0.97 calculated by using eq 8 was 1.4 £ 0.4 yM. This value is in
and a slope of 0.048 £ 0.004), indicating a competitive mechanism. agreement with that obtained from the measurements shown in
The channel-opening equilibrium constant (®~') was equal to Figure 4B (Table 1). The curve fitted with eq 6 shows that a plot
17.5 £ 0.5, as calculated from the intercept. The K value of (Iax/Ia — 1)1/ 2 yersus the inhibitor concentration is not linear,
(inhibition constant) for tacrine at a nicotine concentration of but itis proportional to the square root of inhibitor concentration
300 uM, calculated from the slope of the line, was 0.77 £+ 0.01 uM times (Figure 5B).
(Table 1). In contrast, a (Ipax/Ia — 1)”2 versus the inhibitor In contrast, a plot of Ix/Ix k) versus MK-801 concentration is
concentration plot for a noncompetitive inhibitor is expected to be linear over a wide concentration range of the inhibitor (Figure 5C).
nonlinear. Simulation of a nonlinear fitting gave a value for R* of The results shown in this figure indicate that MK-801 is a
0.27 (Figure 4B). noncompetitive inhibitor of the 064 nAChR on KXa34R2 cells

The competitive mechanism by which tacrine inhibited 0384 in the range of concentrations from 25 to 700 uM with a K| value

nAChR expressed by KXa34R2 cells was confirmed by plotting of 166 £ 29 uM. As expected for noncompetitive inhibitors (eq 7),
the ratio of the current amplitudes obtained in cell-flow experi- a linear relationship between /x/Is ) and inhibitor concentration
ments, corrected for receptor desensitization, in the absence (7) exists for a wide concentration range of MK-801.
and presence (Iocr)) of inhibitor versus tacrine concentrations. As mentioned before, MK-801 is a well-known noncompeti-
The results were compared to those ones obtained in the presence tive inhibitor of the nAChRs and should compete with TCP, ano-
of MK-801 (Ia/Iamk)). @ noncompetitive inhibitor of the ther noncompetitive inhibitor of nAChRs (6), for the same binding
nAChRs (5). A linear relationship existed between Ix/Iaq) and sites. However, there should not be such competition between
the noncompetitive inhibitor over a wide concentration range tacrine and TCP. To confirm this hypothesis and, once more, that
(Figure 5C). In the case of a competitive inhibitor, however, the tacrine inhibits the 0384 nAChR by competitive mechanisms,
plot of the ratio of /5/Ix1y versus competitive inhibitor concen- radioligand—receptor binding assays were performed. We investi-
tration is expected to be linear only at low inhibitor concentra- gated whether MK-801 and tacrine were able to displace [’H]TCP
tions, when Fa(I/K)) is small compared to 2F + Far. Fa and from the o35, nAChR expressed in KXa354R2 cells. [PH]TCP was
Fap represent the fraction of receptors in form A and AL, displaced from its binding sites on a334 nAChR by MK-801, with
respectively. Figure SA shows a plot of /5/I5(, versus tacrine an ICs, value of 71.0 £ 5.6 uM (Figure 6A), but not by tacrine
concentration, at a constant concentration (300 uM) of nicotine (Figure 6B), even at high concentrations. These results indicate that
according to eq 7. Asexpected for a competitive inhibitor, a linear TCP and MK-801 bind to the same site on the receptor, which is
relationship between Ia/l5q) and tacrine concentration was not occupied by tacrine, and corroborate our data showing that the
obtained only at low inhibitor concentrations (0—10 uM). The latter inhibits the o35, nAChR through a competitive mechanism.
values for F, and Fa were calculated using the K; and & values Similarly, representative current traces in Figure 6C demonstrate

