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Dopamine is vital for coordinated motion and for association learning linked to behavioral reinforce-
ment. Here we show that the precise overlap of striatal dopaminergic and cholinergic fibers
underlies potent control of dopamine release by ongoing nicotinic receptor activity. In mouse
striatal slices, nicotinic antagonists or depletion of endogenous acetylcholine decreased evoked
dopamine release by 90%. Nicotine at the concentration experienced by smokers also regulated
dopamine release. In mutant mice lacking the 2 nicotinic subunit, evoked dopamine release was
dramatically suppressed, and those mice did not show cholinergic regulation of dopamine release.
The results offer new perspectives when considering nicotine addiction and the high prevalence of

smoking in schizophrenics.

Dopaminergic mechanisms of the striatum are intimately
involved in motor coordination, complex issues of behavioral
reinforcement, and disorders such as schizophrenia and Parkin-
son’s disease!~”. The striatum receives the densest dopaminergic
innervation in the mammalian brain, which arises from neurons
located in the substantia nigra (SN) and ventral tegmental area
(VTA) of the midbrain®®. In addition, the striatum is densely
innervated by local cholinergic interneurons!®!! that are toni-
cally active and release acetylcholine (ACh)!>!3. Histochemical
studies have indicated that nicotinic acetylcholine receptors
(nAChRs) are expressed on dopaminergic nerve terminals in the
striatum!417. Exogenous nicotinic agonists affect dopamine
release in the striatum!®!%, but the action of endogenous ACh
release is not well understood.

To investigate cholinergic influence over dopamine release,
carbon-fiber microelectrodes were placed into mice striatal brain
slices, and fast cyclic voltammetry was used to monitor the con-
centration of action-potential-dependent dopamine release in
real time. We found that cholinergic interneurons acting via
nAChRs containing the 32 subunit potently regulate dopamine
release. Furthermore, in the concentration range experienced by
smokers, nicotine acts within the striatum and influences evoked
dopamine release. Because the dopaminergic and nicotinic mech-
anisms of the striatum are so intimately linked, the results have
broad implications for understanding nicotine addiction and the
predilection for smoking by schizophrenic patients.

REsuLTS

Dopamine and ACh fibers overlap in the striatum

There is dense expression of tyrosine hydroxylase (TH, indi-
cating dopamine synthesis), choline acetyltransferase (ChAT,
indicating ACh synthesis), and acetylcholinesterase (AChE,
indicating ACh degradation) in the striatum?°. The anatomical
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distribution of TH, ChAT and AChE was determined in coro-
nal sections (Fig. 1). The highest density of each enzyme was in
the striatum, extending dorsally into the olfactory tubercle.
There is precise overlap in the distribution of the enzymes, and
at the highest magnification individual cholinergic interneu-
rons are seen embedded within the intertwined dopamine and
ACh fibers (Fig. 1b).

The precise overlap and close proximity of dopamine fibers
and cholinergic enzymes led us to the following hypothesis. The
high ChAT activity suggests ACh must be released often, and the
high AChE indicates that ACh must be broken down extremely
rapidly. The two enzymes together suggest fast nicotinic mech-
anisms. The nAChRs are very susceptible to desensitization?!,
which can be avoided if the repeatedly released ACh is removed
rapidly by the abundant AChE.

Depletion of ACh reduces dopamine release

Fast-scan cyclic voltammetry with carbon-fiber microelectrodes
was used to monitor dopamine release on the subsecond time
scale. A bipolar simulating electrode was placed in the striatum
about 150 pm from the carbon-fiber microelectrode. Normally,
dopamine release was electrically evoked every 2.5 min at 60%
of the maximal response. Under those conditions, the dopamine
signal was stable for over two hours. The evoked dopamine con-
centration at the tip of the carbon-fiber microelectrode was esti-
mated to be 1.62 + 0.12 UM (mean =+ s.e.m., #n = 29) in the dorsal
striatum, 1.46 £ 0.13 UM (n = 18) in the nucleus accumbens
(NAc) core, and 1.44 = 0.13 UM (n = 17) in the NAc shell. In
addition to electrically evoked dopamine release, we also mea-
sured spontaneous dopamine release in the slice. Both the spon-
taneous and evoked dopamine release was prevented by 0.5 UM
tetrodotoxin (n = 4) and by removing Ca?" (n = 3), indicating
the release was Ca?* dependent and action potential dependent.
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Fig. |. Dense and overlapping distribution of ACh and dopamine in the
striatum. (a) Bright-field photomicrographs show TH, ChAT and AChE
in the NAc and dorsal striatum as demonstrated by TH and ChAT anti-
body staining and AChE histochemical staining. Arrows, anterior com-
missure. CC, corpus callosum, CPu, caudate putamen, NAc, nucleus
accumbens, S, septum. (b) Pictures (left) taken from one slice show
immunofluorescence double labeling for TH (green) and ChAT (red) at
low magnification. The area in the white boxes is expanded to high mag-
nification (right), revealing dense fiber tracts and two cholinergic
interneurons. Scale bars, 50 um.

