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1 Atropine, a classical muscarinic antagonist, has been reported previously to inhibit neuronal
nicotinic acetylcholine receptors (nAChRs). In the present study, the action of atropine has been
examined on a3b4 receptors expressed heterologously in Xenopus oocytes and native nAChRs in
medial habenula neurons.

2 At concentrations of atropine often used to inhibit muscarinic receptors (1 mM), responses
induced by near-maximal nicotine concentrations (100 mM) at negative holding potentials (765 mV)
are inhibited (14 ± 30%) in a reversible manner in both a4 and a3 subunit-containing heteromeric
nAChRs. Half-maximal e�ective concentrations (IC50 values) for atropine inhibition are similar for
the four classes of heteromeric receptors studied (4 ± 13 mM).

3 For a3b4 nAChRs in oocytes, inhibition by atropine (10 mM) is not overcome at higher
concentrations of agonist, and is increased with membrane hyperpolarization. These results are
consistent with non-competitive antagonism ± possibly ion channel block.

4 At low concentrations of both nicotine (10 mM) and atropine (510 mM), potentiation (&25%) of
a3b4 nAChR responses in oocytes is observed. The relative balance between potentiation and
inhibition is dependent upon membrane potential.

5 In rat medial habenula (MHb) neurons, atropine (0.3 ± 3.0 mM) inhibited nicotine-induced
responses in both a concentration and membrane potential-dependent manner (at 740 mV,
IC50=4 mM), similar to the e�ects on a3b4 ± nAChRs in oocytes. However, unlike heterologously
expressed receptors, potentiation was barely detectable at depolarized membrane potentials using
low concentrations of nicotine (3 ± 10 mM). Conversely, the weak agonist, choline (1 ± 3 mM) was
observed to augment responses of MHb nAChRs.
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Introduction

Within the peripheral nervous system, responses to choliner-
gic agents were originally categorized as either muscarinic or
nicotinic (Dale, 1914); and subsequently substantiated

following the puri®cation and cloning of two distinct gene
families. However, demonstration that two pharmacologically
de®ned classes of cholinergic receptors mediated the e�ects of

acetylcholine (ACh) in the central nervous system (CNS)
proved more di�cult. In particular, apparent cross interac-
tion between `selective' agonists and antagonists, questioned

both the speci®city of these compounds and the pharmaco-
logical separation of cholinergic receptors. A consistent
®nding, in both spinal cord and brain, was the complete

block of ACh responses by both muscarinic and nicotinic
antagonists (Andersen & Curtis, 1964; Headley et al., 1975;
Bird & Aghajanian, 1976; McLennan & Hicks, 1978), and

moreover, the block of nicotine-induced responses by
atropine (Phillis & York, 1968). Assuming speci®city of the
antagonists, these studies were most readily explained by a

non-classical cholinergic receptor with mixed pharmacologi-
cal properties. While this concept is seemingly inconsistent
with most of the known cholinergic receptor genes, the

newest members of the nicotinic acetylcholine receptor
(nAChR) family, encoded by the a9/a10 subunits, possess a
combined nicotinic-muscarinic sensitivity (Verbitsky et al.,

2000; Elgoyhen et al., 2001). However, this receptor subtype
is unlikely to account for the reported widespread actions of
atropine in the CNS because of its restricted anatomical

distribution (Elgoyhen et al., 1994).
More information concerning the block of nicotinic

responses by atropine has come from experiments on a
variety of nervous system cell types. These studies suggest

that the most likely mechanism of antagonism is via a non-
competitive open channel block (Connor et al., 1983; Invoe &
Kuriyama, 1991), with IC50 values in the low micromolar

range (Barajas-Lopez et al., 2001). Thus, in retrospect, the
most parsimonious explanation for the apparent unusual
pharmacology of central cholinergic receptors, is an atropine-
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mediated channel block of nAChRs probably caused by the
high concentrations of this drug present in iontophoretic
pipettes. Because both central and ganglionic receptors were

a�ected, atropine appears to be a non-selective channel
blocker at both a3 and a4 subunit-containing receptors.
Indeed, a recent study has con®rmed that many subtypes of
heterologously expressed heteromeric ab and homomeric a
nAChRs, including those that represent putative native
receptors, can be inhibited by micromolar concentrations of
atropine in a manner consistent with channel block (Zwart &

Vijverberg, 1997). a9 receptors are also inhibited by atropine
in this concentration range, but the mechanism appears to be
competitive (Verbitsky et al., 2000).