obtained for nicotine only (Figure 2). The inhibition constant that tacrine and MK-801 bind to different sites and inhibit the a3,
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FIGURE 6: Competition of tacrine-receptor binding by TCP and MK-801. (A) Displacement of [P’H]TCP from o584 nAChRs was studied in
radioligand—receptor assays in the presence of increasing concentration of MK-801 and tacrine as detailed in the Materials and Methods section.
Reported data were obtained in three independent experiments. (A) MK-801 displaced [*’H]TCP from its binding sites on receptor with ICsq equal
to 71 £ 5.6 uM. Note in (B) that tacrine did not interfere with [’H]TCP receptor binding, even when employed at high concentrations. (C) Additive
inhibition rates of nicotine-evoked whole-cell currents in the presence of MK-801 and tacrine: representative current recordings following
application of 300 M nicotine in the absence (1) and presence of 100 uM MK-801 (2), 20 uM tacrine (3), and together with 100 «M MK-801 and
20 uM tacrine (4). Data points for each drug were obtained with different cells, and percentage of inhibition was normalized to control responses in

the absence of the respective inhibitor.

nAChR through additive effects and do not compete against each
other.

DISCUSSION

Tacrine effects, an AChE inhibitor used for treatment of AD
patients (12), on o35, nAChR activity expressed in KXa354R2 cells
were investigated utilizing a rapid chemical kinetic technique, the
cell-flow technique with a millisecond time resolution (10—
50 ms) (23). The current amplitudes due to the channel opening
were determined by the patch-clamp technique (whole-cell config-
uration) and corrected for receptor desensitization that occurs while
the receptors equilibrate with the ligand (nicotine solution with/
without inhibitor) (7).

The minimum mechanism for nAChR activation was pro-
posed by Katz and Thesleff and requires two molecules of agonist
to bind to the receptor for channel opening (24). The receptor
desensitization is initially rapid (millisecond) (25, 26) and subse-
quently slow (26, 27). The results shown here (Figure 2) indicate
that o384 nAChR desensitization is a complex process. Our data
are in agreement with the literature mentioned before, according
to which o characterizing the initial rapid desensitization process
is at least 20 times greater than f5, that characterizes the second
desensitization process. In this work, o was around 120 times
greater than f (Figure 2). Our results also indicate that only 2%
of the receptors remained activated after the rapid desensitization
process (Figure 2). Similar data were obtained from the organic
ion flux measurements with receptor-containing electroplax
membrane vesicles prepared from Electrophorus electricus (28).

First we investigated whether tacrine was an oz8; nAChR
agonist, that is, whether it was able to bind to the receptor and
induce the conformational alterations eventually leading to the
channel opening and consequent cations influx. Cells responsive to
superfusion of 300 M nicotine with a large inward current, were
stimulated with tacrine at a concentration ranging from 1 pM to
1 mM, and no ion currents were detected. Afterward, the same cells
were exposed to 300 #M nicotine and there was a recovery of almost
100% of the initial measured response (data not shown), indicating
that tacrine is not an agonist for these receptors, as well as it does
not activate ayf, nAChR expressed on Xenopus oocytes (29).

The o35, nAChR expressed on KXa344R2 cells was studied for
its responsiveness to nicotine. Nicotine-induced ionic currents,

whose amplitudes depended on ligand concentration, reached maxi-
mum values at an agonist concentration of 300 uM. At higher
nicotine concentrations the amplitudes began to decrease (data not
shown). This behavior, due to receptor block, has already been
observed with other agonists, for instance, acetylcholine and carba-
moylcholine (/6, 29). Therefore, nicotine is likely to bind to sites
inside the channel and block the ion flux at high concentrations,
when the ion channels are predominantly in the open state (30). The
ECsy and nyy values determined as 22 + 4 yM and 1 + 0.2,
respectively, agree with previously published data. For example,
Xiao and co-workers, utilizing **Rb ™ efflux assays and the same cell
line, obtained a ECs value of 28.8 + 3.7 uM for the agonist
nicotine (/6). Our data also agree with the ny values for 0,34 and
ayf4 nAChR subtypes (37). According to our results, nicotine binds
to 038, nAChR with high affinity, which is implied from the K|
value (Ky = 23 £ 0.2 uM) calculated by using eq 3 (Figure 3). It is
noteworthy that the ECsy and K; values are almost the same. For
the maximum current amplitude to be reached, it is necessary that
the receptors are fully occupied in accordance with the proposed
kinetic model. Following much the same investigation about the
inhibition mechanisms of o354 nNAChR by cocaine, Hess and co-
workers (32) determined a value of 3.3 £ 1 for the channel-opening
equilibrium constant, @' In our work, the calculated value was
4.3 £ 1.3, agreeing with the previously published data.

