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Abstract: The effects of the acetylcholinesterase inhibi-
tors physostigmine and tacrine on a4b2 and a4b4 sub-
types of neuronal nicotinic acetylcholine (ACh) receptors,
expressed in Xenopus laevis oocytes, have been investi-
gated. In voltage-clamp experiments low concentrations
of physostigmine and tacrine potentiate ion currents in-
duced by low concentrations of ACh, whereas at high
concentrations they inhibit ACh-induced ion currents.
These dual effects result in bell-shaped concentration–
effect curves. Physostigmine and tacrine, by themselves,
do not act as nicotinic receptor agonists. The larger po-
tentiation is observed with 10 mM physostigmine on a4b4
nicotinic receptors and amounts to 70% at 1 mM ACh.
The mechanism underlying the effects of physostigmine
on a4b4 ACh receptors has been investigated in detail.
Potentiation of ACh-induced ion current by low concen-
trations of physostigmine is surmounted at elevated con-
centrations of ACh, indicating that this is a competitive
effect. Conversely, inhibition of ACh-induced ion current
by high concentrations of physostigmine is not sur-
mounted at high concentrations of ACh, and this effect
appears mainly due to noncompetitive, voltage-depen-
dent ion channel block. Radioligand binding experiments
demonstrating displacement of the nicotinic receptor ag-
onist 125I-epibatidine from its recognition sites on a4b4
ACh receptors by physostigmine confirm that physostig-
mine is a competitive ligand at these receptors. A two-
site equilibrium receptor occupation model, combined
with noncompetitive ion channel block, accounts for the
dual effects of physostigmine and tacrine on ACh-in-
duced ion currents. It is concluded that these acetylcho-
linesterase-inhibiting drugs interact with the ACh recog-
nition sites and are coagonists of ACh on a4-containing
nicotinic ACh receptors. Key Words: Neuronal nicotinic
acetylcholine receptor—Acetylcholinesterase inhibitor—
Tacrine—Physostigmine—Two-site receptor occupation
model—Xenopus oocyte.
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Alzheimer’s disease is accompanied by a severe defi-
ciency of the neurotransmitter acetylcholine (ACh) in the
brain (Bartus et al., 1982; Perry, 1986). In brains from
patients who suffered from Alzheimer’s disease it has

been found thata4 subunit-containing nicotinic ACh
receptors (nAChRs) are selectively lost (Warpman and
Nordberg, 1995; Martin-Ruiz et al., 1999). One strategy
to improve cognitive function in Alzheimer’s patients
aims to enhance nicotinic neurotransmission in the brain,
e.g., through elevation of the brain concentration of ACh
by centrally acting acetylcholinesterase inhibitors. Phy-
sostigmine and tacrine were among the first drugs used
for this purpose (reviewed by: Giacobini, 1998; Feldman
and Grundman, 1999; Kelly, 1999). Other studies indi-
cate that selective agonists of nAChRs also improve
cognitive function in animal models (Lloyd and Wil-
liams, 2000), supposedly by enhancing brain nAChR
function.

The exact mechanism by which the cholinesterase
inhibitors enhance nicotinic neurotransmission has re-
mained subject to debate. Apart from inhibiting acetyl-
cholinesterases, high concentrations of physostigmine
and tacrine interact directly with neuronal nAChRs
(Perry et al., 1988). Ion flux studies onTorpedoelectro-
cyte membrane vesicles (Okonjo et al., 1991) and single
channel patch-clamp studies on rat myoballs (Maelicke
et al., 1993), cultured rat hippocampal neurons (Pereira
et al., 1993), mouse fibroblast (M10) cells stably trans-
fected with chickena4b2 nAChRs (Pereira et al., 1994),
and rat pheochromocytoma (PC12) cells (Storch et al.,
1995) have shown that galanthamine and physostigmine
activate nAChR channels. The physostigmine- and ga-
lanthamine-activated single-channel events are blocked
by a monoclonal antibody (FK1) raised against the rat
muscle nAChR but not by competitive nAChR antago-
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nists. From these results, it has been concluded that
physostigmine and galanthamine interact with an alloste-
ric site on the nAChRs and act as weak partial, noncom-
petitive agonists at nicotinic receptors (Storch et al.,
1995; Schrattenholz et al., 1996). However, there are
also indications that cholinesterase inhibitors act via the
agonist recognition sites of nAChRs. InXenopusoocytes
expressing fetal-type rat muscle nAChRs,a-bungaro-
toxin blocks single-channel events induced by physostig-
mine, galanthamine, and their methyl derivatives, sug-
gesting a competitive rather than an allosteric effect of
these drugs (Cooper et al., 1996). In whole-cell voltage-
clamped insect neurons, physostigmine evokes macro-
scopic ion currents, which are blocked by competitive
antagonists of the nAChRs (van den Beukel et al., 1998).
Although physostigmine, galanthamine, and neostigmine
potentiate agonist-induced whole-cell responses medi-
ated by rat neuronal nAChRs (Schrattenholz et al., 1996;
Nagata et al., 1997; Zwart et al., 1999), they fail to
induce macroscopic currents in the whole-cell configu-
ration.

