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Cocaine acts as a reinforcer through its pharmacological effects on brain monoaminergic systems, which, through repeated pairings with
environmental stimuli, lead to the development of conditioned effects of the drug. Both the pharmacological and conditioned aspects of
cocaine are implicated in several facets of acquisition and maintenance of addiction, including drug craving. Here, we compare the effects
of contingent (response dependent) and noncontingent (response independent) cocaine on rapid dopaminergic signaling in the core of
the nucleus accumbens. Dopamine was monitored using fast-scan cyclic voltammetry. Noncontingent cocaine administered to both naive
and animals with a history of self-administration resulted in a profound increase in the frequency of transient dopamine release events
that are not time-locked to any specific environmental stimuli. Pharmacological effects were detectable approximately 40s after cocaine
administration. In contrast, when animals where allowed to self-administer cocaine on an FR-I schedule, dopamine transients
(69+ 12nM) were consistently observed time-locked to each reinforced response (peaking approximately |.5s after response
completion). Importantly, no pharmacological effect of cocaine was observed within the 10s following noncontingent cocaine
administration, indicating that dopamine signals time-locked to the reinforced response are a result of the pairing of the operant behavior,
the drug-associated cues, and cocaine. These data demonstrate that this pharmacological action of cocaine occurs for an extended
period following either contingent or noncontingent administration, but is distinct from those dopamine transients that are time-locked

to each lever-press in self-administering animals.
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INTRODUCTION

Dopaminergic neurotransmission in the mesolimbic system
is associated with reward seeking (Everitt and Robbins,
2000; Salamone and Correa, 2002; Phillips et al, 2003b),
prediction (Schultz, 1998; Waelti et al, 2001), and reinforce-
ment (Wise, 1982, 2004). Owing to this, dopamine has been
implicated in the neurobiological actions of many drugs of
abuse, particularly those of cocaine (Di Chiara and
Imperato, 1988; Di Chiara et al, 2004; Koob et al, 2004;
Wise, 2004). Through its pharmacological actions, cocaine
directly affects dopaminergic terminals by inhibiting
dopamine uptake (Jones et al, 1995). Cocaine use leads to
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the development of conditioned effects through the pairing
of the drug to environmental cues (Stewart, 1992; Volkow
et al, 2003; Ciccocioppo et al, 2004; See et al, 2003), and
these play a key role in the onset and maintenance of
addiction (Gawin, 1991; O’Brien et al, 1992; Dackis and
O’Brien, 2001). Microdialysis studies have revealed in-
creases in extracellular nucleus accumbens dopamine
during cocaine self-administration (Pettit and Justice,
1989, 1991; Wise et al, 1995; Bradberry, 2000). However, it
has proved more difficult for microdialysis investigations of
dopamine to resolve the pharmacological effects of cocaine
from the conditioned effects because the sampling timescale
is multiple minutes (Bradberry, 2000). Despite this,
increases in dopamine on a minute timescale have been
demonstrated by microdialysis in response to discrimina-
tive (Weiss et al, 2000) and conditioned (Ito et al, 2000)
stimuli associated with cocaine self-administration.
Electrophysiological studies during operant behavior
have shown that neuronal activity increases on a subsecond
timescale during events associated with cocaine self-
administration (Chang et al, 1994; Uzwiak et al, 1997;
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Carelli et al, 2000; Carelli, 2004). Thus, it is important to
know whether dopamine can change on this timescale as
well. Dopaminergic terminals form synapses on the neck of
spines and dendrites of the projection neurons in the
nucleus accumbens, and are in close proximity to glutame-
tergic synapses originating from neurons in the hippocam-
pus, basolateral amygdala, and prefrontal cortex (Totterdell
and Smith, 1989; Sesack and Pickel, 1990; Johnson et al,
1994). Thus, dopamine is in a prominent position to
modulate these inputs (O’Donnell et al, 1999; Nicola et al,
2000) and exert control over the activity of microcircuits
within the nucleus accumbens that ultimately control
behavior (Pennartz et al, 1994). Recently, we demonstrated
that fast-scan cyclic voltammetry can be used to monitor
dopamine changes during cocaine self-administration on a
subsecond timescale (Phillips et al, 2003b). This technique
is particularly well suited for measurement of transient
dopamine release events (Rebec et al, 1997; Phillips et al,
2003a), defined here as signals greater than ~15nM and
lasting less than 3 s (ie dopamine transients) that may arise
from phasic firing of dopamine neurons (Venton et al,
2003a). Transient dopamine changes in the nucleus
accumbens were found to occur during the +10s interval
surrounding a rat’s lever press to self-administer cocaine.
The dopamine transients before the lever press appeared
to promote cocaine seeking, whereas those that followed
the lever press were closely time-locked to it and the
accompanying cues.