To test for the importance of cholinergic activity, we pre-
vented endogenous ACh release by depleting ACh stores with
(+)-vesamicol, a well characterized inhibitor of vesicular ACh
transport that consequently exhausts ACh release??. The
(£)-vesamicol (2 pM) presumably diminished ACh release and
inhibited evoked dopamine release by 81 + 4.5% (n = 6;
Fig. 2a and b). The maximum inhibition was 90.5 + 4.3% in
5 UM or 10 UM (%)-vesamicol (n = 12). The median inhibito-
ry concentration (ICs,) was estimated to be 1 pM (Fig. 2c¢).
These results show that intact cholinergic activity is necessary
for normal dopamine release induced by action potentials.

Nicotinic activity facilitates dopamine release
When muscarinic acetylcholine receptors were inhibited by
1 or 2 pM atropine, the evoked dopamine release slight-
ly increased by 4.8 £ 3.2% (n = 6; Fig. 3a). In contrast,
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(n =5). Maximal inhibition of dopamine release was by
92 £3.7% (n = 16) in 5 to 20 UM mecamylamine (Fig. 3b). Fur-
thermore, mecamylamine’s inhibition of dopamine release was
not altered by atropine (n = 3).

In the absence of electrical stimulation, spontaneous,
action-potential-dependent dopamine release could be mon-
itored (Fig. 3c). When nAChRs were inhibited by mecamy-
lamine (1 or 5 pM), the spontaneous dopamine release was
inhibited below our resolution (n = 6).

Microdialysis studies and measures of radioactive dopamine
release from minced striatal brain slices indicated that nicotine
increases basal or ambient dopamine levels, and that increase was
resistant to dihydro-B-erythroidine (DHBE) and to blockade of
action potentials by tetrodotoxin??, Fast cyclic voltammetry mea-
sures dopamine release driven by action potentials on a fast time
scale, which is different from the measures of basal dopamine
obtained from samples taken over much longer times?4. Because
of the importance for addiction?>, we bath-applied nicotine and
measured the effect on evoked dopamine. Under our experi-
mental conditions, 50 nM nicotine decreased evoked dopamine
release by 73 £+ 4.8% (n = 4; Fig. 4a and b). The maximum inhi-
bition was 90.5 + 3.8% in 100 nM (n = 6) and 92.2 + 3.5% in
500 nM (n = 5). The IC5, was estimated to be 30 nM (Fig. 4c).
In the absence of electrical stimulation, the same concentrations
of nicotine inhibited spontaneous, action-potential-dependent
dopamine release (n = 4; Fig. 4d).

AChE inhibition reduces dopamine release

Based upon the distribution and the density of AChE in the stria-
tum (Fig. 1), we reasoned that AChE might be important for the
ongoing nAChR activity that enhances dopamine release. To test
this idea, we used a potent AChE inhibitor, ambenonium?®. Bath
application of 0.1 UM (n=6), 0.5 UM (n=3) or 1 UM (n = 3)
ambenonium gradually decreased dopamine release by
90.5 £ 2.6% (Fig. 5). The effect of ambenonium was reversed
upon prolonged wash. This result demonstrates that AChE activ-
ity is essential for the ongoing nicotinic facilitation of dopamine
release. By increasing extracellular ACh?’, AChE inhibition may
increase nAChR desensitization, as suggested by the results with
bath-applied nicotine. This interpretation was supported by
results obtained with a puffer pipette containing 1 mM ACh that
was positioned near to the carbon-fiber voltammetry electrode.
Under control conditions (without inhibition of AChE), puffs of
ACh applied just before and during the electrical stimulation
decreased dopamine release by 16 £ 2.4% (n = 6). This result