In view of the apparent controversy concerning the
allosteric or competitive nature of the interaction of
cholinesterase inhibitors with nAChRs, we have investi-
gated the effects of tacrine and physostigmine on rat
a4b2 and ona4b4 nAChRs heterologously expressed in
Xenopusoocytes. The results from voltage-clamp exper-
iments, ligand binding experiments, and receptor mod-
eling demonstrate that the potentiating effects are ac-
counted for by a competitive mechanism.

MATERIALS AND METHODS

Materials
Xenopus laevisfrogs were obtained from AmRep (Breda,

The Netherlands) and kept in our laboratory. ACh chloride,
physostigmine hemisulfate salt, and neomycin were obtained
from Sigma (St. Louis, MO, U.S.A.). Tacrine hydrochloride
(9-amino-1,2,3,4-tetrahydroacridine hydrochloride) was from
Research Biochemicals International (Natick, MA, U.S.A.).
125I-Epibatidine (2,200 Ci/mmol) was from NEN (Boston, MA,
U.S.A.).

Receptor expression
Oocytes were prepared, and cDNAs encoding rat nAChRa4

(Goldman et al., 1987) andb2 (Deneris et al., 1988) orb4
(Duvoisin et al., 1989) subunits were injected into the nucleus
at a 1:1a:b ratio as described previously (Zwart and Vijver-
berg, 1997). Transfected oocytes were incubated at 19°C for
3–7 days in modified Barth’s solution containing 88 mM NaCl,
1 mM KCl, 2.4 mM NaHCO3, 0.41 mM CaCl2, 0.33 mM
Ca(NO3)2, 0.82 mM MgSO4, 15 mM HEPES, and 5 mg/L
neomycin (pH 7.6 with NaOH).

Electrophysiology
Oocytes were placed in a silicon rubber tube (i.d. 3 mm),

penetrated by two microelectrodes, and voltage-clamped at
240 mV, unless otherwise indicated. Voltage-clamp equip-
ment, experimental protocols, and data acquisition were exactly
as described before (Zwart and Vijverberg, 1997). Concen-
trated stock solutions of ACh chloride, physostigmine hemisul-
fate, and tacrine hydrochloride were prepared in distilled water.

Dilutions of these drugs in external saline were applied to the
oocytes by perfusion of the tube at a rate of;20 ml/min. The
external saline contained 115 mM NaCl, 2.5 mM KCl, 1 mM
CaCl2, and 10 mM HEPES (pH 7.2 with NaOH).

Preparation of oocyte homogenates
Batches of 50 frozen oocytes expressinga4b4 nAChRs

were thawed, homogenized in phosphate-buffered saline con-
taining 2 mM phenylmethylsulfonyl fluoride using an Ultratur-
rax homogenizer, and subsequently diluted to 50 ml in the same
buffer. The homogenates were centrifuged at 30,000g at 4°C
for 30 min. The dilution and centrifugation step was repeated,
and the homogenates were resuspended in a buffer containing
50 mM Tris-HCl, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2, and
2.5 mM CaCl2 (pH 7; buffer A). To prevent possible proteol-
ysis during the incubation time of the assays, a mixture of the
protease inhibitors leupeptin, bestatin, pepstatin A, and aproti-
nin (5 mg/ml each) and 2 mM phenylmethylsulfonyl fluoride
were added to the homogenate. Receptor expression ranged
from 33 to 76 fmol/mg of protein, which corresponds to an
average number of nAChRs from 0.5 to 2 fmol per oocyte.

125I-Epibatidine binding
Preliminary time course experiments were performed before

saturation and competition analyses to determine the time re-
quired for125I-epibatidine to reach equilibrium with thea4b4
nAChRs. Incubation times applied were more than four times
longer to be confident of having reached equilibrium. In the
epibatidine saturation experiments, aliquots of oocyte homog-
enates were incubated overnight at 4°C with concentrations of
125I-epibatidine ranging between 0.005 and 1.6 nM diluted in
buffer A and supplemented with 2 mg/ml bovine serum albu-
min. Nonspecific binding was determined in parallel by means
of incubation in the presence of 250 nM unlabeled epibatidine.
At the end of the incubation, the samples were filtered on GFC
filters presoaked in polyethylenimine through a Brandel appa-
ratus, and the filters were counted for radioactivity in ab
counter. To test the ability of physostigmine to inhibit125I-
epibatidine binding, physostigmine was dissolved in buffer A
just before use, and serial dilutions were preincubated for 30
min at room temperature with homogenates containinga4b4
nAChRs. Subsequently, a final concentration of 0.25 nM 125I-
epibatidine was added for overnight incubation at 4°C.

