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Abstract

Nicotinic acetylcholine receptors are pentameric ligand-gated ion channels, which are involved in a wide range of neuronal functions.
During the past decade, a large number of nicotinic acetylcholine receptor subunits have been cloned and showed a discreet yet
overlapping distribution pattern. Recently, several groups have produced mutant mice lacking specific nicotinic acetylcholine receptor
subunits. In this review, we focus on how the study of these knockout mouse models has advanced our understanding of the role
individual nicotinic acetylcholine receptor subunits play in the function and composition of endogenous receptors and the diverse
pharmacological actions of nicotine in the mammalian nervous system. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nicotinic acetylcholine receptors are expressed in mus-
Ž .cle, the central nervous system CNS and the peripheral

nervous system. Specific agonists of these receptors, such
as nicotine, exert diverse cellular and behavioural effects,
which include addiction, cognitive enhancement, antinoci-
ception, and seizure induction. Pharmacological experi-
ments with nicotinic receptor agonists and antagonists
have helped to elucidate the function of acetylcholine and
nicotinic acetylcholine receptors in the CNS and the pe-
ripheral nervous system. However, selective ligands for the
multiple isoforms of neuronal nicotinic acetylcholine re-
ceptors are still scarce. A recent approach, which may
overcome this limitation, involves genetic manipulations
that result in ‘‘knockout mice’’ with genomic null muta-
tions in the specific genes encoding for receptors, thus, in
essence, providing a highly selective, albeit irreversible,
‘‘antagonist’’. Although there are some inherent problems

Žwith this approach developmental requirements or com-
.pensatory effects, for example , these experiments provide

new insight into the pharmacology and functional role of
neuronal receptors in complex neurobiological systems. In
this review, we focus on knockout mice lacking a nicotinic
acetylcholine receptor subunit that have allowed a molecu-

) Corresponding author. Tel.: q33-1-45-68-88-05; fax: q33-1-45-68-
88-39.

lar dissection of nicotinic acetylcholine receptor subtypes
in the CNS and that have led to the identification of
particular nicotinic acetylcholine receptor subunits in-
volved in nicotine-elicited behaviours in addition to being
used as models of several human pathologies.

2. Using knockout mice as models

Since the pioneering work of Thomas and Capecchi
Ž .1987 on homologous recombination in mouse embryonic
stem cells, the generation of knockout mice has become a
powerful tool in the neuroscience field. This technology
involves embryonic stem cells grown in vitro and geneti-
cally modified by the substitution of a nonfunctional copy
of a given gene. These engineered embryonic stem cells
are then injected into mouse blastocysts and re-implanted
in a host mother’s uterus. Some of the resulting chimeric
mice contain the mutated embryonic stem cells in the germ
cell layer, thus allowing the mutation to be passed onto the
next generation. The resulting heterozygote mice can then
be inter-bred to produce homozygous mutant knockout

Ž .mice Orr-Urtreger et al., in press; Capecchi, 1989 .
In the past 5 years, the deletion of ligand-gated ion

channels in mice has provided a model system for human
Žpathologies, such as epilepsy GABA b3 receptor knock-A

. Ž .outs Homanics et al., 1997 , or neuropsychiatric disor-
Žders, such as memory impairments NMDA 1A receptor

. Ž . Žknockouts Tsien et al., 1996 , learning defects NMDA

0014-2999r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
Ž .PII: S0014-2999 00 00007-8
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. Ž2A receptor knockouts , or substance abuse b2 nicotinic
. Ž .acetylcholine receptor knockouts Picciotto et al., 1998 .

In addition, the role a neurotransmitter receptor plays in
cellular and pharmacological functions can be revealed,
such as in the modification of long-term potentiation or

Ždepression in the hippocampus NMDA 2B receptor
. Ž . Žknockouts Kutsuwada et al., 1996 , NMDA 2A receptor
. Ž .knockouts Sakimura et al., 1995 . In some cases, the

specificity of pharmacological compounds has been
Ždemonstrated b2 nicotinic acetylcholine receptor knock-

. Ž . Ž .outs Zoli et al., 1998 , GABA b6 receptor knockoutsA
Ž .Makela et al., 1997 . Knockouts of nicotinic receptor
subunits provide model systems for investigating the en-
dogenous role of nicotinic acetylcholine receptors and the

Ž .diverse effects of nicotine in the nervous system Table 1 .