the non-specific nicotinic antagonist mecamylamine 2 Control Vesamicol Wash Voltammogram
(1 M) decreased evoked dopamine release by 83 + 4.8% 4nA
l 0.5uM
. G : . 10s
Fig. 2. Inhibition of ACh vesicular transport by vesamicol 06V
reduces dopamine release in the striatum. (a) The three N
dopamine responses were electrically evoked under control
conditions, durl.ng 2 pM ()-vesamicol apPhCB.thn, and after D Vesamicol C
recovery following 2 h of wash. The dopamine responses were [} _— -
constructed from voltammograms that were obtained at the B 1.0 *HM*M*#HHH g 1.04
rate of 10 Hz. The voltammogram (right) was obtained at the = * HHH“ =
peak of evoked dopamine response under control conditions. g **' 'E 0.5
The same results were obtained with or without atropine (1-2 o 05 t} 4 )
UM, data not shown). (b) Summary of the effect of 2 UM (&)- % *H’O’G'MMNNN’M kA
vesamicol (n = 6). (c) The concentration dependence for inhibi- T o0 © 0.01
tion of dopamine release produced by (*)-vesamicol was fitted "y, 50 100 150 o 0 é 10
by an Hill equation with IC5y of | UM. Time (min) Vesamicol (uM})
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Fig. 3. Nicotinic but not muscarinic ACh receptors regulate 4nA

dopamine release in the striatum. (a) The dopamine responses a 0.5uM

were evoked under control conditions, during | PUM atropine 10s

application, and after recovery following a prolonged wash. The . ’7 06V

voltammogram (right) was obtained at the dopamine peak of the

control trace. (b) The dopamine responses were evoked under v

control conditions, during | HM mecamylamine application, and Control Atropine Wash Voltammogram

after recovery following a prolonged wash. The voltammogram

(right) is from the dopamine peak of the control trace. b 3nA

(c) Without electrical stimulation, spontaneous dopamine

release is shown under control conditions and during application _l 0.5uM

of 5 UM mecamylamine. The voltammogram was obtained at the 10s

peak of the event indicated by the arrow. 7 08V
Control Mecamylamine Wash Voltammogram

again is consistent with desensitization of nAChRs caused by
the excess ACh. C

Mecamylamine is a non-specific nAChR inhibitor
(Fig. 3), but DHPE is a specific inhibitor of 2* nAChRs?%2°,
DHpE decreased dopamine release by 47 + 5.3% (20 nM,
n=4)and 90 £ 5.2% (100 nM, n = 4; Fig. 6a and b), and
maximum inhibition was 91.6 + 4.3% (1,000 nM, n = 4). The
ICs,, was estimated to be 20 nM (Fig. 6¢).

The results were verified using mutant mice lacking the
B2 subunit?®*, It was much more difficult to electrically evoke
dopamine release from 2-null mice (Fig. 7a). The evoked
dopamine concentration was only 0.31 £ 0.07 pM (n = 14),
which is an 80% decrease relative to wild-type littermates. Fur-
thermore, 100 nM and 1,000 nM DHPE (n = 4), 10 UM mecamy-
lamine (n = 3, data not shown), and 1,000 nM nicotine (n = 6) no
longer had any effect (Fig. 7b). Although electrically evoked
dopamine release was depressed by elimination of the nAChR [32
subunit, dopamine release induced by a depolarizing solution of
30 mM KCI produced the same dopamine signal in slices from
B2-null mice (37.6 £ 3.8 UM, n = 4) and wild-type mice
(38.2 = 3.4 UM, n = 6). This result indicates that the dopamine
content in 32-null mice was normal.

