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Dopamine Signaling Differences in the Nucleus Accumbens
and Dorsal Striatum Exploited by Nicotine

Tianxiang Zhang,'* Lifen Zhang,'* Yong Liang,' Athanassios G. Siapas,’ Fu-Ming Zhou,* and John A. Dani'-?

'Department of Neuroscience and 2Menninger Department of Psychiatry and Behavioral Sciences, Baylor College of Medicine, Houston, Texas 77030,
3Division of Biology, California Institute of Technology, Pasadena, California 91125, and *Department of Pharmacology, University of Tennessee, Memphis,
Tennessee 38163

The dorsal striatum and the nucleus accumbens (NAc) shell of the ventral striatum have similar cellular components and are both richly
innervated by dopamine neurons. Despite similarities that extend throughout the striatum, only the NAc shell has a conspicuous increase
in basal dopamine upon the initial administration of psychostimulant drugs such as nicotine. As measured by microdialysis, the elevated
dopamine in the NAc shell is considered an identifying functional characteristic of addictive drugs. To examine this general functional
difference between nicotine’s action on the dorsolateral striatum and NAc shell, we directly monitored dopamine release in rat striatal
slices using fast-scan cyclic voltammetry. In addition, we separately monitored the in vivo unit firing activity of putative midbrain
dopamine neurons from freely moving rats using chronic multiple tetrodes. Nicotine administration increased the firing frequency of
dopamine neurons and specifically increased the number and the length of phasic burst firing. The frequency dependence for dopamine
release in the dorsolateral striatum and NAc shell is fundamentally different, enabling mainly the NAc shell to capitalize on the nicotine-
induced phasicburst firing by dopamine neurons. Although nicotine decreased low-frequency (tonic) dopamine release in both areas, the
increased ratio of phasic bursts relative to tonic firing caused by nicotine boosted the basal dopamine concentration predominantly in the
NAc shell. By favoring release from bursts while depressing release from tonic signals, nicotine spreads the range of dopamine signaling

and effectively increases the signal-to-noise relationship along dopamine afferents.

Introduction

In the mammalian brain, the striatum is a large subcortical struc-
ture involved in motor coordination, cognitive functions, and
disorders such as schizophrenia, Huntington’s disease, Parkin-
son’s disease, and drug addiction (Breiter et al., 1997; Schultz et
al., 1997; Hornykiewicz, 1998; Lang and Lozano, 1998; Berke and
Hyman, 2000; Cicchetti et al., 2000; Grace, 2000; Nicola et al.,
2000; Zhou et al., 2001, 2002; Di Chiara, 2002; Wise, 2002). It is
often divided into the dorsal and ventral portions that share gen-
eral similarities. The vast majority of the striatal neurons are me-
dium spiny GABAergic projection neurons, and there is dense
cholinergic interneuron and dopaminergic afferent innervation
(Bjorklund and Lindvall, 1984; Butcher and Woolf, 1984; Zhou et
al., 2001).

Differences arise within the striatum from afferent and effer-
ent connections. The dorsal striatum receives its main glutama-
tergic inputs from cortical areas, especially areas related to sen-
sorimotor functions (Haber et al., 2000). Dense dopamine (DA)
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innervation arises primarily from the substantia nigra pars com-
pacta (SNc¢) and to alesser degree from the ventral tegmental area
(VTA) (Bjorklund and Lindvall, 1984; Haber et al., 2000). The
ventral striatum is composed of the nucleus accumbens (NAc)
and portions of the olfactory tubercle, and is mainly limbic re-
lated. It receives extensive excitatory innervation from the pre-
frontal cortex, the hippocampus, and the amygdala (Pennartz et
al., 1994; Haber et al., 2000; Heimer, 2000). The ventral striatum
receives DA innervation primarily from the VTA and to a lesser
degree from the SNc. The NAc is thought to serve as the limbic—
motor or motivation—action interface, and these functions are
part of the NAC’s participation in reward-based learning and ad-
diction (Mogenson et al., 1980; Haber et al., 2000).

Another distinguishing property is that addictive drugs (in-
cluding nicotine) initially increase the basal DA concentration in
the NAc shell as measured by microdialysis, but that increase is
smaller or not detected in the dorsolateral striatum (Pontieri et
al., 1996; Di Chiara, 1999; Pidoplichko et al., 2004). Nicotine
administration excites DA neurons that innervate the whole dor-
sal to ventral extent of the striatum (Grenhoff et al., 1986; Pido-
plichko et al., 1997; Schilstrom et al., 2003), suggesting that the
DA signal should be comparable throughout the striatum. In
addition, nicotinic mechanisms regulate the frequency depen-
dence of DA release (Zhou et al., 2001; Cragg, 2003; Rice and
Cragg, 2004; Zhang and Sulzer, 2004). There is rich dopaminergic
innervation and nicotinic ACh receptor (nAChR) regulation of
DA release throughout the dorsal to ventral extent of the stria-
tum. Paradoxically, when there is general activation of DA neu-
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rons throughout the midbrain by the ad- A
dictive drug nicotine, the DA increase
measured by microdialysis resides pre-
dominantly in the NAc shell of the ventral
striatum and not in the dorsolateral stria-

tum. This study examines in vivo DA neu-

ron firing and DA release in these specific
targets to explain this paradoxical DA
signaling.