In this work, we have furthered our investigation of
subsecond dopamine changes that accompany cocaine
administration. We first investigated the actions of non-
contingent cocaine on both drug-naive animals and animals
with a history of cocaine self-administration. The high time
resolution of the voltammetric technique allowed resolution
of cocaine-induced dopamine transients under these con-
ditions, which were not associated with any discernible
behavioral responses. In rats trained to lever-press for
cocaine, its self-administration caused similar transients
due to the pharmacological effects of cocaine in addition to
dopamine transients that were time-locked to each lever
press. Thus, transients related to the pharmacological
effects of cocaine accompany those that arise from the
conditioned effects during self-administration.

MATERIALS AND METHODS
Animals

Male Sprague-Dawley rats (n=18; Harlan, Raleigh, NC;
280-300 g), individually housed on a 12:12 light cycle (lights
on at 0700 h), were surgically implanted with an intravenous
catheter under ketamine hydrochloride (100 mg/kg i.m.)
and xylazine hydrochloride (20 mg/kg i.m.) anesthesia, as
described previously (Caine and Koob, 1994; Carelli and
Deadwyler, 1996). Following recovery, rats had ad libitum
access to food, while water intake was restricted to 30 ml/
day (above 85% of their presurgery weight) to maintain
body weight and to remain consistent with our previous
studies. All procedures were in accordance with the
University of North Carolina Animal Care and Use
Committee.
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Cocaine Self-Administration Training

Following 1 week recovery from catheter surgery, some rats
(n=28) were trained to self-administer cocaine during 2h
daily sessions. Rats were placed in a sound-attenuated
operant chamber (Med Associates, St Albans, VT) and a cue
light located 6.5 cm above the lever was illuminated to signal
drug availability. Depression of the lever (FR1 schedule)
resulted in simultaneous termination of the cuelight (20s),
onset of a tone-houselight stimulus (65dB, 2900 Hz; 205s)
and intravenous cocaine infusion (0.33mg in sterile
heparinized saline over 6s). During the 20s post response
period responding on the lever was recorded, but had
no programmed consequences. Stable self-administration
behavior (<10% variability in press number during a
consecutive 3-day period) was typically achieved by 10-15
training sessions, and at this time rats were surgically
prepared for voltammetric recording.

Voltammetry Surgery

Rats were anesthetized with ketamine hydrochloride
(100 mg/kg im.) and xylazine hydrochloride (20 mg/kg
im.) and placed in a stereotaxic frame. A guide can-
nula (Bioanalytical Systems, West Lafayette, IL) was
positioned with its tip above the right nucleus accumbens
core (+ 1.3mm AP, + 1.3 mm ML, —2.5mm DV relative to
bregma), an Ag/AgCl reference electrode was placed in the
contralateral forebrain, and these were secured to the
cranium with machine screws and cranioplastic cement.
When cured, a detachable micromanipulator containing a
carbon-fiber electrode (50-75pum length cylinders, T-650;
Amoco, Greenville, SC) was inserted into the guide cannula
and the electrode was lowered into the nucleus accumbens
core. A bipolar stimulating electrode was lowered into the
ventral tegmental area (VTA; —5.2mm AP, +1.0mm ML,
and —7.7mm DV) until electrically evoked (60 biphasic
pulses, 60 Hz, 120 A, 2 ms/phase) dopamine release was
detected at the carbon-fiber electrode. The stimulating
electrode was then cemented, and the micromanipulator
was removed and replaced with a stylet. Following surgery,
rats were allowed to recover for at least 3 days.

Voltammetry Recording Sessions

On the experimental day, a new carbon-fiber electrode was
lowered into the nucleus accumbens core. Voltammetric
recordings were made every 100 ms by applying a triangular
waveform (—0.6 to + 1.4V, 400 V/s). Data were digitized in
a PC wusing software written in LabVIEW (National
Instruments, Austin, TX). Dopamine release was optimized
within the nucleus accumbens core by adjusting the vertical
position of the working electrode (0.1 mm increments).
Experiments were begun when a site that had a signal-to-
noise ratio of electrically evoked (24 biphasic pulses, 60 Hz,
120 pA, 2ms/phase) dopamine release of at least 30 was
found. After the session, dopamine release was again
electrically evoked to insure that carbon-fiber electrode
was still in close proximity to a dopamine release site, and
then the carbon-fiber electrode was removed and calibrated
with dopamine (1 uM) in a flow-injection analysis system
(Phillips et al, 2003a).



