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Dopamine Operates as a Subsecond Modulator of
Food Seeking
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The dopamine projection to the nucleus accumbens has been implicated in behaviors directed toward the acquisition and consumption
of natural rewards. The neurochemical studies that established this link made time-averaged measurements over minutes, and so the
precise temporal relationship between dopamine changes and these behaviors is not known. To resolve this, we sampled dopamine every
100 msec using fast-scan cyclic voltammetry at carbon-fiber microelectrodes in the nucleus accumbens of rats trained to press alever for
sucrose. Cues that signal the opportunity to respond for sucrose evoked dopamine release (67 = 20 nm) with short latency (0.2 = 0.1 sec
onset). When the same cues were presented to rats naive to the cue-sucrose pairing, similar dopamine signals were not observed. Thus,
cue-evoked increases in dopamine in trained rats reflected alearned association between the cues and sucrose availability. Lever presses
for sucrose occurred at the peak of the dopamine surges. After lever presses, and while sucrose was delivered and consumed, no further
increases in dopamine were detected. Rather, dopamine returned to baseline levels. Together, the results strongly implicate subsecond
dopamine signaling in the nucleus accumbens as a real-time modulator of food-seeking behavior.
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Introduction

Foraging for food reward is critical for survival, and brain systems
have evolved to direct this behavior. Animals become more effi-
cient at foraging when they learn to associate previously neutral
environmental stimuli with food availability. These cues promote
motor behavior to obtain food reward (Wyvell and Berridge,
2000). Memory of cue-reward associations, their context, and
the animal’s emotional state factor into the selection of an appro-
priate motor response and are encoded in regions such as the
hippocampus, prefrontal cortex, and amygdala. These limbic nu-
clei provide convergent glutamatergic projections to the nucleus
accumbens. Indeed, changes in the firing rate of nucleus accum-
bens neurons encode information related to the operant response
for food reward (Carelli, 2002). The nucleus accumbens accesses
motor systems that can generate goal-directed behavior (Mogen-
son et al., 1980), including those involved in feeding (Stratford
and Kelley, 1999), and its activity is necessary for feeding-related
learning (Smith-Roe and Kelley, 2000).

The dopamine projection from the ventral tegmental area to
the nucleus accumbens plays an essential role in modulating
goal-directed behavior (Wise et al., 1978). Dopamine filters in-
formation by modulating the excitability of nucleus accumbens
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neurons (O’Donnell, 2003) and gating their inputs (Floresco et
al., 2001; Horvitz, 2002). Electrophysiological studies have dem-
onstrated that dopamine neurons themselves are transiently ac-
tivated on a millisecond time scale with presentation of food or
food-associated stimuli (Nishino et al., 1987; Schultz, 1998; Hy-
land etal., 2002). These studies cannot directly assess the extent of
dopamine release, however, because it undergoes rich dynamic
modulation (Yavich and MacDonald, 2000; Montague et al.,
2004). Indeed, there are instances during which driving dopa-
mine neuronal activity can fail to elicit dopamine release alto-
gether (Garris et al., 1999). Nonetheless, there is much evidence
that increases in dopamine in the nucleus accumbens play a role
in behavior directed at food reward. Microdialysis studies reveal
time-averaged increases in extracellular dopamine in the nucleus
accumbens over minutes during feeding (Hernandez and
Hoebel, 1988; Wilson et al., 1995; Bassareo and Di Chiara, 1999),
and dopamine antagonism or depletion disrupts behavior di-
rected at food rewards (Salamone et al., 2003).