Materials and Methods

In vivo unit recordings from midbrain DA neu-

rons using tetrode electrodes. Unit recordings D
were obtained from eight male Long—Evans rats
(250—400 g). They were housed individually
with food and water available ad libitum. Ani-
mals were kept on a 12/12 h light/dark schedule
and tested in the light phase. Surgeries were
conducted following the guidelines of National
Institutes of Health and Baylor College of Med-
icine. Rats were injected (i.p.) with a xylazine,
ketamine, and acepromazine mixture to
achieve shallow anesthesia before being placed
in a stereotaxic apparatus in which deep anes-
thesia was controlled using isoflurane inhala-
tion. The body temperature was maintained
with a thermostatically controlled heating blan-
ket. The tetrode-microdrive containing 12 te-
trodes was attached with dental cement to the
skull by screws such that the tetrode wires
passed through a 2.5 mm hole drilled in the
skull (AP, —5.5 mm; ML, 1.1 mm from bregma
to the center of the 2 mm cannula of the
tetrode-microdrive). The tetrode-microdrive
was grounded to one skull screw, and another steel wire was inserted into
the neck muscles to monitor the electromyogram to help judge the sleep/
wake state of the animal.

Each tetrode underwent a cleaning and gold plating process to reduce
the final impedance to 200-300 k(2. The tetrodes were slowly positioned
into the midbrain DA area (Fig. 1 A) (7-8.5 mm beneath the surface of
the neocortex). Electrical signals were recorded by a multichannel Chee-
tah amplifier controlled by associated software (Neuralynx). Recordings
were digitized gap-free at 26.5 kHz after variable high-pass filtering and
low-pass filtering at 9 kHz, saved on computer disk, and analyzed off-
line, where versatile digital filtering was applied for analysis and display.
Spikes were identified and extracted in Matlab using Xtractor (program
by M. Krause and W. Li, Baylor College of Medicine, Houston, TX).
Individual unit isolation was achieved based on the relative amplitudes of
their action potentials on the four channels of a tetrode in combination
with spike waveform parameters (action potential duration, wave shape,
and half-height length). This spike sorting procedure was accomplished us-
ing homemade software and software kindly provided by A. David Redish
(University of Minnesota, Minneapolis, MN) (MClust) and Matt Wilson
(Massachusetts Institute of Technology, Cambridge, MA) (X-clust).

Identification of DA neurons and data analysis. A neuron was classified
as dopaminergic if the following criteria were met: a low baseline firing
rate (0.5—-8 Hz) (Ungless et al., 2004; Anstrom and Woodward, 2005), a
relatively long spike duration (>1.5 ms with our filter settings), a com-
plex waveform, and no spikes within the first 2 ms of the interspike
interval (ISI) histogram (Fig. 1B). The shortest ISIs were on average
7.6 = 1.3 ms, but the absolute refractory time sets a limit of >2 ms
(Wang, 1981). The absolute refractory time defines the closest two spikes
can be in time even if the spikes are driven by external stimulation. In the
midbrain the absolute refractory time is ~2.6 ms for DA neurons and
~1.1 ms for non-DA neurons (Wang, 1981), which we confirmed using
antidromic stimulation (data not shown). In addition, the firing rate of
putative DA neurons had to be inhibited by >70% by the D,-type agonist
quinpirole (0.5 mg/kg, i.p.), and this inhibition had to be reversed by the
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Nicotine increases the action potential firing rate of putative DA neurons in freely moving rats. 4, The track of a
recording tetrode (fluorescence from Dil) is shown within the ventral tegmental area with the DA neurons in blue (fluorescent
antibody for tyrosine hydroxylase). The inset shows a waveform obtained with tetrodes. Calibration: 100 .V, 1 ms. B-D, Repre-
sentative IS| histogram (B), autocorrelogram (€), and 2 s spike-recording epochs of a DA neuron (D), indicating that the DA neuron
fires more bursts after nicotine administration than before [control (ctrl)]. Calibration: 50 .V, 200 ms. E, The normalized average
firing rate of DA neurons in response to nicotine, quinpirole, and eticlopride.

D,-type antagonist eticlopride (0.5 mg/kg, i.p.) (Hyland et al., 2002; Robin-
son etal., 2004). It seems likely to us that these conservative requirements for
identification will preferentially select a subset of DA neurons.

Postmortem histology confirmed that the electrodes were located
among DA neurons of the midbrain (Figs. 14, 2). In addition, recent
studies indicate that lateral VTA neurons have classic DA neuron func-
tional characteristics that make them easier to identify reliably (Ford et
al., 2006; Lammel et al., 2008). Therefore, while obtaining nearby neu-
rons, we focused on obtaining lateral VTA neurons, which have been
shown to innervate the lateral NAc.

Based on doing several preliminary kinds of burst analysis, we settled
on the most common traditional burst analysis (Grace and Bunney,
1984). Selection of this analysis was supported by our findings that the
average intraburst frequency was not firing-rate dependent. That is, the
average intraburst frequency was near 20 Hz during baseline or during
nicotine or other drug administrations that altered the firing rate. The
onset of a burst of action potentials was signified by two spikes with an
interspike interval <80 ms, and the end of a burst was when the inter-
spike interval became >160 ms (Grace and Bunney, 1984). As a control, a 20
min baseline was recorded before the nicotine injection (0.4—0.5 mg/kg, i.p.,
free-base equivalent). These recordings were used to calculate overall firing
rate, bursts per second, spikes per burst, and intraburst frequency. Autocor-
relogram and ISI histograms were used to identify the firing patterns (Fig.
1B,C),and p values <0.05 were considered statistically significant. To obtain
average values for the graphs, the baseline spikes were counted for 10 min
before nicotine treatment. After nicotine injection, we waited 2 min for
nicotine to distribute before counting the spikes for 10 min.