Electrophysiological data analysis
Amplitudes of ion currents were measured and normalized

to the amplitude of ACh-induced control responses, which were
evoked alternately, to adjust for differences in receptor expres-
sion levels between oocytes and for small variations in re-
sponse amplitude over time. Concentration–effect curves were
fitted to the data obtained in separate experiments, and mean
6 SD values of estimated parameters were calculated for n
oocytes. Standard activation and inhibition curves were fitted
according to the following equations:

i/i max 5 1/@1 1 ~EC50/@agonist#!nH# (1)

i/i max 5 1/@1 1 ~@antagonist#/IC50!
nH# (2)

The apparent affinity of ACh was estimated from the concen-
tration–effect data by fitting an equilibrium model for two-site
receptor occupation:

i/i max 5 @cA/~1 1 cA!#2 (3)

The two-site model (Fig. 1) applied to equilibrium effects of
ACh in the presence of physostigmine or tacrine is described by
Zwart and Vijverberg (1997):
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iA,B/iA,0 5 ~1 1 2 z f z cB/cA! z @~1 1 cA!/~1 1 cA 1 cB!#2

(4)

In Eqs. 3 and 4cA andcB are the concentrations of ACh and
physostigmine or tacrine, respectively, divided by theirKa

values. In Eq. 4 the term 2z f z cB/cArepresents the contribution
of receptors occupied simultaneously by ACh and physostig-
mine or ACh and tacrine to the response. The factorf accounts
for the difference in efficacy of the agonist ACh (efficacy5 1)
and of the combination of ACh and physostigmine or tacrine
(efficacy 5 f). Noncompetitive channel block was accounted
for by fitting the product of an agonist concentration–effect
curve (Eq. 1, 3, or 4) and a single-site inhibition curve (Eq. 2;
nH 5 1). Curve fitting was performed using Jandel Sigmaplot
version 3.0 software.

Ligand binding data analysis
The experimental data obtained from the saturation binding

experiments were analyzed by means of a nonlinear least
squares procedure using the LIGAND program as described
before (Munson and Rodbard, 1980; Gotti et al., 1998). The
binding parameters were calculated by fitting the saturation
data. An “extra sum of squares”F test was performed by the
LIGAND program to evaluate the different binding models
statistically, i.e., one-site versus two-site models, comparison
of the binding parameters, etc. (Munson and Rodbard, 1980).
The Ki value of physostigmine was determined by means of
LIGAND, using the data obtained from three independent
competition experiments.

RESULTS

Agonist effects of ACh, physostigmine, and tacrine
Superfusion of voltage-clamped oocytes expressing

a4b2 nAChRs with the agonist ACh results in nAChR-
mediated ion currents. Oocytes expressinga4b2
nAChRs have been superfused with various concentra-
tions of ACh, and the peak amplitudes of the ACh-
induced ion currents have been measured and plotted
against ACh concentration. The peak amplitude of the
ACh-induced ion current increased with ACh concentra-
tion up to 1 mM and decreased at higher agonist concen-
trations (Fig. 2). A decrease at very high agonist concen-
trations is commonly observed for nAChR-mediated ion
current and is attributed to channel block by the agonist
itself. Therefore, the product of a standard activation
curve (Eq. 1) multiplied by a single-site inhibition curve
(Eq. 2) was fitted to the data. The mean concentration–
effect curve of ACh (Fig. 2; solid line) was calculated
from the curves fitted to data obtained from separate
oocytes (n5 3). This procedure gives reliable estimates
for EC50, nH, andEmax values. An estimate of the appar-
ent functional affinity of ACh fora4b2 nAChRs has
been obtained by fitting a two-site equilibrium receptor
occupation model (Eq. 3) multiplied with a single-site
inhibition curve (Eq. 2) to the same data (Fig. 2, dashed
line). Previously, the same parameters have been esti-
mated from ACh concentration–effect curves in oocytes
expressinga4b4 nAChRs under identical experimental
conditions (Zwart and Vijverberg, 1997). The parameter
estimates fora4b2 anda4b4 nAChRs are summarized
in Table 1.