The objective of the current study was to make measurements
of dopamine during operant responding for food reward on a
time scale that can resolve the precise relationship between chem-
ical and individual behavioral events. Rats self-administered
intra-oral sucrose by pressing a lever. The lever was accessible at
variable intervals by its extension into the chamber and signaled
by the illumination of a cue light. Extracellular dopamine was
measured every 100 msec throughout the session by electro-
chemical detection using fast-scan cyclic voltammetry at a
carbon-fiber electrode implanted in the nucleus accumbens. To-
gether these methodologies allowed us to study the control of
dopamine over cue-evoked, food-seeking behavior, with a level
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of precision not available with traditional

neurochemical or  pharmacological
techniques.
Materials and Methods

Sucrose self-administration. Male Sprague Daw-
ley rats (n = 5) were implanted with intra-oral
catheters and after recovery were trained to self-
administer 0.3 M sucrose during 30 min daily
sessions run at the same time of day each day for
each rat from 9:00 AM. to 1:00 P.M. In the
beginning of the session, the chamber was dark;
then, after a variable (30—60 sec) delay, the le-
ver extended into the chamber and a cue light
illuminated above it. Each lever press resulted
in sucrose delivery (200 ul, 6 sec) and a 6 sec
tone-light stimulus. This stimulus consisted of
a change to general lighting of the chamber
from the focal cue light and a continuous audi-
tory tone. After 6 sec the chamber was dark and
the next trial began. Once stable responding
had been achieved in three consecutive sessions
(typically after 8-—12 training sessions and
15-22 presses per session across all rats), sur-
gery for fast-scan cyclic voltammetry was per-
formed. Approximately 1 week later, rats were
allowed to self-administer sucrose until stable
behavior was re-established (typically one ses-
sion). On the experimental day, rats were per-
mitted to make 15 presses in the same behavioral paradigm while dopa-
mine was monitored in the core of the nucleus accumbens with fast-scan
cyclic voltammetry with 100 msec resolution.

Sucrose-naive rats. Another group of rats (n = 3) were exposed to daily
sessions that differed from sucrose self-administration sessions. After a
variable delay (0.5-32 sec) after lever extension and cue-light illumina-
tion, the lever retracted, and the tone-light stimulus (computer-
triggered “press”) was presented without sucrose infusion. After a train-
ing period comparable to that of the sucrose self-administering rats
(eight training sessions), sucrose-naive rats were surgically prepared for
voltammetry. Approximately 1 week later, they received 1 more day of
training, and then, on the experimental day, dopamine was monitored in
the core of the nucleus accumbens during a comparable session of 15
trials per rat.

Voltammetric recording. After training, rats were prepared for voltam-
metric recording as described previously (Robinson et al., 2002). They
were anesthetized with ketamine hydrochloride (100 mg/kg, i.m.) and
xylazine hydrochloride (20 mg/kg, i.m.) and placed in a stereotaxic
frame. A guide cannula (Bioanalytical Systems, West Lafayette, IL) was
positioned above the nucleus accumbens core [+ 1.3 mm anteroposte-
rior (AP), 1.3 mm mediolateral (ML), and extending 2.5 mm ventral
from bregma]. An Ag/AgCl reference electrode was placed in the left
forebrain, contralateral to the guide cannula, and all items were secured
to the skull with machine screws and cranioplastic cement. A detachable
micromanipulator containing a carbon-fiber electrode (50-75 wm
length, 7 um diameter 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 then placed
directly above the ventral tegmental area (—5.2 mm AP, 1.0 mm ML
from bregma and 7.5 mm ventral from dural surface). It was lowered at
0.1-0.2 mm increments until electrically evoked (60 biphasic pulses, 60
Hz, 120 pA, 2 msec per phase) dopamine release was detected at the
carbon-fiber electrode. The stimulating electrode was then fixed with
cranioplastic cement, and the carbon-fiber electrode was removed.