The effect of nAChRs is specific to the 32 subunit because inhi-
bition of a7* nAChRs had no detectable effect. In the presence of
the a7*-specific inhibitor, 20 nM methyllycaconitine?’, evoked
dopamine release was 98.6 £ 2.3% of control level (n = 3).

wl L

spontaneous DA release

06nA —J 0.25 M
30s
06V o, -
Control Mecamylamine

spontaneous DA release

DiscussiON

Striatal dopamine and ACh fibers form an intertwined mesh-
work that is the densest in the brain, and these fibers are associ-
ated with the densest expression of AChE®*!1, Tonic activity of
the cholinergic interneurons releases ACh!>!3, and the AChE
rapidly terminates the ACh signal. This situation optimizes ongo-
ing nAChR activity by avoiding desensitization. Our results show
that dopamine release caused by action potentials is potently reg-
ulated by 32* nAChR activity.

Nicotine, at the concentrations achieved by smokers®!, also
decreases action-potential-dependent dopamine release in the
NAc, suggesting that nicotine is acting like an antagonist by caus-
ing desensitization®2. This hypothesis is reasonable because the
32* nAChRs that regulate dopamine release have a high affinity
for nicotine and are readily desensitized by those concentra-
tions®. The finding was unexpected, however, because older stud-
ies using in vivo microdialysis or loading of slices with
radiolabeled dopamine have shown that nicotine increases
the basal level of dopamine18’34. That increase, however, is
at a very low concentration of dopamine and is often action
potential independent. Microdialysis is a slow process, often
taking 10 minutes per sample. The sample is collected over
a relatively large volume with probes of about 250-500 pm
diameter. The radiolabeled and microdialysis samples report
dopamine released from multiple sources and provide an
average baseline dopamine concentration that escapes re-
uptake or breakdown, giving estimates near 4 nM (ref. 36).

Fig. 4. Bath-applied nicotine reduces action-potential-dependent
dopamine release. (a) The dopamine responses were electrically

a cControl Nicotine Wash Voltammogram
3nA
|o.5 Y
10s
06V
PN W %JWW
b Nicotine C
@ c 1.0
g 1.04 W :_g
3 2
§ o W € 05
£ W £
K 8
® [}
€ 00 . — 001 .
0 100 200 0 250 500
Time (min) Nicotine (nM)
d < 0.3 nA
|o.1 M
20s
06V Y )
Control Nicotine

spontaneous DA release
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spontaneous DA release

evoked under control conditions, during 50 nM nicotine applica-
tion, and after recovery following a prolonged wash. The voltam-
mogram (right) was obtained at the dopamine peak of the control
trace. (b) Summary of the effect of 50 nM nicotine (n = 4). (c) The
concentration dependence for inhibition of dopamine release pro-
duced by nicotine was fitted by an Hill equation with ICs, of
30 nM. (d) Without electrical stimulation, spontaneous dopamine
release is shown under control conditions and during application
of 50 nM nicotine. The voltammogram was obtained at the peak of
the event indicated by the arrow.
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Fig. 5. An AChE inhibitor, ambenonium, reduces dopamine release in
the striatum. (a) The dopamine responses were evoked under control
conditions, during 100 nM ambenonium application, and after recovery
following a prolonged wash. The voltammogram (right) was obtained at
the dopamine peak of the control trace. (b) Summary of the effect of
100 nM ambenonium in 6 experiments, 3 of which lasted long enough to
recover upon washing.
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Fig. 6. A specific inhibitor of $2* nAChRs, DHPE, potently reduces
evoked dopamine release. (a) The dopamine responses were evoked
under control conditions, during 0.1 UM DHpE application, and after
recovery following a prolonged wash. The voltammogram (right) was
obtained at the dopamine peak of the control trace. (b) Summary of the
effect of 0.1 pM DHE (n = 5). (c) The concentration dependence for
inhibition of dopamine release produced by DH[E was fitted by an Hill
equation with 1Csq of 20 nM.

Fast voltammetry in our present study detects dopamine that is
released by action potentials, and the measurement estimates
dopamine concentration before uptake and diffusion have much
effect. The voltammetry measurement is from a smaller volume,
with an electrode of 10 pm diameter, and it detects dopamine
signals at speeds and concentrations that are indicative of direct
neuronal activity. These two very different measurements of
extracellular dopamine dynamics suggest that nicotine has mul-
tiple actions when analyzed in the dopamine target area of the
NAc. The unexpected result that nicotine strongly inhibits action-
potential-dependent dopamine release in the target has broad
implications, particularly when considering nicotine addiction.