Agonist effects of physostigmine and tacrine ona4b2
and a4b4 nAChRs were also investigated. Oocytes ex-
pressinga4b2 nAChRs anda4b4 nAChRs, which re-
sponded to superfusion with 1 mM ACh with large

FIG. 2. Concentration–effect curve of ACh for a4b2 nAChRs.
Peak amplitudes of inward currents evoked by a range of ACh
concentrations were normalized to the peak amplitude of the 1
mM ACh-induced inward current. Data are mean 6 SD (bars)
values for three oocytes plotted against ACh concentration. The
solid line represents the fit of the mean concentration–effect
curve (Eq. 1) multiplied by a single-site inhibition curve (Eq. 2) to
correct for open channel block by ACh. The calculated mean
values of the parameters estimated from the three experiments
are shown in Table 1. The dashed line represents the mean
concentration–effect curve obtained by fitting the two-site re-
ceptor occupation model (Eq. 3) including channel block to the
same data. The apparent affinity (K1) of ACh for the agonist
recognition site was estimated to be 77 6 2 mM (n 5 3).

FIG. 1. Eight-state model to explain the equilibrium effects of
ACh and physostigmine or ACh and tacrine on a4b2 and a4b4
nAChRs. This model assumes two identical agonist recognition
sites that need to be occupied by ligands with agonist properties
to produce a response. R, receptor; ligand A, ACh; ligand B,
physostigmine or tacrine; K1, affinity of ACh for the agonist
recognition site; K2, affinity of physostigmine or tacrine for the
agonist recognition site; Kb, affinity of physostigmine or tacrine
for ion channel block. Occupation of two agonist recognition
sites by ACh (AAR*) and occupation of one site by ACh and the
second site by physostigmine or tacrine (ABR*) result in acti-
vated receptor states from which ion channels may open with an
efficacy dependent on receptor occupation. The conformational
change from the fully occupied to the open states is omitted.
Occupation of all agonist recognition sites by physostigmine or
tacrine (BBR) does not lead to an activated receptor, and open
ion channels may be blocked by physostigmine or tacrine (AARB

and ABRB). The ion current amplitude as a function of steady-
state occupancy of the AAR* and ABR* states is described by
Eq. 4 multiplied by a single-site inhibition curve (Eq. 2) to ac-
count for ion channel block by physostigmine and tacrine.
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inward currents, were also superfused with 10, 100, and
1,000 mM tacrine and with 10, 100, and 1,000mM
physostigmine. No inward currents were observed on
superfusion with physostigmine and tacrine, demonstrat-
ing that these compounds are nota4b2 and a4b4
nAChR agonists.

Physostigmine and tacrine potentiate and inhibit
ion currents evoked by low ACh concentrations

Various concentrations of physostigmine and tacrine
have been applied during ion currents induced by low
concentrations of ACh. Low concentrations of physostig-
mine and tacrine potentiate nAChR-mediated ion cur-
rents, whereas higher concentrations inhibit nAChR-me-
diated ion currents. An example of the effects of 0.1–100
mM tacrine on 3mM ACh-induced ion currents mediated
by a4b2 nAChRs is shown in Fig. 3a. On application
and removal of high concentrations of tacrine, inward
current transients were observed. These overshoots are
attributed to the rise and fall in tacrine concentration
during wash-in and wash-out and corresponding changes
in tacrine effects. In addition to the effect of drug dilu-
tion, reversal of ion channel block may have contributed
to the overshoot observed on removal of tacrine. Tacrine
has similar effects ona4b4 nAChRs, and physostigmine
has similar effects ona4b2 anda4b4 nAChRs. Steady-
state effects of physostigmine and tacrine were defined
as the steady current amplitude in the presence of phy-
sostigmine or tacrine relative to the control current level.
The resulting bell-shaped concentration–effect curves of
physostigmine and tacrine ona4b2 anda4b4 nAChR-
mediated ion currents are depicted in Fig. 3b.

Although the effects of physostigmine and tacrine are
qualitatively similar for both thea4b2 anda4b4 subunit
combinations, the effect of physostigmine ona4b4
nAChR-mediated ion currents is the stronger effect ob-
served. Therefore, the mechanism of potentiation has

been investigated in detail for the combination of phy-
sostigmine anda4b4 nAChRs.

Potentiation by physostigmine is a surmountable
effect while inhibition is a nonsurmountable effect

At the maximal effective concentration of 10mM,
physostigmine potentiatesa4b4 nAChR-mediated ion
current evoked by 1mM ACh to 1706 23% (n5 3). To

FIG. 3. Concentration dependence of physostigmine and ta-
crine (tacr) effects on a4b2 and a4b4 nAChR-mediated ion
currents. a: Effects of various concentrations of tacr on a4b2
nAChR-mediated ion currents induced by 3 mM ACh. The two
different horizontal bars indicate the applications of 3 mM ACh
and the applications of tacrine at the concentrations indicated.
b: Bell-shaped concentration dependence of the steady-state
effects of physostigmine and tacrine on a4b2 and a4b4 nAChR-
mediated ion currents. Ion currents were evoked with 3 mM ACh
for a4b2 nAChRs and with 1 mM ACh for a4b4 nAChRs. Steady-
state effects were determined as the steady current level in the
presence of physostigmine or tacrine relative to the current level
just before physostigmine or tacrine application. Data are mean
6 SD (bars) values for three oocytes. The curves drawn repre-
sent the fit of the two-site equilibrium receptor occupation model
(Fig. 1) to the data. In the case of physostigmine effects on a4b4
nAChRs, the curve drawn represents the simultaneous fit of the
model to the data presented in Figs. 3b, 4, and 5a. Note the
different scaling of the concentration–effect curve of physostig-
mine on a4b4 nAChRs.