Anatomical verification for in vivo recording sites. One-percent solution
of fluorescence dyes (Dil, DiD, or DiO, Invitrogen) was painted onto the
surface of individual tetrode electrodes to mark the electrode tracks (Fig.
1 A). After recording, most electrode tracks were also marked by a lesion
(30 wA X 15 s of anodal current). The rat was overanesthetized and
perfused through the left ventricle with 200 ml of saline followed by 300
ml of 10% neutral formalin. The intact rat brain was taken out and
further fixed in 10% neutral formalin for 24 h at 4°C. Coronal sections
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Figure2. Anatomical locations of the putative DA neurons that were recorded in the VTA and
the SNc. The labels indicate the substantia nigra reticulata (SNr), prerubral field (PR), mammil-
lary nucleus (ML), interpeduncular nucleus (IP), parvicellular red nucleus (RP), and magnocel-
lular red nucleus (RMC).

(60 wm) were cut on a vibratome, rinsed six times in 0.01 m PBS. The
slices were incubated with a primary rabbit polyclonal antibody to ty-
rosine hydroxylase (Millipore Bioscience Research Reagents) (1:500 di-
lution in 0.01 M PBS containing 0.3% Triton X-100) overnight at 4°C.
After rinsing thoroughly, the slices were then reacted with the AMCA-
conjugated secondary antibody (1:500; Jackson ImmunoResearch Labo-
ratories) for 60 min at 37°C. After mounting, the slides were examined on
an Olympus BX60F5 fluorescence microscope equipped with a digital
camera. Based on postrecording histological examination (Fig. 2) of eight
rats, 24 DA neurons were from the VTA and 8 from the SNc. For the
purposes of the analysis presented, no substantial difference was ob-
served between the firing patterns of VTA and SNc DA neurons in our
samples (supplemental Fig. S1, available at www.jneurosci.org as supple-
mental material). Because the firing rate, bursts per second, spikes per
burst, and percentage of spikes in bursts were not statistically different in
the VTA and SN, those data were combined for the final calculations.

Fast-scan cyclic voltammetry in rat striatal slices. Horizontal slices (400
pum) were cut from Long—Evans rats of 300 * 50 g body weight, held at
room temperature for =1 h for equilibration, and studied at 34 + 1°Cin
an artificial CSF containing (in mm): 125 NaCl, 2.5 KCl, 1.3 MgCl,, 2.5
CaCl,, 26 NaH,PO,, 1.25 NaHCO;, and 10 glucose saturated with 95%
0, and 5% CO, (Zhou et al,, 2001). For the experiments, separate hori-
zontal brain slices were cut to enable visual identification of the dorso-
lateral striatum (Fig. 3A) or NAc shell (Fig. 3B). The dashed enclosures
(Fig. 3) set the limits of our recording positions, and those enclosures are
well within the targets of the dorsal striatum or NAc shell. To avoid any
uncertainty in identifying the NAc shell, only a portion of the NAc shell,
medial to the anterior commissure, was studied, as indicated in Figure
3B.

Homemade carbon-fiber (P55S, Amoco Polymers) microelectrodes
were used for fast-scan cyclic voltammetry (Zhou et al., 2001). An Axo-
patch 200B amplifier and pClamp 8 were used to acquire and analyze
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voltammetry data. Scans of the microelectrode potential (10 Hz) were
from 0 mV to —400 mV to 1000 mV to —400 mV to 0 mV against an
Ag/AgCl reference electrode at a rate of 300 mV/ms. Intrastriatal stimuli
were delivered using bipolar tungsten electrodes. The two tips of the
stimulating electrode were ~100 wm away from each other. The tip of
the carbon-fiber recording electrode was 200 -300 wm away from the two
tips of the stimulating electrode. Both the stimulating electrode and
carbon-fiber recording electrode were placed well within the indicated
regions (Fig. 3, dashed enclosures) of the dorsal striatum or NAc shell.

Each pulse of a single or burst stimulation was 0.5-1 ms in duration
and 0.3-0.6 mA of constant current. As shown in supplemental Fig. S2
(available at www.jneurosci.org as supplemental material), after stimu-
lation the DA signal completely recovered in 80 s. Therefore, we waited
for a minimum of 120 s before applying the next stimulus to ensure
complete recovery of DA release. Slices were exposed to nicotine at 0.1
M, a concentration commonly experienced by smokers (Gourlay and
Benowitz, 1997; Mansvelder et al., 2002; Karan et al., 2003), for 10 min
before data were collected for nicotine-induced changes in DA release.
To mimic DA firing patterns recorded in vivo before and after nicotine
injection, we constructed stimulus patterns that were consistent with the
in vivo average firing frequency, average number of bursts per second,
average number of spikes per burst, and average intraburst frequency
(bottom hash marks of Fig. 7 and supplemental Fig. S4, available at
www.jneurosci.org as supplemental material). The stimulus train ap-
plied to the slices under control conditions mimicked the firing of DA
neurons in vivo before nicotine, and the stimulus train with longer bursts
mimicked the in vivo conditions in the presence of nicotine. The volta-
mmetric DA signal was obtained by digital subtraction and calibrated
against standards of 0.5-5 um DA.

The DA signals measured by voltammetry were all normalized to the
area under the curve because an extremely wide range of stimulus trains
and patterns were used in the study. When comparing a single-pulse
stimulus with a stimulus train of 20 pulses at 20 Hz, the DA signal was
spread out in time during the stimulus train. Also, when the stimulus
trains were developed based on the in vivo unit recordings (e.g., Fig. 7 and
supplemental Fig. S4, available at www.jneurosci.org as supplemental
material), the stimulus trains were spread over seconds with varying
frequencies. The most appropriate (and at times the only) way to nor-
malize across experiments was to use the area under the complex curve.
The relative DA signal induced by a burst was normalized to the signal
induced by a single pulse. All data are means * SEM. Differences between
groups were assessed by paired ¢ test or one-way ANOVA.

