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Abstract

The function of nicotinic acetylcholine receptors in the main central systems has been documented in the past decade. These studies

focused mostly on the synaptic functions, although acetylcholine is released dominantly into the extrasynaptic space and the majority of

nicotinic acetylcholine receptors on remote neurons are found on extrasynaptic membranes. Here, we show further evidence for the role of

nonsynaptic nicotinic functions in the cognitive and the reward system. Dendrites of g-amino-n-butyric acid (GABA)-containing

interneurons of the hippocampus are densely equipped with nicotinic acetylcholine receptors. These cells play an important role in memory

processing. We analysed the effects of nicotinic acetylcholine receptor stimulation on the Ca2+ dynamics of interneurons in different dendritic

compartments. We also investigated the role of nicotinic receptors in the nucleus accumbens where nicotine stimulated vesicular dopamine

release via activation of receptors located on varicosities. Nicotine produced comparable effects with 3,4-methylenedioxymethamphetamine

(MDMA, ecstasy) on dopamine release. These examples demonstrate that nonsynaptic nicotinic acetylcholine receptors can effectively

influence activity pattern of neural networks in key structures of central systems.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Discoveries of postsynaptic nicotinic acetylcholine

receptors have forced reconsideration of the previous widely

held view that all central nicotinic acetylcholine receptors

are presynaptic. Activation of nicotinic acetylcholine

receptors alters a variety of cognitive and behavioural

functions within the diffuse terminal field of central

cholinergic projections. Nicotinic acetylcholine receptors

are integral membrane proteins composed of five subunits

selected from the set of a2–a9 and h2–h4 (Lindstrom,

1995). The multiplicity of subunits may have clinical

relevance if we will be able to selectively modulate different
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nicotinic function in various parts of the brain, and separate

the beneficial effects from the unwanted side effects of

nicotine administration using subtype-specific ligands. In

the human brain the high level of nicotine binding (Perry et

al., 1993; Rubboli et al., 1994) should provide the structural

basis for the role of nicotinic receptors in learning and

memory. The addictive power of nicotine during smoking

may be linked to the known potential of nicotinic acetylcho-

line receptors to improve synaptic plasticity in regions of the

brain reward system including the ventral tegmental area

and the nucleus accumbens (Dani et al., 2001).

Interneurons of the hippocampus exhibit radioactive a-

bungarotoxin labelling and g-amino-n-butyric acid (GABA)

immunoreactivity (Adams et al., 2001). Nearly all of the

interneurons in the stratum radiatum of the hippocampal

CA1 region show dense radioactive a-bungarotoxin binding

(Frazier et al., 1998b). On these interneurons a3, a4, a5,

a7, h2, h3 and h4 subunits can be found (Sudweeks and
logy 500 (2004) 499–508
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Yakel, 2000, Hill et al., 1993; Kawai et al., 2002).

Interestingly, postsynaptic a7 nicotinic acetylcholine recep-

tors are found in activity-dependent clusters at GABAergic

synapses (Kawai et al., 2002). There are several observa-

tions demonstrating the existence of nicotinic acetylcholine

receptors at nonsynaptic sites (Fabian-Fine et al., 2001; Hill

et al., 1993; also Horch and Sargent, 1995; Williams et al.,

1998; Ullian and Sargent, 1995).

Hippocampal inhibitory interneurons, especially stratum

radiatum cells, can be excited by activation of nicotinic

acetylcholine receptors if nicotinic currents were isolated by a

synaptic cocktail (Jones and Yakel, 1997; Frazier et al.,

1998a; McQuiston and Madison, 1999; Alkondon et al.,

1997). These interneurons are able to inhibit the output of a

large number of principal excitatory neurons providing

possibility of a nicotine-induced disinhibition. The existence

of both a7 and non-a7 nicotinic acetylcholine receptors

(Alkondon and Albuquerque, 2001; Sudweeks and Yakel,

2000; Shao and Yakel, 2000; McQuiston andMadison, 1999;

Frazier et al., 1998b; Jones and Yakel, 1997) were shown.

Functional nicotinic acetylcholine receptors were further

shown in stratum radiatum interneurons by current responses

to carbachol uncaging (Khiroug et al., 2003). In 15–20% of

stratum radiatum interneurons fast synaptic transmission is

mediated via nicotinic receptors (Alkondon et al., 1998;

Frazier et al., 1998a). The net effect of nicotinic stimulation in

stratum radiatum interneurons is an inhibition on the

pyramidal neurons (Buhler and Dunwiddie, 2002). However,

disinhibition may appear in pyramidal neurons when the

GABAergic input exhibits high spontaneous activity (Ji and

Dani, 2000). More than 85% of cholinergic varicosities are

nonsynaptic in cortical areas and in the hippocampus

(Descarries and Mechawar, 2000). Therefore, the released

acetylcholine diffuses dominantly in the extrasynaptic space

to reach its target receptor, which should be on the

extrasynaptic surface of the remote neurons.

It has been suggested that addiction to nicotine is also

linked to an increase in dopamine release via activation of

the h2 subunit-containing presynaptic nicotinic acetylcho-

line receptors in mesolimbic dopamine neurons (Corrigall et

al., 1992; Rasmussen and Swedberg, 1998). An important

anatomical substrate of brain reward mechanisms is the

nucleus accumbens. Administration of abused drugs acti-

vates the reward pathways and increases dopamine concen-

trations in the synaptic cleft and the extracellular space (Di

Chiara and Imperato, 1988; Volkow et al., 1997). It is

generally accepted that dopamine released in this structure

plays a central role in reward processes thus it is heavily

involved also in addiction mechanisms (Wise and Bozarth,

1987; Koob, 1992). Anatomically, the nucleus accumbens is

not a homogenous structure since it can be divided into two

markedly different parts, the shell and the core (Alheid and

Heimer, 1988). Recent data clearly show that the two

subregions are functionally different (Sellings and Clarke,

2003). The medial part of the nucleus accumbens, the shell,

participates in the development of reward while the lateral
part, the core, is the mediator of behavioural activation.

Regarding the addictive potential of nicotine, it is reason-

able to assume that the nucleus accumbens is also involved

in the addiction to smoking. Previously it has been shown

that intravenous administration of nicotine induced an

increase of dopamine release in the shell but not in the

core (Pontieri et al., 1996). In the present study, we provide

evidence that the phenomenon can be observed also in

anaesthetized rat, where the possible interference of

behavioural factors can be excluded. In addition, the

subcutaneous injection of nicotine, in contrast to intra-

venous administration, better resembles to smoking in that

nicotine concentration develops gradually.