A simplification of a commonly held view of nicotine addic-
tion is the following: nicotine elevates dopamine in the NAc, and
that elevation reinforces continued use*2. However, our under-
standing of dopamine participation in reinforcement processes
is far from complete. It is clear that dopamine in the NAc is not a
direct indication of reward. More sophisticated theories suggest
that the dopamine signal conveys novelty and/or prediction error
during the ongoing process of learning adaptive behaviors as an
animal continually updates a construct of environmental
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saliency73%34%7_ The complexity of the dopamine signal is exem-
plified by a recent study?3. Rats learned to press a lever causing
intracranial self-stimulation of the midbrain dopamine areas.
After learning the task, the rats continued self-simulations as if
it were pleasurable, but the self-simulations no longer increased
the dopamine concentration at the target (NAc). Dopamine was
released only during the initial phase while the rats were learn-
ing. Thus, even when the dopamine neurons are stimulated, other
regulatory processes can ultimately control dopamine release.
Our results identify a nicotinic cholinergic mechanism that reg-
ulates dopamine release at the target.

Ongoing 2* nAChRs activity in the NAc seems important
for dopamine release driven by afferent action potentials, but
nicotine desensitizes those 32* nAChRs?>. Although this result
is contrary to the simplest view of nicotine addiction, it offers a
new clue to understand the high prevalence of smoking by schiz-
ophrenic patients. Schizophrenics have impaired voluntary or
sustained attention, and the positive symptoms of schizophre-
nia, such as delusions and disorganized behavior, are associated
with an excess of dopamine in the striatum?®. Schizophrenic
patients are usually treated with neuroleptics, which inhibit spe-
cific dopamine receptors and ultimately decrease dopamine
signaling. Nicotine can transiently improve attention and
some aspects of the positive symptoms in schizophrenic
patients*®41, Such nicotine-induced improvements are
thought to account, at least partially, for the extraordinarily
high rate of smoking observed in schizophrenics*>43. How-
ever, it was difficult to explain why nicotine could help schiz-
ophrenics if it were increasing dopamine levels. Our finding

Fig. 7. B2-null mice have decreased dopamine release, and the
release is not regulated by DHPE or nicotine. (a) The dopamine
responses were evoked under control conditions, during 0.1 pM
DHpE application, and during | PM nicotine application. The
detected dopamine concentration was depressed in the (2-null
mice to about 0.3 UM compared to about .5 UM in WT mice. The
voltammogram (right) was obtained at the dopamine peak of the
control trace. (b) Summary data showing the lack of effect by 0.1
or | UM DHE and by | pM nicotine (n = 4).
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that nicotine decreases action-potential-evoked dopamine release
may underlie nicotine’s transient positive influence for schizo-
phrenic patients.

METHODS

Wild-type C57BL/6] (Jackson Laboratory, Bar Harbor, Maine) and
B2-null?® mice were used at 3 to 6 months of age. Horizontal or coronal
striatal slices (400 pm) were cut on a vibratome, held at room tempera-
ture, and studied at 30°C in 125 mM NaCl, 2.5 mM KCl, 1.3 mM MgCl,,
2.5 mM CaCl,, 26 mM Na,HPOj3, 1.25 mM NaHCO; and 10 mM glu-
cose saturated with 95% O, and 5% CO,. Horizontal slices appeared
more robust than coronal sections, such that spontaneous dopamine
events were recorded in about 10% of horizontal slices but none in the
coronal slices. Animal care was in accord with Baylor College of Medi-
cine’s animal care committee.

Homemade carbon-fiber (P55S, Amoco Polymers, Greenville, South
Carolina) microelectrodes were used for fast-scan cyclic voltammetry*4.
Stable, low-noise and sensitive electrodes were selected, especially for
recording spontaneous dopamine release. An Axopatch 200B amplifier
and pClamp 8 (Axon Instruments, Foster City, California) were used to
acquire and analyze data. Scans of the microelectrode potential (12 ms
duration, 10 Hz) were from 0 mV to —400 mV to 1,000 mV to —400 mV
to 0 mV against an Ag/AgCl reference electrode at a rate of 300 mV/ms.
The signal that formed the voltammogram was sampled at 50 kHz, and
the net current due to the electrochemical reaction was obtained by dig-
ital subtraction before and after a stimulation. The voltammograms are
of the proper form, having oxidation current peaks between 500 to

700 mV and the reduction current peaks between —230 to —330 mV.
Dopamine is more than 90% of striatal monoamines*, and the voltam-
metry signal was calibrated against fresh solutions of 1-10 pM dopamine.