Results

Nicotine increases phasic burst action potential firing in
freely moving rats

To quantify how nicotine changes the firing patterns of DA neu-
rons, we placed tetrodes chronically into the midbrain DA area of
freely moving rats (Wilson and McNaughton, 1994; Hyland et al.,
2002). At the end of these experiments, the recording locations
among tyrosine hydroxylase-positive (indicating DA) neurons
were determined using stimulus-induced lesions and/or dye
painted onto the tetrodes (Figs. 1A, 2). Putative DA neurons (see
Materials and Methods) were required to have a low baseline
firing rate (0.5—-8 Hz) (Grenhoff et al., 1986; Ungless et al., 2004;
Anstrom and Woodward, 2005), wide spike widths (>1.5 ms
with our filter settings) (Hyland et al., 2002; Ungless et al., 2004),
and an absolute refractory time that produced no spikes within
the first 2 ms of the ISI (Wang, 1981). An ISI histogram (Fig. 1 B),
an autocorrelogram (Fig. 1C), and brief spike-recording epochs
(Fig. 1 D) from a representative DA neuron indicate more burst
firing in nicotine (0.4—0.5 mg/kg, i.p.) than during the control
(ctrl). As indicated by the summary data (Fig. 1E), nicotine in-
creased the action potential firing rate. In addition, DA neurons
express D,-type receptors, and we required that putative DA neu-
rons were robustly inhibited (>70%) by the D,-type agonist
quinpirole (0.5 mg/kg, i.p.) and activated by the D,-type antago-
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nist eticlopride (0.5 mg/kg, i.p.) (Fig. 1E)
(Grace and Bunney, 1985; Centonze et al.,
2002; Hyland et al., 2002; Robinson et al.,
2004).

As described in the Materials and
Methods, the firing of VTA and SN¢ puta-
tive DA neurons identified with our con-
servative parameters showed similar firing
characteristics (supplemental Fig. SI,
available at www.jneurosci.org as supple-
mental material). Therefore, we combined
the data from all the neurons to calculate
the activity parameters. Nicotine (0.4-0.5
mg/kg, i.p.) administration increased the
average DA unit firing frequency from
38+ 03Hzt06.8 = 0.7Hz(n=32,p <
0.01). More importantly, burst firing be-
came more common after nicotine (Gren-
hoffetal., 1986). The number of bursts per
second increased from 0.32 * 0.04 to
0.47 = 0.05 (p < 0.01). The number of
spikes per burst increased from 5.1 * 0.5
to 10.4 = 2.1 (p < 0.01), and the propor-
tion of spikes within bursts increased from
44.2 * 4.9% to 56.5 = 5.6% after nicotine
(p < 0.01). There was no significant
change in the average intraburst frequen-
cy:17.8 = 0.6 Hz in control and 18.3 + 0.7
Hz after nicotine.

NAc shell responds more robustly to
phasic burst stimulation than the

dorsal striatum

Because nicotine increased burst firing by
DA neurons, we used fast-scan cyclic vol-
tammetry applied to in vitro brain slices to
determine how burst firing influences DA
release in the NAc shell and dorsolateral
striatum. Conservative anatomical land-
marks were used to place the carbon-fiber
recording electrode in the dorsal striatum
(Fig. 3A) or the NAc shell (Fig. 3B). We
placed the carbon-fiber electrode and
stimulating electrode well within the area
enclosed by the dashed line, which delin-
eates a conservative subset of the dorsal
striatum (lateral caudate—putamen) (Fig.
3A) and the NAc shell (Fig. 3B). A bipolar
simulating electrode was placed 200—300
pum from the carbon-fiber recording
electrode.

Using fast-scan cyclic voltammetry, we
examined the DA release evoked by 1 pulse
or by trains of pulses. To illustrate the dif-
ference between the dorsal striatum and
NACc shell, we used a stimulus frequency of
20 Hz because that is near to the consistent
average intraburst frequency that we mea-
sured in vivo from freely moving rats.

