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a4-2f82 and other nicotinic acetylcholine receptor subtypes as

targets of psychoactive and addictive drugs
'John Connolly, Jim Boulter & Stephen F. Heinemann

Molecular Neurobiology Laboratory, The Salk Institute, P.O. Box 85800, San Diego, CA 92138, U.S.A.

1 Xenopus oocytes were injected with various muscle and neuronal nicotinic acetylcholine receptor (ACh
receptor, cholinoceptor) subunit RNA combinations and their pharmacological properties studied using
two-electrode voltage clamp. The functional expression of one of these combinations, rat a4-2fi2, has not
been previously described. The a4-2 mRNA is a splicing variant transcribed from the a4 gene. In the
experiments reported here, the a4-2#2 subtype was functionally indistinguishable from the a4-1#2 subtype.
2 For each subtype, the relative potency of nicotine compared with acetylcholine was obtained by esti-
mating the relative concentration of nicotine which would elicit the same current response as 0.1JIM ACh.
The ratios of these concentrations (nicotine: ACh) for the mouse muscle ACh receptor-(alily6) was
96.1:1. In contrast, the ratios for the rat neuronal subtypes were: a2fi2, 1.01:1; a3fi2, 2.01:1; a4f2, 0.76:1
and a4-2#2, 0.76:1. The much greater relative nicotine sensitivity of the neuronal subtypes as compared
with muscle receptors illustrates their potential to mediate the psychoactive and addictive effects of nico-
tine. However, it does not appear that the differences in relative nicotinic sensitivity among the neuronal
receptors themselves can be used as a simple discriminative tool in neuronal tissue.
3 The slopes of the log dose-log response curves at low ACh concentrations were all greater than 1 but
less than 2, suggesting that at least two agonist binding sites mediate the functional response of each
hetero-oligomer.
4 The response of all the neuronal subtypes to ACh could be inhibited by the psychoactive drugs meca-
mylamine, amitriptyline, phencyclidine, trifluoperazine and promethazine. With the exception of the very
potent antagonist, mecamylamine, the degree of block of the peak current to ACh produced by 10pM
concentrations of these drugs was remarkably similar (around 50%).
5 The degree of inhibition produced when the antipsychotic drug, trifluoperazine, was co-applied with
ACh increased as the duration of application increased. Such an effect was not observed with prometha-
zine, a related phenothiazine derivative which does not have antipsychotic actions.
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Introduction

The psychological actions of nicotine are important reinfor-
cers of the smoking habit (Benowitz, 1988, review). Some of
the objectively confirmed effects reported by smokers include
arousal, mood-elevation, improved concentration and a
reduction in feelings of stress and anxiety (Wesnes & War-
burton, 1983; Warburton, 1987). In contrast, the selective loss
of cortical, high-affinity, nicotine binding sites from the brain
in Alzheimer's disease is correlated with a loss of cognitive
function (Whitehouse et al., 1988). Apart from their obvious
role in addiction, an additional implication of these observa-
tions is that nicotinic acetylcholine receptors (ACh receptors,
cholinoceptors) are important elements in some of the neuro-
nal circuits that mediate psychological functions.

In order to obtain a more complete understanding of the
pharmacological and molecular bases of these phenomena, we
decided to examine the effects of nicotine and other psychoac-
tive drugs on a variety of nicotinic ACh receptor subtypes.
cDNAs whch encode subunits of muscle and neuronal nico-
tinic ACh receptors have been isolated from several species
and in many cases their corresponding mRNAs have been
functionally expressed (Deneris et al., 1991, review, Couturier
et al., 1990a). The cDNAs encode polypeptides which fall into
two major classes. A major distinguishing feature of one class,
the a-subunits, is that each subunit contains two consecutive
cysteines at amino-acid positions 192,193 (Torpedo
numbering) which are thought to be in the vicinity of the
agonist binding site (Kao et al., 1984). The a-subunit in muscle
is called al, and to date those found in neuronal receptors

have been numbered in the historical order in which they were
discovered, from a2 to a7. There are also ACh receptor sub-
units which do not contain these two cysteines. Members of
this latter class include the mouse muscle fIt, y and 6 subunits,
and the rat neuronal f2 and #4 subunits. Among several
demonstrations of expression, it has been shown that func-
tional nicotinic ACh receptors can be detected following the
co-injection of the mouse muscle altty6 RNAs into Xenopus
oocytes (Yoshii et al., 1987; Connolly, 1989). Co-injection of
any one of the rat neuronal a2, a3 or a4-t RNAs with either
112 (Boulter et al., 1987; Deneris et al., 1988, Wada et al.,
1988b) or f4 (Duvoisin et al., 1989) RNA also results in robust
and reproducible functional expression of nicotinic ACh
receptors.
Although the ,B4 gene is expressed in PC12 cells (Boulter et

al., 1990) and embryonic chick ganglia (Couturier et al., t990a,
non-a3 in chick nomenclature), it shows very limited expres-
sion in rat brain, being mainly transcribed in the medial habe-
nula (Duvoisin et al., 1989). In contrast the #2 subunit gene is
very widely expressed (Wada et al., 1988a). Therefore the
neuronal ACh receptor subtypes examined in this study,
which was directed towards the understanding of the potential
involvement of nicotinic ACh receptors in a variety of brain
processes, combined neuronal a-subunits with the more
ubiquitous ,B2 subunit.