TABLE 1. Parameter values estimated from the ACh
concentration–effect curves fora4b2 anda4b4 nAChRs

a4b2 a4b4a

EC50 (mM) 1766 17 426 18
nH 1.36 0.1 1.16 0.3
Emax (%) 1196 4 1036 3
IC50 (mM) 126 1 556 22
K1 (mM) 776 2 176 9
Emax (%) 1256 1 1026 4
IC50 (mM) 11.16 0.2 436 24

Estimates for the EC50 for ion current activation,nH, Emax, and the
IC50 for ion channel block by ACh were obtained by fitting a standard
concentration–effect curve (Eq. 1) multiplied by a single inhibition
curve (Eq. 2) to the data as presented in Fig. 2. From the same data, the
apparent affinity of ACh (K1), Emax, and IC50 were estimated by fitting
a two-site equilibrium receptor occupation model (Eq. 3) multiplied
with a single-site inhibition curve (Eq. 2) to the data.Emax values are
normalized to the peak inward currents induced by 1 mM ACh for
a4b2 and by 100mM ACh for a4b4 nAChRs. Data are mean6 SD
values of three oocytes.

a From Zwart and Vijverberg (1997).
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determine whether potentiation by physostigmine is
competitive or noncompetitive, the effect of 10mM
physostigmine has also been examined on ion currents
evoked by higher agonist concentrations. The magnitude
of potentiation caused by 10mM physostigmine de-
creases to 1336 5% (n 5 3) when the agonist concen-
tration is increased to 3mM ACh (Fig. 4a). A further
increase of the ACh concentration to$10 mM causes a
reversal of the potentiating effect of physostigmine into
inhibition. This result demonstrates that at elevated ag-
onist concentrations the potentiating effect of physostig-
mine is surmounted, indicating that the potentiation is
due to a competitive interaction of physostigmine and
ACh with the nAChRs. Conversely, the inhibitory effect
of physostigmine, which remains at concentrations of
$30 mM ACh, is not surmounted by ACh up to a
concentration of 1 mM (Fig. 4b), indicating that inhibi-
tion of the ACh-induced ion current by physostigmine is
due to a noncompetitive effect.

As potentiation by physostigmine is reversed into in-
hibition at elevated agonist concentrations, the concen-
tration-dependent effects of physostigmine on ion cur-
rents evoked by the high concentration of 0.1 mM ACh
have also been investigated (Fig. 5a). It should be noted
that 0.1 mM ACh is the near-maximal effective concen-
tration fora4b4 nAChRs (Zwart and Vijverberg, 1997).
Control 0.1 mM ACh-induced ion currents were evoked,
and the effect of physostigmine was investigated by
applying various concentrations of physostigmine 1 min
before coapplication of physostigmine with 0.1 mM
ACh. Subsequently, the oocyte was washed with external
saline until complete recovery of the 0.1 mM ACh-
induced ion current was obtained. At the high concen-
tration of 0.1 mM ACh, only inhibition by physostigmine
is observed. Fitting an inhibition curve (Eq. 2) to the data
yielded estimates of IC50 and nH of 12 6 1 mM phy-
sostigmine and 0.966 0.26, respectively. The inhibitory

FIG. 4. Effect of ACh concentration on effect of physostigmine
(phy) on a4b4 nAChR-mediated ion current. a: Effects of 10 mM
physostigmine on ion currents evoked by 1, 3, 10, 30, and 100
mM ACh. The two different horizontal bars indicate the applica-
tions of ACh at the concentrations indicated and the applications
of 10 mM physostigmine. Physostigmine potentiates the 1 mM
ACh-induced ion currents. The potentiating effect of 10 mM
physostigmine is reduced when the ACh concentration is in-
creased to 3 mM. At concentration of .3 mM ACh, the physostig-
mine effect is reversed, and physostigmine inhibits the ACh-
induced ion current. All currents were obtained from the same
oocyte and have been scaled to the same maximum. Vertical
calibrations are all in mA, and the horizontal calibration applies to
all traces. b: Steady-state effects of 10 mM physostigmine on 1,
3, 10, 30, 100, and 300 mM and 1 mM ACh-induced ion currents.
Because responses desensitize at high ACh concentrations, the
effects have been determined as the current level at the end of
coapplication relative to the maximal current obtained after
washout of physostigmine. Physostigmine potentiates the ion
currents induced by low concentrations of ACh and inhibits ion
currents induced by high concentrations of ACh. Data are mean
6 SD (bars) values for three oocytes. The dashed line represents
the simultaneous fit of the receptor occupation model to the data
presented in Figs. 3b (upper right panel), 4b, and 5a.