After voltammetric surgery, all rats were allowed to recover to their
presurgery body weight. On the day of the experiment, a new carbon-
fiber electrode was lowered into the nucleus accumbens core. The
carbon-fiber and Ag/AgCl reference electrodes were connected to ahead-
mounted voltammetric amplifier attached to a commutator (Med-

Figure 1.
nucleus accumbens core. The numbers on individual sections indicate distance, in millimeters, anterior to bregma (Paxinos and
Watson, 1998).
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Histological verification of recording sites. Electrolytic lesions confirmed that recording sites (@) were within the

Associates, St. Albans, VT) at the top of the test chamber. Voltammetric
recordings were made every 100 msec by applying a triangular waveform
(—0.6 to +1.4V, 400 V/sec). Data were digitized and stored to a com-
puter using software written in LabVIEW (National Instruments, Austin,
TX). Dopamine release within the nucleus accumbens core was electri-
cally evoked (24 biphasic pulses, 60 Hz, 120 nA, 2 msec per phase) to
insure that carbon-fiber electrodes were in close proximity to dopamine
release sites. The electrode position was optimized at a location with
maximal dopamine release, and the working electrode was locked in
place and allowed to equilibrate for an additional 45— 60 min to minimize
drift. Experiments were begun when a site was found that had a signal-
to-noise ratio of electrically evoked dopamine release of at least 30. After
the session, an electrical stimulation was repeated to ensure that the site
could still support dopamine release. The carbon-fiber electrodes were
then removed and calibrated in vitro with 1 um dopamine using a flow
injection analysis system (Phillips et al., 2003b).

Signal identification and correction. Cyclic voltammetric data were an-
alyzed on stimulation trials before and after each experiment and =10 sec
relative to the important behavioral events (i.e., cue presentation, lever
press). A background signal from 10 voltammetric scans before a stimu-
lation or behavioral trial was subtracted from the remainder of the scans
to reveal changes in dopamine concentration (rather than absolute val-
ues) (Robinson et al., 2002; Phillips et al., 2003a). For analyte identifica-
tion, current during a voltammetric scan is plotted against applied po-
tential to yield a cyclic voltammogram (the chemical signature of the
analyte). The cyclic voltammogram for dopamine under these condi-
tions is distinct from all anticipated interferences except norepinephrine
(Heien et al., 2003). Norepinephrine is unlikely to contribute to our
signal for several reasons. First, its synthetic enzyme, dopamine
B-hydroxylase, is present at very low levels in the core of the nucleus
accumbens (Berridge et al., 1997). Furthermore, tissue content of nor-
epinephrine in the core is low (2% of dopamine) (Garris et al., 1993), and
our electrode has lower detection sensitivity for it (Heien et al., 2003).
The cyclic voltammogram for DOPAC also shares similarities with that
for dopamine, but it is unlikely to contribute to the rapid signals detected
here because its formation is slow (Fowler and Benedetti, 1983).

Dopamine was identified with anatomical, physiological, and chemi-
cal criteria. We histologically verified that all recording sites were within
the nucleus accumbens core (Fig. 1), an anatomical region in which
dopamine is the major electroactive neurotransmitter. After recording
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Figure2. Dopamine release is evoked by stimulation of the ventral tegmental area. The electrochemical data obtained in the

nucleus accumbens during a representative electrical stimulation is shown in the color plot (A). The voltammetric current (rep-
resented in color) is plotted against the applied potential (E,,, ; ordinate) for each scan. Consecutive scans (every 100 msec) are
represented along the abscissa (time). Dopamine increased during the stimulation (24 biphasic pulses, 60 Hz, =120 wA; red bar).
[twasidentified fromits peaks at 0.67 and —0.20V. The oxidation peak (green) is accompanied by its reduction peak (yellow). The
cyclic voltammogram (current—voltage plot) (B, left) extracted from these data are similar to exogenous dopamine in a flow-cell
apparatus. The events that take place in the later part of the color plot, and are shown in the right-hand cyclic voltammogram (B,
right), are clearly not changes in dopamine concentration but more likely a basic pH change in the extracellular space (Venton et
al., 2003). The time courses of electrochemical signals taken at different applied potentials are shown in C: xis the current (vs time)
at the peak oxidation potential for dopamine (derived from the current—voltage plot), and y is the current at a potential insuffi-
cient to oxidize dopamine. Scaling y to the sensitivity at x and subtracting it removes the non-dopaminergic interference from the
signal. This is then converted to dopamine concentration by normalization to an in vitro calibration of known dopamine concen-
tration. The red boxes highlight the data points at which electrical stimulation began and ended.
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Results