In many brain regions, the distribution of the fi2 mRNAs
was found to overlap with that of a4 mRNAs (Wada et al.,
1988a). However, when hypothalamic cDNA libraries were
first screened, two different, but equally abundant, species of
a4 clones were found (Goldman et al., 1987). It was thought
that the two types of a4 mRNAs from which these cDNA
clones were derived may have arisen by alternate splicing of
the primary transcript of the a4 gene. The first species, which
was full length, was called a4-1 and is the subtype we have

' Author for correspondence at: Dept. of Physiology and Pharma-
cology, University of Strathclyde, Royal College, 204 George Street,
Glasgow Gi 1XW

,'-. Macmillan Press Ltd, 1992



658 J. CONNOLLY et al.

used in functional expression studies of nicotinic ACh recep-
tors to date (Boulter et al., 1987; Deneris et al., 1988; Wada et
al., 1988b). The amino acid sequence of the a4-1 subunit was
deduced from the cDNA clone, and the last two amino acids
of the carboxy (C)-terminus were predicted to be alanine and
cysteine. The a4-2 cDNA was not full length, and differed
from the a4-1 cDNA at its 3' end. The deduced amino acid
sequence of this cDNA was one amino acid longer at the C-
terminus, and ended in the three amino acids glycine, methi-
onine and isoleucine (GMI). The 3' untranslated region of the
clone also differed from that of a4-1. For the rest of the over-
lapping regions of the cDNAs, the sequences were identical. If,
like a4-1, the a4-2 subunit can form functional receptors with
fi2, then it too may be incorporated into central nicotinic ACh
receptors. Therefore, in addition to examining the actions of
psychoactive drugs on the ACh receptor subtypes described
above, we also describe here the first functional expression of
the neuronal a4-2 subunit in conjunction with the P2 subunit.

Methods

Expressible clones

A full length a4-2 cDNA was constructed from partial clones
by use of conventional molecular biological techniques. The
coding region and 5'-end of a4-2 mRNA is identical to that of
a4-1 mRNA with the exception of the differences in the 3'-end
mentioned above. The other expressible clones used in this
study have all been described previously: al (Boulter et al.,
1985); y (Boulter et al., 1986b); fil and 6 (Heinemann et al.,
1986); a2 (Wada et al., 1988b); a3 and a4-1 (Boulter et al.,
1986a; 1987; Goldman et al., 1987) and P2 (Deneris et al.,
1988).

In vitro synthesis ofRNA and injection into oocytes

Plasmid DNA for each subunit constructed was linearised
with restriction enzymes at the 3' end of each clone. Diguano-
sine triphosphate-capped RNA was then transcribed from
these DNA templates by bacteriophage SP6 RNA polymerase
(Melton et al., 1984).

Oocytes were prepared for injection as described previously
(Boulter et al., 1987). This technique removes the follicular cell
layer but leaves the vitelline membrane intact. A total of
3-5 ng of RNA was injected into each oocyte, in a volume of
50 nl of H20. The mouse muscle ACh receptor (cholinoceptor)
subunits (a, f, y and 6) were injected into the oocytes in the
ratio 1: 1: 1: 1. Neuronal ACh receptor subunit combinations
were also injected in a 1:1 ratio.

Drug solutions

The agonists (-)-nicotine hydrogen tartrate and acetylcholine
chloride and antagonists, phenycyclidine (PCP) hydro-
chloride, promethazine hydrochloride, amitriptyline hydro-
chloride, mecamylamine hydrochloride and trifluoperazine
hydrochloride, were all obtained from Sigma Co., St. Louis,
U.S.A.

Recording procedures

Two-electrode voltage-clamp recordings of the responses of
oocytes to various agonists and antagonists were made with a
Dagan 8500 voltage-clamp unit. The voltage micropipettes
contained 3 M KCI (resistance 2-4 MW) and the current micro-
pipettes were filled with 0.25 M CsCl, 0.25 M CsF, 100mm
EGTA, pH 7.2 (resistance 0.5-1 MCI). The control solution (in
which drugs were also dissolved), contained 115mm NaCl,
1.8 mm CaCl, 2.5 mm KCI, 10mM HEPES (pH 7.2) and 1 gM
atropine.

Individual oocytes were placed in a groove in the base of a
narrow perspex chamber. A system of switches close to the

bath inlet allowed either drug or control solutions to be per-
fused at a rate of approximately 30mlmin-' through a bath
volume of 0.5 ml. Under these conditions, the current response
reached 90% of its initial peak value within 2-3 s (see Figures
1, 4 and 5). Washing out of the drug took slightly longer,
perhaps because some of the drug is trapped between the
vitelline and cell membranes. With this rate of perfusion, care
must be taken to ensure that the oocytes are stably positioned
and do not move about the recording pipettes while the solu-
tions are being changed, as this can give rise to small, artefac-
tual inward currents.

Potential interference by endogenous subunits

Spurious results due to the incorporation of endogenous
oocyte ACh receptor subunits into receptors expressed after
injection of mouse muscle of rat neuronal subunit RNAs does
not seem likely. We have found previously, using voltage
recordings, that with the exception of a very weak and incon-
sistent response from a4-1, rat neuronal a and fi subunit
RNAs injected singly will not form functional receptors
(Boulter et al., 1987; Deneris et al., 1988; Wada et al., 1988b,
Duvoisin et al., 1989). Similarly, functional expression has also
not been detected for singly injected chick a4 and non-al
(most homologous to rat fi2) subunit RNAs (Bertrand et al.,
1990). Thus we have no positive evidence that endogenous
Xenopus subunits which can combine with the neuronal sub-
units we have injected are present. Nor have we seen nicotinic
responses in oocytes following mouse muscle al RNA, water,
sham or mouse muscle filyb RNA injections (Deneris et al.,
1991; Connolly, 1989). Similar results have been obtained with
Torpedo receptor subunits (Kurosaki et al., 1987). In their
experiments, Leutje & Patrick (1991) have also found that
injections of mouse muscle filyb and rat #2 RNAs do not lead
to functional expression. Hence if endogenous, compatible,
muscle type subunits were present in oocytes used in these
experiments, they were expressed at an undetectably low level.