Blood level of nicotine in smokers may reach the firing

threshold in ventral tegmental area neurons leading to

dopamine release in the nucleus accumbens. The nicotine

concentration in the blood of smokers is ranging between 250

and 500 nM for about 10 min after smoking a cigarette

(Henningfield et al., 1993). During the first minute of

smoking a cigarette, blood level of nicotine goes up to 250

nM (Henningfield et al., 1993). The distribution half-life of 8

min and the elimination half-life of 2 h together result in

activation of nicotinic acetylcholine receptors then the

prolonged low level of nicotine will favour desensitisation

(Pidoplichko et al., 2004). The long half-life of nicotine and

slow recovery from desensitisationmay explain why smokers

report that the first cigarette is the most pleasurable of the day

(Dani and Heinemann, 1996). Because a relatively low

concentration of nicotine can be reached during smoking, the

most likely effect of this drug is on the receptors of high

affinity. Synaptic receptors usually respond to extreme (in the

order of mM) high concentrations of transmitters, while

receptors located on the extrasynaptic surface of the neuron

participate in nonsynaptic transmission, and are sensitive to

much lower concentrations making them the most likely

targets of medicines (Vizi, 2000). Therefore, it seems

reasonable to assume that the main mechanism through

which nicotine achieves its central effects is the activation

and/or desensitisation of nonsynaptic receptors.

Here we show evidence for various functions of non-

synaptic nicotinic acetylcholine receptors in the hippo-

campus, where the nicotinic modulation of the GABAergic

neurons has been investigated, and in the nucleus accum-

bens, an important structure of the reward system, where the

effects of nicotine on dopamine release from dopaminergic

terminals have been studied.
2. Materials and methods

2.1. Electrophysiology

Transverse slices (300 Am) containing the hippocampus

from 16- to 19-day-old Wistar rats were dissected as

described previously (Zelles et al., 2001). Interneurons in

the stratum radiatum of the CA1 hippocampal subfield were
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visualized under video infrared-DIC. For current clamp

recordings electrodes were filled with 125 mM K-gluconate,

20 mM KCl, 10 mM HEPES, 10 mM Di-Tris-salt

phosphocreatine, 0.3 mM Na-GTP, 4 mM Mg-ATP, 10

mM NaCl and 112 AM Oregon Green BAPTA-1. Synaptic

stimulation was performed with a unipolar glass micro-

electrode filled with artificial cerebrospinal fluid (ACSF).

Stimulus intensity was always maintained at a minimum to

reach the threshold of synaptic responses. Data acquisition

and analysis were performed using an Axopatch-1D

amplifier and pClamp8 (Axon Instruments, USA).

2.2. Two-photon imaging

Imaging was performed using a custom-made two-

photon laser scanning system consisting of a modified

confocal microscope (Olympus Fluoview, Germany) and a

titanium–sapphire laser (Millenia/Tsunami, SpectraPhysics,

USA) providing 100 fs pulses at 80 MHz at a wavelength of

820 nm. High-time-resolution fluorescence measurements

were obtained in line-scan mode (6.144 ms temporal

resolution) after zooming onto a dendritic section. Data

recording was started 20–25 min following break-in. At

the end of each experiment, a series of images across the

depth of the volume encompassing the imaged neuron was

taken. Image data were analysed off-line using a custom-

made program written in Matlab. Fluorescence traces are

expressed as relative fluorescence changes [DF/F=(F�F0)/

F0], where F0 is the background-corrected pre-stimulus

fluorescence. Drugs were administered using a puffer

pipette placed 50–100 m from the imaged cell body and a

pressure ejection device (DAD-12, ALA Scientific Instru-

ments, NY, USA).

2.3. [3H]dopamine release experiments

Male Wistar rats weighing 120–150 g were anaesthetised

and decapitated. One group of rats were intraperitoneally

injected daily with reserpine (5 mg/kg) for 2 days before the

experiment. Brains were removed and rinsed in Krebs

solution. Slices of the microdissected tissue samples from

the nucleus accumbens were loaded with [7,8 3H]dopamine

(Amersham International Plc, UK) for 40 min at 37 8C in

Krebs solution and aerated with 95% O2 and 5% CO2.

Slices were then superfused with Krebs solution at 37 8C at

a rate of 1 ml/min. After the pre-perfusion period (60 min)

3-min samples of the effluent were collected and assayed for

radioactivity by liquid scintillation spectroscopy (Packard

Tri-Carb 1900TR; USA). The tissues were electrically

stimulated (2 Hz for 2 min). Radioactivity was expressed

as disintegrations per minute per gram of tissue (Becquerel/

g) or as fractional release (FR), i.e. as a percentage of the

total radioactivity in the tissue at the time of sample

collection. The effects of drugs were determined as the

ratio of FR values in the presence of the drug and the FR

values before the drug reached the slices (FRR2/FRR1).
2.4. Microdialysis experiments

Male Wistar rats (280–350 g) were anaesthetised with

urethane (1300 mg/kg). The animals were placed in a

stereotaxic frame and a homemade I-shaped dialysis probe

(membrane: Spectrapor, permeability: 6000 D MW, 0.2 mm

outer diameter, 2 mm active length) was implanted into the

core or shell of the nucleus accumbens. The probe was

perfused with a modified Ringer’s solution at a rate of 2.0

Al/min (CMA 100 microdialysis pump, Carnegie, Sweden).

Following the stabilization of dopamine release, after a 60-

min equilibrium period, 15-min samples were collected.

After collection of four basal samples, the animals received

a subcutaneous injection of nicotine (0.8 mg/kg) and the

effect was studied in the next 60 min. The placement of the

probe was verified post mortem by stereomicroscopic

examination. Animal procedures complied with the NIH

guidelines. The dopamine content of samples was deter-

mined by High Pressure Liquid Chromatography consisting

of a Shimadzu LC-10ADVP pump (Kyoto, Japan), a

Coulochem II electrochemical detector (ESA, USA) and

an electrically actuated injection valve with a 20 Al loop
(VALCO, Switzerland). Separation was achieved on a

reversed-phase column (Supelco LC-18-DB, Bellefonte,

USA). Chromatograms were collected and analysed by the

MAXIMA 820 chromatography software. The detection

limit of the assay was 0.2–0.3 pg/sample (on column).