When the DA release produced by 1 pulse (1p) was compared

with that released by 5 pulses at 20 Hz, we found greater facilita-

tion in the NAc shell than in the dorsal striatum (Fig. 4A).
These results suggested that the probability of release was
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Figure 3. Photomicrographs of brain slices indicating the selected portion of the dorsal striatum or NA shell studied using
fast-scan cyclic voltammetry. The carbon-fiber recording microelectrodes were placed into the regions enclosed by the dashed
lines. These regions are well within the areas of interest. 4, A photomicrograph showing a horizontal brain slice containing the
dorsal striatum. The area where the carbon-fiber electrode was placed to measure DA release is encircled by a dashed line
indicating the lateral portion of the caudate/putamen within the dorsal striatum. B, A photomicrograph showing a more ventral
horizontal slice containing the NAc core and shell. The NAc shell becomes larger in slices cut just ventral to this position, but the
anterior commissure (ac) is easily seen in this slice. The acwas animportant landmark for identifying the NAc shell, and the dashed
line encircles where we placed the carbon-fiber electrode to record DA release from these slices.
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Figure 4.  Different DA release properties in the dorsal striatum (d. striatum) and NAc shell. 4, Example measurements are
shown of the DA signal evoked by 1p (black traces) or by 5p at 20 Hz (gray traces). In the dorsal striatum, the DA signal evoked by
1p is only slightly smaller than that evoked by a 5p train. In the NAc shell, the DA signal evoked by 1p is much smaller than that
evoked by 5p. Calibration: 400 nm, 0.5 s in the dorsal striatum and 1 s in the NAc shell. B, Reducing the external concentration of
calcium from 2.5 to 1 mm decreased the DA amplitude by 78.3 == 4.5% (n = 3) t0 21.7%. In low calcium, 5p at 20 Hz (gray trace)
produced a larger increase in the DA signal than did 1p. Note that the calibration (100 nm, 0.5 s) refers to the smaller DA signal in
low calcium. €, Example traces of paired-pulse stimulation at 50 msintervals in the dorsal striatum and the NAc shell. Calibration:
0.5 jum, 0.55. D, Averaged paired-pulse ratios ( p2/p1)in 2.5 mm (ctrl), 1.5 mu, or 1.0 mu external Ca 2™ or in the nAChR inhibitor
mecamylamine (Meca, 2 um), allin the dorsal striatum (d.s., gray bars, n = 5-14), and NAcshellin 2.5 mm Ca ™ (ctrl, black bar,
n = 7) compared with control in the dorsal striatum (*p << 0.05, **p << 0.01).

greater in the dorsal striatum to a single pulse, and thus there was
less potential for facilitation. To test this possibility, we lowered
the external calcium from 2.5 to 1 mM to decrease the probability
of release in the dorsal striatum. As expected in that case, greater
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ulus burst length to 20 pulses increased the
DA signal to 292 = 23% in the dorsal stri-
atum (n = 8) (Fig. 5A, open symbols), but
there was a much larger increase to 1371 *
161% in the NAc shell (n = 5) (Fig. 5B,
open symbols). These results showed that
afferent bursts boost DA release much
more strongly in the NAc shell than in the
dorsal striatum (Cragg, 2003).

We also measured nicotine’s influence

nicotine

0 10 20
No. of pulses at 20 Hz

o

O
O

No. of pulses at 20 Hz

1'0 ' 2 IO over the frequency dependence of DA re-
lease. In the presence of nicotine (0.1 uMm)
applied to the brain slice, the DA signal
evoked by a single pulse decreased by 74 =
6% (n = 8) in dorsal striatum (Fig. 5A,C,

filled squares) and by 55 * 5% (n = 5) in

= 1 d. striatum = NAc shell § NAc shell (Fig. 5B, D, filled circles) (Zhou
5 4 5, 4- et al., 2001; Rice and Cragg, 2004; Zhang
'® E7 and Sulzer, 2004). When stimulus trains
< ] < control % from 1 to 20 pulses long at 20 Hz were
o o \§ applied, nicotine caused a depression of
o 2- control o 2- .
2 o—g—4 2 nlcotlne the DA release t.hat was greater in the dor-
& {p——0 /$7 © O sal striatum (Fig. 5, compare A, B). The
& a——N8 % nicotine &’ ® frequency dependence of DA release was
0 4mr——rrrmr——rrrrm O-Fr—— examined with a stimulus train of 5 pulses
1 10 100 1 10 100 applied at frequencies ranging from 10 to
Intraburst freq, 5 p Intraburst freq, 5 p 80 Hz (Fig. 5C,D, control, open symbols).
When nicotine (100 nMm) was applied to the
Figure5. Fast-scan cyclic voltammetry indicates DA release and nicotine modulation differ in the dorsal striatum (d. striatum) ~ bath, the DA release was suppressed at the

and NAc shell. A, B, The DA release evoked by 20 Hz stimulus trains of differing length in the absence (open symbols, control) or
presence of nicotine (0.1 w, filled symbols) measured in the dorsal striatum (A) or the NAc shell (B). , D, The DA release evoked
by 5p at differing intraburst frequencies in the absence (open symbols, control) or presence (0.1 wm, filled symbols) of nicotine

measured in the dorsal striatum (C) or the NAc shell (D). freq, Frequency.

facilitation was then seen in the dorsal striatum in response to 5
pulses (Fig. 4B). The ratio of the DA signal, 5p at 20 Hz/1p, was
significantly increased from the control value, 1.44 = 0.15 (n = 7
in2.5mMCa’")t02.02 * 0.09 (n=5,p <0.05in 1.0 mm Ca*").

To test further our hypothesis that the probability of release
was greater in the dorsal striatum, we measured DA release to
paired-pulse stimulation (Fig. 4C), showing the response to the
first pulse ( pI) and separately to the second pulse 50 ms later
(p2). As expected for an initial high probability of release, the
p2/p1 was much smaller in the dorsal striatum (Fig. 4C,D). After
lowering external Ca*™, to lower the probability of release to the
first pulse ( p1), the ratio becomes significantly larger (Fig. 4 D). It
has been shown previously that nAChRs increase the probability
of release to a single pulse (Zhou et al., 2001; Rice and Cragg,
2004; Zhang and Sulzer, 2004). Blocking nAChRs with the non-
selective inhibitor, mecamylamine (2.0 um), lowered the pI, and
the ratio of p2/p1 in the dorsal striatum became equal to that in
the NAc. These results are consistent with the dorsal striatum having
a higher probability of release to 1p (Zhang and Sulzer, 2004).