However, there has been a report of functional expression
when only mouse muscle flyb subunits were injected, but this
current was only just detectable at mm concentrations of ACh
(Buller & White, 1990). Also, a low level of endogenous alpha-
subunit RNA has been reported in oocytes (Hartmann &
Claudio, 1990), but the amount per oocyte is less than 0.5
picograms, 10,000 fold less than the nanogram amount of syn-
thesized RNA injected here. If there is endogenous subunit
RNA expression at this level in some of the oocytes we have
used, then at the concentrations applied here, the above
results suggest that such expression would not make a signifi-
cant contribution to the current responses we observed.

Collection of datafor dose-response curve

Currents greater than 21A could not be reliably clamped
under our recording conditions and currents smaller than
1-2nA were difficult to measure accurately. The steepness of
the dose-response curves meant that it was not possible to
record the responses to a wide range of concentrations in an
individual cell within these current limits. Therefore, to obtain
the data depicted in Figures 2 and 3, several trials were made
at a standard concentration of ACh during the course of each
experiment. The standard concentrations were 1 M ACh for
the cx2f,2 and a3,B2 combinations and 0.1 pM ACh for the
alfily6, a4-1fi2 and a4-2,B2 combinations, all voltage-clamped
at -70mV. The current produced by this standard dose was
defined as 100% and the responses of that oocyte to other
concentrations of ACh and all concentrations of nicotine,
were expressed as a % of it.
For nicotine and ACh concentrations of 1 gM and below, at

least duplicate trials for each agonist were performed in each
oocyte at each concentration and the responses averaged. At
agonist concentrations greater than 1 pm, the responses were
not always duplicated, since full recovery from desensitization
could take more than 30 min. At these high agonist concentra-
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tions, considerable desensitization may have occurred before
the peak response was attained. Unfortunately, the large size
of oocytes (>1 mm) and the slowing of solution exchange by
the vitelline membrane prohibit rapid and simultaneous per-
fusion of the entire cell surface. This prevents estimation of
fast rates of desensitization in this preparation. Additional
problems at high agonist concentrations are the probability of
channel block by the agonists and the difficulty of comparison
with a convenient standard, non-desensitizing, response.
Because of these considerations, the dose-response curves were
not extended beyond agonist concentrations of IO yM.

Estimation of relative potencies and low-concentration
slopes

Unlike the muscle receptor dose-response curves at low
agonist concentrations, the nicotine and ACh dose-response
curves plots are not parallel for the neuronal receptors, poss-
ibly because the rates of desensitization of neuronal nicotinic
ACh receptors are different for ACh and nicotine. For this
reason, the potency ratios are compared at concentrations
where the curves are closest to parallel. The relative potency
of ACh compared to nicotine was then calculated as the
antilog of the difference between the logs of the concentrations
of nicotine and ACh that gave a particular current response.

In order to estimate these concentrations for a particular
subtype, straight lines were fitted by linear regression to the
three or four lowest concentration points of the ACh and
nicotine plots. Calculated log (current) values corresponding
to either 0.1 Mm ACh or O.316Mm ACh were then obtained
from the new lines. These log (current) values were then
applied to the calculated nicotine curve to obtain the corre-
sponding nicotine concentrations. The antilog of the difference
between the logs of these two agonist concentrations provides
the ratio shown in Table 1. The low concentration slopes were
calculated from the straight lines fitted by linear regression to
the lowest 3 concentration points on the log [ACh]-log
(current) plots. It was noticed that some batches of oocytes
would express receptors with lower mean slopes than others,
but data from several batches were pooled to give the results
shown here in Figures 2 and 3. Where appropriate, Student's t
tests for paired and independent samples were used to test for
significance.

Table 1 Summary of characteristics of dose-response plots

Relative potency
Injected 0.1 pM ACh

O1Ilyb
a2fl2
O3fi2
oe4-1f2
a4-2P2

96.1
1.01
2.01
0.76
0.76

Relative potency
0.316 /AM ACh

1.27
2.20
1.03
1.02

Slope
(mean ± s.e.)

1.71 ±0.04
1.22 ± 0.02
1.49 + 0.11
1.08 ± 0.12
1.37 + 0.03

The relative potency indicates the ratio of the concentrations
of nicotine and acetylcholine which give the same magnitude
of current response. The [nicotine]/[acetylcholine] ratio is
shown for two current values, which correspond to the cur-
rents elicited by the application of acetylcholine (ACh) at
concentrations of 0.1 Mm and 0.316pM. The slope values
(± s.e.) are those of lines fitted by linear regression to the
lowest three concentration points of the averaged ACh dose-
response plots shown in Figures 2 (muscle) and 3 (neuronal).
Details of the procedures used to calculate these values are
described in the Methods section.

Nicotinic acetylcholine receptor subtypes show
differential sensitivity to (-)-nicotine

It has been long appreciated that among native nicotinic ACh
receptors, there is a clear differentiation between the relative
sensitivity of the muscle and neuronal nicotinic ACh receptors
to nicotine, with muscle receptors being much less sensitive to
nicotine (Hill, 1909; Curtis & Eccles, 1958; Lukas, 1989). Such
differences in the nicotine sensitivities of receptors formed
from cloned subunits might also be expected from earlier
voltage (Boulter et al., 1987; Duvoisin et al., 1989) and
voltage-clamp (Bertrand et al., 1990; Couturier et al., 1990a)
studies.