2.5. Statistical analysis

Results were expressed as meansFS.E.M. and analysed

using one-way analysis of variance (ANOVA) followed by

Tukey–Kramer multiple comparisons test. Statistical signifi-

cance was set at Pb0.05. For the microdialysis experiments

the average concentration of three samples before treatment

was taken as 100% and all values were expressed relative to

this control.

2.6. Materials

(�)-Nicotine hydrogen tartarate and (F)-3,4-methylene-

dioxymethamphetamine hydrochloride (MDMA) were pur-

chased from Sigma-Aldrich, Budapest, Hungary. Reserpine

was obtained from Gedeon Richter, Budapest, Hungary. All

chemicals used were of analytical grade.
3. Results

3.1. Functional nonsynaptic nicotinic receptors in dendrites

of interneurons

Ca2+ dynamics in dendrites of hippocampal CA1 inter-

neurons was revealed by two-photon laser scanning imaging

of Oregon Green BAPTA-1-filled cells in the stratum

radiatum. The rapid pressure application of acetylcholine



Fig. 1. CA1 stratum radiatum interneurons of the hippocampus express functional nAChRs. (A) Stratum radiatum interneurons in the CA1 region of the

hippocampus were filled with Oregon Green BAPTA-1 (112 AM) via a patch pipette. Collapsed two-photon image stack of an Oregon Green BAPTA-1-filled

interneuron. (B) Application of acetylcholine (ACh) in 1 mM concentration produced reproducible increases in the intracellular Ca2+ concentration. (C) Ca2+

responses appear both in the somatic and the dendritic compartments.
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produced reproducible increases in the intracellular Ca2+

level (Fig. 1B). Large Ca2+ transients were observed in

neurons, which fired many action potentials in the presence
Fig. 2. Nicotinic receptor stimulation-evoked Ca2+ signalling in different regions

nicotinic acetylcholine receptor stimulation in spines and dendrites. (B) In bifurcat
of the agonists (10 cells out of 24; see example traces in Fig.

1C). Atropine (1 AM) was present in the bath throughout the

experiment in order to exclude the muscarinic acetylcholine
of CA1 interneurons. (A) Example traces showing homogenous effects of

ions of dendrites responses were maintained in both dendrites.



Fig. 3. Plastic properties of nAChRs located on dendrites of hippocampal

interneurons. (A) Choline puff application and coincident backpropagating

action potentials (bAPs) produced larger Ca2+ accumulation in response to

bAPs. (B) Simultaneous firing of the cell prevented the generation of bAP-

evoked Ca2+ transients.
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receptor-mediated effects. Following the pressure ejection,

the concentration of the nicotinic agonists diluted out in a

large extent, especially in case of dendrites at 20–50 Am
depths. Nicotinic agonists could produce rises in the intra-

cellular Ca2+ level without firing of action potentials (Fig. 2)

suggesting a direct dendritic site of action. Therefore, it is

reasonable to assume that most of the receptors that mediated

this effect were nonsynaptic high-affinity nicotinic acetyl-

choline receptors of the interneurons. Ca2+ responses in

different regions of the cells were largely intact: both the

somatic and the dendritic compartment responded with

comparable amplitude (Fig. 1C). In order to map the region

specificity of the responses, we compared nicotinic acetyl-

choline receptor stimulation-evoked Ca2+ transients at

dendritic compartments in the absence of action potentials.

A fraction of interneurons contained a few dendritic spines,

which responded to acetylcholine in a similar fashion to their

adjacent dendrites (Fig. 2A). Different dendrites near the

bifurcation still showed Ca2+ responses to rapid nicotinic

stimulation (Fig. 2B). Choline activates a7 receptors

(producing whole cell currents) in hippocampal neurons

with an EC50 of 1.6 mM (Alkondon et al., 1997; Mike et al.,

2000). In our study choline acted with similar potency as

acetylcholine to produce intracellular Ca2+ accumulation in

dendrites of hippocampal interneurons (Fig. 2B) suggesting

that the a7 subunit of nicotinic acetylcholine receptors was

involved in the acetylcholine-mediated actions.

3.2. Effect of nicotinic receptor stimulation depends on the

firing properties

Short trains of backpropagating action potentials were

evoked by somatic current injection (90–170 pA, 15 ms, 5

action potentials, 29 Hz) to induce dendritic Ca2+ responses

(Fig. 3A). Pressure application of choline sensitised the

Ca2+ response to backpropagating spikes: the same current

injection produced 8–10 action potentials (n=3 cells, Fig.

3A). Choline was able to make cells fire action potentials

(5–6 Hz) for longer time periods. The evoked 29 Hz trains

of action potentials failed to induce Ca2+ elevations under

these circumstances (Fig. 3B). This indicates that the

nicotinic acetylcholine receptor stimulation is capable to

facilitate or depress the response to a high frequency train

depending on the spontaneous firing.

3.3. Nicotinic facilitation of synaptic responses in dendrites

of interneurons

In stratum radiatum interneurons synaptic stimulation

causes dendritic Ca2+ responses, which restrict to 12–14-

Am-long compartments along the dendrite (Rozsa et al.,

2004). Coincident stimulation of nicotinic acetylcholine

receptors enhanced the synaptically evoked Ca2+ transients

in these compartments (Fig. 4A). The facilitation, induced

by the pressure ejected nicotinic agonist, disappeared after

washing out the drug (Fig. 4B). Interestingly, the length of
the compartment showed a threshold-dependent change

when the net Ca2+ response within the compartment

substantially increased. The nicotinic facilitation of the

evoked synaptic response rather focused on the central

region of the compartment (Fig. 4C).

3.4. Effect of nicotine on dopamine release in vitro

After the slices from the isolated tissue punches from the

nucleus accumbens had been loaded with [3H]dopamine, the

resting release of radioactivity was 9460F689 Bq/g

(FR=0.73F0.04%; n=32), and was maintained throughout

the superfusion experiment. The two subregions were not

separated in these experiments. MDMA and nicotine

significantly increased the resting release of dopamine

(Fig. 5A,B). The release of dopamine produced by MDMA

and nicotine were compared while nicotine induced a large

dopamine release within 30 s (Fig. 5A), MDMA perfusion

had to be maintained for several minutes to produce a

similar amount of release. In order to determine the release

mechanism of nicotine-induced dopamine release we used

reserpine pretreatment to exclude the effect through the

transmitter containing synaptic vesicles. Electrical stimula-



Fig. 4. Stimulation of nicotinic acetylcholine receptors facilitates synaptic stimulation-evoked Ca2+ accumulation in dendrites of interneurons. (A) Three-

dimensional demonstration of synaptic stimulation-evoked Ca2+ responses in a 14-Am-long dendritic segment of a CA1 interneuron. Red arrows denote the

time of synaptic stimulation. The original materials were line scan images going parallel with the dendritic segment. (B) Amplitudes of the evoked Ca2+

responses (DF/F values) are plotted against time. Note the rapid wash out of the nicotinic enhancement. (C) During the nicotinic receptor stimulation

(acetylcholine, 1 mM+atropine 1 AM) synaptic Ca2+ responses were greatly facilitated within the borders of the synaptic Ca2+ compartment.