As already mentioned tacrine was not a nAChR agonist.
However, tacrine strongly inhibited o35, nAChR activity with
an ICsq value of 13 £ 4 uM (Figure 4A). The shift to the right and
to higher ECs, value (from 22 to 73 uM) in the dose—response
curve induced by tacrine, as illustrated in Figure 3A, was not
sufficient to conclude that this compound is a competitive
inhibitor, since receptor affinity for inhibitor also decreases as
the agonist concentration increases in the presence of noncom-
petitive inhibitors binding preferentially to the closed-channel
form. The experiments in Figures 4B and 5 differentiate between
a noncompetitive, binding with higher affinity to closed-channel
forms than to open-channel forms, and a competitive inhibitor.

The inhibition exerted by tacrine showed a competitive
mechanism, giving a linear fitting when whole-cell currents in
response to application of 300 uM nicotine ([yax/Ia — 1) were
plotted versus increasing tacrine concentrations (Figure 4B). The
K; values were calculated using eqs 4 and 5 and were nearly the
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same (0.9 £ 0.4 uM versus 0.77 £ 0.01 uM, respectively)
(Table 1).

In fact, there is much evidence that acetylcholine esterase inhib-
itors, i.e., physostigmine and galanthamine, to which also tacrine
belongs, bind to nAChR agonist sites. In Xenopus oocytes expres-
sing the fetal rat muscle nAChR, o-bungarotoxin, a competitive
inhibitor of nAChRs, blocked currents observed in the presence of
physostigmine, galanthamine, and their methyl derivatives, suggest-
ing a competitive mechanism (33). Physostigmine-evoked macro-
scopic ion currents in insect neurons were blocked by competitive
antagonists of nAChRs (34). Moreover, interaction of tacrine and
nAChR agonist sites was also reported for other receptor subtypes.
Svensson and Nordberg demonstrated that the nicotine-induced
increase in number of ayf; nAChR in M10 cells was partially
blocked when tacrine was applied together with nicotine, suggesting
an interaction between these compound with the ACh binding
site (/3). In another work, the same authors demonstrated that the
neuroprotective effect of tacrine in PC12 cells was blocked in the
presence of the nicotinic competitive antagonist mecamylamine (/4).
Tacrine binding to agonist sites of muscle nAChR was also
suggested (35). These authors demonstrated that, in spite of
competition between tacrine and a-bungarotoxin, the main
mechanism by which tacrine inhibits the muscle nAChR is by
entering the channel and blocking it. One concludes, in the light
of our results and the previously published work, tacrine inhibits
the a384 nAChR activity by a competitive mechanism.

Measurements with MK-801, a compound with anticonvulsive
action (36), were performed to confirm the mechanism by which
tacrine inhibits o384 nAChR. The data presented in Figure 5
confirm conclusions that tacrine is a competitive antagonist. As
expected for a competitive inhibitor (eq 8), a plot of I/Ia) versus
tacrine concentration gives a linear fitting only at low inhibitor
concentrations. The K value determined for tacrine using eq 7 and
considering it a noncompetitive inhibitor was 23 &+ 6 uM (note the
discrepancy between this value and the mentioned one before). On
the other site, when tacrine was considered a competitive inhibitor,
the K; value given by eq 8 was 1.4 £ 0.4 uM, similar to values
calculated using eqs 4 and 5 (Table 1). If we compare these data
with those ones obtained with MK-801, we realize that, for this
compound, a plot of (Iax/Ia — 1)1/ 2 versus inhibitor concentra-
tion was not linear, whereas a plot of I/Is versus inhibitor
concentration was linear even at a wide MK-801 concentration
range (Figure 5B,C). Subsequently, MK-801 is a noncompetitive
inhibitor of a354 nAChR in contrast to tacrine. As a matter of fact,
MK-801 is one of most well characterized inhibitors of nicotinic
receptors (36). Its Kj value for the 0,84 subtype of nicotinic
receptor, determined by Hess and co-workers, was 116 £+ 16 uM,
at a constant charbamoylcholine concentration of 3.3 mM (32),
whereas ours was 166 + 29 uM (Table 1), at a constant nicotine
concentration of 300 uM.