This marked difference is confirmed here with the receptor
subtypes we have introduced into Xenopus oocytes. The dose-
response curves in Figure 2a were obtained from oocytes
injected with the RNA combination alfilyb. As the summary
in Table 1 indicates, it would require 9.6pM (-)-nicotine to
produce the same current response as that produced by 0.1 MM
ACh, approximately 2 orders of magnitude difference in the
respective agonist concentrations. However, the graphs in
Figure 3 demonstrate that the relative sensitivity of the neuro-
nal receptor subtypes to nicotine is much greater. Table 1

Results

Functional expression of the a4-2012 combination

Figure 1 shows the current responses of an oocyte injected
with the a4-2#2 RNA combination to 0.316MM applications of
ACh and nicotine. The strong expression clearly demonstrates
that the combination is functional. The dose-response curves
for the a4-112 and a4-2P2 combinations shown in Figure 3c
and 3d are almost superimposable. Analysis of their responses
to ACh and nicotine does not reveal any significant difference,
the relative potency being the same for each (Table 1).
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Figure 1 Functional expression in oocytes injected with the a4-2f2
RNA combination. Current responses to 0.316Mm acetylcholine (ACh)
(a) and 0.316,Mm nicotine (Nic) (b) illustrate typical rates for the appli-
cation and removal of drug solutions.

Figure 2 (a) Log-log plots of the agonist dose-current response
relationships of acetylcholine (0) and nicotine (0) with oocytes
injected with mouse muscle alfi1y and ( subunit RNAs. Each point
represents averaged, normalised (to the 0.1 pM acetylcholine response)
data pooled from a minimum of 4 oocytes (see Methods). The current
value (± s.e.) corresponding to 100% was 59 + 12.1 nA (n = 20
oocytes). The oocytes were voltage clamped at -70 mV. Vertical bars,
where visible, represent the standard errors at each point. (b) Log-log
plot of the acetylcholine dose-current response relationship of oocytes
injected with the a4-1fi2 combination and voltage clamped at
-100mV. Responses were normalised to the response to 0.01 Mm
acetylcholine and each point represents the data collected from at

least 4 cells. The current value corresponding to the 100% response
was 50.1 + 2.1 nA (n = 5 oocytes). The maximum slope, fitted by
linear regression to the points included in the range 10nm to 100nM,
was 1.47 (± 0.02, s.e.).

a
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shows that the nicotine/ACh potency ratio for neuronal recep-
tors is, at most, approximately 2:1. Even more remarkable is
that for the oc4fi2 combinations, at low concentrations, nico-
tine is more potent than ACh, the natural transmitter. Thus,
when compared with their sensitivity to ACh, neuronal recep-
tors are at least 50 times more sensitive to nicotine than
muscle ACh receptors.

Although muscle and neuronal receptors are easily distin-
guished on the basis of their relative sensitivity, the differences
among the neuronal receptors themselves are more subtle. In
many of the experiments upon which Figure 2 is based, an
identical concentration of both ACh and nicotine was applied
to the same oocyte. To test if these more subtle differences
were significant, the current response of an oocyte to a given
concentration of nicotine was expressed as a % of this
response to the same concentration of ACh. The mean of the
% nicotine responses from several oocytes was obtained. This
was done for those concentrations (0.1, 0.32 and 1 yM) which
were common to the neuronal dose-response curves (see Table
2). At all three agonist concentrations, the means of the nico-
tine responses of the a4-1#2 and a4-2f2 subtypes were not
significantly different from each other. In contrast, the
responses of these two combinations were significantly differ-
ent from the less sensitive a2#2 subtype (P < 0.05) and even
more easily distinguished from the a3P2 combination
(P < 0.002). The means of the % nicotine responses of the
a3#2 and a2#2 combinations were also different from each
other (P < 0.02). Thus there are agonist concentrations at
which these particular subtypes can be distinguished upon the
basis of their relative nicotine sensitivity.

Table 1 also shows the value of the slope of the log dose-
log mean current response curve for the muscle receptor at
low ACh concentrations. At these low concentrations the
slope value will approximate to the Hill coefficient. The value
of 1.71 suggests that there are at least 2 agonist binding sites
in each mouse muscle receptor hetero-oligomer that we have
expressed. The values of the slopes of lines fitted through the
lowest three concentration points of each of the neuronal ACh
receptor dose-response plots shown in Figure 3 are also listed
in Table 1. However the slopes of the neuronal dose-response
plots were all lower than that of the muscle ACh receptors
(Figure 3, Table 1). The lowest value was obtained for the
a4-1fi2 combination. This combination was re-examined, and
to minimize desensitization and increase the sensitivity of
measurement of the smaller currents, nanomolar concentra-
tions of acetylcholine and a holding potential of -100 mV
were used (Figure 2b). The maximum slope obtained, between
lOnM and 100nM ACh, was still only 1.47 + 0.02 (n = 4
oocytes). A higher value of 1.83 has been reported for the
chick a4 non-al combination (Ballivet et al., 1988). The
reasons for the low slope values of rat neuronal ACh receptor
dose-response curves are not clear, but it may be a conse-
quence of very rapid desensitization, even at these low agonist

Table 2 Variation in the relative nicotine responses for dif-
ferent neuronal ACh receptor subtypes

a2#2
O3fi2
4-1f#2

a4-2f2

0.1 pM

(% + s.e.)

83.1 + 3.2
47.2 + 5.1
126 + 12.8
132 + 10.3

0.32 pM 1.0 pM

n (% s.e.) n (% + s.e.)