Fig. 5. Nicotine-evoked dopamine release of the nucleus accumbens in vitro. (A) Nicotine evoked a large dopamine release from the nucleus accumbens

preparation. (B) Effects of MDMA and nicotine (in 1 and 100 AM concentrations) on the resting dopamine outflow. (C) Reserpine pretreatment 2 days prior to

the experiments substantially decreased the dopamine-releasing action of nicotine. (D) Effects of nicotine on the resting dopamine outflow in control and

reserpine-treated rats. Data presented are meansFS.E.M.

E. Sylvester Vizi et al. / European Journal of Pharmacology 500 (2004) 499–508504



Fig. 6. Effect of nicotine on the in vivo dopamine release from the

subregions of the nucleus accumbens. Core and shell regions were

separately sampled. After the stabilization of baseline, the animals received

nicotine (0.8 mg/kg, i.p. injection) at the time point 0, as indicated by the

arrow, then four 15-min samples were collected. Data are the meanFS.E.M.

of 4–6 independent experiments. One-way ANOVAwith repeated measures

followed by Dunnet’s test was used for statistical comparison (*Pb0.05).
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tion of the slices obtained from reserpine-treated rats

released much less radioactivity than from those of control

rats, and the resting release was also decreased. The effect of

100 AM nicotine on the resting release of dopamine was

significantly inhibited indicating that nicotine released

dopamine from the vesicles through exocytosis (Fig. 5C,D).

3.5. Region-specific effect of nicotine in the nucleus

accumbens in vivo microdialysis studies

The basal dopamine release was significantly higher in

the core (13.83F1.24 pg/injection, Pb0.05 two-tailed t-test)

than in the shell region (7.71F0.48 pg/injection) of nucleus

accumbens. Intraperitoneal injection of nicotine increased

the dopamine release in the shell; the maximum effect (70%

increase over the baseline) was reached 30 min after the

injection, but the dopamine efflux remained elevated even

after 60 min of a single injection (Fig. 6). In contrast, there

was no change in the dopamine concentration in response to

nicotine in the core region (Fig. 6). Similarly, Di Matteo et

al. (2004) showed that nicotine enhanced the release of

dopamine in the nucleus accumbens in conscious, freely

moving rats.
4. Discussion

Perhaps the most important central effects of nicotine

occur in the reward and cognitive systems. The GABA-

containing interneurons of the hippocampus provide

crucial inhibition of projection cells to control their

excitability, which leads to the synchronization of network

activity (Freund and Buzsaky, 1996). Acetylcholine release

plays a major role in the rhythmical slow activity of the

hippocampus underlying hippocampal learning and mem-

ory functions (Stewart and Fox, 1990). Main threads of
current theories of nicotinic functions in the central

nervous system (CNS) include that (i) nicotinic receptors

may modulate, rather than mediate, fast synaptic trans-

mission (McGehee and Role, 1995), most likely through

extrasynaptic receptors, (ii) desensitisation of the nicotinic

receptors, i.e. loss of function of the receptor, is an

important mechanism underlying the central effect of

nicotine during smoking and likely extends the computa-

tional power by nicotine, and (iii) the discovery, that

nicotinic receptors directly release transmitters from

presynaptic boutons skipping postsynaptic secondary mod-

ulations, highlights the importance of the release enhance-

ment via a presynaptic nicotinic mechanism (Vizi and

Lendvai, 1999). Because accumulation of evidence indi-

cates that synaptic plasticity participates in memory and

learning processes (Martin et al., 2000) and nicotinic

receptors enhance plastic changes in several brain regions,

we can conclude that the nicotinic enhancement of

memory and learning function (Levin and Rezvani,

2000) is constructed on the level of cellular synaptic

plasticity. In animal tests both acute and chronic nicotine

treatment have been shown to improve working memory

(Rezvani and Levin, 2001; Levin and Simon, 1998). Local

infusions of mecamylamine into the hippocampus were

found to impair working memory performance (Ohno et

al., 1993). Both a4h2 and a7 nicotinic acetylcholine

receptors are likely important for working memory

function (Levin and Rezvani, 2000; Levin et al., 2002).

Acetylcholine enhances and sharpens the cellular responses

to the preferred stimulus while suppressing the less

prominent responses to other modalities (Sarter and Bruno,

1997). It has been shown that the increased cholinergic

activity (including both muscarinic and nicotinic mecha-

nisms) is able to induce theta oscillation (4–12 Hz) so that

synaptic plasticity becomes greatly sensitised (Huerta and

Lisman, 1995; Cobb et al., 1999).

At the cellular level, activation of nicotinic acetylcho-

line receptors is able to induce large responses in various

parts in the central nervous system, e.g. it upregulates

ionotropic receptors (Risso et al., 2004). We have shown

that hippocampal interneurons can be excited by nicotinic

agonist resulting in large dendritic Ca2+ accumulations,

which relatively homogenously distribute in the cellular

compartments. This observation is well corresponding to

the philosophy of nonsynaptic transmission: transmitters

arriving from the extracellular matrix likely have little

region specificity and exert tonic modulation on various

cellular activities. Indeed, ultrastructural morphometric

studies demonstrated that, in addition to monoaminergic

varicosities, the normal cholinergic innervations of adult

rat parietal cortex (Umbriaco et al., 1994) and hippo-

campus (Umbriaco et al., 1995) predominantly do not

make synapses on other neurons (N85% of varicosities are

nonsynaptic). These observations supported the idea that

monoamines and acetylcholine participates mainly in

nonsynaptic interaction (Descarries and Mechawar, 2000).
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In our experiments backpropagating action potentials

showed potentiation during the stimulation of nicotinic

receptors by lowering the threshold of firing. When

nicotinic stimulation was strong enough to produce con-

tinuous firing of the cells, high frequency trains were unable

to evoke Ca2+ transients in the dendrites of hippocampal

interneurons. These phenomena may occur in vivo when

nicotine enters the brain and causes an initial excitement

(perhaps through synchronizing network activity by coor-

dinated activity of interneurons) but later responses show

fading. Importance of backpropagating spikes and nicotinic

modulation derives from the interplay between ongoing

synaptic activity and traces of previous activities that may

occur by the nonlinear summation of backpropagating

action potentials and synaptic responses (Stuart and

Sakmann, 1994; Stuart et al., 1997; Häusser et al., 2000).