Intrastriatal stimuli were delivered using bipolar tungsten electrodes
with resistances of about 0.5 MQ. The two tips of the stimulating elec-
trode were about 100-200 pm away from each other. The tip of the
recording electrode was about 150 Pm away from the two tips of the stim-
ulating electrode. For wild-type striatal slices, stimuli were 1 ms in dura-
tion and 2-6 V to achieve about 60% maximum amplitude, but the same
results and conclusions were obtained with higher and lower stimulus
intensities. For 32-null striatal slices, stimuli were 1 ms in duration and
6-12V, and stimulation and recording sites were adjusted to obtain
= 80% maximum amplitude.

ChAT and TH immunohistochemistry and AChE histochemistry were
adapted from published methods***8. For immunohistochemistry, brains
were fixed in 0.1 M phosphate buffer containing 4% (w/v) paraformalde-
hyde and 14% (v/v) picric acid. Coronal sections (30 pm) were cut on a
cryostat, incubated with either goat anti-ChAT or rabbit anti-TH anti-
bodies, followed by peroxidae-conjugated antibodies, and were finally
treated with chromogen diaminobenzidine. For ChAT and TH double
immunofluorescence, after treatment with the primary antibody mix-
ture, the secondary antibody mixture containing Cy2-conjugated don-
key anti-rabbit and rhodamine-conjugated donkey anti-goat IgG antisera
was used. For AChE staining, sections were incubated for 15 h in 100 ml
solution containing 50 mM sodium acetate, 4 mM copper sulfate, 16 mM
glycine, 116 mg S-acetylthiocholine iodide and 3 mg ethopropazine. The
sections were then rinsed and developed with 1% sodium sulphide. All
images were captured with a digital camera and processed in Adobe Pho-
toShop.

ACKNOWLEDGEMENTS

We thank A. Beaudet and A. Orr-Urtreger for providing the mutant mice, and

Y. Schmitz and D. Sulzer for advice with the techniques. The work was supported
by the National Institute on Drug Abuse (DA09411 and DA12661), the
National Institute of Neurological Disorders and Stroke (NS21229) and the
NARSAD (to EM.Z.).

RECEIVED 5 SEPTEMBER; ACCEPTED 29 OCTOBER 2001

1. Berke, J. D. & Hyman, S. E. Addiction, dopamine, and the molecular
mechanisms of memory. Neuron 25, 515-532 (2000).

1228

10.

1

—

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—_

32.

33.

Breiter, H. C. et al. Acute effects of cocaine on human brain activity and
emotion. Neuron 19, 591-611 (1997).

Grace, A. A. Gating of information flow within the limbic system and the
pathophysiology of schizophrenia. Brain Res. Rev. 31, 330-341 (2000).
Kalivas, P. W. & Nakamura, M. Neural systems for behavioral activation and
reward. Curr. Opin. Neurobiol. 9, 223-227 (1999).

Graybiel, A. M., Aosaki, T., Flaherty, A. W. & Kimura, M. The basal ganglia
and adaptive motor control. Science 265, 1826-1831 (1994).

Lang, A. E. & Lozano, A. M. Parkinson’s disease. N. Engl. J. Med. 339,
1130-1143 (1998).

Schultz, W., Dayan, P. & Montague, P. R. A neural substrate of prediction and
reward. Science 275, 1593-1599 (1997).

Anden, N. E,, Fuxe, K., Hamberger, B. & Hokfelt, T. A quantitative study on
the nigro-neostriatal dopamine neuron system in the rat. Acta. Physiol. Scand.
67,306-312 (1966).

Bjorklund, A. & Lindvall, O. in Classical Transmitters in the CNS Part I (eds.
Bjorklund, A. & Hokfelt, T.) 55-122 (Elsevier, Amsterdam, 1984).