6 64.4+7.5 5 54.2 +4.0
5 38.1 + 0.9 4 30.0 + 3.7
8 92.8+4.4 4 106.1+1.5
4 99.8 + 10.7 3 -

n

8
10
3

The current responses to nicotine were expressed as a per-
centage of the current responses to an equal concentration of
acetylcholine (ACh) applied to the same oocyte. Each row

shows the mean of these responses for oocytes injected with a
particular mRNA combination. The % means (± s.e.) are
given at three agonist concentrations. These results have been
included among the more extensive data shown graphically
in Figure 2 (n = the number of oocytes from which paired
responses to nicotine and ACh were obtained).
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Figure 3 Log-log plots of the normalised, agonist concentration-
current response relationships of oocytes injected with (a) a2#2, (b)
a3,B2, (c) a4-1l2 and (d) a4-2f2 RNAs. Each data point for acetyl-
choline (0) or nicotine (@) represents the results averaged from a
minimum of 4 oocytes, except for (d) where the minimum is 3. The
oocytes were voltage-clamped at -70 mV. Vertical bars, where visible
outside the plot symbols, show standard errors. The current values
(± s.e.) corresponding to the 100% (control) response were (a)
101.9 + 16.2 nA, n = 11 oocytes; (b) 126.6 + 28nA, n = 16 oocytes; (c)
84.5 + 18.5 nA, n = 19 oocytes and (d) 170.8 + 66.6 nA, n = 6 oocytes.
A summary of these neuronal ACh receptor dose-response character-
istics is shown in Table 1.

concentrations. Recently, Cooper and colleagues (1991) have
deduced that for the chick a4 non-al combination, the stoichi-
ometry is two alpha subunits and three non-a subunits. It
would therefore seem most probable that our receptors also
contain two a-subunits and three f subunits.

Interaction ofpsychoactive drugs with neuronal nicotinic
acetylcholine receptors

We took advantage of the accessibility of neuronal ACh
receptors expressed in oocytes to screen the actions of several
psychoactive drugs on the four neuronal subtypes described
above. Representative responses shown in Figures 4 and 5,
and their means are summarized in Table 3. Apart from
known nicotinic antagonists, we examined a selection of clini-
cally important drugs which, although targeted at other recep-
tor systems, also exhibit 'anti-cholinoceptor' side effects.

Figure 4a shows the blocking of the a2#2 receptor by meca-
mylamine. This drug is a potent antagonist of nicotinic ACh
receptors in ganglia (Ascher et al., 1979), but has limited clini-
cal application since it crosses the blood-brain barrier and
causes psychotic-like side effects. The chick a4 nona-l receptor
has also been shown to be blocked by mecamylamine in a
voltage independent manner (Bertrand et al., 1990).

Figure 4b shows the blocking action of phencyclidine (PCP)
on the a3#2 subtype. Its non-competitive blocking action on
the muscle type nicotinic ACh receptors in C2 myotubes
(Changeux et al., 1986) and BC3H1 cells (Albuquerque et al.,
1980; Papke & Oswald, 1989) has also been documented. Our
results show that it also blocks central neuronal nicotinic ACh
receptors (Table 3).
The major therapeutic disadvantage of amitriptyline (Ami)

lies in its strong anticholinoceptor side effects. We found it
was able to block neuronal nicotinic ACh receptors (Figure
4c, Table 3). At 1O/M Ami, the peak of the inhibited response
is 48% of the corresponding control current value. However, if
the degree of block is examined at a later time point in the

-9
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ACh 3.16 x 10-7 M
Table 3 Inhibition of nicotinic ACh receptor response to
acetylcholine by centrally active antagonists

cRNAs
injected

100 nA5 ACh 3.16 x 10-7 M
+ Mec 10-6 M

b

a3p2

5s
100 nAI

c

a4-2P2

5s
200nAI

ACh 10-6 M

ACh 10-6M
+ PCP 10 M

ACh 3.16 x 10-7 M

ACh 3.16 x 10-7 M
+ Ami 10-5 M

Figure 4 (a) The upper trace shows the current response to acetyl-
choline (ACh) of oocytes injected with a2 + ,B2 RNAs. The response is
inhibited when both mecamylamine (Mec) and acetylcholine are

applied (lower trace). (b) The control response to ACh (upper trace) of
oocytes injected with a3 + #2 DNAs is reduced in the presence of
phencyclidine (PCP). (c) Amitriptyline (Ami) inhibits the a4-2,B2
response to acetylcholine. Note the increase in the degree of block
with duration of application of the drug. All antagonists were preincu-
bated with the oocytes for 1 min before application of the
acetylcholine/antagonist mixture. The cells were voltage clamped at
-70 mV. A summary of these results is shown in Table 3.

trace, then the current has diminished further (only about
32% of the control response is remaining IO s after the start of
drug application). The mechanism for this increased reduction
in response is not clear, although it has been shown that the
related antidepressant desipramine is an open-channel blocker
of NMDA receptors and has a similar IC50 (Sernagor et al.,
1989). In those experiments shown in Table 3 where identical
concentrations of agonist and antagonist were used, there was

no significant difference between the subtypes at the 15%
level. Therefore these antagonists do not readily discriminate
between the subtypes. Also, the degree of inhibition of the
peak response is remarkably similar for all the antagonists
applied at a concentration of 10pM.