Noncontingent Cocaine Infusions

The response to noncontingent cocaine delivery was
examined in rats that had been trained to self-administer
cocaine (n=>5) and a separate group of cocaine-naive
animals (n=5). Rats in the noncontingent group received
identical treatment and surgery as rats self-administering
cocaine. Rats were acclimated to the recording chamber (a
different chamber to self-administration training) for 1h,
and then given four, 6-s infusions of saline (5min apart),
followed by four, 6-s infusions of cocaine (0.33 mg/infusion;
the dose used in self-administration), while voltammetric
recordings were made.

Cocaine Self-Administration

Self-administering rats were re-trained following voltam-
metry surgery for an additional 2-3 days to re-establish
their behavior. On the experimental day, voltammetric data
were collected and behavioral events were logged (Med
Associates) on separate PCs that were digitally linked to
allow synchronization of neurochemical and behavioral
measurements during a cocaine self-administration session.

Signal Identification and Correction

Chemical identification of signals was carried out by
examining background-subtracted cyclic voltammograms
(Phillips and Wightman, 2003). The subtraction process
yields changes in concentration that cannot be used to
establish absolute levels (Phillips et al, 2003a). To isolate
dopamine transients, a ‘sliding background’ subtraction was
used. In this approach, each cyclic voltammogram in a 2-
min file was subtracted from the average of the five cyclic
voltammograms collected 1.0-0.5s earlier. Each back-
ground-subtracted cyclic voltammogram was compared by
linear regression to an in vivo dopamine template (average
background-subtracted cyclic voltammogram recorded
during electrically evoked dopamine release). Only voltam-
mograms with an 7°>0.75 were considered dopamine; the
remainder of the signal was considered noise.

While the cyclic voltammograms for norepinephrine and
dopamine are virtually identical, in vitro analysis shows that
r*>0.75 distinguishes dopamine from other interferences
(Heien et al, 2003) such as ascorbic acid, DOPAC, ionic
changes in the extracellular space (Venton et al, 2003b), and
noise. Norepinephrine is unlikely to be a significant
contributor to the signal because its content in the nucleus
accumbens is only 2% of that of dopamine (Garris et al,
1993), and immunohistochemical labeling of dopamine-f-
hydroxylase is not detectable in this region (Baldo et al,
2003).

Examination of the cyclic voltammograms revealed that
in addition to dopamine other chemical changes, such as
changes in pH, were frequently detected. To remove their
contribution, current measured at a potential that is not
sensitive to dopamine (~200mV vs Ag/AgCl) was sub-
tracted from the current at the peak oxidation potential for
dopamine (~650mV vs Ag/AgCl). The current was then
converted into concentration by calibrating the electrodes
in vitro with 1 uM dopamine.
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Characterization of the amplitude and duration of
fluctuations in dopamine in self-administering animals
within +10s of a lever press employed Mini-analysis
software (Synaptosoft, Decatur, GA). Typical noise levels
were equivalent to 6nM dopamine. Only peaks with
amplitudes that remained three times greater than the noise
for at least 1.5s were evaluated. Consecutive peaks were
distinguished if they occurred after the prior event had
decayed by at least 40%.

Histology

Following completion of experiments, rats were deeply
anesthetized (ketamine hydrochloride, 150 mg/kg; xylazine
hydrochloride, 20 mg/kg) and a stainless steel electrode
(50-um tip radius) was lowered to the recording site with
the same micromanipulator, and an electrolytic lesion was
made (50 pA, 10s). Rats were then transcardially perfused
with physiological saline, followed by 4% paraformalde-
hyde. Brains were stored in 4% paraformaldehyde for at
least 3 days, frozen, and sectioned with a cryostat (50 pm).
Brain sections were mounted on slides, stained with thionin,
and coverslipped. Serial sections were examined under a
light microscrope and all recording sites were verified to be
located in the core region of the nucleus accumbens with
the aid of a brain atlas (Paxinos and Watson, 1997).