Electrically evoked dopamine release
Extensive previous characterization has
demonstrated that electrical stimulation of
the ventral tegmental area causes a tran-
sient increase in dopamine in the nucleus
accumbens (Garris et al., 1997) and a sec-
ondary basic pH change that correlates
with increased local blood flow (Venton et
al., 2003). Both of these signals can be de-
tected electrochemically at carbon-fiber
microelectrodes and can be separated us-
ing fast-scan cyclic voltammetry (Venton
et al., 2003). Here, before initiation of be-
havioral sessions, a carbon-fiber micro-
electrode was lowered into the core of the
nucleus accumbens, and the ventral teg-
mental area was stimulated (24 biphasic
pulses, 60 Hz, 120 A, 2 msec per phase) to
confirm that terminals in the microenvi-
ronment around the electrode were capa-
ble of rapid dopamine release. A represen-
tative stimulation trial is shown in Figure
2. Dopamine increased during electrical
stimulation of the ventral tegmental area
as confirmed by its oxidation and reduc-
tion peaks at 0.67 and —0.20 V, respec-
tively. The cyclic voltammogram (Fig. 2 B,
left current—voltage plot) extracted from
these data is similar to exogenous dopa-

sessions, rats were anesthetized deeply, and a stainless steel electrode (50
wm tip radius) housed in the same micromanipulator used during the
experiment was lowered to the experimental recording site and a small
electrolytic lesion was made (50 nA, 10 sec). Rats were then perfused
transcardially, and brains were removed. After postfixing, brains were
sliced on a freezing cryostat, and sections were mounted on slides and
stained with potassium ferrocyanide (to form a blue reaction product)
and counterstained with thionin to reveal the location of the lesion.
Stimulation of dopamine cell bodies before and after behavioral sessions
provided physiological evidence that the recording site was an area that
could support rapid dopamine release. Detection of dopamine, revealed
by the cyclic voltammograms, occurred at all recording sites. Chemical
evidence for dopamine was provided by the cyclic voltammogram, which
offers information specific to the analyte. The cyclic voltammograms
observed around the lever press, cues, and sucrose delivery were com-
pared statistically with those from electrical stimulations at the same
recording site and those from in vitro calibration of the electrode. For
every animal, the responses around cue-light illumination—lever exten-
sion and lever press were averaged. The changes in signal were attributed
to dopamine if the cyclic voltammogram closely correlated with that for
stimulated dopamine release (1> > 0.75).

To reveal the temporal profile of dopamine changes, the corrected
dopamine oxidation current was plotted against time. The corrected
current was obtained by subtraction of electrochemical current at a
potential that included interference (for example, pH changes or
movement artifacts) but at which oxidation of dopamine did not
contribute (around +0.20 V against Ag/AgCl) (Venton et al., 2003)
from the peak dopamine oxidation potential (around +0.70 V against
Ag/AgCl; includes dopamine and the interference). Dopamine con-
centration changes were estimated from this current by calibration of
the electrode after in vivo use.

mine in a flow-cell apparatus. After the
stimulation was terminated, a second
chemical change at the recording site took
place. The change was clearly not caused
by changes in dopamine concentration (Fig. 2 B, right current—
voltage plot) but more likely by a basic pH change in the extra-
cellular space (Venton et al., 2003). As mentioned in Materials
and Methods, this interference was subtracted out of the dopa-
mine trace. Experiments were initiated when robust increases in
dopamine were elicited (at least 30:1 signal-to-noise ratio).