Comparison of the actions of trifluoperazine and
promethazine on acetylcholine receptors

The two antipsychotic drugs, trifluoperazine (TFP) and its
related phenothiazine, chlorpromazine, have long been known
to have an anti-nicotinic effect on Torpedo (Heidemann et al.,
1986) and peripheral ACh receptors (Changeux et al., 1986).
Giraudat et al. (1986, 1987) and Revah et al. (1990) have addi-
tionally found that chlorpromazine binds to amino acids in
the M2 domain of the f, y and subunits, a region that is
thought to line the wall of the ion channel (Imoto et al., 1988).
The chlorpromazine binding is PCP-sensitive. Similar amino

% control
[ACh] [Antag.] response

Antagonist CUM) (UM) (± s.e.)

a4-2f2 Amitriptyline
Promethazine
Mecamylamine
Trifluoperazine
Phencyclidine

a3#2 Amitriptyline
Promethazine
Mecamylamine
Trifluoperazine
Phencyclidine

a2fl2 Amitriptyline
Promethazine
Mecamylamine
Trifluoperazine
Phencyclidine

0.316
0.032
0.316
0.316
0.316
1.0
1.0
1.0
1.0
1.0
0.316
0.316
0.316
0.316
0.316

10.0
10.0
1.0

10.0
10.0
10.0
10.0
1.0

10.0
10.0
10.0
10.0
1.0

10.0
10.0

n

3
3
3
3
3
3
3
3
3
3
3

4
3
3
4

48.5 + 7.1
45.4 + 0.7
45.2 + 2.3
40.0+4.1
34.8 + 2.0
51.0 + 2.2
59.9 + 1.5
62.5 + 5.3
52.2 + 1.6
48.3 + 2.2
40.6+0.6
53.7 + 2.0
50.5 + 0.7
47.8 + 3.8
44.6 + 4.1

Initially a reproducible peak current response was obtained
to the application of a control concentration of acetylcholine
(ACh) (left column). Then, following a preincubation of 1 min
with the antagonist, the oocytes were perfused with a mixture
containing the control ACh concentration and the indicated
antagonist concentration. The peak response in the presence
of antagonist was divided by the control peak response and
multiplied by 100 to give the values in the 5th column. The
oocytes were voltage-clamped at -70 mV (n = number of
oocytes in which experiments were performed).

acid residues are present in homologous positions in all the
cloned neuronal ACh receptor subunits used here. We there-
fore tested whether receptors formed from cloned subunits of
central nicotinic ACh receptors would be blocked by this TFP
to see if the anti-nicotinic actions of this drug might be corre-
lated with its clinical effects.
As a partial control for this study, the drug promethazine

(Prometh) was chosen. Like TFP, the chemical structure of
Prometh is also based on the phenothiazine nucleus. However
Prometh lacks antipsychotic activity. If the degree of nicotinic
block produced by Prometh is the same as the degree of block
produced by TFP, then it would not be probable that nico-
tinic ACh receptors contributed to the antipsychotic effect of
TFP or its motor side effects. The correlation between anti-
nicotinic activity and antipsychotic activity would be negated
by such a result.
The degree of blocking of the response of the ae4-1i2 com-

bination to 0.1 M ACh by TFP and Prometh was measured
over a concentration range 0.316 JM to 10pM for these antago-
nists. The % of the response remaining in the presence of
antagonist was assessed at two time points, firstly at the initial
peak of the response, and secondly 15s after the ACht
antagonist mixture was applied. If Figure 5a is compared with
Figure 5b, then it is clear that Prometh does not show the
same kind of time-dependent block as TFP. This interpreta-
tion is born out by the plots in SC and 5D from which it is
clear that the degree of block by TFP is much greater than
that seen with Prometh at the l5s time point. Similar results
were also obtained with the a2#2 and a3#2 subtypes. For
Prometh, the % blocks of the responses to ACh after 15 s drug
application were 55.0 + 3.0% and 60.1 + 1.5% respectively.
This is not significantly greater than the inhibition observed at
the initial peaks of the responses (see Table 3). However TFP
does show an increased block for the a2fi2 and x3,B2 com-
binations at the 15s time point (34.5 + 3.7%, 33.9 + 3.4%
respectively). In bovine chromaffin cells there is also a time-
dependent increase in the degree of block by TFP (Clapham
& Neher, 1984). However, unlike the latter study, the current
responses obtained here in oocytes showed complete recovery,
although the time course of recovery of the peak response to
its initial value before antagonist application was very slow

a

a232

L
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a

ACh 10-7 M

1s

250 nA

ACh 10-7 M +
Prometh 5.62 X 10-6 M

c

a1)

0

a)U.
-a
4)

0
0

0-

75F

b
ACh 10-7 M

los

250 nA

ACh 1-7 M +
TFP 5.62 x 10-6 M

d
100r

4)C',
c
0

0.

C')U)

40

0

50F

25F

al
-7 -6 -5

[Promethazine] (M)

75 F

50F

25 F

a
-7 -6 -5

[Trifluoperazine] (M)

Figure 5 (a and b) The control responses of oocytes injected with the a4-1f2 RNAs to acetylcholine (ACh) are shown in the upper
traces. Below them in the lower traces are the inhibited responses obtained in the presence of the antagonists promethazine (Prometh)
(a) and trifluoperazine (TFP) (b). The oocytes were preincubated with the antagonists for 1 min before the application of the ACh/
antagonist mixture. Note that with TFP in (b), there is a time-dependent increase in the degree of block when it is compared with the
control response. (c and d) The concentration-dependent increase in the degree of block is plotted for promethazine in (c) and
trifluoperazine in (d). The response remaining in the presence of antagonist is expressed as a % of the control response to 0.1 yM ACh.
The degrees of inhibition at the peak of the inhibited response (E) and at a time point 15s after the start of the response (U) were
plotted. Each point represents the mean of data obtained from at least 4 oocytes. Vertical bars represent standard errors. The oocytes
were voltage-clamped at -70mV.

(longer than 20min). Since the degree of block produced by
TFP is much greater than that of Prometh, these results are
consistent with the idea that the anti-nicotinic actions of TFP
may contribute to its central effects.