RESULTS
Electrically and Behaviorally Evoked Dopamine Release

During insertion of the carbon fiber, electrical stimulation
of the dopamine-containing cell bodies was used to evoke
dopamine release. Prior studies have shown that electrical
stimulation of the VTA and/or medial forebrain bundle
causes a transient increase in extracellular dopamine in the
nucleus accumbens (Kuhr et al, 1986; Garris et al, 1997),
followed by a secondary basic change in local pH that
correlates with increased local blood flow (Venton et al,
2003b). Both of these signals are readily detected electro-
chemically using fast-scan cyclic voltammetry with carbon-
fiber microelectrodes. Figure la (top) shows electrically
evoked dopamine release both before (dotted trace) and
after (solid line) correction for the ionic changes that
resemble pH. In this example, dopamine release was evoked
using parameters that are analogous to burst firing of
dopaminergic neurons (eight pulses, 30 Hz, 120 pA). Cyclic
voltammograms taken immediately after the electrical
stimulation confirms that the signal is dopamine, while
those taken a few seconds later are consistent with the
voltammograms for a basic pH change (Figure la bottom).
The cyclic voltammogram obtained at the end of the
stimulation was used as the template for dopamine
identification during behaviorally evoked events in vivo
(Phillips and Wightman, 2003).

Behaviorally evoked dopamine transients had several
similar characteristics. Figure 1b shows an example of
phasic dopamine time-locked to the operant response for
cocaine. The cyclic voltammogram was identical to that
obtained during stimulated release. The time course,
corrected for nondopaminergic components, showed an
increase slightly before the lever press and a larger increase
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occurring immediately after the lever press (solid line).
Without the correction for ionic changes (dotted trace), the
increase appeared to be followed by a longer lasting

E,, (V vs. Ag/AgCl)

‘= -15nA

+10.0 nA +10.0 nA,

+14V A6V +14V V6V

15,0 nA -15.0nA

E.,, (V vs. Ag/AgCl)

42004 +20nA

14V DBV 14V DBV

Neuropsychopharmacology

decrease in current after the lever-press response that has
cyclic voltammograms, which are also consistent with a
basic pH change. In the remainder of the text, all traces have
been pH corrected.

Pharmacological Effects of Cocaine on Dopaminergic
Terminals in the Nucleus Accumbens

Cocaine is a competitive inhibitor of the dopamine
transporter, and, as such, it prolongs the lifetime of
dopamine in the extracellular fluid. As shown previously,
(Wu et al, 2001) the prolonged lifetime in the nucleus
accumbens can be directly observed with fast-scan cyclic
voltammetry following evoked release caused by electrical
stimulation of dopamine-containing cell bodies in anesthe-
tized animals.

In self-administering animals, similar effects on evoked
release were seen. At the beginning of self-administration
sessions, the position of the carbon-fiber electrode within
the nucleus accumbens was optimized to a site where robust
dopamine release was evoked with electrical stimulation of
the VTA. During the stimulation, the current arising from
dopamine oxidation, corrected for interference from other
substances, increased (an example is shown in Figure 2a).
Dopamine rapidly returned to baseline when the stimula-
tion terminated. At the end of the 2-h self-administration
sessions, consisting of 19+1.1 lever presses in eight
animals, the stimulation was repeated. In all cases,
dopamine release was observed, verifying that the recording
site still supported dopamine release (an example is shown
in Figure 2b). Typically, evoked dopamine release was
greater after the session, and it returned to baseline in
5.340.39s, significantly slower than the 2.64+0.16s ob-
served before the session (p<<0.01; Student’s t-test).

Cocaine administration also caused the frequency of
naturally occurring dopamine transients to increase. Recent
improvements in the sensitivity of the voltammetric
approach (Heien et al, 2003) allow resolution of periodic
fluctuations in dopamine in the nucleus accumbens
extracellular fluid (Robinson et al, 2002). The example