In addition to the inhibition, Zwart & Vijverberg (1997)
suggest that atropine can also act at the ACh binding site of
a4, but not a3, subunit-containing receptors to cause

potentiation of currents, but only in the presence of low
concentrations of ACh. At higher concentrations of ACh,
atropine is competitively displaced and channel block
dominates its actions. Interestingly, there have been no

reports of potentiation by atropine for native nAChRs ±
possibly as a result of the use of high agonist concentrations
in these studies. Keeping this in mind, we have re-evaluated

the action of atropine on central nAChRs. Because few data
are available for a3-nAChRs (Zwart & Vijverberg, 1997), our
studies have focused on the less well-characterized putative

a3b4 subunit-containing receptors, found in areas of the
brain such as the medial habenula (MHb) (Mulle &
Changeux, 1990; Quick et al., 1999; She�eld et al., 2000).

Parallel experiments on a3b4 receptors heterologously
expressed in Xenopus oocytes under the same conditions
have allowed us to compare the actions of atropine on similar
receptors in di�erent systems. In this regard, we have used

atropine, not only to probe drug action at a3-nAChRs, but
also as a pharmacological agent to further assess the
potential subunit composition of central nAChRs.

Methods

Oocyte preparation and RNA expression

Oocytes were harvested from adult Xenopus laevis ovaries

using protocols detailed elsewhere (Quick & Lester, 1994).
Brie¯y, ovarian lobes were surgically removed from anaes-
thetized toads and digested for 2 h with collagenase A

(Roche Diagnostics, Basel, Switzerland). Oocytes were
maintained at 188C in ND96-containing medium (mM) NaCl
96, KCl 2, MgCl2 1, CaCl2 1.8, HEPES 5, pH 7.4)

supplemented with 50 mg ml71 gentamicin and 5% horse
serum. nAChR expression was achieved by microinjecting
25 ng subunit RNAs (in 1 : 1 subunit ratios), synthesized in

vitro from linearized and puri®ed plasmid templates of rat
cDNA clones (Message Machine; Ambion Inc., Austin, TX,
U.S.A.). Unless stated otherwise, chemicals were obtained
from Sigma-Aldrich (St. Louis, MO, U.S.A.).

Two-electrode voltage-clamp electrophysiology

Whole-cell currents were recorded from voltage-clamped
oocytes 24 ± 96 h post-injection at RT using a Geneclamp
500 ampli®er (Axon Instruments, Union City, CA, U.S.A.).

Electrodes were ®lled with 3 M KCl and electrode resistances
were between 0.5 ± 3 MO. Drugs were diluted (in ND96)
from frozen aliquots. Agonist-mediated currents were

recorded on an 80486-based PC using AxoScope software
(Axon Instruments) following 50 ± 100 Hz low-pass ®ltering
at a digitization frequency of 200 Hz. Solutions were
delivered via a gravity-fed 6-way manual valve chamber

(Rainin Instruments, Woburn, MA, U.S.A.). Solution
exchange considerations can be found in Fenster et al.
(1997). Data analysis was performed on agonist-mediated

responses that met the following criteria at holding potentials
740 to 765 mV: responses were greater than 50 nA but less
than 5 mA, and responses were three times larger than the

holding current.

MHB cell isolation

Neurons were isolated from the habenula region of 7 ± 21-
day-old rats using methods described previously (Quick et al.,
1999). A single rat was anaesthetized under halothane and

decapitated. Following removal of the brain, both habenula
nuclei (with as little surrounding tissue as possible) were
microdissected in ice-cold saline. Following a 30 min

incubation at 378C in a PIPES bu�ered solution containing
60 ± 90 U papain (Worthington Biochemical Corporation,
Freehold, NJ, U.S.A.), the tissue was washed with fresh

PIPES-bu�er and triturated in a low glucose DMEM (Gibco
BRL, Grand Island, NY, U.S.A.) with a ®re-polished Pasteur
pipette. Dissociated neurons were plated onto sterile glass

coverslips coated with 2 ± 4 mg ml71 of poly-D-lysine (Colla-
borative Biomedical Products, Bedford, MA, U.S.A.). The
incubation media was supplemented with 1 ± 2% foetal
bovine serum (Atlanta Biologicals, Norcross, GA, U.S.A.).