While hippocampal CA1 and neocortical pyramidal neurons

show a distance-dependent reduction in the amplitude of

subsequent backpropagating action potentials and in the

evoked calcium transients in dendrites, stratum radiatum

interneurons of the hippocampus exhibits incremental

scaling (Stuart and Sakmann, 1994; Spruston et al., 1995,

Golding et al., 2002; Rozsa et al., 2004).

Nicotinic currents can be more rapidly activated and

desensitised in stratum radiatum interneurons (Sudweeks

and Yakel, 2000). What function can be assigned to a

receptor with fast desensitisation in extrasynaptic location,

where a continuous, low tone of the agonist should be

maintained? One might consider the following: acetylcho-

line released by a nearby cholinergic terminal would

probably reach the extrasynaptic nicotinic acetylcholine

receptors in lower and slowly changing concentrations.

Because the recovery of nicotinic receptors is relatively fast,

the asynchronous re-binding of acetylcholine would gen-

erate a long-lasting activity in the nicotinic receptor

population causing slow fluctuation in Ca2+ level (Castro

and Albuquerque, 1995). This mechanism may enable

nicotinic acetylcholine receptors to influence plasticity.

Desensitisation and activation of nicotinic acetylcholine

receptors may co-exist during slow drug delivery: bath

application of low-dose nicotine, which causes a great deal

of receptor desensitisation in a few minutes, could also

activate receptors and induce currents in limbic dopamine-

containing cells (Pidoplichko et al., 1997; Pidoplichko et al.,

2004). These data inspired the theory that nicotinic

acetylcholine receptors located on interneurons may be the

cellular correlates of the nicotine-induced cognitive

enhancement (Jones et al., 1999).

Nicotinic acetylcholine receptors play an important role

in the reward system. Our data provide evidence that the

application of the abuse drug, MDMA, and nicotine results

in a comparable dopamine-releasing effect in the nucleus

accumbens but these effects are mediated via different

mechanisms: while MDMA releases dopamine from the

cytoplasm of nerve terminals, nicotine releases vesicular

dopamine. The mesolimbic dopaminergic system originates
mainly from the ventral tegmental area and projects to

limbic areas such as the olfactory tubercle, the amygdala,

the septum, and partly the nucleus accumbens. This part of

the limbic system has been implicated in the reinforcing

properties of drugs of abuse (Di Chiara and Imperato,

1988; Hemby et al., 1997; Corrigall et al., 1992; Pich et

al., 1997; Giros et al., 1996; Pontieri et al., 1996; Di

Matteo et al., 2004). On the other hand, the fact that

presynaptic nicotinic acetylcholine receptors can directly

release dopamine, i.e. bdriveQ the axon terminal, is worthy

of consideration. Presynaptic action potential does not

guarantee release (Huang and Stevens, 1997) so activation

of presynaptic nicotinic acetylcholine receptors at the

arrival of action potential into the axon terminal can

increase the probability of release via the influence of

nicotinic acetylcholine receptor-induced Ca2+ influx on the

local signal integration. The activation of presynaptic

nicotinic receptors could synchronize transmitter release

(Sharma and Vijayaraghavan, 2003). Presynaptic nicotinic

acetylcholine receptors play an important role in regulating

the release of many neurotransmitters in different brain

regions (Sandor et al., 1991; Lendvai et al., 1996, Kiss et

al., 1999; Vizi and Lendvai, 1999; Kofalvi et al., 2000; Di

Matteo et al., 2004; Vizi et al., 2004) with compound and

region-specific mechanisms (Lendvai et al., 1996; Kiss et

al., 1996; Kiss et al., 1997). Activation of nicotinic

acetylcholine receptors in the hippocampus leads to release

of noradrenaline in a [Ca2+]o-dependent and tetrodotoxin-

sensitive way (Vizi et al., 1995; Vizi et al., 2004; Sacaan et

al., 1995; Sershen et al., 1997). Neostigmine, a cholines-

terase inhibitor, also enhances the extracellular level of

noradrenaline measured by microdialysis, a method that

samples from the extracellular space, therefore, provides

data for the nonsynaptic release of transmitters (Kiss et al.,

1999). Our data confirm previous findings on the effect of

nicotine on dopamine release in the nucleus accumbens.

We found that subcutaneous injection of nicotine induces

an increase of dopamine concentration in the shell without

affecting dopamine release in the core. The effect reaches

the maximum within 30 min but an elevation of dopamine

level can be observed even after 60 min. It has been

shown that the dopamine response to nicotine is weaker in

animals following chronic pretreatment with nicotine

(Cadoni and Di Chiara, 2000). This suggests that in heavy

smokers the rewarding effect of nicotine might last only

for a few minutes because of the drop of dopamine

concentration in the shell, which might provide a neuro-

chemical basis for the phenomenon of chain-smoking.

Since nicotine reaches the brain from the circulation, its

concentration in the brain cannot be sufficient to activate

low-sensitivity nicotinic acetylcholine receptors located

within the synapse, but might activate high-sensitivity

extrasynaptic receptors. Therefore, it is suggested that

these receptors are responsible for the central action of

nicotine and might be primary targets for drugs in smoking

cessation.



E. Sylvester Vizi et al. / European Journal of Pharmacology 500 (2004) 499–508 507
Acknowledgements

This study was supported in part by the Hungarian

Research Fund (OTKA T 034622, T 37459, T046827 and

TS 040736), Philip Morris USA, and the Hungarian

Medical Research Foundation.
References

Adams, C.E., Stitzel, J.A., Collins, A.C., Freedman, R., 2001. a7-nicotinic

receptor expression and the anatomical organization of hippocampal

interneurons. Brain Res. 922, 180–190.