Butcher, L. L. & Woolf, N. J. in Classical Transmitters and Transmitter
Receptors in the CNS (eds. Bjorklund, A., Hokfelt, T. & Kuhar, M. J.) 1-50
(Elsevier, Amsterdam, 1984).

. Woolf, N. J. Cholinergic systems in mammalian brain and spinal cord. Prog.

Neurobiol. 37,475-524 (1991).

Aosaki, T., Kimura, M. & Graybiel, A. M. Temporal and spatial characteristics
of tonically active neurons of the primate’s striatum. J. Neurophysiol. 73,
1234-1252 (1995).

Bennett, B. D. & Wilson, C. J. Spontaneous activity of neostriatal cholinergic
interneurons in vitro. J. Neurosci. 19, 5586—5596 (1999).

Colquhoun, L. M. & Patrick, J. W. Pharmacology of neuronal nicotinic
acetylcholine receptor subtypes. Adv. Pharmacol. 39, 191-220 (1997).

Hill, J. A. Jr., Zoli, M., Bourgeois, J. P. & Changeux, J. P. Inmunocytochemical
localization of a neuronal nicotinic receptor: the B2-subunit. J. Neurosci. 13,
1551-1568 (1993).

Schwartz, R. D., Lehmann, J. & Kellar, K. J. Presynaptic nicotinic cholinergic
receptors labeled by [3H]acetylcholine on catecholamine and serotonin
axons in brain. J. Neurochem. 42, 1495-1498 (1984).

Jones, I. W,, Bolam, J. P. & Wonnacott, S. Presynaptic localisation of the
nicotinic acetylcholine receptor beta2 subunit immunoreactivity in rat
nigrostriatal dopaminergic neurones. J. Comp. Neurol. 439, 235-247
(2001).

Marshall, D. L., Redfern, P. H. & Wonnacott, S. Presynaptic nicotinic
modulation of dopamine release in the three ascending pathways studied by
in vivo microdialysis: comparison of naive and chronic nicotine-treated rats.
J. Neurochem. 68, 1511-1519 (1997).

Johnson, J. H., Zhao, C., James, J. R. & Rosecrans, J. A. Individual variability
of dopamine release from nucleus accumbens induced by nicotine. Brain Res.
Bull. 51, 249-253 (2000).

Descarries, L., Gisiger, V. & Steriade, M. Diffuse transmission by
acetylcholine in the CNS. Prog. Neurobiol. 53, 603—625 (1997).

McGehee, D. S. & Role, L. W. Physiological diversity of nicotinic
acetylcholine receptors expressed by vertebrate neurons. Annu. Rev. Physiol.
57, 521-546 (1995).

Prior, C., Marshall, I. G. & Parsons, S. M. The pharmacology of vesamicol: an
inhibitor of the vesicular acetylcholine transporter. Gen. Pharmacol. 23,
1017-1022 (1992).

Sacaan, A. I, Dunlop, J. L. & Lloyd, G. K. Pharmacological characterization
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 (1995).

Wu, Y, Pearl, S. M., Zigmond, M. J. & Michael, A. C. Inhibitory glutamatergic
regulation of evoked dopamine release in striatum. Neuroscience 96, 65-72
(2000).

Dani, J. A. & Heinemann, S. Molecular and cellular aspects of nicotine abuse.
Neuron 16, 905-908 (1996).

Hodge, A. S., Humphrey, D. R. & Rosenberry, T. L. Ambenonium is a rapidly
reversible noncovalent inhibitor of acetylcholinesterase, with one of the
highest known affinities. Mol. Pharmacol. 41, 937-942 (1992).

Vinson, P. N. & Justice, J. B. Jr. Effect of neostigmine on concentration and
extraction fraction of acetylcholine using quantitative microdialysis.
J. Neurosci. Methods 73, 61-67 (1997).

Xu, W. et al. Multiorgan autonomic dysfunction in mice lacking the beta2
and the beta4 subunits of neuronal nicotinic acetylcholine receptors.
J. Neurosci. 19, 9298-9305 (1999).