Neurons were maintained at 378C for at least 1 h and used
up to 8 h following isolation.

Recording and drug-application in isolated cells

Whole-cell recordings were obtained from presumed MHb

neurons (see Quick et al., 1999) using ®re-polished, Sylgard-
coated glass pipettes (no. 7052 Garner Glass Clairmont, CA,
U.S.A.). Pipettes were ®lled with a ®ltered internal solution
containing (in mM): Cs-methanesulphonate, 120; CsCl 20;

HEPES 10; EGTA 10; Mg-ATP 5, pH 7.4). In some
experiments that Mg-ATP was omitted (and CsCl was
increased to 30 mM to counter the change in osmolality),

in order to facilitate current detection at positive membrane
potentials (see Hicks et al., 2000). Pipettes had resistances of
2 ± 5 MO. Control and drug-containing solutions were

gravity fed into a linear array of glass barrels (Garner
Glass) positioned close (5100 mM) to the neuron. The
barrels were attached to a piezo-electric bimorph (Piezo

Systems, Cambridge, MA, U.S.A.) connected to a variable
0 ± 120 V DC-power source under computer control.
Complete exchange of solutions occurred in &50 ms (Lester
& Dani, 1995). Perfusion medium containing (in mM): NaCl

150; KCl 3; D-glucose 10; HEPES 10; CaCl2 2; pH 7.4.
Currents induced by nicotinic agonists were recorded using
an Axopatch 1-D ampli®er (Axon Instruments), low-pass

®ltered at 500 ± 1000 Hz, digitized at 1 ± 2 kHz and captured
on an 80486-based computer using Axobasic software (Axon
Instruments).
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Drugs

In both Xenopus oocyte and mammalian cell experiments

drugs used were in the form of acetylcholine chloride,
atropine sulphate, (7)-nicotine tartrate, and choline chloride.

Data analysis

Statistical ®ts to normalized data were used to determine
EC50, IC50, and Hill coe�cients using Kaleidagraph

(Abelbeck/Synergy Software, Reading, PA, U.S.A). Concen-
tration-response curves for activation were constructed from
peak currents of nAChR responses to several agonist

concentrations. The data were ®t to:

I=Imax � 1=�1� �EC50=�nicotine��n� �1�
where I is the peak current response to agonist, Imax is the
maximum response, EC50 is the agonist concentration
producing half-maximal agonist-induced responses, and n is

the Hill coe�cient. Concentration-response curves for
inhibition were ®t to the decrease in peak nicotine response
during a co-application of atropine at several di�erent

concentrations. The magnitude of atropine block was
calculated by dividing the response in the presence of
atropine to the average of the two agonist-induced responses

(in the absence of atropine) that bracketed the atropine
application. These data were ®t to:

I � Imax=�1� ��atropine�=IC50�n� �2�
where values are de®ned as in equation 1, and IC50 is the
atropine concentration producing half-maximal agonist-in-

duced responses. The maximum response, Imax, measured in
the absence of atropine was constrained to unity for curve
®tting, and maximum inhibition by atropine was assumed to

be 100%.
Single exponential ®ts to the data were performed to

evaluate the kinetics of desensitization and deactivation:

I�t� � Ip � exp�ÿt=�� � Iss �3�
where I(t) is the current amplitude at a particular time, t, after
the peak, Ip, t is the time constant of desensitization, and ISS
is the steady-state current.

Results

Non-specific inhibition of nAChRs by atropine

Previous studies have shown that atropine inhibits responses
mediated through all subtypes of nAChR at high concentra-
tions of agonist, while causing, in addition, selective

potentiation of a4 subunit-containing receptors at low
concentrations of agonist (Zwart & Vijverberg, 1997). In
order to compare our ®ndings with earlier reports of the

action of atropine on nAChR function, we expressed in
Xenopus oocytes the predominant heteromeric-forming
nAChR subunits in various pair-wise combinations (a3b4,
a3b2, a4b4, a4b2), and examined their responses to brief
applications (5 ± 10 s) of nicotine. Concentration-response
curves for nicotine-induced currents established that a

concentration of 100 mM was higher than the EC50 value
for all nAChRs (Table 1; Fenster et al., 1997), and could be

used as the test concentration to assess the inhibitory e�ects

of atropine.
Because the inhibition of nAChRs by atropine is voltage-

dependent, increasing with hyperpolarization (Zwart &

Vijverberg, 1997), these experiments were performed at
negative membrane potentials (765 mV). Under these
conditions, 1 mM atropine reduced the amplitude of
nAChR-mediated currents when it was brie¯y co-applied

with 100 mM nicotine (Figure 1A). For all subunit combina-
tions tested, 1 mM atropine inhibited nicotine-induced
currents by &15 ± 30% (Figure 1B). The inhibition was

reversible following washout of atropine. Our data using co-
application of agonist/antagonist are similar to results from
other experiments in which atropine was pre-incubated