3. Knockout of muscle nicotinic acetylcholine receptor
subunits

In humans, congenital myasthenic syndromes are het-
erogeneous disorders associated with point mutations in
muscle a1, b1, or ´ nicotinic acetylcholine receptor sub-
units. Many of these mutations were found in the ´ subunit
resulting in either nonfunctional receptors or ones with
altered allosteric properties. Symptomatic severe muscular
weakness occurs only when a mutation affecting channel
function or assembly is combined with a null mutation or

Žwhen null mutations are expressed on both alleles Ohno et
.al., 1996; Ohno et al., 1997 . Thus, knockout mice that

lack the ´ nicotinic acetylcholine receptor subunit provide
an animal model for congenital myasthenic syndrome.

During development, subunit composition changes oc-
cur at the neuromuscular junction, which are important for
the structural and functional maturation of the synapse. A
substitution of the adult ´ subunit for the fetal g subunit in

Žthe nicotinic acetylcholine receptor a2bdg becomes
. Ž .a2bd´ Mishina et al., 1986; Gu and Hall, 1988 coin-

cides with changes in the biophysical properties of the
acetylcholine-gated channels at motor endplates: the mean
channel conductance increases by approximately 50%, the
Ca2q permeability increases, and the mean open times of

Žthe channels decrease Fischbach and Schuetze, 1980;
.Siegelbaum et al., 1984; Villarroel and Sakmann, 1996 .

At the transcriptional level, the ´ subunit gene is activated
postnatally while the g subunit gene is down-regulated
Ž .Martinou and Merlie, 1991; Witzemann et al., 1996 .

The functional significance of this developmental sub-
unit switch was investigated using an ´ nicotinic acetyl-
choline receptor subunit gene knockout. Similar to human
patients, myasthenic symptoms were observed only in
homozygous mutant mice. They appeared normal up to 1
month of age after which, unlike in their wild-type litter-
mates, atrophy of skeletal muscle began concomitant with
a general weakness and cessation of body weight gain.



( )L.M. Marubio, J.-P. ChangeuxrEuropean Journal of Pharmacology 393 2000 113–121 115

At the molecular level, this developmental g to ´

subunit switch is partially responsible for the down-regu-
lation of the g subunit. In wild-type animals, the g subunit
is virtually undetectable 2 weeks after birth. In mutant
mice, on the other hand, muscles retain the same levels of
the g subunit from P5 to P12 and, thereafter, there is a
decrease in g subunit labelling; yet, it is still immuno-

Ždetectable until P74, the oldest age examined Missias et
.al., 1997 The distribution of the decreased, albeit persis-

tent, expression of receptors at the motor endplate was
different in the knockout and wild-type mice. Motor end-
plates appear morphologically similar at low magnifica-
tion, however, nicotinic acetylcholine receptors decrease in
density as mutant endplates continue to grow without a net

Žincrease of receptor number Witzemann et al., 1996;
.Missias et al., 1997 . Electrophysiological recordings in

muscle demonstrated early postnatal-like miniature end-
Ž .plate currents mEPC with longer time constants in 2-

week-old mutant animals, whereas wild-type animals dis-
played adult-like mEPCs with shorter time constants.
Accordingly, ´ knockout mice maintain functional g sub-
unit-containing nicotinic acetylcholine receptors at the neu-
romuscular junction. The lack of adult ´ subunit nicotinic
acetylcholine receptors was partially, but not sufficiently,
compensated by the prolonged maintenance of the fetal
nicotinic acetylcholine receptor subunit demonstrating the
requirement of the ´ subunit to achieve a functional adult
motor endplate.