Alkondon, M. & Albuquerque, E. X. Diversity of nicotinic acetylcholine
receptors in rat hippocampal neurons. I. Pharmacological and functional
evidence for distinct structural subtypes. J. Pharmacol. Exp. Ther. 265,
1455-1473 (1993).

Picciotto, M. R. et al. Acetylcholine receptors containing the 2 subunit are
involved in the reinforcing properties of nicotine. Nature 391, 173-177
(1998).

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

London, E. D. Higher levels of nicotine in arterial than in venous blood after
cigarette smoking. Drug Alcohol Depend. 33, 23-29 (1993).

Dani, J. A, Ji, D. & Zhou, F. M. Synaptic plasticity and nicotine addiction.
Neuron 31, 349-352 (2001).

Fenster, C. P., Rains, M. F, Noerager, B., Quick, M. W. & Lester, R. A.

nature neuroscience * volume 4 no 12 * december 2001



Iil © 2001 Nature Publishing Group http://neurosci.nature.com

Iil © 2001 Nature Publishing Group http://neurosci.nature.com

34.

35.

36.

37.

38.

39.

40.

Influence of subunit composition on desensitization of neuronal
acetylcholine receptors at low concentrations of nicotine. J. Neurosci. 17,
5747-5759 (1997).

Di Chiara, G. Role of dopamine in the behavioural actions of nicotine related
to addiction. Eur. J. Pharmacol. 393, 295-314 (2000).

Mansvelder, H. D. & McGehee, D. S. Long-term potentiation of excitatory
inputs to brain reward areas by nicotine. Neuron 27, 349-357 (2000).
Parsons, L. H. & Justice, J. B. Jr. Extracellular concentration and in vivo
recovery of dopamine in the nucleus accumbens using microdialysis.
J. Neurochem. 58,212-218 (1992).

Balfour, D. J., Wright, A. E., Benwell, M. E. & Birrell, C. E. The putative role of
extra-synaptic mesolimbic dopamine in the neurobiology of nicotine
dependence. Behav. Brain Res. 113, 73-83 (2000).

Garris, P. A. et al. Dissociation of dopamine release in the nucleus accumbens
from intracranial self-stimulation. Nature 398, 67—69 (1999).

Abi-Dargham, A. et al. Increased baseline occupancy of D2 receptors by
dopamine in schizophrenia. Proc. Natl. Acad. Sci. USA 97, 8104-8109 (2000).
Adler, L. E., Hoffer, L. D., Wiser, A. & Freedman, R. Normalization of
auditory physiology by cigarette smoking in schizophrenic patients. Am.
J. Psychiatry 150, 1856-1861 (1993).

nature neuroscience * volume 4 no 12 « december 2001

4

—_

42.

43.

44,

45.

46.

47.

48.

articles

. Rezvani, A. H. & Levin, E. D. Cognitive effects of nicotine. Biol. Psychiatry 49,

258-267 (2001).

Adler, L. E. et al. Schizophrenia, sensory gating, and nicotinic receptors.
Schizophr. Bull. 24, 189-202 (1998).

Dalack, G. W., Healy, D. J. & Meador-Woodruff, J. H. Nicotine dependence in
schizophrenia: clinical phenomena and laboratory findings. Am. J. Psychiatry
155, 1490-1501 (1998).

Kawagoe, K., Zimmerman, J. B. & Wightman, R. M. Principles of
voltammetry and the microelectrode surface states. J. Neurosci. Methods 48,
225-240 (1993).

Schenk, J. O., Miller, E., Rice, M. E. & Adams, R. N. Chronoamperometry in
brain slices: quantitative evaluations of in vivo electrochemistry. Brain Res.
277,1-8 (1982).

Chang, H. T. Dopamine-acetylcholine interaction in the rat striatum: a dual-
labeling immunocytochemical study. Brain Res. Bull. 21, 295-304 (1988).
Koelle, G. G. & Friedenwald, J. S. A histochemical method for localizing
cholinesterase activity. Proc. Soc. Exp. Biol. Med. 70, 617-622 (1949).
Schwartz, M. L. & Mrzljak, L. Cholinergic innervation of the mediodorsal
thalamic nucleus in the monkey: ultrastructural evidence supportive of
functional diversity. J. Comp. Neurol. 327, 48-62 (1993).

1229