(Zwart & Vijverberg, 1997), implying that equilibration of
the atropine block is quite rapid (see also Figure 4A). We
further quanti®ed the atropine inhibition of nicotine-induced
currents for all the nAChR combinations by generating

atropine inhibition concentration-response curves against
100 mM nicotine (Figure 2). The concentrations for half-
maximal inhibition (IC50) by atropine at all subtypes were in

the low micromolar range (Figure 2), with slightly higher
values for receptors containing a3 subunits. However, the
previously demonstrated high susceptibility to block of a4b4
receptor-mediated responses induced by ACh (IC50&700 nM;
Zwart & Vijverberg, 1997) was not reproduced: a ®nding that
in part could be due to the lower e�cacy of nicotine at this

subtype of receptor (Chavez-Noriega et al., 1997), or because
our data were obtained under pseudo steady-state conditions.
Overall, our results are consistent with the suggestion that
atropine exerts a relatively non-speci®c block of nAChRs at

concentrations in the micromolar range.

Inhibition of heterologously expressed a3b4 receptors by
atropine

While the mechanism of atropine has been well-de®ned for

a4b4 receptors (Zwart & Vijverberg, 1997), much less is
known about its interactions with other subtypes; in
particular, why atropine does not potentiate currents induced

by low concentration of agonist at a3-subunit-containing
receptors (Zwart & Vijverberg, 1997), and, moreover,
whether any of the observed actions of atropine at
heterologously expressed receptors apply to native receptors.

Thus we chose to perform a detailed analysis of the e�ects of
atropine at a3b4 receptors.
If channel block is the mechanism through which atropine

inhibits a3 subunit-containing receptors then the inhibition
should be insurmountable even at saturating concentrations
of agonist, and in addition will most likely demonstrate a

Table 1 Subtype-speci®c parameters of heteromeric nAChR
activation by nicotine

nAChR
subtype peak amp. (nA)* EC50 (mM) nH

a3b4 2618+1775 43+5 2.1+0.7
a3b2 1543+808 68+16 1.9+0.4
a4b4 3128+821 4+0.8 1.4+0.3
a4b2 879+313 10+5 1.8+1.0

*Measured in response to 100 mM nicotine at 765 mV.
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voltage-dependence. Both of these pre-requisites were

ful®lled. At a holding potential of 765 mV, concentration-
response curves constructed in the presence and absence of
10 mM of atropine resulted in similar concentrations of

nicotine necessary for half-maximal activation
(EC50=47+8 mM for control and 43+6 mM for atropine-
treated oocytes), inconsistent with competitive antagonism

which would have resulted in a rightward curve shift.
Moreover, there was an almost two-fold decrease in the
maximal current produced at saturating nicotine concentra-
tions in the presence of 10 mM atropine, implying a non-

competitive block (Figure 3A). In addition, the extent of the
atropine inhibition of currents induced by 100 mM nicotine
was markedly voltage-dependent, with approximately 20%

inhibition at a holding potential of 740 mV and approxi-
mately 70% inhibition at a holding potential of 7100 mV
(Figure 3B). Although these data strongly support inhibition

mediated by channel block, an increase in the rate of onset of
receptor desensitization could potentially contribute to the
reduction in current response, particularly in oocytes where

peak responses can be underestimated by slow agonist
exchange times and rapid desensitization (see Fenster et al.,
1997; Papke & Thinschmidt, 1998). However, the time course
of a3b4 nAChR desensitization during a 3 min exposure to a

near EC50 concentration of nicotine (50 mM), as assessed from
a single exponential ®t, was similar in the presence
(t=179+44 s; n=4) and absence of 10 mM atropine

(t=190+56 s).
In general, our data for a3b4 receptors are comparable to

the results seen with a4-containing nAChRs (Zwart &

Vijverberg, 1997), and support the hypothesis that atropine
induces a similar non-speci®c inhibition of all heteromeric
nAChRs via a non-competitive channel blocking-like

mechanism.