4. The pharmacology of neuronal nicotinic acetyl-
choline receptors revealed using knockout mice

Neuronal nicotinic acetylcholine receptors are pen-
tameric proteins encoded by a large multigene family

Ž .consisting of at least seven a subunit a2–8 and three b

Ž .subunit b2–4 genes, which are expressed in discreet yet
overlapping patterns. In heterologous expression systems,
such as Xenopus oocytes, neuronal receptors are capable

Ž .of forming either functional homopentamers a7 or a8 ,
Ž .which are a-bungarotoxin a-BTX -sensitive or heteropen-

Žtamers most likely comprised of two a subunits a2, a3,
. Ž .a4, or a6 and three b subunits b2 or b4 forming

Ža-BTX-insensitive receptors Couturier et al., 1990; Sar-
.gent, 1993; McGehee and Role, 1995 The a5 subunit can

associate with a4rb2 or a3rb4 subunits and modify the
Žfunctional properties of these receptor complexes Conroy

et al., 1992; Ramirez-Latorre et al., 1996; Wang et al.,
.1996 The b3 subunit is likely to function in a similar

manner based on its sequence homology to the a5 subunit,
Žbut this has not yet been demonstrated Le Novere et al.,`

.1996 . The endogenous subunit composition of nicotinic
acetylcholine receptors is still not known. Patch clamp
recordings in brain slices reveal a complex receptor phar-
macology with often more than one type of receptor

Žexpressed in a single neuronal cell type Alkondon and
.Albuquerque, 1993 . In addition, both the rank order of

potencies of nicotinic receptor agonists and the single
channel conductance of nicotinic acetylcholine receptor in
vivo do not always coincide with the values found in

Ž .Xenopus oocytes McGehee and Role, 1995 .
An alternative approach to identify the diverse species

of nicotinic acetylcholine receptors is to examine, using
either electrophysiological or autoradiographic techniques,
the nicotinic acetylcholine receptors that remain in knock-
out mice. Four groups of receptors have been identified in

Ž .this way Zoli et al., 1998 and have extended the existing
Žclassification described using other methods Alkondon

. Ž .and Albuquerque, 1993 Table 2 .
Type 1 receptors are a-BTX-sensitive and are com-

posed of a7 nicotinic acetylcholine receptor subunits in
the mammalian CNS. Knockout mice deficient in the a7
nicotinic acetylcholine receptor subunit no longer contain
w125 xI a-BTX binding sites and, in addition, have no differ-

w3 xences in the high-affinity H Nicotine binding sites rela-
Ž .tive to wild-type littermates Orr-Urtreger et al., 1997 .

Other subunits, such as the a4 and b2 nicotinic acetyl-
choline receptor subunits, do not appear to contribute to
Type 1 receptors since neither b2 nor a4 knockout mice

w125 xshow differences in I -a-BTX binding when compared
Žto their wild-type littermates Zoli et al., 1998; Marubio et

.al., 1999 . Furthermore, a7 mutant mice completely lack a
detectable, inward, rapid, nicotine-elicited current in hip-

Žpocampal cells which in wild-type mice is blocked by
.methyllycaconitine , further implicating the a7 subunit’s

participation in the formation of Type 1 receptors in the
Ž .CNS Orr-Urtreger et al., 1997 .

Type 2 receptors represent the majority of a-BTX-in-
sensitive nicotinic acetylcholine receptors in the CNS and
contain either a2rb2 or a4rb2 subunits. A high potency
of epibatidine, a less potent response to nicotine and
dimethylphenylpiperazinium and a weak effect of cytisine
are the hallmark characteristics of these receptors initially

Ždescribed in cultured rat hippocampal neurons Alkondon
.and Albuquerque, 1993 . In wild-type mice autoradiog-

w3 xraphy of brain slices incubated with H Epibatidine and
w3 xH Nicotine reveal high-affinity sites in most brain re-
gions with a high level of binding in the thalamus, a
moderate level of binding in the cortex and a low level of

w3 xbinding in the hippocampus. In contrast, H Epibatidine
w3 xand H Nicotine binding are no longer detectable in these