Discussion

Functional expression of the a4-2f2 neuronal nicotinic
acetylcholine receptors

Here we report the functional expression of the rat a4-2
subunit in conjunction with the fi2 subunit. The experiments
we have performed do not reveal any significant functional
distinction between the a4-1#2 and a4-2#2 subtypes. This
might be expected, given the position and size of the altered
amino acid sequence involved. In rat brain, A4-2 mRNAs are
slightly more abundant than A4-1 RNAs (Goldman et al.,
1987), although in situ hybridization studies show that they
share an almost identical pattern of distribution (Wada et al.,
1988a). However, these results do not rule out the possibility
that the different C-termini are related to some other property
of the receptors such as recognition motif for incoming nerve
fibres. It is interesting to note that the rat a2 subunit also ends
in the sequence GMI, although there is no evidence of an
additional splicing variant of a2 in rat. The GMI sequence is
also found at the C-terminal of the chick a2 and A4 subunits,
although neither subunit has splicing variants in this species
(Nef et al., 1988).
The in situ hybridisation study described above additionally

showed that the distribution patterns of the A4 transcripts

overlap with that of the fi2 transcripts and also coincide with
many of the brain regions previously associated with high-
affinity nicotine binding (Clarke et al., 1985). N-terminal
sequencing of immuno-afflinity purified, neuronal ACh recep-
tors reveals that the predominant subunit ACh receptor
species in brain are a4 and fi2 subunits (Whiting et al., 1987a;
Schoepfer et al., 1988). It was further found that the a4 subunit
binds nicotine with nanomolar affinity (Whiting et al., 1987b).
However, since the N-termini of the rat a4-1 and a4-2 sub-
units are identical, it is not possible to determine the relative
proportions of the a4-1 and a4-2 subunit proteins by this
method. An antibody directed against f2 subunits has been
shown to bind extensively throughout the brain and in many
presynaptic locations (Swanson et al., 1987). This additional
evidence, coupled to the present demonstration that the
a4-2fi2 combination is functional, makes it probable both
a4-1f2 and a4-2#2 are subunit combinations present in nico-
tinic ACh receptors in mammalian brain, possibly in presy-
naptic locations. It is also possible that both the a4-1 and a4-2
subunits might be found in the same brain receptor.

Differential sensitivity of nicotinic acetylcholine receptors
to nicotine

There is a clear difference between muscle and neuronal recep-
tors in their relative sensitivity to nicotine as compared to
ACh. Muscle receptors are at least 50 times less sensitive than
neuronal receptors at low agonist concentrations. There are
also differences among the neuronal receptors. The a4-1fi2
and a4-2fl2 combinations are the most sensitive to nicotine. A

100r
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similar degree of sensitivity to nicotine has been seen for the
chick combination of a4#2 (Bertrand et al., 1990), for which a
nicotine EC50 of 0.77pM was reported. The rat ox2#2 com-
bination was less sensitive than these, while the a3#2 com-
bination was the least sensitive of the neuronal receptors.
Overall, the relative nicotine sensitivities of ACh receptor
subtypes studied in this present work (compared with their
response to 0.1 yM ACh and presented in the order of decreas-
ing sensitivity) were: a4-1#2, (126) = A4-2f2, (126) > a2-2#2,
(95.1) > a3#2, (47.8) > alfily6, (1).

Recently, Leutje & Patrick (1991) have also examined the
relative nicotine sensitivity of the cloned receptors and have
observed a similar difference in potency between muscle and
neuronal nicotinic ACh receptors. There is broad agreement
between their results for neuronal receptors and those
described here, except in the case of the oe2#2 combination.
They report a nicotine: ACh current response ratio greater
than 5:1 for agonist concentrations of 3pM, whereas our
results give an estimated ratio of 0.4:1 at that concentration.
The time interval required between agonist applications for
recovery of the peak current response suggests that there is
considerable desensitization of these receptors at yM concen-
trations (see Methods). For muscle receptors, the time con-
stant for this desensitization is less than 100ms (Dilger &
Brett, 1990; Franke et al., 1991). The rate of drug application
was slightly slower in the Leutje & Patrick study than that
used here, and intracellular Ca2+ concentrations were not
buffered. Therefore one possible explanation for the discrep-
ancy between the two sets of observations is that the different
conditions could give rise to different degrees of desensi-
tization at the observed peak responses if the rates of desensi-
tization associated with the two drugs are different. None the
less, both sets of studies do illustrate the great sensitivity of
the neuronal receptors to nicotine.

Despite this sensitivity, the results described here and for
the chick a4fi2 combination are not consistent wtih Kd esti-
mates from binding studies of 1-10nm for the high affinity
(-)-nicotine binding site in rat brain (Wonnacott et al., 1990,
review). However, the equilibrium conditions under which
binding studies are carried out often involve prolonged expo-
sure of the receptors to high concentrations of agonist. This
favours desensitization, in which state the receptor may be
expected to have a higher affinity for nicotine than during the
less desensitizing conditions of electrophysiological assays.
The above results suggest that the subunits we have

expressed may mediate many of the effects of nicotine.
However, it should be noted that the recently cloned chick a7
subunit is also very sensitive to nicotine (Couturier et al.,
1990b). In addition, studies in Xenopus oocytes suggest that
neuronal ACh receptors incorporating the rat #4 subunit will
have different properties, including enhanced nicotine sensi-
tivity, when compared with receptors in which f2 is the only
non-a subunit (Duvoisin et al., 1989; Leutje & Patrick, 1991;
Papke & Heinemann, 1991). This is also true for the equiva-
lent subunits in chick (Couturier et al., 1990a). Therefore the
total response of the brain to nicotine will involve more sub-
units than those examined here. These considerations, desensi-
tization, and the possible involvement of uncloned subunits,
make nicotine sensitivity difficult to use, at present, as a test to
identify and discriminate between subtypes in the nervous
system.