We examined this difference in the NAc shell and dorsal stri-
atum over a wide range of pulse trains with and without nicotine
(Fig. 5). Voltammetric measurements have shown that nicotine
decreases tonically stimulated DA release and alters the frequency
dependence of electrically evoked DA release in the striatum
(Zhou et al., 2001; Cragg, 2003; Rice and Cragg, 2004; Zhang et
al., 2004). Because the average intraburst firing frequency we
recorded in vivo remained constant near 20 Hz, we applied stim-
ulus bursts ranging in length from 1 to 20 pulses at 20 Hz in the
presence or absence of nicotine (Fig. 54, B). Increasing the stim-

lower frequencies but increased up to the
control in the dorsal striatum (Fig. 5C,
filled squares) and beyond the control in
the NAc shell (Fig. 5D, filled circles) (Rice
and Cragg, 2004). An important finding in
the NAc shell is that 5 pulses at 20 Hz in nicotine increase the DA
release to 325 = 28% (n = 5, p < 0.01) of that released by a single
pulse under control conditions (in the absence of nicotine).

It also is interesting to note that the maximum DA release was
observed at the average intraburst firing frequency measured in
vivo from freely moving rates (i.e., at 20 Hz) (Fig. 5C,D). To verify
this finding, we measured DA release to pulse trains given in
different orders to be sure that release was not altered by the
stimulus history (supplemental Fig. S3A, available at www.
jneurosci.org as supplemental material), which is a factor we con-
trolled in our methods (see supplemental Fig. S2, available at
www.jneurosci.org as supplemental material). Independent of
the stimulus history, the DA signal (measured as the area under
the curve) is smaller at 40 Hz and 80 Hz than it is at 20 Hz (Fig.
5C,D and supplemental Fig. S3B, available at www.jneurosci.org
as supplemental material). Finally, we verified that the oxidation
and reduction peaks of the signal were indicative of DA and not
some artifactual agent (supplemental Fig. S3C, available at www.
jneurosci.org as supplemental material). Thus, the results suggest
that the maximum DA release tends to occur at the biologically
relevant average intraburst frequency of the in vivo DA neurons
(Exley et al., 2008).

The frequency dependence of DA signaling is not explained
by DA reuptake by transporters

The DA signal measured with voltammetry in striatal tissue de-
pends on both DA release and DA reuptake. The average density
of DA transporters (DATs) is lower in the NAc shell than in the
dorsal striatum (Coulter et al., 1996). To examine whether the
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difference in DAT density and efficacy is
the underlying reason for the differences
in the DA signal in the dorsal striatum and
NAc shell, DAT activity was selectively
blocked with GBR-12909 (GBR). After ex-
amining a dose range of 0.2-10 uM GBR
(Fig. 6A), we determined that 2 um GBR
inhibited the majority of DAT activity and
allowed stable recordings. With complete
DAT inhibition, the voltammetric DA sig-
nal tended to decline over time. That result
is as expected because the DA stores can-
not be refilled when complete DAT inhibi-
tion prevents DA reuptake. Therefore, the
voltammetry experiments depicted in Fig-
ure 4A were repeated with ~80% inhibi-
tion of DAT activity. DAT inhibition pro-
longed the DA signal duration, but did not
change the differences in burst-evoked DA
facilitation between the NAc and dorsal
striatal (Fig. 6 B). As shown in the absence
of DAT inhibition (Fig. 4A), the DA re-
lease in the dorsal striatum is not enhanced
by afferent bursts nearly as strongly as is
the DA release in the NAc shell (Fig. 6 B).

After bath perfusion of GBR (2 um, 30
min), the DA signal evoked by a single
pulse increased dramatically (Fig. 6C).
However, GBR did not alter the difference
in the DA signaling relationships between
the dorsal striatum and NAc shell (Fig.
6D,E). To examine the effect of burst
length, we increased the number of pulses
from 1 to 20 while applying 20 Hz trains in
the presence of GBR (Fig. 6 D). In Figure
6D, the filled symbols and solid lines were
obtained in GBR (2 uMm), and the dashed
gray lines (controls) were obtained from
the same slices before applying GBR. The
difference between in the NAc shell (cir-
cles) and dorsal striatum (squares) in the
presence of GBR (Fig. 6 D, filled symbols)
was similar to the control case (dashed
lines, data obtained without GBR).

To examine the frequency dependence of the DA signal, we
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DA release in the dorsal striatum as a function of specific DAT inhibition by GBR-12909. The insets show DA release before (brief
black traces) or with (larger gray traces) GBR at the labeled concentrations. Calibration: 2 um, 10's. B, In the presence of GBR (2
um), DA release evoked by Tp (black) or by 5p at 20 Hz (gray) in the dorsal striatum and NAc shell. Calibration: 1 um, 5s. C, An
example measurement is shown of the DA signal evoked by a single pulse before (black trace) or with (larger gray trace) DATs
inhibited by 2 M GBR-12909. Calibration: 2 wum, 10 s. D, The DA signal was measured for stimulus trains ranging from 1to 20
pulses (at 20 Hz) in the presence of GBR (2 um) normalized to the DA signal evoked by 1p. The dashed lines (points not shown for
clarity) represent the response of the same slices under control conditions before the GBR was added (normalized to 1p under
control conditions). As the stimulus train length increases, the DA signal in the dorsal striatum (filled square, n = 5) does not
increase as much as in the NAc shell (filled circle, n = 5). When comparing the dorsal striatum to the NAc shell, inhibition of the
DATs haslittle influence over the shape of the stimulus-number dependence for the DA signal as indicated by the dashed and solid
lines. E, The DA signal was measured for stimulus trains of 5p ranging from 10 to 80 Hz in the presence of GBR (2 yum) normalized
to the DA signal evoked by 1p. The dashed lines (points not shown for clarity) represent the response of the same slices under
control conditions before the GBR was added (normalized to 1p under control conditions). As the stimulus frequency (freq)
increases, the DA signal in the dorsal striatum (filled square, n = 9) does notincrease as much asin the NAc shell (filled circle, n =
7). When comparing the dorsal striatum to the NAc shell, inhibition of the DATs does not account for the overall shape difference
of the stimulus-frequency dependence for the DA signal.