Žregions in neither b2 nor a4 knockout mice Zoli et al.,
.1998; Marubio et al., 1999 . The comparison of binding

data obtained in b2 and a4 knockout mice suggests that
w3 x w3 xthe vast majority of H Epibatidine and H Nicotine bind-

ing in the brain contains both a4 and b2. Some binding
present in a4 but not b2 knockout mice demonstrate,
indeed, that minor populations of non-a4rb2-containing
receptors are present in the interpeduncular nucleus, the
superior colliculus and in the substantia nigra. Based on in

Žsitu hybridization studies Wada et al., 1989; Le Novere et`
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.al., 1996 , these binding sites are most likely formed by
a2rb2-containing receptors in the interpeduncular nu-
cleus and a3-or a6rb2-containing nicotinic acetylcholine

Žreceptors in the substantia nigra Zoli et al., 1998; Marubio
.et al., 1999 .

Autoradiography experiments also reveal Type 3 nico-
tinic acetylcholine receptors. This group does not contain

w3 xa4, a7, or b2 subunits, and binds H Epibatidine with
high affinity, but not cytisine or nicotine in equilibrium
binding experiments. The interpeduncular nucleus, medial
habenula, fasciculus retroflexus, area postrema, nucleus
tractus solitarii, and dorsal motor nucleus of the vagus

w3 xnerve all retain H Epibatidine binding sites in both the
a4 and b2 homozygous mutant mice. Patch clamp record-
ings in the medial habenula and the dorsal motor nucleus
of the vagus of b2 knockout mice showed an agonist rank
order of potency of epibatidine4nicotinescytisines

Ž .dimethylphenylpiperazinium Picciotto et al., 1998 , which
is consistent with a3b4 receptors expressed in Xenopus

Ž .oocytes Luetje and Patrick, 1991 . Moreover, the distribu-
tion of Type 3 binding correlates well with the mRNA
distribution of a3 and b4 subunits further suggesting an
a3rb4 subunit composition for Type 3 receptors.

Type 4 receptors can be found in the dorsal cortex of
the inferior colliculus, the dorsal tegmentum of the rostral
medulla oblongata, the medial habenula, and the interpe-
duncular nucleus. Like Type 3 receptors, Type 4 receptors
do not contain the b2 nicotinic acetylcholine receptor

w3 xsubunit, bind H Epibatidine with high affinity, and bind
w3 xH Nicotine with low affinity. In contrast, they bind
w3 xH Cytisine with a high affinity and desensitize faster than
Type 3 receptors recorded in the medial habenula. The
putative subunit composition of Type 4 receptors may be

Ža4rb4 or a2rb4 Wada et al., 1989; Dineley-Miller and
.Patrick, 1992; Zoli et al., 1998 .

Therefore, the available data on nicotinic acetylcholine
receptor subunit knockout mice confirm that at least four
classes of neuronal nicotinic acetylcholine receptors in the
mouse brain can be distinguished by their binding proper-
ties, distribution and cellular response to nicotinic receptor
agonists. The precise contribution of other nicotinic acetyl-
choline receptor subunits, such as a2, a3, a5, a6, b3,
and b4, remains to be elucidated with the appropriate
knockout mice.

5. Behavioural analysis of knockout mice

Simple or complex behaviour in animals can be ana-
Ž .lyzed at several different levels: 1 the system level

Ž . Ž .sensory or motor, for example ; 2 the network level
concerning the interactions between individual neurons;

Ž .and 3 the molecular level involving the molecules, which
contribute to intercellular signalling. At any point along
the way, the absence or modification of a critical compo-

Ž .nent in the absence of a compensatory element results in
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an alteration of behaviour. Thus, knockout mice provide
useful models for investigating the contribution of a given
molecule in a specific behaviour.