Atropine-induced potentiation of a3b4 nAChRs at low
agonist concentrations

While inhibition predominates at high concentrations of
agonist, it has been suggested that atropine can, in addition,

selectively potentiate a4 subunit-containing receptors at low
concentrations of agonist through a competitive mechanism
(Zwart & Vijverberg, 1997). However, inspection of our

concentration-response curves in the range of 1 ± 10 mM
nicotine, appeared to indicate that atropine may cause some
potentiation of a3b4 nAChRs (Figure 3A), implying that
response augmentation may be more general than previously

believed. A more detailed evaluation of atropine-mediated
potentiation at a3b4 and a4b4 receptors revealed qualitative
similarities but quantitative di�erences in their modulation by

atropine. Figure 4A shows that atropine can cause rapid
potentiation and inhibition of a3b4 nAChR-mediated
responses induced by a low concentration of nicotine

(10 mM) at slightly depolarized potentials, 740 mV. The
experiments illustrated in Figure 4B, also obtained at
740 mV, indicate that the potentiation occurs over a very

narrow range of atropine concentrations (0.3 ± 3 mM), below
which atropine is ine�ective, and above which inhibition
dominates (see also Figure 4A). Moreover, as shown in
Figure 4C, the voltage-dependence of atropine modulation

reveals why potentiation of a3 subunit-containing receptors
was not observed previously at 780 mV (Zwart & Vijver-
berg, 1997). Compared to a4b4 nAChRs, the potentiation-

inhibition curve for a3b4 receptors is shifted by &20 mV to
more positive membrane potentials (Figure 4C). Thus,
potentiation of a3b4 receptors by 3 mM atropine is only

Figure 1 Reversible inhibition by atropine of heteromeric nAChR-
mediated currents induced by high concentrations of nicotine. (a)
Representative traces of nicotine-induced nAChR currents in the
presence and absence of atropine for four di�erent heteromeric (a3b4,
a3b2, a4b4, a4b2) nAChRs expressed in oocytes. Applications of
nicotine (100 mM) alone or in the presence of atropine (1 mM) are
denoted, respectively, by the ®lled and open bars above each trace.
Applications were separated by a 5 min wash in ND96. The holding
potential was 765 mV. (b) Summary of experiments as performed in
(a). The mean response magnitude in the presence of nicotine and
atropine co-application is plotted as a fraction of the average of the
two bracketed nicotine-alone-induced responses. Inhibition for all
four heteromeric nAChRs is signi®cantly di�erent from control
(P50.05). Data are from 17 ± 26 oocytes per condition. Error bars
indicate s.e.mean.
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apparent at membrane potentials more positive than
&760 mV. Atropine (3 mM) applied in the absence of
agonist did not evoke responses at negative membrane

potentials (n=3), in agreement with published studies
implying that atropine is not a partial agonist at these
receptors (Zwart & Vijverberg, 1997). Overall, these data

support the hypothesis that all heteromeric nAChRs respond
to atropine similarly: potentiation can be seen at low
concentrations of drug but is overcome by inhibition at

higher concentrations.

Interaction of atropine with native a3b4 subunit-
containing nAChRs

If the e�ects of atropine on heterologously expressed a3b4
receptors result from a direct pharmacological interaction, it

should have a similar outcome at a3b4 nAChRs natively
present on central neurons. Thus we have examined, in

medial habenula (MHb) neurons, a cell type known to
strongly express an a3b4-like receptor (Mulle & Changeux,
1990; Quick et al., 1999; She�eld et al., 2000), whether

atropine can induce both potentiation and inhibition of
nicotine-induced responses. Under the same conditions that
resulted in augmentation of a3b4 receptor-mediated responses

in oocytes (10 mM nicotine; 3 mM atropine), only inhibition of
responses in the MHb was observed (Figure 5). Even at very
low concentrations of nicotine (EC2&3 mM; Lester & Dani,

1995; data not shown), or at depolarized potentials
(720 mV), potentiation by atropine was not evident (Figure
5A). Conversely, inhibition was strong at 3 mM nicotine