<

Figure | Signal identification and correction of voltammetric data
recorded in the NAc. (a) (Top): dopamine release (solid line) measured by
cyclic voltammetry during electrical stimulation of the VTA (8p, 30Hz,
120 pA; delivered at t=0s5) in a single trial. The signal before correction for
ionic changes (dashed line) is also shown at the potential at which
dopamine is oxidized. (a) Colored panel: the set of all background-
subtracted cyclic voltammograms recorded over the [5s interval. The
ordinate is the applied potential (E,5p) during each voltammogram, the
abscissa is the time at which it was recorded, and the current changes are
encoded in color. Dopamine can be seen during stimulation by the features
at 0.650V (oxidation peak encoded as green) and at —0.20V at the end of
the voltage scan. Individual cyclic voltammograms from this set are shown
for the end of the stimulation and at the time indicated by the white dashed
line. The former is identical to that for authentic dopamine, while the latter
is consistent with an ionic change at the electrode. (b) (Top): dopamine
release (solid line) during a single lever-press response for cocaine (lever
press at t =05). The signal before correction for ionic changes (dashed line)
is also shown. The color plot reveals dopamine changes before and after
the lever press, as well as ionic changes after the lever press. Dopamine
transients are denoted in the trace by asterisks. The cyclic voltammogram
I's after the lever press is consistent with dopamine (= 0.89) and the
cyclic voltammogram at 8 s after the lever press is consistent with an ionic
change.
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Figure 2 Pharmacological responses to cocaine measured with in vivo voltammetry. (a) Example of electrically evoked (24 pulses, 60 Hz, 120 pA; gray
box) dopamine release before a cocaine self-administration session. The dopamine signal was extracted from the voltammetric recordings. The cyclic
voltammogram shown (insert) was recorded at the maximum response and confirms that dopamine is the substance detected. (b) Electrically stimulated
release in the same animal after a cocaine self-administration session. The cyclic voltammogram shown (inset) was recorded at the maximum and has a high
correlation with authentic dopamine. (c) A 305 trace from an individual animal after a noncontingent i.v. infusion of saline. (d) Trace from the same animal
after a noncontingent i.v. infusion of cocaine. In (c, d) peaks with an asterisk were due to dopamine since their cyclic voltammograms correlated with

electrically evoked dopamine with an

>0.75. () Average trace +SEM (dotted lines) (n=5 animals) for dopamine changes during saline infusion. (f)

Average trace (n=5 animals) for dopamine changes during noncontingent cocaine infusion. Black bars show the infusion duration.

shown in Figure 2c, recorded in a cocaine-naive rat after a
saline infusion, illustrates these naturally occurring tran-
sients. The asterisks denote maxima whose voltammograms
matched those of dopamine with an r*>0.75. However, 45 s
after noncontingent infusion of 0.33mg cocaine to this
animal, the dopamine transients increased in frequency and
amplitude (Figure 2d). The changes were neither immediate
nor synchronized with the infusion: averaged traces
collected for 10s immediately following either saline or
cocaine infusion do not show dopamine changes (Figure 2e
and f; averaged across five animals).

When examined on a slower timescale, the frequency of
dopamine transients from recordings in five animals that

were naive to cocaine correlated closely (r=0.8) to the
computed local concentration of cocaine (Pan et al, 1991;
Figure 3a). While the frequency of dopamine transients was
unchanged by saline infusions, in the first minute after
cocaine infusion, the frequency increased and then declined
as the local cocaine concentration declined. The baseline
also increased in the first minute following cocaine infusion,
and it reached 20% of its final value 38.14+17.0s after
initiation of cocaine infusion. The frequency of dopamine
transients increased with subsequent cocaine infusions as
well, although the relative increase was not as large as the
relative change in local cocaine concentration. Overall, the
frequency of dopamine transients during saline infusions
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Figure 3 Noncontingent cocaine increases the frequency and amplitude
of dopamine transients detected in naive animals. (a) Upper: local cocaine
concentration in the brain as calculated from equation (3) in Pan et dl,
1991. Lower: mean rate of dopamine transients with SEM (n=5 animals)
following four noncontingent infusions of saline followed by four infusions
of cocaine (0.33 mg/inf). The arrowheads indicate the infusion time. (b)
Frequency of transients before and after noncontingent cocaine in cocaine-
naive animals. (c) Amplitude of transients before and after noncontingent
cocaine in cocaine-naive animals. *p <0.05, **p<0.01 vs saline.

was 1.04+0.3min"! and this increased almost eight-fold
following noncontingent cocaine (frequency of dopamine
transients after cocaine was 7.7+2.4min }, Figure 3b;

Neuropsychopharmacology

a 20-

N A saline infusion

TE 154 A cocaine infusion

2

5

£ 101

g

8 %&Wﬂ

j¢

x

0_
A A A A A A A A
I T T T T
0 10 20 30 40
Time (min)

b 15

e

E 104

2 *%

&

7]

=4

g

y l

o

)