Nicotine administration improves information acquisi-
tion and memory retention in rodents and information

Ž .processing in humans Levin, 1992 . Therefore, the cogni-
tive effect of nicotine in the b2yry mice was examined
using the passive avoidance test. This test measures an

Žanimal’s latency to perform a highly probable response in
this case, entry from a well-lit chamber into an adjacent

.dark chamber for which it had been previously punished
during the training session. The b2 knockout mice tested
for the retention of an avoidance response 24 h later
showed marked differences from their wild-type litter-

Ž .mates. Low doses of nicotine 0.01 mgrkg increased the
latency of entry into the dark chamber significantly in
wild-type mice, but did not change the performance of
b2yry mice. Thus, b2-subunit-containing receptors are
an important component in mediating this effect of nico-
tine. Interestingly, the latency of entry into the dark cham-
ber was significantly longer in vehicle-injected mutant
mice than in their wild-type littermates, suggesting that
b2-containing nicotinic acetylcholine receptors mediate
the endogenous actions of acetylcholine in this behaviour.

6. Nicotine addiction

The reinforcing properties of many drugs of abuse, such
as cocaine, ethanol, amphetamine and nicotine, are thought
to be principally mediated by their interactions with the
mesotelencephalic dopaminergic system. Nicotine, admin-
istered systemically, acts by binding to nicotinic acetyl-
choline receptors on either the cell soma in the substantia
nigra and ventral tegmental area andror nerve terminals in

Ž . Žthe dorsal and ventral nucleus accumbens striatum Grady
.et al., 1992 , therefore activating these cells and causing an

increase in extracellular dopamine levels in the dorsal and
Ž .ventral striatum Pontieri et al., 1996 . Many lines of

evidence support this view. Systemic nicotine increases
burst activity in vivo in midbrain dopaminergic neurons
Ž .Grenhoff et al., 1986 , suggesting a burst-sequence-related

Ž .release of dopamine Gonon, 1988 . Nicotine, administered
systemically, preferentially increases dopamine release in
the nucleus accumbens when compared to the dorsal stria-

Ž .tum Imperato et al., 1986 . This release is blocked by
locally administered nicotinic receptor antagonists in the
somato-dendritic region of the ventral tegmental area
dopaminergic neurons, but not in the nucleus accumbens
Ž .Nisell et al., 1994 . Nicotine self-administration is attenu-
ated by lesions of the mesolimbic dopamine neurons
Ž .Clarke et al., 1988; Corrigall et al., 1992 and by nicotinic
receptor antagonists microinfused specifically into the ven-

Ž . Žtral tegmental area but not the nucleus accumbens Cor-
.rigall et al., 1994 . At least six of the identified nicotinic

acetylcholine receptor subunits are expressed in mesen-

Žcephalic dopaminergic neurons a3, a4, a5, a6, a7, b2,
. Ž .and b3 Le Novere et al., 1996; Pidoplichko et al., 1997 .`

In view of the lack of selective antagonists, knockout mice
offer a unique opportunity to evaluate the contribution of
nicotinic acetylcholine receptor isoforms to the reinforcing
action of nicotine. The regulation of nicotine-elicited
dopamine release and self-administration behaviour was
investigated with the b2yry mutant mice.

In vivo microdialysis experiments, which detected
dopamine levels in the striatum, showed a dose-dependent
nicotine-elicited increase in dopamine levels in wild-type
animals but not in knockout animals, implicating b2-sub-
unit-containing nicotinic acetylcholine receptors in the
pharmacological release of striatal dopamine. Moreover,
the nicotine-elicited increase of discharge frequency of
dopaminergic neurons of the substantia nigra and ventral

Žtegmental area found in wild-type animals at concentra-
tions of nicotine similar to those found in the arterial blood

.of smokers during cigarette consumption was absent in
knockout mice.

Nicotine self-administration was also tested in mutant
and wild-type mice. A catheter in the jugular vein was

Žimplanted that delivered either cocaine during the training
. Ž .session or low doses of nicotine during the test period in

response to specific nose-poking activity. Both wild-type
and knockout mice demonstrated self-administration activ-
ity during the training session, indicating that mutant mice
are capable of learning this behaviour. After the switch to
nicotine, however, knockout mice progressively ceased
self-administration activity, while the wild-type mice con-
tinued for 5 days following the nicotine substitution, sug-
gesting that the b2 nicotinic acetylcholine receptor subunit
is an essential component to mediating the addictive ef-

Ž .fects of nicotine Picciotto et al., 1998 .