FIG. 5. Concentration- and voltage-dependent inhibition by
physostigmine of a4b4 nAChR-mediated ion currents induced
by a high concentration of ACh. a: Concentration–effect curve
for the inhibition of 0.1 mM ACh-induced responses by phy-
sostigmine. Inward current amplitudes in the presence of phy-
sostigmine were normalized to those of control inward currents
induced with 0.1 mM ACh. Data are mean 6 SD (bars) values for
three oocytes. The solid line represents the mean concentration–
effect curve calculated from the parameters estimated from
fitting Eq. 2 to the data of the three experiments. The mean 6 SD
values obtained for the IC50 and nH were 11.8 6 0.9 mM phy-
sostigmine and 0.96 6 0.26, respectively. The dashed line rep-
resents that predicted by the model when fitted to the data
presented in Figs. 3b (upper right panel), 4b, and 5a simulta-
neously. b: Voltage dependence of 0.1 mM ACh-induced ion
currents by 30 mM physostigmine. Data are mean 6 SD (bars)
percentages of response remaining in the presence of phy-
sostigmine in four oocytes. At each holding potential (Vh), the
current amplitude was normalized to that of the 0.1 mM ACh-
induced current recorded in the absence of physostigmine.
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effect of 30mM physostigmine on 0.1 mM ACh-induced
ion currents is voltage-dependent (Fig. 5b). The inhibi-
tion is strongest at hyperpolarized membrane potentials,
and the degree of inhibition is reduced at more depolar-
ized potentials. The voltage dependence of inhibition
indicates that physostigmine blocks open nAChR ion
channels.

To check whether physostigmine causes additional
slow effects on thea4b4 nAChR, drug coapplication
was compared with preincubation. Figure 6 shows that
10 mM physostigmine potentiates the ACh-induced in-
ward current to the same extent on coapplication with 1
mM ACh for 20 s during the agonist-induced inward
current and after superfusion for 10 min before coappli-
cation with 1 mM ACh. The results from two paired
observations show that the coapplication produced 66
and 68% potentiation and the preincubation produced 68
and 72% potentiation, respectively.

Physostigmine displaces125I-epibatidine from its
binding site

The surmountability of the potentiating effect of phy-
sostigmine by increasing the agonist concentration (Fig.
4) indicates that physostigmine and ACh interact with
the same sites of the nAChR. Radioligand binding ex-
periments have been performed to provide evidence that
physostigmine interacts with the agonist recognition
sites.125I-Epibatidine has been chosen as the radioligand
because epibatidine is a high-affinity agonist for nAChRs
(Badio and Daly, 1994; Parker et al., 1998). Saturation
binding experiments showed that125I-epibatidine has a
KD value of 0.331 nM (coefficient of variation5 38%)
and aBmax value of 586 13 fmol/mg of protein (mean
6 SEM). Analysis of the specific binding data yielded
linear Scatchard plots, demonstrating the presence of a
single class of high-affinity epibatidine binding sites in
oocytes expressinga4b4 nAChRs (Fig. 7a). Nonspecific
binding, determined in parallel by means of incubation in
the presence of 250 nM unlabeled epibatidine, amounted
to 20–45% of total binding. No specific125I-epibatidine
binding was found in untransfected oocytes. Specific
125I-epibatidine binding to oocyte homogenates was dis-
placed by physostigmine in competition binding experi-

ments (Fig. 7b). The physostigmine concentrations used
ranged from 1 nM to 1 mM. The Ki value determined
from three independent duplicate experiments was 40
mM physostigmine (coefficient of variation5 31%).

FIG. 6. Absence of slow effects of physostigmine (phy) on a4b4 nAChRs. The potentiation of the 1 mM ACh-induced ion current by 10
mM physostigmine on coapplication with ACh is the same as that observed after preincubation with 10 mM physostigmine for 10 min.
The four traces represent, from left to right, effect of physostigmine on coapplication, control, effect of physostigmine after a 10-min
preincubation, and reversal of this effect after 10 min of washing with external solution. The responses were recorded from the same
oocyte in the order shown at ;10-min intervals. A slight “run-up” of the amplitude of the control responses was observed.