Dopamine response to sucrose-predictive cues

during self-administration

To investigate phasic dopamine release during feeding behavior,
fast-scan cyclic voltammetry was used in five rats well trained to
self-administer sucrose. Before each trial, the chamber was dark
and the lever was retracted. After a variable delay (30— 60 sec), the
lever extended into the chamber, and a cue light was illuminated
over it. When the rat pressed the lever, the cue light extinguished
and the lever retracted. In addition, the infusion pump turned on
for 6 sec to deliver sucrose intra-orally (200 ul) paired with a
tone-light stimulus. Cue-light illumination—lever extension
evoked subsecond increases in extracellular dopamine, an exam-
ple of which can be seen in Figure 3. Here, after cue-light illumi-
nation—lever extension (indicated by arrowhead), there was an
immediate rise in signal that peaked at 0.3 sec. The change in
signal was confirmed to be caused by an increase in extracellular
dopamine concentration because dopamine was identified from
its oxidation and reduction peaks at 0.66 and —0.22 V, respec-
tively, in the color plot and in the cyclic voltammogram. A statis-
tical comparison of this cyclic voltammogram with one from
electrically evoked dopamine release from the same rat (Fig. 2)
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Figure3. Cue presentation elicits a phasic surge in dopamine. 4, The rise in signal evoked by

a representative cue presentation (denoted by black triangle). The peak in dopamine concen-
tration occurred just before the operant response for intra-oral sucrose (denoted by vertical
dashed line) and fell to baseline levels during the duration of the intra-oral infusion (black bar)
and tone-light stimulus (open bar). B, Dopamine was identified from its peaks at 0.66 and
—0.22Vand in the cyclic voltammogram (C, left). As can be seeniin the color plot, the oxidation
peak (green) is accompanied by its reduction peak (yellow). A statistical comparison of this
cyclic voltammogram with one from electrically evoked dopamine release (normalized and
shown in red) reveals a close correlation (r* = 0.77). The events that take place in the later part
of the color plot, and shown in the right-hand cyclic voltammogram (G, right), are clearly not
changesin dopamine concentration. This cyclic voltammogram was not correlated with the one
from electrically evoked dopamine release (r> = 0.16). Rather, the events in the latter part of
the color plot are more likely caused by a basic pH change in the extracellular space. This
interference was removed from the signal trace in the same manner as described for removing
interference from electrically evoked dopamine release (Fig. 2).

performed before the behavioral session (normalized and shown
in red in Fig. 3) reveals a close correlation (r? = 0.77).

The average response for the five rats used in this experiment
(15 trials per rat), as seen in Figure 4 (top), was that of a rise in
dopamine >2 SDs above mean baseline (10 sec period before
cue-light illumination—lever extension). The dopamine response
to cue-light illumination—lever extension occurred with very
short latency (0.2 = 0.1 sec onset) and peaked within 1 sec of
onset of the cues (0.7 = 0.1 sec). To validate the increase in signal
as a rapid increase in extracellular dopamine, a cyclic voltammo-
gram, taken at the peak of the signal on each trial for each rat, was
averaged for all rats and compared statistically with the averaged
cyclic voltammogram for electrically evoked dopamine release.
The averaged cyclic voltammogram obtained from the increase in
signal after cue-light illumination—lever extension (Fig. 4, top
inset) was tightly correlated (r> = 0.87) with the averaged cyclic
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Figure4. Cue presentation evokes phasic surges in dopamine and reflects a learned associ-
ation. Increases in signal (mean + SEM represented by solid and dashed black lines, respec-
tively) were evoked by cue presentation (denoted by black triangle) for operant responding rats
(n = 5; top trace). The robust increase in signal was confirmed to be a rise in dopamine con-
centration by examination of the averaged cyclic voltammogram taken at the peak of the signal
(inset). Cue presentation failed to elicit an increase in dopamine in rats (n = 3; bottom trace)
that did not have the cue—sucrose pairing. The decrease in signal just after cue presentation was
not caused by a change in dopamine. This was confirmed by comparison of the averaged cyclic
voltammogram (inset) with the averaged cyclic voltammogram taken from pre-session, elec-
trically evoked dopamine release (r> < 0.01). The signal in operant responding rats was sig-
nificantly higher than control rats immediately after cue presentation (0.5-2.4 sec; p < 0.05;
post hoc Student's ¢ test with Bonferroni correction).

voltammogram taken from electrically evoked dopamine release,
establishing dopamine as the detected substance.