in the presence of nicotine. The other spikes in the train set the
overall firing frequencies to match the average firing rates of 4 Hz

varied the frequency of a 5-pulse train from 10 to 80 Hz (Fig. 6 E,
solid lines in GBR, dashed lines in the absence of GBR). Qualita-
tively the difference between the NAc shell and dorsal striatum
were retained in GBR. These results suggest that the difference in
DAT density in the dorsal striatum and NAc shell does not pri-
marily underlie the differences in DA signaling between the dor-
sal striatum and NAc shell. Rather, the differences in frequency
dependence are more likely to arise from intrinsic differences in
DA release properties in the striatal subregions.

DA neuron firing patterns induced by nicotine cause greater
DA release in the NAc shell

We constructed stimulation trains based on the average firing
patterns of DA neurons measured in vivo from free-moving rats
before and after nicotine administration. Those two stimulus
trains are shown as insets at the bottom of Figure 7, A and B.
Based on the in vivo recordings, the intraburst frequency was held
constant at 20 Hz, and the burst length was 5p in control and 10p

in control and 7 Hz in the presence of nicotine. Using carbon-
fiber voltammetry, we measured the DA release evoked by those
stimulus trains applied to slices from the dorsolateral striatum
(Fig. 7A) or from the NAc shell (Fig. 7B). In the dorsal striatum,
changes in the DA neuron firing caused by nicotine did not alter
DA release significantly (92 = 9%, n = 6, p > 0.05 when com-
pared with the control area under the curve) (Fig. 7A, C). In the
NAc shell, however, changes in the DA neuron firing caused by
nicotine dramatically increased DA release (221 * 20%, n = 5,
p <0.01 when compared with the control) (Fig. 7 B, C). Although
the biologically relevant cases are represented in Figure 7, for
completeness all stimulus train combinations and nicotine treat-
ments are shown in supplemental Figure S4 (available at www.
jneurosci.org as supplemental material).

Discussion
In summary, the results show that DA axon terminals in the
dorsolateral striatum and NAc shell respond differently to in-
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coming action potentials (i.e., stimulus trains), consistent with
the NAc shell having a lower basal probability of release than the
dorsolateral striatum (Cragg, 2003; Rice and Cragg, 2004; Zhang
and Sulzer, 2004). In freely moving rats, nicotine increases the
phasic burst firing of the putative DA neurons (from the subset
we identified). The NAc shell is much more responsive than the
dorsolateral striatum to phasic bursts by the DA neurons. Con-
sequently, microdialysis measurements detect a nicotine-
induced DA rise mainly in the NAc shell, not the dorsolateral
striatum, and this DA signal is likely important for the initiation
of the addiction process (Balfour et al., 2000; Di Chiara, 2002;
Dani and Harris, 2005). In addition, nicotine decreases DA re-
lease at low frequencies (e.g., single pulses) in the target areas of
the dorsal striatum and NAc (Zhou et al., 2001; Rice and Cragg,
2004; Zhang et al., 2004). Because nicotine decreases tonic DA
release much more effectively than release evoked by phasic
bursts, nicotine stretches the range of mesostriatal DA signaling:
low-frequency tonic signals are diminished while phasic-burst
signals are favored. In that way, nicotine enhances the signal-to-
noise relationship of DA transmission. This nicotine-induced
change in the DA signaling may underlie the high prevalence of
smoking seen in psychiatric patients, who are hypothesized to
self-medicate to “normalize” their DA signaling properties (Dani
and Harris, 2005; Kumari and Postma, 2005; Benowitz, 2008).

An interesting correlation was observed in the results. The
maximum DA signal was observed at the relatively invariant av-
erage intraburst firing frequency measured in vivo from freely
moving rats. The data suggest the intriguing possibility that pha-
sic burst firing by the rat DA neurons occurs at the optimal fre-
quency to give maximum DA signaling. This maximum in signal-
ing was particularly evident when measuring the area under the
DA concentration curve, but it was observed to a lesser extent in
the DA peak amplitude too (Fig. 5D and supplemental Fig. S3B,
available at www.jneurosci.org as supplemental material).
Higher-frequency stimulus trains would be expected to give more
synchronized presynaptic Ca*" signals to evoke release. How-
ever, at the optimal frequency of 20 Hz, a 5p stimulus train will be
spread out more in time than a train given at 80 Hz, contributing
to a more prolonged DA signal at 20 Hz.

Influence of nicotine over dopamine neurons in the midbrain
Synaptic events initiated by nicotine in the VT'A/SNc underlie the
DA signaling associated with tobacco use. Our present under-
standing suggests the following scenario. Nicotine obtained from