(460% block at 780 mV), suggesting that potentiation
either was completely masked by the inhibition or was absent
entirely (Figure 5A). Reducing the concentration of atropine
to 300 nM still resulted in inhibition (&8%) at 780 mV,

although under these conditions a small potentiation could be
sometimes observed at more positive potentials (710 mV;

Figure 2 Concentration-dependent inhibition by atropine of heteromeric nAChR currents induced by high nicotine concentrations.
Oocytes expressing a3b4 (a), a3b2 (b), a4b4 (c), and a4b2 (d) nAChRs were exposed to brief applications of nicotine (100 mM) alone
or in the presence of various atropine concentrations (0.3, 1, 3, 10, 30 mM), denoted by the ®lled bars above each trace. Applications
were separated by a 5 min wash in ND96. The holding potential was 765 mV. The response magnitude in the presence of nicotine
and atropine co-application is calculated relative to the average of the two bracketed nicotine-alone-induced responses. Data are
from 4 ± 7 oocytes measured at every atropine concentration. Solid curves were generated from data ®ts to equation 2. Error bars
indicate s.e.mean. The ®tted IC50 values and Hill coe�cients were 10 mM and 1.1 (a3b4), 13 mM and 1.0 (a3b2), 4 mM and 0.9 (a4b4)
and 4 mM and 0.9 (a3b4).
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Figure 5B). Under the assumption that atropine induced little
or no potentiation at 740 mV, an IC50 of 4 mM for atropine-

induced block was estimated from the limited concentration
response relationship (Figure 5C,D). Similar to the results for
a3b4 receptor expressed in oocytes, when applied in the
absence of nicotine, atropine (3 mM) was without e�ect at

both negative (740 mV) and positive potentials (+80 and
+120 mV; n=2). These data imply that atropine is a more
potent inhibitor of MHb nAChRs than predicted from its

block of heterologously expressed a3b4 receptors, and
moreover it may be considered almost a `pure antagonist'
at these receptors.

Activation of nAChRs on MHb cells by choline

Because the a7 selective agonist choline (Papke et al., 1996;

Alkondon et al., 1997), can interact synergistically with
certain heteromeric nAChRs in a manner similar, although

not identical to atropine (Zwart & Vijverberg, 2000), we have

assessed its e�ects on nAChRs in MHb cells to test whether a
lack of competitive potentiation is a common feature of these
channels. At negative membrane potentials (780 mV), cho-

line (1 ± 3 mM) produced a consistent inhibition of responses
to 10 mM nicotine, but unlike atropine, potentiated responses
at more depolarized potentials (Figure 6A,B). Similar to its

Figure 3 Atropine-mediated inhibition of nicotine-induced a3b4
responses is non-competitive and voltage-dependent. Oocytes were
injected with cRNA encoding a3b4 nAChRs. (a) Responses to
various nicotine concentrations (1, 3, 10, 30, 100, 300, 1000 mM) were
elicited in the absence (®lled circles) or presence (open circles) of
10 mM atropine. The holding potential was 765 mV. Data are from
four oocytes measured at every nicotine concentration. The ®tted
parameters, Imax (normalized maximum response), n (Hill slope) and
EC50 are 1, 1.8 and 39 mM, and 0.58, 1.6 and 38 mM, for curves in the
absence and presence of atropine, respectively. (b) Atropine
inhibition of nicotine-induced currents at various holding potentials.
The nicotine concentration was 100 mM; the atropine concentration
was 10 mM. Data are from four oocytes measured at every holding
potential. Error bars indicate s.e.mean.

Figure 4 Augmentation of a3b4 receptor-mediated responses by
atropine requires low concentrations of both nicotine and atropine.
(a). Raw data trace showing responses to 10 mM nicotine (open bars)
alone and in the presence (®lled bars) of 3 mM and 30 mM atropine in
a3b4 subunit expressing oocytes. The holding potential was 740 mV.
(b) Summary of data as obtained in (a) at ®ve di�erent atropine
concentrations (0.3, 1, 3, 10, 30 mM). The response magnitude during
co-application of nicotine and atropine is calculated relative to the
response induced by nicotine alone. Data are from four oocytes
measured at every atropine concentration. (c) Voltage-dependence of
atropine-mediated potentiation and inhibition in oocytes expressing
a3b4 (®lled circles) or a4b4 (open circles) nAChRs. The nicotine
concentration was 10 mM; the atropine concentration was 1 mM.
Responses in the presence of atropine are expressed relative to
responses obtained by nicotine alone. Data are from six oocytes
measured at every holding potential. Error bars indicate s.e.mean.
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reported e�ects on both heterologously-expressed a3b4
receptors (Papke et al., 1996) and presumed a3b4 receptors
in hippocampus (Alkondon et al., 1997), choline (0.3 ± 3 mM