Dopamine response to cues in inexperienced rats

The increase in dopamine after cue-light illumination—lever ex-
tension may reflect alearned association between the cues and the
availability of sucrose or merely the salient change in the environ-
ment independent of reward (Horvitz, 2000). To resolve this, a
control group of rats experienced the same number of “training”
sessions before dopamine sampling. In these sessions the cham-
ber was dark, and after a variable delay (30—60 sec) the cue light
was illuminated and the lever extended into the chamber. After
another variable delay (0.2-16.0 sec), the lever was retracted, the
tone-light stimulus was played, and the pump was turned on
(“computer-triggered press”), but no sucrose was delivered.
Thus, the session had two key differences from the operant one:
(1) no operant was made, and (2) rats never experienced sucrose.
Contrary to the operant-responding rats, in these sessions, dopa-
mine release was not time locked to the cue-light illumination—
lever extension [two-way ANOVA significant time by experience
interaction (F 00,1206y = 2.09; p < 0.0001 (Fig. 4)] or the
“computer-triggered press” [two-way ANOVA significant time
by experience interaction (F,og, 1205y = 1.31; p < 0.005; data not
shown)]. This suggests that the dopamine response to the cues
that we observed in operant-responding rats is dependent on the
learned association with the availability of sucrose.

Relationship between dopamine and the behavioral response

For all trials, a lever-press response followed cue-light illumina-
tion—lever extension (5.5 * 4.0 sec latency to press; mean =
SEM). In 83% of trials (62 of 75), this occurred within 5 sec of the
cue-light illumination—lever extension (average 1.2 = 0.1 sec),



Roitman et al. » Dopamine as a Subsecond Modulator of Food Seeking

' +0.5 nA

< 10s B

Figure 5.  Rats lever press at the peak of cue-evoked dopamine release. Increases in signal
(mean + SEM represented by solid and dashed black lines, respectively) began immediately
before and peaked at the operant response (denoted by vertical dashed line) on trials when cue
presentation elicited an immediate behavioral response (<5 sec latency to press). The average
time of cue presentation is denoted by the black triangle, and the range of times is represented
by the horizontal scale bar. The increase in signal at the time of the lever press was confirmed to
be dopamine by comparison of the averaged cyclic voltammogram taken at the peak of the
signal (inset) with the averaged cyclic voltammogram from pre-session electrically evoked
dopamine release (r2 = 0.90). Dopamine concentration rapidly returned to baseline levels
during sucrose infusion (horizontal black bar) and tone-light presentation (horizontal open
bar) and remained stable thereafter.

and thus the cue was effective in “immediately” eliciting a goal-
directed behavior. This type of rapid behavioral response was
evident in all of the rats used here. The average change in extra-
cellular dopamine concentration aligned to the lever press for
these “short-latency” trials is shown in Figure 5. The arrowhead
depicts the average time at which cue-light illumination-lever
extension occurred, and the line through the arrowhead depicts
the range of times that these cues were presented relative to the
lever press. It should be noted that the signal rises at several points
during the time at which cues are presented, reflecting the re-
sponse shown in Figure 4. Here, when these same trials are
aligned to the time at which rats made their operant responses, it
becomes evident that responses were made at the height of dopa-
mine increases. On these trials, the lever press occurred close to
the peak (0.7 = 0.3 sec) of the dopamine response evoked by the
cue (Fig. 4). Notably, the peak dopamine concentration was sta-
tistically indistinguishable (68 * 19 nm for cues vs 73 = 23 nM for
press) when aligned to either of these behavioral events.