FIG. 7. Physostigmine displaces 125I-epibatidine from its bind-
ing site. a: Saturation of specific 125I-epibatidine binding to
homogenates of oocytes expressing a4b4 nAChRs. Inset: Scat-
chard analysis of 125I-epibatidine specific binding. B/F, bound/
free. The homogenates were incubated overnight with 125I-epi-
batidine (0.005 and 1.6 nM ) at 4°C. Nonspecific binding was
determined in the presence of 250 nM epibatidine. Data are
mean 6 SEM (bars) values from one experiment performed in
duplicate. b: Displacement of 125I-epibatidine by physostigmine.
Homogenates of oocytes expressing a4b4 nAChRs were incu-
bated with 0.25 nM 125I-epibatidine overnight in the presence of
the indicated concentrations of physostigmine. Data are mean
6 SD (bars) values of three experiments, each performed in
duplicate.
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A two-site receptor occupation model accounts for
the effects of physostigmine and tacrine on
neuronal nAChRs

The effects of physostigmine and tacrine ona4b2 and
a4b4 nAChR-mediated ion currents strongly resemble
those reported previously ford-tubocurarine and atropine
on neuronal nAChRs (Cachelin and Rust, 1994; Zwart
and Vijverberg, 1997). The latter effects have been ac-
counted for by a two-site receptor occupation model
(Fig. 1; Eq. 4), combined with open channel block (Eq.
2). Muscle-type nAChRs have been demonstrated to
possess two distinct agonist binding sites located at the
a/g and a/d subunit interfaces (for review, see Karlin
and Akabas, 1995). We have assumed that the neuronal-
type nAChRs investigated have two identical binding
sites because they are composed of a single type ofa and
a single type ofb subunit and because distinct binding
sites have not been demonstrated for neuronal nAChRs
thus far. For the effects of physostigmine ona4b4
nAChRs, the model was fitted to the data depicted in
Figs. 3b, 4, and 5a. For the effects of physostigmine on
a4b2 nAChRs and for the effects of tacrine ona4b2 and
a4b4 nAChRs, the model was fitted to the data depicted
in Fig. 3b. TheK1 value of ACh was assumed to be 77
mM for a4b2 nAChRs and 17mM for a4b4 nAChRs
(see Table 1). The curves drawn in Fig. 3b and the
dashed curves drawn in Figs. 4b and 5a are the result of
this fitting procedure. The model predicts the potentia-
tion and inhibition of ACh-induced ion currents by phy-
sostigmine and tacrine, as well as the changes in the
nature of the effects of physostigmine dependent on the
concentration of ACh. The estimated values for the pa-
rameters (K2, f, andKb) obtained by the nonlinear regres-
sions are presented in Table 2.

DISCUSSION

The results demonstrate that physostigmine enhances
ACh-induced ion currents inXenopusoocytes expressing
a4b4 nAChRs by a competitive interaction with the
agonist recognition sites. This conclusion is based on the
surmountability of the potentiating effect by elevating

the concentration of ACh (Fig. 4), the displacement by
physostigmine of125I-epibatidine from the agonist rec-
ognition sites (Fig. 7), and the close fit of a two-site
equilibrium receptor occupation model (Fig. 1) to the
data on the potentiating and inhibitory effects of phy-
sostigmine (Figs. 3b, 4, and 5a). The close fit of the
similar effects of physostigmine ona4b2 nAChRs and
of tacrine ona4b2 anda4b4 nAChRs (Fig. 3b) by the
two-site model suggests that they potentiate the action of
ACh at these neuronal nAChRs by a similar competitive
mechanism of action. Partial agonist effects cannot ac-
count for the potentiation of ACh-induced responses
because physostigmine and tacrine fail to induce detect-
able ion currents inXenopusoocytes expressing large
numbers ofa4b2 anda4b4 nAChRs. As physostigmine
and tacrine do not activate the nAChRs by themselves
but enhance the action of the agonist ACh in a compet-
itive manner, it is concluded that they are competitive
coagonists of ACh ata4-containing nAChRs.

The effects of physostigmine and tacrine observed in
the present study are very similar to those reported for
galanthamine and neostigmine on native neuronal
nAChRs in rat pheochromocytoma PC12 cells (Schrat-
tenholz et al., 1996; Nagata et al., 1997). However, there
is a notable difference in the interpretation of the results.
The results of previous studies indicate that physostig-
mine and galanthamine act as noncompetitive agonists at
a site that is distinct from the agonist binding site of
nAChRs in PC12 cells (Storch et al., 1995; Schrattenholz
et al., 1996). Conversely, the present results demonstrate
that physostigmine competes with epibatidine for the
agonist binding site ofa4b4 nAChRs heterologously
expressed inXenopusoocytes and that the functional
effects of physostigmine and tacrine are accounted for by
a competitive receptor model combined with noncom-
petitive ion channel block. The effects of physostigmine
and tacrine are also very similar to those of the compet-
itive nAChR “antagonist”d-tubocurarine (Cachelin and
Rust, 1994; Steinbach and Chen, 1995) and of the mus-
carinic ACh receptor antagonist atropine (Zwart and
Vijverberg, 1997) on nAChRs. For all of these com-