2 ,;I;\

O . .
saline cocaine
self-administration history

C 100+

g

E 754

o

bl

£

3

E 504 1

£

K

2

E 254
0

saline cocaine
self-administration history

Figure 4 Noncontingent cocaine increases the frequency of dopamine
transients detected in animals with a history of self-administration. (a) Mean
rate of dopamine transients with SEM (n=5 animals) following four
noncontingent infusions of saline, followed by four infusions of cocaine
(0.33 mg/inf). The arrowheads indicate the infusion time. (b) Frequency of
transients before and after noncontingent cocaine in cocaine-experienced
animals. (c) Amplitude of dopamine transients before and after
noncontingent cocaine in cocaine-experienced animals. **p<0.00! vs
saline.

t(4) =2.94; p<0.05). The mean amplitude of dopamine
transients also significantly increased from 39.5+6.9nM
during saline infusions to 74.1+13.6nM during cocaine
infusions (#(4) = 4.49; p<<0.01; Figure 3c).

Similar results were obtained in animals with a history of
cocaine self-administration (Figure 4a). In animals that had
trained for 2 weeks to self-administer cocaine, the frequency
of dopamine transients during saline infusions was
2.340.72min " and it increased to 6.8+0.34 min~" follow-
ing noncontingent cocaine infusion (Figure 4b; #(4) =9.3;
p<0.001). When the frequency of dopamine transients from
these two groups was compared, there was no significant
main effect of cocaine history (cocaine experienced vs
cocaine naive; p>0.05) or an interaction (p>0.05). How-
ever, during the cocaine infusion period in cocaine-
experienced animals, dopamine transients did not signifi-
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Figure 5 Examples of rapid dopaminergic signaling during cocaine self-administration. (a) A lever-press response record from a single animal during a 2-h
self-administration session. Each vertical tick represents a single lever press for cocaine. (b) Average dopamine concentration change at + |0s around the
lever press for cocaine (solid line) and SEM (dashed line) from each of the 16 presses in this rat. t =0 indicates the lever press, the black bar represents the
duration of the infusion, and the gray bar represents the duration of drug-associated cues (which extend for an additional 105s). The average cyclic
voltammogram (solid line, inset) shows a high correlation (= 0.88) with that recorded during stimulated dopamine release (dashed line, inset). (c)
Individual examples of phasic dopamine time-locked to the operant response to cocaine for specific trials from an individual rat showing the variability in
responses. In all four panels, the cyclic voltammograms shown were recorded after the lever press and show a high correlation with that for dopamine (*
values when compared to stimulated dopamine release ranged between 0.73 and 0.89). Correlation coefficients for the events before the lever press were
in the same range, but the dopamine transients occur at variable times relative to the lever press.

cantly increase in amplitude (46.1+6.0nM during saline
administration and 51.6+4.6 nM during cocaine infusion;
p>0.05, Figure 4c). Thus, cocaine increased the frequency
of dopamine transients in both naive and cocaine-
experienced animals, but the increase in transient ampli-
tude was only seen in naive animals.

Dopamine Transients during Self-Administration of
Cocaine

During self-administration sessions, rats exhibited stable
self-administration behavior as seen in the behavioral

response pattern for a representative animal (Figure 5a).
Dopamine transients were observed throughout the 2-h self-
administration session, with a mean frequency of
5.8+ 1.1 min~". This frequency is not significantly different
(p>0.05) from that observed following noncontingent
cocaine in rats with a self-administration history. Most
transients occurred at random times and were not
correlated with any specific behavior. However, as we have
shown previously, dopamine transients were always seen
around the lever press (Phillips et al, 2003b). The averaged
result from all bar presses in this animal shows dopamine
transients in the time interval (410s) around the lever
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Table | Distribution of Dopamine Transients Relative to the
Lever Presses (4 105s) in Rats Trained to Press a Lever for Cocaine

# of dopamine # of dopamine

transients transients
# of lever preceding lever following lever

Rat # presses presses presses

I 21 24 37

2 16 I3 21

3 14 8 30

4 17 I5 22

5 19 I3 31

6 23 18 35

7 20 14 23

8 21 17 22
Average 19 153 27.6

press (Figure 5b). Dopamine began to rise 0.8 s before the
lever press, reached a peak concentration of 69+12nM at
1.5s after the lever press, and returned to baseline at 6.5 s
after the press. The peak concentration is not significantly
different (p>0.05) from that for the random transients
following cocaine in rats with a cocaine self-administration
history. The averaged cyclic voltammogram (Figure 5,
upper right inset) confirmed dopamine as the contributing
species (r* =0.88).