7. Aging, antinociception, and nicotinic receptors

A decrease in high affinity nicotine binding sites and
other impairments in the cholinergic system are consis-
tently found in human dementias and are thought to play a
role in the cognitive deficits found in demented patients
Ž .Kasa et al., 1997 . In rats, treatment with nicotinic recep-
tor antagonists or lesions in the cholinergic system can

Žimpair performance on cognitive tasks McGurk et al.,
.1989; McGurk et al., 1991; Elrod and Buccafusco, 1991 .

Moreover, recent studies suggest that smoking may delay
the onset or reduce the incidence of Parkinson’s and

ŽAlzheimer’s disease via a neuroprotective effect Levin
.and Simon, 1998 . Furthermore, the activation of nicotinic

acetylcholine receptors by in vitro nicotine administration
has been shown to protect striatal neurons against the
neurotoxicity mediated by the NMDA subtype of gluta-

Ž .mate receptors Marin et al., 1994 as well as the toxicity
in cortical neurons caused by b-amyloid, the major com-

Ž .ponent of senile plaques Kihara et al., 1998 . However, no
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direct evidence for the impact of chronic loss of nicotinic
acetylcholine receptors on neural tissue structure is avail-
able. Therefore, age-related neuroanatomical, biochemical,
and cognitive parameters in mice lacking the b2 nicotinic
acetylcholine receptor subunit during aging were examined
Ž .Zoli et al., 1999 .

Two-year-old b2 knockout mice showed tissue hy-
potrophy, neuronal loss and astrogliosis and microgliosis

Ž .in specific, localized cortical regions Zoli et al., 1999 ,
areas that are particularly vulnerable to the aging process
Ž .Coleman and Flood, 1987 . The loss of the b2 subunit
itself, however, was not sufficient to cause neuro-degener-
ation since areas like the thalamus had no detectable
anatomical differences between knockout and wild-type
mice, even though in wild-type mice, this area contains the
highest concentration of b2 nicotinic acetylcholine recep-
tor subunits. Thus, the absence of the b2 subunit may
contribute to some of the degenerative processes that are
ongoing in the mouse brain during aging and correlates
with the loss of neurons, in particular, brain regions during
pathological aging such as in Alzheimer’s disease.

In accordance with this hypothesis, the loss of the b2
subunit and high affinity nicotine binding sites is not
sufficient to cause deficits in spatial learning. In the Morris
water maze, 1-year-old, adult knockout and control mice
were able to localize a hidden platform equally well;
however, 2-year-old, aged knockout mice learned at a
significantly slower rate. A possible explanation for this
phenomenon is that in young animals, other systems might
compensate for a b2-containing nicotinic acetylcholine
receptor deficit. An aged brain, however, might contain
deficits that reveal the effects of the absence of b2-con-
taining nicotinic acetylcholine receptors in a spatial learn-
ing task. This is consistent with recent experiments show-
ing that lesions in cholinergic neurons cause little or no

Ž .impairment in spatial learning Chappell et al., 1998
unless other neurotransmitter systems are also impaired
Ž .Gallagher and Colombo, 1995 .

Thus, b2 knockout mice have anatomical and be-
havioural deficits similar to those found in pathological
aging; therefore, these mice may serve as a useful model
for the study of dementias.

The antinociceptive properties of nicotine were first
Ž .reported over 60 years ago by Davis et al. 1932 ; how-

ever, this effect was largely overlooked as the doses
required for analgesia are just below seizure-eliciting con-
centrations. The discovery of new nicotinic receptor ago-

wŽ . Žnists, such as epibatidine and the creation of R -5- 2-
. xazetidinylmethoxy -2-chloropyridine , more commonly

Žknown as ABT-594, Spande et al., 1992; Bannon et al.,
.1998 , once again cast light upon nicotinic antinociception.