In the remaining 17% of trials (13 of 75), the cue failed to elicit
an “immediate” behavioral response (average latency to lever
press, 26.2 = 10.2 sec). These “long-latency” trials were evident in
three of the five rats used in this experiment (one, three, and nine
responses contributing from the three rats). On these trials, the
dopamine response after cue-light illumination—lever extension
was weaker than on short-latency trials. Moreover, there was a
second, more robust increase in dopamine that began just before
and peaked at the press (Fig. 6). The time course of this second
dopamine response with respect to lever pressing was very similar
to that observed on short-latency trials. A statistical comparison
showed significant differences between peak dopamine concen-
tration observed at cue-light illumination—lever extension (54 *
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Figure 6.  Even when cues fail to elicit an immediate behavioral response, rats lever press at

adopamine peak. A dramatic increase in signal (mean + SEM represented by solid and dashed
black lines, respectively) was observed immediately before and peaked at the operant response
(denoted by vertical dashed line) on trials when cue presentation failed to elicit an immediate
behavioral response (=5 sec latency to press). The cue presentation (black triangle) was at a
time (0.1-133.4 sec) before the start of the trace. Cue presentation elicited a rise in dopamine,
but rats did not press the lever until a second, larger rise in dopamine occurred (*p << 0.05; left
inset). The large rise in signal was confirmed to be dopamine release by comparison of averaged
cydlicvoltammogram (right inset) taken from the peak of the signal with that from pre-session,
electrically evoked dopamine release (r*> = 0.87). Dopamine concentration returned to base-
line levels during sucrose infusion (horizontal black bar) and tone—light presentation (horizon-
tal open bar).

17 nm) compared with that at the press (110 * 20 nm; p < 0.05;
Student’s ¢ test) (Fig. 6).

Discussion

There is widespread agreement that dopamine in the nucleus
accumbens participates in some aspects of feeding behavior;
however, its specific role in the individual components of the
behavior (i.e., approach, response, consumption) remains fer-
vently debated. To address this, we measured dopamine through-
out entire sequences of feeding behavior with unprecedented
time resolution that matches the endogenous physiology. Presen-
tation of the cues denoting sucrose availability evoked phasic
increases in dopamine in the nucleus accumbens. This had a
short latency akin to the activation of dopamine neurons on pre-
sentation of food-predictive cues (Schultz, 1998) and to dopa-
mine increases for cocaine-predictive cues (Phillips et al., 2003a).
Dopamine neurons, however, can respond to salient sensory
stimuli that lack conditioned motivational properties (Horvitz,
2000), which could account for the changes that we observed.
This possibility was ruled out when the same cues were presented
to a control group of animals. These rats had an equal number of
training sessions as the operant rats and thus had the same
amount of cumulative experience with the cues except that they
were never paired to sucrose. Dopamine was evoked by the cues
only in rats in which they had been paired to the reinforcer and
thus reflected a learned association between the cues and sucrose
reward.

There is evidence that rapid increases in dopamine can pro-
mote reward seeking (Phillips et al., 2003a). Here, reward-
seeking behavior (culminating in a lever press) occurred shortly
after the rise in extracellular dopamine, typically close to its peak;
however, although it is clear that the dopamine release was
evoked by the cue and that the cue ultimately precipitated the
behavioral reaction, whether dopamine mediated the cue-evoked
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behavior is less evident from these trials. Further insight can be
gained from trials in which the cue failed to rapidly evoke a be-
havioral response. In these trials, dopamine release was evoked by
the cue; however, the operant response was time locked to a
second dopamine increase up to 2 min later. This has similarities
to our previous report in which electrically evoked dopamine
release produced drug seeking only for a subset of stimulation
events (Phillips et al., 2003a) and may reflect the fact that dopa-
mine is modulating the circuit rather than driving it directly.
Moreover, the remarkable concurrence of a dopamine rise with
the initiation of food seeking, even when not immediately pre-
ceded by cue-light illumination—lever extension, strongly impli-
cates its role in promoting goal-directed behaviors.