Aspects of individual trials (Figure 5, lower four panels)
are masked in the average. The dopamine transients before
the lever press vary in their timing relative to the lever
press, which causes them to be washed out in the average.
The dopamine transients following the lever press are more
time-locked and thus are not diluted in the average. The
dopamine transients associated with the lever press for
cocaine (+10s around the press) are summarized in
Table 1. A total of 343 dopamine transients were observed
during 152 lever presses in eight animals. Of these, 122
(36%) occurred in the 10s before the lever press, while 221
(64%) were observed within 10 s after the lever press. There
are more transients than lever presses because, in some
cases, two or three dopamine transients in close proximity
followed the lever press. Among the dopamine transients
before the lever press, 59 (42%) occurred within 3 s before
the operant response. Of the 221 dopamine transients
observed post lever press, 115 (52%) reached a maximum
within 3 s after the response. Thus, in the +3s around the
lever press, the frequency of dopamine transients exceeds
11min"!, almost double the rate observed during the
remainder of the self-administration session.

DISCUSSION

The primary pharmacological effect of cocaine on dopa-
mine-containing neurons is inhibition of uptake (Giros et al,
1996). In this study, uptake inhibition is observed by the
decreased rate of dopamine clearance following its stimu-
lated release. In addition, the subsecond measurements
reveal an additional consequence of cocaine—the transient
changes in extracellular dopamine in the nucleus accum-
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bens that normally occur in awake rats are increased in
amplitude and frequency following its administration. The
increase in frequency of dopamine release transients is a
pharmacological effect, as demonstrated by its induction
following noncontingent cocaine on a timescale that is
similar to that for cocaine transport to the brain (Pan et al,
1991). During lever pressing for cocaine, similar dopamine
transients occur, but the subset is closely time-locked to the
lever press. These are evident before cocaine reaches the
brain and exerts its pharmacological effect. Previously, we
demonstrated that these dopamine transients are due to the
learned association between cocaine, the operant response,
and the environmental cues that predict drug delivery
(Phillips et al, 2003b).

Fast-scan cyclic voltammetry provides high temporal
resolution of the chemical dynamics of dopaminergic
neurotransmission and allowed the first observation of
naturally occurring, transient, release events (Robinson et al,
2002). While in vivo electrochemical techniques vary in
their chemical selectivity (Di Chiara, 2002; Wightman and
Robinson, 2002), fast-scan cyclic voltammetry has the best
chemical resolution because the cyclic voltammograms for
most electroactive species are distinct (Heien et al, 2003). As
illustrated in Figure 1, both high temporal resolution and
considerable chemical selectivity are required because
dopamine changes are rapid and ionic changes, resembling
changes in extracellular pH, accompany and overlap both
evoked and spontaneous dopamine transients. Other
electrochemical studies of cocaine self-administration had
insufficient time resolution to observe these changes
(Gratton and Wise, 1994; Kiyatkin and Stein, 1995).
Furthermore, they did not resolve the simultaneous
chemical changes, and thus, their signals are likely a
composite of several substances (eg including pH). In this
work, the chemical selectivity was higher; nonetheless, some
transient dopamine changes may be beneath the threshold
(18 nM), set by the electrical noise of the system.

The rapid measurements of dopamine concentrations
reveal the pharmacological effects of cocaine on dopamine
neurons in two ways. First, stimulated dopamine release
obtained after cocaine self-administration sessions show
prolonged dopamine clearance (Figure 2a and b), consistent
with results following cocaine administration either in vitro
(Jones et al, 1995) or in vivo (Wu et al, 2001). Uptake
inhibition increases the lifetime of dopamine in the
extracellular space, allowing diffusion over greater distances
and the opportunity to interact with remote receptors
(Venton et al, 2003a), and leads to a rise in dopamine
concentration when sampled on a minute timescale with
microdialysis (Wise et al, 1995). Second, dopamine
transients increase in frequency following noncontingent
cocaine (Figures 2¢, d and 3). This occurred both in drug-
naive animals and those with a history of cocaine self-
administration, and the frequency following cocaine is
similar to that in the nucleus accumbens of rats lever-
pressing for cocaine. The cocaine-induced transients in the
drug-naive rats were larger than in the two other groups.
This suggests that both contingent and noncontingent
cocaine cause an adaptation in the mechanism(s) respon-
sible for these transients. As noncontingent administration
of nomifensine, another dopamine uptake inhibitor, also
causes these effects (Robinson and Wightman, 2004), they



appear to be a general consequence of dopamine uptake
inhibition. The increase in amplitude of the spontaneous,
transient dopamine release events is quite similar to the
increase in electrically stimulated release that is seen after
uptake inhibition (Wu et al, 2001).