These compounds have been shown to be 100 times more
Žpotent than morphine in models of acute pain Qian et al.,

.1993; Bannon et al., 1998 . Nicotinic receptor agonists
exert antinociceptive effects by interacting with one or
more of the nicotinic acetylcholine receptors present in the

pain pathway. The mechanism of action of antinociception
Žwas investigated using knockout mice Marubio et al.,

.1999 . Normal baseline responses to thermal stimuli with
the hot-plate and tail-flick tests did not differ in a4 and b2
mutant mice vs. their wild-type littermate controls, sug-
gesting that these two subunits are not essential in the
perception of acute thermal nociception.

Using the hot-plate test, a4qrq mice showed a
dose-dependent antinociceptive response to nicotine. In
contrast to wild-type littermates, no dose of nicotine or
epibatidine tested caused an antinociceptive response that
was significantly different from saline in a4yry mice.
b2yry mice also exhibited a vastly reduced antinoci-
ceptive response at all doses of nicotine tested.

In contrast, nicotine was able to cause dose-dependent
analgesia in the tail-flick test in a4qrq and a4yry
mice and b2qrq and b2yry mice. However, in both
cases, the dose–response curve for the mutant mice was
shifted to the right signifying a decrease in sensitivity to
nicotine in mutant mice. Thus, both the a4 and the b2
nicotinic acetylcholine receptor subunit contribute to the
antinociceptive effects of nicotine, though to a larger ex-
tent in the hot-plate test, which primarily reflects activation
of supraspinal regions.

The thalamus, raphe magnus, pedunculopontine tegmen-
tal nuclei and the dorsal horn of the spinal cord play an
important role in the nicotinic antinociceptive pathways
ŽAceto et al., 1986; Iwamoto, 1991; Jurna et al., 1993;

.Bitner et al., 1998 . Equilibrium binding experiments
showed the loss of high-affinity nicotine and epibatidine
binding sites in these areas in a4yry and b2yry
mice. Consistent with this finding, patch clamp recordings

Žfrom serotonergic neurons in the raphe magnus identified
.by their response to serotonin and neurons in the thalamus

demonstrated a loss of nicotine-elicited currents in a4y
ry and b2yry mice, suggesting a contribution of the
a4 and b2 nicotinic acetylcholine receptor subunits to
functional receptors in areas implicated in supra-spinal
nicotine-elicited antinociception. In contrast, neurons in

Ž .the superficial layers I–III of the dorsal horn of the
spinal cord of a4yry and b2yry mice still dis-
played a nicotine-elicited, dose-dependent augmentation of
the frequency of postsynaptic currents.

Disruption of the a4 and the b2 nicotinic acetylcholine
receptor gene demonstrates that these receptor subunits are
an important, though not exclusive, component of the
nicotinic pain pathways and most likely cooperate to medi-
ate the antinociceptive effect of nicotine. Specific phar-
macological compounds, which target these receptors, may
prove to be therapeutically useful for analgesia.

8. Conclusions and future directions

The differential contribution of single nicotinic acetyl-
choline receptor subunits in the various pharmacological
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actions of nicotine has been difficult to assess. To date,
knockout mouse technology has helped to elucidate the
function of the ´ subunit at the neuromuscular junction,
the contribution of the a7, b2 and a4 subunits in the
pharmacological profiles of subunit subtypes, and the a4
and b2 subunits in behaviour. Further studies investigating
other effects of nicotine in these knockout mice are antici-
pated as well as knockouts of other subunits. New genetic
technology provides the means to introduce specific muta-
tions within a given gene and, thus, to test for the be-
havioural consequences of such mutations. Inducible
knockout and knockin systems can be used if the deletion
of a gene has lethal consequences or creates a developmen-
tal abnormality. In addition, region-specific knockouts and
knockins might be used to investigate the specific role of a
subunit in a defined brain structure. These advances will
help shed light on the role of nicotinic acetylcholine
receptors in brain function.
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