TABLE 2. Apparent affinities of physostigmine and tacrine for the agonist
binding site (K2) and for ion channel block (Kb) and the efficacies of these

drugs as coagonists (f) relative to ACh (f 5 1) estimated by fitting the two-site
equilibrium receptor occupation model including open channel block (Fig. 1;

Eq. 4 multiplied by Eq. 2) to the data

a4b2 a4b4

Physostigminea Tacrinea Physostigmineb Tacrinea

K2 (mM) 257 24 97 18
f 3.5 0.17 0.62 0.20
Kb (mM) 2.1 14 20 19

The apparent affinities of ACh (K1) were fixed to 77mM for a4b2 nAChRs and to 17mM
for a4b4 nAChRs (see Table 1).

a Values obtained by fitting the model to the data presented in Fig. 3b.
b Values obtained by fitting the model to the data presented in Figs. 3b, 4b, and 5a.
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pounds it has been shown that potentiation occurs only at
low concentrations of ACh, whereas at high agonist
concentrations the potentiation is surmounted and re-
versed into inhibition. This indicates that different
classes of cholinergic agents are competitive coagonists
of ACh at nAChRs. Other drugs potentiate nAChR-
mediated responses both at low and at high agonist
concentrations, e.g., flufenamic acid on rata3b4
nAChRs (Zwart et al., 1995) and ivermectin on chicka7
nAChRs (Krause et al., 1998), indicating that they act at
an allosteric site.

Apart from enhancing nAChR-mediated ion currents
by a competitive mechanism, high concentrations of
acetylcholinesterase inhibitors also inhibit ACh-induced
ion currents by a nonsurmountable blocking effect (Fig.
4). The inhibition ofa4b4 nAChR-mediated ion currents
by physostigmine is voltage-dependent (Fig. 5), suggest-
ing a mechanism of open channel block. The effects of
physostigmine appear to reach equilibrium rapidly (Fig.
6), unlike the effects of neostigmine on nAChRs in PC12
cells for which increasing block was observed during
repeated drug applications (Nagata et al., 1997). For
muscle-type nAChRs it has been established before that
physostigmine acts as an open ion channel blocker
(Wachtel, 1993; Bufler et al., 1996). In the absence of
channel block, a maximal potentiation ofa4b4 nAChR-
mediated ion current by a factor of 7 could theoretically
have been achieved at;100mM physostigmine (data not
shown). However, because the apparent affinity of phy-
sostigmine for the channel blocking site is higher than
the apparent affinity for the agonist recognition site (Ta-
ble 2), the potentiation does not exceed a factor of 1.7
(Fig. 3b). The results obtained from the model show that
the differences between the apparent affinities for the
agonist recognition site and for ion channel block are
much smaller for tacrine than for physostigmine (Table
2). This indicates that channel block plays a less prom-
inent role in the inhibitory effect of tacrine. However, the
potentiating effect of tacrine is smaller because it appears
to act as a relatively low efficacy coagonist (Table 2).
This raises the interesting perspective that compounds
may exist that combine a high coagonist efficacy and a
low channel blocking potency and that would produce
large potentiating effects over a wider range of concen-
trations.

The present results demonstrate that drugs inhibiting
acetylcholinesterases also enhance neuronal nicotinic
neurotransmission by acting directly on the agonist rec-
ognition sites ofa4 subunit-containing nAChRs. Opti-
mal enhancement of nAChR-mediated ion currents by
physostigmine and tacrine occurs at concentrations be-
tween 10 and 30mM. IC50 values reported for the inhi-
bition of acetylcholinesterases by physostigmine and ta-
crine vary largely, but reported values for rat brain are
,1026 M (Perry et al., 1988; Xiao et al., 1993). Residual
acetylcholinesterase activity of rat striatal synaptosomes
treated with 30mM physostigmine or with 30mM tacrine
amounts to 2–2.5% (Clarke et al., 1994). Although it is
unknown how much residual acetylcholinesterase activ-

ity is required to maintain nicotinic neurotransmission in
the CNS, the data indicate that maximal inhibition of
acetylcholinesterase and maximal potentiation of nAChR
function occur at similar concentrations. Recently, sec-
ond-generation acetylcholinesterase inhibitors have been
introduced onto the market and are being developed for
the treatment of symptoms caused by Alzheimer’s dis-
ease (Kelly, 1999). Whether these novel drugs exert a
similar combination of effects on acetylcholinesterases
and on neuronal nAChRs as observed for physostigmine
and tacrine remains to be established.
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