The naturally occurring, spontaneous, dopamine transi-
ents occur at relatively low frequency, are not associated
with specific external cues or behavioral responses, and
their function is currently unknown. However, their
amplitude is sufficient to activate high-affinity dopaminer-
gic receptors located on post-synaptic cells in the nucleus
accumbens (Richfield et al, 1989). Electrophysiological
studies in behaving rats (Hyland et al, 2002) have
demonstrated that dopamine-containing neurons burst
fire on a timescale similar to the observed dopamine
transients. Burst firing, in turn, is driven by excitatory
glutamatergic and cholinergic inputs to dopamine-contain-
ing cells (Kitai et al, 1999; Floresco et al, 2003; Paladini
et al, 2004). Dopamine release evoked with parameters
that mimic a dopaminergic burst (Figure 1a) has a similar
time course as the naturally occurring signals. Another
pharmacological challenge that causes dopamine release
transients is CBl1 cannabinoid receptor activation
(Cheer et al, 2004), a process that causes increased
burst firing of dopamine-containing neurons (Gessa et al,
1998).

Both noncontingent and self-administered cocaine cause
these naturally occurring release events to increase in
frequency. The mechanism responsible for this is unclear,
since cocaine partially inhibits VTA dopaminergic cell firing
both in brain slices (Bunney et al, 2000) and in anesthetized
rats (Einhorn et al, 1988). Cocaine and other pyschostimu-
lants can induce low-frequency oscillations in the firing rate
of dopamine-containing neurons; however, this has only
been demonstrated in anesthetized rats following dopamine
receptor blockade with raclopride (Shi et al, 2004).
Alternatively, local activation in the nucleus accumbens by
excitatory afferents may evoke these transients (Parkinson
et al, 2000).

Despite the presence of ongoing dopamine release
events following cocaine self-administration, there is a
subset of dopamine transient release events that are tightly
linked to the animal behavior at the time of the lever press
(Figures 1 and 5), a time removed by several minutes from
that of the maximal brain cocaine levels. In particular, the
transients immediately following the lever press, occasion-
ally exhibiting multiple peaks, always occur within a few
seconds of the press. In contrast, the pharmacologically
induced dopamine transients during noncontingent
cocaine administration are absent in this time interval
(compare Figures 2f and 5). Our previous results implicate
that transients can code reward expectation because they
occur in response to drug-predictive cues in the absence of
cocaine (Phillips et al, 2003b). Thus, dopamine transients
associated with reward are consistent with the increased
burst firing of VTA neurons in primates during reward-
related events (Waelti et al, 2001). Increases in dopamine
in response to cocaine-associated cues can also be observed
by microdialysis (Ito et al, 2000; Weiss et al, 2000), but
more complex experimental designs must be used to
separate temporally the contingent from the pharmacolo-
gical effects. The dopamine transients immediately preced-
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ing the lever press are more variable in their occurrence
(Table 1) and are not so tightly time-locked to it, but are
more closely correlated with the initiation of appetitive
behaviors. We have noted previously that dopamine
transients preceding the lever press occur when the animal
initiates the approach to the lever. As there is a high degree
of variability in the time between when the animal
approaches the lever, and when they actually press it, this
may explain why the pre-response transients are variable.
Indeed, evoking dopamine release on this timescale
promotes drug seeking (Phillips et al, 2003b). Consistently,
similar dopamine transients are seen in trained rats at the
onset of a cue that promotes lever pressing for sucrose
(Roitman et al, 2004).

Previous studies have implicated an important role of
dopamine in both the reinforcing (Wise et al, 1995) and
conditioned effects (Ito et al, 2000; Weiss et al, 2000) of
cocaine. In those studies, dopamine was measured on a
relatively long timescale (over minutes) using microdialysis.
The rapid dopamine signaling reported here results from
both pharmacological and conditioned effects of cocaine.
Although dopamine alone is not responsible for the
manifestation of specific behaviors, it can modulate neural
signals underlying behavior (Carelli, 2004). Here we have
revealed a new temporal domain of dopaminergic chemical
transmission that is relevant to behavior and is highly
susceptible to modification by psychoactive drugs and
associated conditioning effects.
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