During the delivery of sucrose, the primary reinforcer, dopa-
mine did not increase. Rather, its levels returned to baseline
shortly after the response and remained relatively stable thereaf-
ter. Dopamine has been thought to mediate the rewarding aspects
of food (Wise et al., 1978). More recently, studies have demon-
strated a more complicated association between rapid dopamine
neurotransmission and food reward. For predicted food rewards
in well trained monkeys, dopamine neurons respond to the cues
that predict food delivery rather than the food itself (Schultz,
1998). Normal dopamine signaling does not appear to be neces-
sary for food consumption (Salamone et al., 2002) or the orofa-
cial responses that reflect “liking” of food stimuli (Berridge and
Robinson, 1998). Our results in well trained rats, together with
these findings, demonstrate a clear dissociation between some
types of dopamine signaling and the primary aspects of food
reward. It now seems to be a general finding that, in experienced
animals, dopamine neuronal activity (Schultz et al., 1993;
Schultz, 1998) and nucleus accumbens dopamine release are not
increased by the presentation and consumption of expected food
reinforcers.

In some earlier studies there was an electrochemical change
that purports to be a decrease in dopamine in the period after the
operant response for food (Kiyatkin and Gratton, 1994; Richard-
son and Gratton, 1996). Likewise, during some trials in this study,
electrochemical changes (typically long-lasting decreases) were
observed after the response; however, the additional chemical
information obtained with fast-scan cyclic voltammetry over
other rapid electrochemical techniques (Phillips and Wightman,
2003) afforded us the insight that these were not changes in do-
pamine and allowed us to remove them from confirmed dopa-
mine signals. In fact, dopamine levels returned to baseline shortly
after the response and remained relatively stable thereafter. Sim-
ilar non-dopaminergic signals can follow electrical stimulations
and have been characterized as basic pH changes that are tied to
changes in neural activity (Venton et al., 2003).

Rapid increases in extracellular dopamine preceded the oper-
ant response by hundreds of milliseconds for both sucrose (re-
ported here) and cocaine (Phillips et al., 2003a). For cocaine, rats
had access to the lever at all times but approached and responded
typically once every 5 min. Here, we were able to study a more
defined approach period by limiting access to the lever. It is strik-
ing that phasic dopamine is time locked to approach behavior for
both cocaine and sucrose because it points to a specific role for
dopamine in response initiation regardless of reinforcer. Where
these data differ, however, is that dopamine quickly returned to
baseline levels after the operant response for sucrose, but there
was another rise in dopamine for cocaine. This could reflect an
inherent difference between drug and natural reinforcement but
may relate to other experimental differences. For instance, the
predictive strength of the cues signaling reinforcer delivery may
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differ. Intravenously delivered cocaine has delayed onset of ac-
tion (Pan et al., 1991), and so the tone-light cue precedes rein-
forcement and can predict impending cocaine reward. Intra-oral
sucrose, however, results in almost immediate reinforcement
(Grill and Norgren, 1978), and so the post-response cues are
redundant and have no predictive strength (Waelti et al., 2001).

It has been proposed that dopamine, in the nucleus accum-
bens, encodes incentive stimuli (Berridge and Robinson, 1998).
In well trained animals, dopamine appears to be critical for in-
strumental actions rather than consumption (Salamone, 1996)
and gates responses to favor a high-yield return even when work
requirements are higher (Salamone and Correa, 2002). In sup-
port of these classic views, we now demonstrate that dopamine
explicitly changes at the exact times when these facets of behavior
occur. Specifically, we show that dopamine is strongly evoked by
incentive stimuli, the cue-light illumination—lever extension, and
that this neurochemical change promotes the operant response
for sucrose reward. This high extracellular concentration of do-
pamine at the time of response initiation may serve to gate glu-
tamatergic afferents and therefore select the appropriate motor
output for the given sensory input.
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