Sensitivity of neuronal acetylcholine receptors to
psychoactive drugs

It is interesting to note that despite their structural diversity,
all the psychoactive antagonists tested were effective blockers
of neuronal nicotinic ACh receptors. The most potent of these
antagonists was mecamylamine. The estimated equilibrium
constant of mecamylamine for ACh receptors in ganglia is
50 nm (Ascher et al., 1979) and an IC50 of 200 nm has been
observed in PC12 cells (Lukas, 1989). This is somewhat lower
than the value of approximately 1 yM suggested by the results

obtained here (Table 3). The difference may arise because we
have not fully reproduced the pharmacological properties of
native ganglionic receptors with the combinations we have
introduced into oocytes. However, for combinations which are
representative of native receptors, the pharmacological
properties of these receptors are expected to be essentially
identical to those of equivalent receptors found in man. This is
because human muscle (Luther et al., 1989) and neuronal (x3:
Fornasari et al., 1990; #2: Anand & Lindstrom, 1990) nico-
tinic ACh receptor clones encode proteins with a very high
sequence identity with the equivalent rat subunits. Studies
such as these may therefore be useful in addressing drug
design problems.
The potent inhibitory action of the tricyclic antidepressant,

amitryptiline, on the nicotinic receptors expressed here illus-
trates this point. Amitriptyline has a tendency to induce
weight gain (Vendsborg et al., 1976) whereas nicotine addition
tends to inhibit it (Wack & Rodin, 1982). It therefore seems
possible that an anti-nicotinic action of amitriptyline could be
responsible for its weight gain side-effect. However, as noted
above, the related antidepressant desipramine blocks NMDA
receptors (Sernagor et al., 1989).
NMDA receptors are also blocked by mecamylamine

(O'Dell & Christensen, 1988) and PCP (MacDonald et al.,
1987). The observation that (+)-tubocurarine and MK-801
block both NMDA receptors (MacDonald et al., 1987; Hal-
liwell et al., 1989) and nicotinic ACh receptors (Ascher et al.,
1979; Kavanaugh et al., 1989; Amador & Dani, 1991) adds to
the pharmacological similarity of these ion channels. Inter-
estingly, (+)-tubocurarine, cocaine and ondansetron have also
been shown to block both 5-HT3 receptors (Higashi & Nishi,
1982; Richardson et al., 1985; Yakel & Jackson, 1988; Peters
et al., 1990) and nicotinic ACh receptors (Bertrand et al., 1990;
Vanner & Suprenant, 1990). However, ondansetron is 100-
1000 times more potent a blocker of 5-HT3 receptors than of
nicotinic ACh receptors and 5-HT3 receptors are relatively
insensitive to the ganglionic nicotinic antagonists, hexa-
methonium (Vanner & Suprenant, 1990) and trimetaphan
(Peters et al., 1990), and voltage recordings suggest that the
block of these receptors by (+ )-tubocurarine is voltage-
independent (Vanner & Suprenant, 1990). Despite these differ-
ences between the receptor classes, the pharmacological,
similarity is still strong enough to add to the difficulty of
interpreting electrophysiological and binding studies in neuro-
nal tissue. However, perhaps the most remarkable aspect of
the observations described here is the similarity in the degree
of block produced by these varied compounds.

Trifluoperazine is a potent blocker of central neuronal
nicotinic acetylcholine receptors

Pharmacological studies of TFP and other drugs used to
relieve the symptoms of schizophrenia have correlated their
anti-psycholtic potency with their anti-dopaminergic potency
(Creese et al., 1976; Seeman et al., 1976). Unlike TFP,
Prometh does not have antipsychotic activity and does not
inhibit vasopressin release (Dyball et al., 1968) (a hormone
whose circulating levels are increased by nicotine adminis-
tration, Seyler et al., 1986). These results suggest that Prometh
may be less anti-nicotinic than TFP.
We have seen above that 3.16.pM TFP can diminish the

ACh response of neuronal nicotinic ACh receptors to about
25% of its control value. Prometh will only inhibit ACh recep-
tors to about 60% of their control responses, and does not
show a time-dependent increase in block. Therefore, our
results suggest that in the brain there could be considerable,
selective inhibition of central nicotinic ACh receptors at thera-
peutic concentrations of TFP (0.5-5.0 pM). The existence of
excitatory presynaptic nicotinic receptors, which can elicit
dopamine release, has been shown in several studies (Connelly
& Littleton, 1983; Takano et al., 1983; Schulz & Zigmond,
1989; Rapier et al., 1990; Brazell et al., 1990). It therefore
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seems possible that TFP could block presynaptic nicotinic
ACh receptors and diminish their contribution to dopamine
release. This would help limit the number of postsynaptic
dopamine receptors that are activated, augmenting the drug's
postsynaptic blocking action associated with its antipsychotic
activity. Alternatively, nicotinic receptor blockade by anti-
psychotic drugs may be more important in the development of
side effects such as weight gain, inappropriate vasopressin
release syndrome and tardive dyskinesia. It has been noted
that smokers have a reduced risk of suffering from Parkin-
son's disease (Baron, 1986) and a protective effect for nicotine
has been suggested by Moss et al. (1989) who have found it to
be an effective adjunct to neuroleptic treatment for the
reduction ofmotor tics in Tourettes Syndrome.
The present results show the potential usefulness of phar-

macological studies on defined subunit combinations for iden-

tifying novel targets for therapeutic intervention and
improving the understanding of the mechanisms by which ill-
nesses produce their symptoms. In addition, the present study
demonstrates that it is feasible that neuronal nicotinic ACh
receptors make a significant contribution to the therapeutic
and adverse actions of psychoactive drugs in man.
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