Alheid, G.F., Heimer, L., 1988. New perspectives in basal forebrain

organization of special relevance for neuropsychiatric disorders: the

striatopallidal, amygdaloid, and corticopetal components of substantia

innominata. Neuroscience 27, 1–39.

Alkondon, M., Albuquerque, E.X., 2001. Nicotinic acetylcholine receptor

a7 and a4h2 subtypes differentially control GABAergic input to CA1

neurons in rat hippocampus. J. Neurophysiol. 86, 3043–3055.

Alkondon, M., Pereira, E.F., Cortes, W.S., Maelicke, A., Albuquerque,

E.X., 1997. Choline is a selective agonist of a7 nicotinic acetylcholine

receptors in the rat brain neurons. Eur. J. Neurosci. 9, 2734–2742.

Alkondon, M., Pereira, E.F., Albuquerque, E.X., 1998. a-Bungarotoxin-

and methyllycaconitine-sensitive nicotinic receptors mediate fast

synaptic transmission in interneurons of rat hippocampal slices. Brain

Res. 810, 257–263.

Buhler, A.V., Dunwiddie, T.V., 2002. a7 nicotinic acetylcholine receptors

on GABAergic interneurons evoke dendritic and somatic inhibition of

hippocampal neurons. J. Neurophysiol. 87, 548–557.

Cadoni, C., Di Chiara, G., 2000. Differential changes in accumbens shell

and core dopamine in behavioral sensitization to nicotine. Eur. J.

Pharmacol. 387, R23–R25.

Castro, N.G., Albuquerque, E.X., 1995. a-Bungarotoxin-sensitive hippo-

campal nicotinic receptor channel has a high calcium permeability.

Biophys. J. 68, 516–524.

Cobb, S.R., Bulters, D.O., Suchak, S., Riedel, G., Morris, R.G., Davies,

C.H., 1999. Activation of nicotinic acetylcholine receptors patterns

network activity in the rodent hippocampus. J. Physiol. 518, 131–140.

Corrigall, W.A., Franklin, K.B., Coen, K.M., Clarke, P.B., 1992. The

mesolimbic dopaminergic system is implicated in the reinforcing effects

of nicotine. Psychopharmacology 107, 285–289.

Dani, J.A., Heinemann, S., 1996. Molecular and cellular aspects of nicotine

abuse. Neuron 16, 905–908.

Dani, J.A., Ji, D., Zhou, F.M., 2001. Synaptic plasticity and nicotine

addiction. Neuron 31, 349–352.

Descarries, L., Mechawar, N., 2000. Ultrastructural evidence for diffuse

transmission by monoamine and acetylcholine neurons of the central

nervous system. Prog. Brain Res. 125, 27–47.

Di Chiara, G., Imperato, A., 1988. Drugs abused by humans preferentially

increase synaptic dopamine concentrations in the mesolimbic system of

freely moving rats. Proc. Natl. Acad. Sci. U. S. A. 85, 5274–5278.

Di Matteo, V., Pierucci, M., Esposito, E., 2004. Selective stimulation of

serotonin receptors blocks the enhancement of striatal and accumbal

dopamine release induced by nicotine administration. J. Neurochem. 89,

418–429.

Fabian-Fine, R., Skehel, P., Errington, M.L., Davies, H.A., Sher, E.,

Stewart, M.G., Fine, A., 2001. Ultrastructural distribution of the a7

nicotinic acetylcholine receptor subunit in rat hippocampus. J. Neurosci.

21, 7993–8003.

Frazier, C.J., Buhler, A.V., Weiner, J.L., Dunwiddie, T.V., 1998. Synaptic

potentials mediated via a-bungarotoxin-sensitive nicotinic acetylcholine

receptors in rat hippocampal interneurons. J. Neurosci. 18, 8228–8235.

Frazier, C.J., Rollins, Y.D., Breese, C.R., Leonard, S., Freedman, R.,

Dunwiddie, T.V., 1998. Acetylcholine activates an a-bungarotoxin-
sensitive nicotinic current in rat hippocampal interneurons, but not

pyramidal cells. J. Neurosci. 18, 1187–1195.

Freund, T.F., Buzsaky, G., 1996. Interneurons of the hippocampus.

Hippocampus 6, 347–470.

Giros, B., Jaber, M., Jones, S.R., Wightman, R.M., Caron, M.G., 1996.

Hyperlocomotion and indifference to cocaine and amphetamine in mice

lacking the dopamine transporter. Nature 379, 606–612.

Golding, N.L., Staff, N.P., Spruston, N., 2002. Dendritic spikes as a

mechanism for cooperative long term potentiation. Nature 418,

326–330.

H7usser, M., Spruston, N., Stuart, G., 2000. Diversity and dynamics of

dendritic signaling. Science 290, 739–744.

Hemby, S.E., Dworkin, S.I., Johnson, B.A., 1997. Neuropharmacological

basis of drug reinforcement. In: Johnson, B.A., Roache, J.D. (Eds.),

Drug Addiction and its treatment: Nexus of Neuroscience and Behavior.

Raven Press, New York, pp. 137–169.

Henningfield, J.E., Stapleton, J.M., Benowitz, N.L., Grayson, R.F.,

London, E.D., 1993. Higher levels of nicotine in arterial than in venous

blood after cigarette smoking. Drug Alcohol Depend. 33, 23–29.

Hill, J.A., Zoli, M., Bourgeois, J-P., Changeux, J-P., 1993. Immunocyto-

chemical localization of neural nicotinic receptor: the h2-subunit.
J. Neurosci. 13, 1551–1568.

Horch, H.L., Sargent, P.B., 1995. Perisynaptic surface distribution of

multiple classes of nicotinic acetylcholine receptors on neurons in the

chicken ciliary ganglion. J. Neurosci. 15, 7778–7795.

Huang, E.P., Stevens, C.F., 1997. Estimating the distribution of synaptic

reliabilities. J. Neurophysiol. 78, 2870–2880.

Huerta, P.T., Lisman, J.E., 1995. Bidirectional synaptic plasticity induced

by a single burst during cholinergic theta oscillation in CA1 in vitro.

Neuron 15, 1053–1063.

Ji, D., Dani, J.A., 2000. Inhibition and disinhibition of pyramidal neurons

by activation of nicotinic receptors on hippocampal interneurons.

J. Neurophysiol. 83, 2682–2690.

Jones, S., Yakel, J.L., 1997. Functional nicotinic ACh receptors on

interneurones in the rat hippocampus. J. Physiol. (Lond) 504, 603–610.