acted as a weak agonist at MHb nAChRs (Figure 6C,D). The
faster deactivation (Figure 6D, arrows) of choline-induced
responses compared with nicotine activated currents is
consistent with the suggestion that choline dissociates faster

than nicotine, as a result of a lower a�nity for the receptor.
The response to choline alone, expressed relative to nicotine,
also exhibits a voltage-dependence (Figure 6C), probably as a

result of self-induced channel block (Zwart & Vijverberg,
2000). The threshold for activation of nAChRs by choline
was &300 mM (data not shown). Taking the voltage-

dependent block into account, the partial agonist action of
choline is probably su�cient to account for the potentiation
of nicotine-induced responses, e.g., at depolarized potentials

(720 mV) where channel block is minimized, the relative

potentiation by choline (49+6% Figure 6A, asterisk) is very
similar to the choline/nicotine ratio (41+4% Figure 6C).

Discussion

Our results provide support toward the general hypothesis

that all heteromeric ab nAChRs can be both potentiated and
inhibited by atropine. The current studies extend previous
®ndings on a4b4 receptors (Zwart & Vijverberg, 1997) to

a3b4 receptors, and help explain why potentiation was
originally thought restricted to a4 subunit-containing chan-
nels. In addition, we ®nd that modulation of presumed a3b4
subunit-containing nAChRs in MHb neurons does not
parallel the e�ects of atropine on heteromeric a3b4 receptors
expressed in oocytes. Speci®cally, atropine-mediated potentia-

tion of responses evoked at low concentrations of agonist is

Figure 5 Inhibition of nAChRs in the medial habenula by atropine. Voltage and concentration-dependent block of nicotine-
induced responses in MHb neurons. (a) Examples illustrating the di�erential magnitude of block by atropine (3 mM) during
responses to nicotine (10 mM) at holding potentials of 780 and 720 mV. (b) Current-voltage relationship showing the fractional
block for two di�erent concentrations of atropine (300 nM, n=3; 3 mM, n=6). (c) Examples illustrating the di�erential magnitude of
block by two di�erent concentrations of atropine (3 mM and 300 nM) during responses to nicotine (10 mM) at a holding potential of
740 mV. (d) Plot showing the concentration-dependent nature of the block by atropine (n values shown in parentheses).
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essentially absent for MHb receptors ± a ®nding possibly
related to their subunit composition.

Inhibition and potentiation of heteromeric a3b4 receptors

Similar to a4b4 receptors (Zwart & Vijverberg, 1997),

inhibition of a3b4 receptor-mediated response by atropine is
concentration-dependent (IC50&9 mM), voltage-dependent
and non-competitive. Together, these observations suggest
that the most likely mechanism of inhibition is channel block.

In addition, and also similar to a4b4 receptors, under
conditions of low receptor occupation by agonist (&EC5

value of 10 mM; Fenster et al., 1997), atropine causes
potentiation of nicotine-induced currents. However, there
are some quantitative di�erences in both the voltage and

concentration dependencies for a3b4 receptor-induced aug-
mentation compared with a4b4 receptors. Thus, potentiation
of a3b4 nAChRs is only observed over a narrow range of

atropine concentrations (0.3 ± 3 mM) and produces a maximal
potentiation of about 25% (see Figure 4). For a4b4 receptors,
augmentation is present over a wider range of concentrations
(0.1 ± 10 mM) and reaches about 75% potentiation at peak.