The burst firing by DA neurons measured in vivo that is induced by nicotine causes a greater increase of DA release in
the NAcshell than in the dorsal striatum (d. striatum). Stimulus patterns were designed to mimic the in vivo firing patterns of DA
neurons measured from freely moving rats before and after nicotine injections (represented by vertical dashes inset below). 4, B,
Patterned stimulus trains based on the in vivo DA-unit recordings are shown below the evoked DA release in the absence (control)
or presence of nicotine in the dorsal striatum () or the NAc shell (B). Calibration: 0.1 wum, 1. €, The relative DA signal (area under
the curve) was unchanged by nicotine in the dorsal striatum but was increased in the NAc shell (n = 5, **p << 0.01).
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tobacco initially activates [32-containing
(B2*) nAChRs on the midbrain DA neu-
rons (Pidoplichko et al., 1997; Picciotto et
al., 1998; Jones et al., 2001). For a few min-
utes these DA neurons are directly depo-
larized and fire action potentials before the
B2* nAChRs desensitize. On the same time
scale, the nicotine slightly activates a7*
nAChRs located on the presynaptic termi-
nals of glutamatergic afferents, thereby in-
creasing the excitatory drive onto the DA
neurons (Mansvelder and McGehee, 2000;
Schilstréom et al., 2003; Pidoplichko et al.,
2004). The coincidence between enhanced
presynaptic glutamatergic transmission
and firing activity of the postsynaptic DA
neurons induces synaptic potentiation
(Mansvelder and McGehee, 2000, 2002;
Mansvelder et al., 2002). Along with other
synaptic events (Dani et al., 2001; Mansvelder and McGehee,
2002; Pidoplichko et al., 2004), this potentiated glutamatergic
drive causes DA neurons to fire more in a burst or phasic mode
(Grenhoff et al., 1986; Schilstrém et al., 2003). Nicotine admin-
istration increases the occurrence and the length of burst firing.
This firing mode is expected to help mediate the phasic behav-
ioral response to salient environmental stimuli as well as addic-
tive drugs (Schultz et al., 1997; Maskos et al., 2005).

= N W

o

d.
striatum shell

NAc

Nicotine differentially influences the dorsal striatum and
nucleus accumbens shell
The frequency dependence and nicotinic modulation of DA re-
lease differ in the dorsolateral striatum and NAc shell (Chergui et
al., 1994; Cragg et al., 2002; Cragg, 2003). There are anatomical
and neurochemical differences that likely contribute to the func-
tional inequality (Sesack, 2002). DA terminals in the NAc shell
and dorsolateral striatum originate mainly from VTA and SN,
respectively (Haber et al., 2000). In the dorsolateral striatum, the
DA varicosities contain almost exclusively small clear vesicles. In
the NAc shell, DA varicosities contain mainly small clear vesicles,
but there also are significant numbers of dense core vesicles and
flattened clear vesicles. In the monkey, DA varicosities (or pro-
files) are ~0.33 um? in the NAc shell compared with 0.14 wm?in
the dorsal striatum (Ikemoto et al., 1996). In addition, VTA DA
neurons projecting mainly to the NAc shell often contain a
calcium-binding protein, calbindin, whereas SNc DA neurons
projecting to the dorsal striatum are often calbindin negative
(Haber et al., 1995). These kinds of structural variations and
differences in calcium buffering have been shown to regulate
neurotransmitter release (Dittman and Regehr, 1998; Dittman et
al., 2000; Thomson, 2000), and these factors likely contribute to
the differences in DA release observed within the striatum.
Previous measurements in brain slices had indicated that
there is a frequency-dependent function relating DA neuron ac-
tivity and DA release (Cragg, 2003; Rice and Cragg, 2004; Zhang
and Sulzer, 2004). Those results suggested that presynaptic
nAChRs act to enhance DA release evoked at low frequency
(Zhou et al.,, 2001). The ongoing activity of striatal cholinergic
interneurons (Bennett and Wilson, 1999) excites presynaptic
nAChRs on the DA terminals (Jones et al., 2001), producing an
increase of intraterminal calcium that enhances DA release
(Grady et al., 1997; Wonnacott et al., 2000). When nicotine was
added to striatal brain slices, surprisingly, the presynaptic
nAChRs were mainly desensitized, and low-frequency, tonic DA
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release was inhibited (Zhou et al., 2001; Rice and Cragg, 2004;
Zhang and Sulzer, 2004), but phasic DA release was regulated
differently, such that phasic bursts induced large DA signals
(Cragg, 2003; Rice and Cragg, 2004).

Our examination of nicotine’s influence on the frequency de-
pendence of DA release is consistent with the following interpre-
tation. In the absence of other activity, a single action potential
arriving at DA terminals in the dorsolateral striatum is more
likely to cause release than one arriving at DA terminals in the
NAc shell. The dorsal striatum seems to have a higher probability
of release in response to a single stimulus. However, when
nAChRs are inhibited either by an antagonist or by desensitiza-
tion with nicotine (Zhou et al., 2001), the DA release to a single
stimulus is inhibited more in the dorsal striatum than the NAc
shell. This finding is consistent with presynaptic nAChRs con-
tributing to the intraterminal calcium rise that causes DA release
(Rathouz and Berg, 1994; Grady et al., 1997; Wonnacott et al.,
2000; Zhou et al., 2001). When those nAChRs are inhibited, the
boost to intraterminal calcium is lost, and those terminals then
have a lowered probability of release. The DA terminals in the
dorsal striatum appear to gain a significant proportion of their
high release probability from the action of presynaptic nAChRs.
Another difference is that high-frequency bursts enhance DA re-
lease in the NAc shell more than in the dorsal striatum. That
result is explained, in part, by the finding that the basal probabil-
ity of release is already high in the dorsal striatum (Zhang and
Sulzer, 2004). Therefore, burst stimulation cannot boost the re-
lease probability much higher.

Overall, the data indicate that the frequency dependence of
DA release is different in the dorsolateral striatum and NAc shell.
That release difference arises from a number of factors, including
intrinsic structural and calcium buffering differences as well as
nicotinic mechanisms. Nicotine acts upon those DA release dif-
ferences such that microdialysis measurements initially detect a
nicotine-induced DA increase mainly in the NAc shell.
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