Jones, S., Sudweeks, S., Yakel, J.L., 1999. Nicotinic receptors in the brain:

correlating physiology with function. Trends Neurosci. 22, 555–561.

Kawai, H., Zago, W., Berg, D.K., 2002. Nicotinic a7 receptor clusters on

hippocampal GABAergic neurons: regulation by synaptic activity and

neurotrophins. J. Neurosci. 22, 7903–7912.

Khiroug, L., Giniatullin, R., Klein, R.C., Fayuk, D., Yakel, J.L., 2003.

Functional mapping and Ca2+ regulation of nicotinic acetylcholine

receptor channels in rat hippocampal CA1 neurons. J. Neurosci. 23,

9024–9031.

Kiss, J.P., Sershen, H., Lajtha, A., Vizi, E.S., 1996. Inhibition of neuronal

nitric oxid synthase potentiates the dimethylphenylpiperazinium-evoked

carrier-mediated release of noradrenaline from rat hippocampal slices.

Neurosci. Lett. 215, 115–118.

Kiss, J.P., Windisch, K., Balla, A., Sershen, H., Lajtha, A., 1997. Dual

effect of DMPP on the resting release of noradrenaline from rat

hippocampal slices. Brain Res. Bull. 43, 254–262.

Kiss, J.P., Vizi, E.S., Westerink, B.H.C., 1999. Effect of neostigmine on the

hippocampal noradrenaline release: role of cholinergic receptors.

NeuroReport 10, 81–86.

Kofalvi, A., Sperlagh, B., Zelles, T., Vizi, E.S., 2000. Long-lasting

facilitation of 4-amino-n-[2,3-3H]butyric acid ([3H]GABA) release

from rat hippocampal slices by nicotinic receptor activation.

J. Pharmacol. Exp. Ther. 295, 453–462.

Koob, G.F., 1992. Drugs of abuse: anatomy, pharmacology and function of

reward pathways. Trends Pharmacol. Sci. 13, 177–184.

Lendvai, B., Sershen, H., Lajtha, A., Santha, E., Baranyi, M., Vizi, E.S.,

1996. Differential mechanisms involved in the effect of nicotinic

agonists DMPP and lobeline to release [3H]5-HT from rat hippocampal

slices. Neuropharmacology 35, 1769–1777.

Levin, E.D., Simon, B.B., 1998. Nicotinic acetylcholine involvement

in cognitive function in animals. Psychopharmacology (Berl) 138,

217–230.



E. Sylvester Vizi et al. / European Journal of Pharmacology 500 (2004) 499–508508
Levin, E.D., Rezvani, A.H., 2000. Development of nicotinic drug therapy

for cognitive disorders. Eur. J. Pharmacol. 393, 141–146.

Levin, E.D., Bradley, A., Addy, N., Sigurani, N., 2002. Hippocampal a7

and a4h2 nicotinic receptors and working memory. Neuroscience 109,

757–765.

Lindstrom, J., 1995. Nicotinic acethylcholine receptors. In: North, R.A.

(Ed.), Handbook of Receptors and Channels: Ligands and Voltage-

Gated Ion Channels. CRC Press, Boca Raton, pp. 153–175.

Martin, S.J., Grimwood, P.D., Morris, R.G., 2000. Synaptic plasticity and

memory: an evaluation of the hypothesis. Annu. Rev. Neurosci. 23,

649–711.

McGehee, D.S., Role, L.W., 1995. Physiological diversity of nicotinic

acetylcholine receptors expressed by vertebrate neurons. Annu. Rev.

Physiol. 57, 521–546.

McQuiston, A.R., Madison, D.V., 1999. Nicotinic receptor activation excites

distinct subtypes of interneurons in the rat hippocampus. J. Neurosci. 19,

2887–2896.

Mike, A., Castro, N.G., Albuquerque, E.X., 2000. Choline and acetylcho-

line have similar kinetic properties of activation and desensitization on

the a7 nicotinic receptors in rat hippocampal neurons. Brain Res. 882,

155–168.

Ohno, M., Yamamoto, T., Watanabe, S., 1993. Blockade of hippocampal

nicotinic receptors impairs working memory but not reference memory

in rats. Pharmacol. Biochem. Behav. 45, 89–93.

Perry, E.K., Court, J.A., Johnson, M., Smith, C.J., James, V., Cheng, A.V.,

Kerwin, J.M., Morris, C.M., Piggott, M.A., Edwardson, J.A., et al.,

1993. Autoradiographic comparison of cholinergic and other trans-

mitter receptors in the normal human hippocampus. Hippocampus 3,

307–315.

Pich, E.M., Pagliusi, S.R., Tessari, M., Talabot-Ayer, D., Hooft van

Huijsduijnen, R., Chiamulera, C., 1997. Common neural substrates for

the addictive properties of nicotine and cocaine. Science 275, 83–86.

Pidoplichko, V.I., DeBiasi, M., Williams, J.T., Dani, J.A., 1997. Nicotine

activates and desensitizes midbrain dopamine neurons. Nature 390,

401–404.

Pidoplichko, V.I., Noguchi, J., Areola, O.O., Liang, Y., Peterson, J., Zhang,

T., Dani, J.A., 2004. Nicotinic cholinergic synaptic mechanisms in the

ventral tegmental area contribute to nicotine addiction. Learn. Mem. 11,

60–69.

Pontieri, F.E., Tanda, G., Orzi, F., Di Chiara, G., 1996. Effects of nicotine

on the nucleus accumbens and similarity to those of addictive drugs.

Nature 382, 255–257.

Rasmussen, T., Swedberg, M.D., 1998. Reinforcing effects of nicotinic

compounds: intravenous self-administration in drug-naive mice. Phar-

macol. Biochem. Behav. 60, 567–573.

Rezvani, A.H., Levin, E.D., 2001. Cognitive effects of nicotine. Biol.

Psychiatry 49, 258–267.

Risso, F., Parodi, M., Grilli, M., Molfino, F., Raiteri, M., Marchi, M., 2004.

Chronic nicotine causes functional upregulation of ionotropic glutamate

receptors mediating hippocampal noradrenaline and striatal dopamine

release. Neurochem. Int. 44, 293–301.

Rozsa, B., Zelles, T., Vizi, E.S., Lendvai, B., 2004. Distance-dependent

scaling of calcium transients evoked by backpropagating spikes and

synaptic activity in dendrites of hippocampal interneurons. J. Neurosci.