These ®ndings can be used to explain why, despite a higher
IC50 for inhibition, the potentiation-inhibition curve for a3b4

Figure 6 Potentiation and inhibition of nAChRs in the medial habenula by choline. (a) Plot showing the voltage-dependence of
the modulation of currents induced by nicotine (10 mM) in MHb neurons by two concentrations of co-applied choline (1 mM, n=4;
3 mM, n=6). The response in the presence of choline is expressed as a fraction of the response elicited by 10 mM nicotine alone at
each membrane potential. (b) Examples illustrating inhibition and potentiation of responses to nicotine (10 mM) by choline (3 mM)
at holding potentials of 780 and 720 mV, respectively. (c) Plot showing voltage-dependent activation of MHb nAChRs by choline
(3 mM). Choline responses are expressed relative to nicotine (10 mM) in order to demonstrate the additional voltage-dependence
attributable to choline (n=5). (d) Examples of the relative activation of nAChRs by nicotine (10 mM) and choline (3 mM) at 780
and 710 mV. Arrows indicate the faster deactivation kinetics of choline currents compared to nicotine.
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receptors is shifted to more positive membrane potentials
than for a4b4 receptors at low concentrations of atropine.
Assuming that response augmentation is linear across the

voltage range studied, then the extent of potentiation will
determine the membrane potential at which potentiation
counteracts the inhibitory e�ect of channel block. Thus
whereas potentiation is apparent for a4b4 receptors at

780 mV, a3b4 receptors are inhibited at this membrane
potential (see also Zwart & Vijverberg, 1997).

Consequences of the interaction of atropine and choline
with nAChRs in the CNS

As discussed above for the oocyte-expressed heteromeric
nAChRs, the net e�ect of atropine will be determined by a
balance between the two opposing processes of atropine-

induced channel block and augmentation. For presumed
a3b4 subunit-containing receptors in MHb neurons, the IC50

for inhibition (4 mM) is close to that predicted from
heterologously expressed a3b4 receptors (IC50=9 mM), how-

ever, potentiation is barely detectable. One explanation for
this observation is that in these receptors, augmentation by
atropine is not su�cient to overcome strong channel block.

This interpretation is supported by the additional ®ndings
that potentiation of MHb nAChRs is readily detected for the
partial agonist choline (Papke et al., 1996; Alkondon et al.,

1997), which is a weaker channel blocker (see Figure 6), and
that under optimized conditions, very low concentrations of
atropine and depolarized membrane potentials, some poten-

tiation may be present (see Figure 5B). Alternatively,
atropine-mediated potentiation may not be intrinsic to the
nAChRs in MHb. In either case, the di�erences between
heterologously and natively expressed receptors imply that

the MHb channels may not be comprised of just a3 and b4
subunits, an idea supported by additional experiments on
antagonist pharmacology (Quick et al., 1999) and single cell

RT ±PCR (She�eld et al., 2000).
The voltage-dependent and presumed non-competitive

block of MHb nAChRs by micromolar concentrations of

atropine is similar to that reported for other putative a3b4
containing receptors in, e.g., the enteric submucosal (Barajas-
Lopez et al., 2001) and chroma�n cells (Invoe & Kuriyama,

1991) of the peripheral nervous system. Such non-speci®c
inhibition of heteromeric receptors likely explains the
atropine block of central receptors during the initial
pharmacological characterization of nAChRs (Andersen &

Curtis, 1964; Phillis & York, 1968; Headley et al., 1975; Bird
& Aghajanian, 1976; McLennan & Hicks, 1978). However,
with respect to the antagonism of whole cell currents in MHb

cells, it is of interest to note that no evidence of fast channel
block by atropine (1 mM) was found in single channel
recordings (Connolly et al., 1995).

The weak action of choline alone and its potentiation of
MHb nAChR-mediated responses during co-application with
nicotine extend the ®ndings that this product of ACh

hydrolysis is e�ective at the binding sites of a3b4 type
receptors (Mandelzys et al., 1995; Papke et al., 1996;
Alkondon et al., 1997). Moreover, because of its presence
in micromolar concentrations in the cerebrospinal ¯uid

(Klein et al., 1993), choline could act as a di�use signalling
molecule mediating volume transmission (Zoli, 2000; Zwart &
Vijverberg, 2000). This type of mechanism is particularly

relevant to receptor activation in the MHb, because despite
appropriate cholinergic input to this region (Woolf, 1991), it
has not been possible to detect, as predicted, a fast nicotinic

receptor-mediated synaptic response (Edwards et al., 1992),
despite an abundance of nAChRs on MHb neurons (see e.g.,
Lester & Dani, 1995). The high density of nAChRs, coupled

with partial agonist sensitivity, suggest that under certain
conditions of ACh release and breakdown, MHb cells could
be slightly depolarized by circulating choline, perhaps
su�cient to alter their spontaneous ®ring rates (McCormick

& Prince, 1987).

This work was supported by PHS grants NIH NS31669 and
DA11940.
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