We also confirmed the competitive mechanism for o304
nAChR inhibition by tacrine employing radioligand binding
assays. It was previously demonstrated that MK-801 and TCP,
noncompetitive inhibitors of nAChRs (6, 36), compete for the same
sites on o354 nAChR, whereas tacrine did not interfere with TCP
receptor binding (Figure 6A,B). This experiment is consistent with
that ones described earlier suggesting that tacrine is a competitive
inhibitor. Moreover, current recordings were performed with
nicotine alone and in the presence of MK-801 or tacrine and
MK-801 and tacrine together. The representative current traces
shown in Figure 6C indicate that the effects of MK-801 and tacrine
on the a354 nAChR were additive. Such result would be expected if
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MK-801 and tacrine inhibit the receptor through distinct mecha-
nisms, not competing for the same binding sites.

It should be stressed, even though our data indicate a
competitive mechanism for tacrine, that the compound does
not necessarily compete for the agonist binding sites, as it has
been shown that nicotine also binds to inhibitory sites on nicotinic
receptors at the same concentrations at which it induces channel
opening (37). In fact, several agonists may inhibit the receptors they
activate (30, 38, 39). This inhibition may occur through either an
increase in receptor desensitization rates resulting in a low prob-
ability of the receptor opening (a low @) or by the capacity of the
agonist to act as an open-channel blocker. For example, observa-
tions of cholinergic agonists inhibiting their receptors at higher
concentrations, when the most of the receptors are in opened-
channel form, suggest such mechanism of open-channel blockage.
Receptor inhibition by agonists may occur alternatively via
allosteric modulation, in which a noncompetitive inhibitor binds
to a different site but interferes with agonist binding by inducing
changes in the conformation of the receptor protein (22).

In summary, we do not exclude the possibility of tacrine
binding to sites on the 0384 nAChR different from the agonist
binding site. However, a direct interaction of tacrine with the
agonist site of the receptor was suggested by increased a3,
nAChR desensitization rate in the presence of tacrine (data not
shown). The channel-opening constant ®~' increases in the
presence of tacrine by a factor of 4 (Figures 3B and 4B). The
question is: How could an inhibitor increase the channel-opening
probability (@~ ")? The most obvious answer is that the inhibitor
binds to the receptor molecule and stabilizes an inactive open-
channel form of the receptor. Prince and co-workers (35) demon-
strated that tacrine competes with a-bungarotoxin for agonist
binding sites and functions like an open-channel blocker on muscle
nAChR. It is plausible that more than one mechanism is involved
in inhibition of the o35, nAChR by tacrine.

Tacrine-evoked inhibition of the o384 nAChR is of particular
interest, given the use of this compound in treatment of Alzheimer’s
patients and, mainly, the roles played by the receptor in our
organism. The o334 nAChR is the main nicotinic receptor subtype
found in the autonomic nervous system. Located in autonomic
ganglia, it controls the release of catecholamines, such as norepi-
nephrine and epinephrine, and consequently the sympathetic tonus
of various tissues (9). The interaction between these catecholamines
and their target receptors leads to an increase in vasoconstriction
and blood pressure. On the other hand, inhibition of receptor
activity shall result in vasodilatation and hypotension. In fact, a4
nAChR inhibition by tacrine could account for, up to a certain
point, the side effects shown by the drug, which include arterial
hypotension such as also observed with anesthetics (/0). However,
tacrine-induced effects on the autonomic nervous system are not
expected at therapeutic doses of the drug, as these concentrations
do not inhibit a; and oy, subtypes predominating in the CNS (40).

In summary, nanomolar and submicromolar concentrations
of tacrine used for antagonizing acetylcholinesterase activity also
result in inhibition of a4 nAChR activity, by competing with
nicotine for the agonist binding site and stabilizing a noncon-
ducting open-channel receptor form.
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