24, 661–670.

Rubboli, F., Court, J.A., Sala, C., Morris, C., Chini, B., Perry, E., Clementi,

F., 1994. Distribution of nicotinic receptors in the human hippocampus

and thalamus. Eur. J. Neurosci. 6, 1596–1604.

Sacaan, A.I., Dunlop, J.L., Lloyd, G.R., 1995. Pharmacological character-

ization of neuronal acetylcholine gated ion channel receptor-mediated

hippocampal norepinephrine and striatal dopamine release from rat

brain slices. J. Pharmacol. Exp. Ther. 274, 224–230.

Sandor, N.T., Zelles, T., Kiss, J.P., Sershen, H., Torocsik, A., Lajtha, A.,

Vizi, E.S., 1991. Effect of nicotine on dopaminergic–cholinergic

interaction in the striatum. Brain Res. 567, 313–316.
Sarter, M., Bruno, J.P., 1997. Cognitive functions of cortical acetylcholine:

toward a unifying hypothesis. Brain Res. Rev. 23, 28–46.

Sellings, L.H., Clarke, P.B., 2003. Segregation of amphetamine reward and

locomotor stimulation between nucleus accumbens medial shell and

core. J. Neurosci. 23, 6295–6303.

Sershen, H., Balla, A., Lajtha, A., Vizi, E.S., 1997. Characterization of

nicotinic receptors involved in the release of norepinephrine from

hippocampus. Neuroscience 77, 121–130.

Shao, Z., Yakel, J.L., 2000. Single channel properties of neuronal nicotinic

ACh receptors in stratum radiatum interneurons of rat hippocampal

slices. J. Physiol. 527, 507–513.

Sharma, G., Vijayaraghavan, S., 2003. Modulation of presynaptic store

calcium induces release of glutamate and postsynaptic firing. Neuron

38, 929–939.

Spruston, N., Schiller, Y., Stuart, G., Sakmann, B., 1995. Activity-

dependent action potential invasion and calcium influx into hippo-

campal CA1 dendrites. Science 268, 297–300.

Stewart, M., Fox, S.E., 1990. Do septal neurons pace the hippocampal theta

rhythm? Trends Neurosci. 13, 163–168.

Stuart, G., Sakmann, B., 1994. Active propagation of somatic action

potentials into neocortical pyramidal cell dendrites. Nature 367, 69–72.

Stuart, G., Spruston, N., Sakmann, B., H7usser, M., 1997. Action potential

initiation and backpropagation in neurons of the mammalian CNS.

Trends Neurosci. 20, 125–131.

Sudweeks, S.N., Yakel, J.L., 2000. Functional and molecular character-

ization of neuronal nicotinic ACh receptors in rat CA1 hippocampal

neurons. J. Physiol. 527.3, 515–528.

Ullian, E.M., Sargent, P.B., 1995. Pronounced cellular diversity and

extrasynaptic location of nicotinic acetylcholine receptor subunit im-

munreactivities in the chicken pretectum. J. Neurosci. 15, 7012–7023.

Umbriaco, D., Watkins, K.C., Descarries, L., Cozzari, C., Hartman, B.K.,

1994. Ultrastructural and morphometric features of the acetylcholine

innervation in adult rat parietal cortex: an electron microscopic study in

serial sections. J. Comp. Neurol. 348, 351–373.

Umbriaco, D., Garcia, S., Beaulieu, C., Descarries, L., 1995. Relational

features of acetylcholine, noradrenaline, serotonin and GABA axon

terminals in the stratum radiatum of adult rat hippocampus (CA1).

Hippocampus 5, 605–620.

Vizi, E.S., 2000. Role of high-affinity receptors and membrane transporters

in nonsynaptic communication and drug action in the central nervous

system. Pharmacol. Rev. 52, 63–89.

Vizi, E.S., Lendvai, B., 1999. Modulatory role of presynaptic nicotinic

receptors in synaptic and non-synaptic chemical communication in the

central nervous system. Brain Res. Rev. 30, 219–235.

Vizi, E.S., Sershen, H., Balla, A., Mike, A., Windish, K., Juranyi, Zs.,

Lajtha, A., 1995. Neurochemical evidence of heterogeneity of

presynaptic and somatodendritic nicotinic acetylcholine receptors.

Ann. N.Y. Acad. Sci. 757, 84–99.

Vizi, E.S., Palkovits, M., Lendvai, B., Baranyi, M., Kovacs, K.J., Zelles, T.,

2004. Distinct temperature-dependent dopamine-releasing effect of

drugs of abuse int he olfactory bulb. Neurochem. Int. 45, 63–71.

Volkow, N.D., Wang, G.J., Fischman, M.W., Foltin, R.W., Fowler, J.S.,

Abumrad, N.N., Vitkun, S., Logan, J., Gatley, S.J., Pappas, N., Hit-

zemann, R., Shea, C.E., 1997. Relationship between subjective effects of

cocaine and dopamine transporter occupancy. Nature 386, 827–830.

Williams, B.M., Temburni, M.K., Levey, M.S., Bertrand, S., Bertrand, D.,

Jacob, M.H., 1998. The long internal loop of the a3 subunit targets

nAChRs to subdomains within individual synapses on neurons in vivo.

Nat. Neurosci. 1, 557–562.

Wise, R.A., Bozarth, M.A., 1987. A psychomotor stimulant theory of

addiction. Psychol. Rev. 94, 469–492.

Zelles, T., Franklin, L., Koncz, I., Lendvai, B., Zsilla, G., 2001. The

nootropic drug vinpocetine inhibits veratridine-induced [Ca2+]i
increase in rat hippocampal CA1 pyramidal cells. Neurochem. Res.

26, 1095–1100.


	Further evidence for the functional role of nonsynaptic nicotinic acetylcholine receptors
	Introduction
	Materials and methods
	Electrophysiology
	Two-photon imaging
	[3H]dopamine release experiments
	Microdialysis experiments
	Statistical analysis
	Materials

	Results
	Functional nonsynaptic nicotinic receptors in dendrites of interneurons
	Effect of nicotinic receptor stimulation depends on the firing properties
	Nicotinic facilitation of synaptic responses in dendrites of interneurons
	Effect of nicotine on dopamine release in vitro
	Region-specific effect of nicotine in the nucleus accumbens in vivo microdialysis studies

	Discussion
	Acknowledgements
	References


