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Abstract
To assess the role of dopamine input to the nucleus accumbens core in anticipatory learning, fast-
scan cyclic voltammetry was combined with appetitive Pavlovian conditioning. One group of rats
(Paired) received 16 tone-food pairings for at least four daily sessions while the control group
(Unpaired) received the same number of unpaired tone and food presentations. Both groups showed
transient dopamine responses during food presentation throughout training, confirming dopamine
involvement in reward processing. Only the Paired Group, however, showed consistently timed
dopamine transients during the 10-s tone presentation. Transients first appeared near the end of the
tone period as each animal acquired the tone-food association and then occurred progressively sooner
on subsequent sessions. Later sessions also revealed a consistently timed dopamine response soon
after food delivery in Paired animals. Collectively, these results implicate phasic dopamine release
in the acquisition of Pavlovian learning and also suggest an early dopamine response to the
unconditioned stimulus as training continues.
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Traditionally, dopamine (DA) has been implicated in the unconditional reinforcing effects of
food, sex, and drugs (Wise, 1978, 1982). In recent years, however, this view of DA has been
challenged (Horvitz, 2000; Ikemoto & Panksepp, 1999; Salamone, Cousins, & Snyder,
1997). Most evidence now suggests that rather than mediate the unconditional effects of reward
(e.g., the hedonia hypothesis), DA is involved in anticipation of reward and/or behavioral
activation (Ikemoto & Panksepp, 1999) and/or the selection of appropriate action-outcome
routines (Redgrave & Gurney, 2006).

Evidence for DA involvement in reward anticipation comes primarily from
electrophysiological studies. Recording the activity of presumed DA neurons in the ventral
tegmental area (VTA), the main source of mesolimbic DA, has revealed that, although these
cells are responsive to delivery of the unconditioned stimulus (US) and not the conditioned
stimulus (CS) at the outset of learning, they increase firing to the CS and inhibit firing to the
US over the course of training (Mirenowicz & Schultz, 1994, 1996). Thus, DA neurons appear
to shift their firing to the cue, which presumably enables the anticipation of the US. The
temporal convergence of reward prediction with cue presentation is consistent with several
temporal difference (TD) models of learning. According to these models, prediction errors are
propagated back to the earliest relevant cue or time point (Schultz, Dayan & Montague,
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1997; Sutton & Barto, 1981). The temporal shift, therefore, can be explained by weakening
the emphasis on time points proximal to reward, while strengthening the emphasis on those
farther from the reward but closer to the cue. Collectively, these findings led to the error-
signaling hypothesis, which states that changes in DA release are correlated with the amount
of learning taking place in a given CS–US pairing as first described in the Rescorla-Wagner
model of learning (Rescorla & Wagner, 1972).

Although data on DA electrophysiology provide support for DA in the learning of associations,
it is not clear if the change in DA firing corresponds to a change in DA release. One line of
research showed that DA release in various mesolimbic targets increases upon presentation of
a CS paired with a US (Bassareo & Di Chiara, 1999; Cheng, de Bruin, & Feenstra, 2003; Datla,
Ahier, Young, Gray, & Joseph, 2002), implicating DA release in anticipation of reward. This
research, however, is based on microdialysis, a procedure known to have relatively poor spatial
(probe diameter ≥200 μm) and temporal resolution (≥10 min). In fact, with dialysates collected
over intervals of several minutes, it is impossible to know if an increase in DA release is due
to the reinforcer itself or the CS. These studies, moreover, inserted microdialysis probes after
learning had already taken place, making it impossible to obtain information on the role of DA
in acquiring the CS–US association.

Unlike microdialysis, fast-scan cyclic voltammetry (FSCV) permits detection of monoamines
at a small diameter probe (≤10 μm) with subsecond temporal resolution (Heien & Wightman,
2006). This technology has been used in behavioral studies to characterize the extracellular
dynamics of electrically evoked DA release (Garris, Christensen, Rebec & Wightman, 1997)
and to assess DA function in rats attending to novelty (Rebec, Christensen, Guerra, & Bardo,
1997), responding to conspecifics (Robinson et al., 2001), and lever-pressing for rewards
(Phillips, Stuber, Heien, Wightman, & Carelli, 2003). In this report, we used FSCV to
investigate whether DA release occurs to a CS during acquisition of the CS-US association.
We focused on the nucleus accumbens core (NAc) because CS-related increases in DA release
have been previously reported for this region (Bassareo & Di Chiara, 1999; Cheng et al.,
2003; Datla et al., 2002; Robinson et al., 2001; Roitman, Stuber, Phillips, Wightman, & Carelli,
2004). A related goal was to determine whether a temporal shift occurs in the release of DA
during the CS as predicted by TD models.

Method
Subjects

Nine, male Sprague-Dawley rats (350–450 g) bred from source animals supplied by Harlan
Industries (Indianapolis, IN) were obtained from the departmental colony. Subjects were
housed in a temperature- and humidity-controlled colony room on a 12-h light–dark cycle
(lights on at 07:30). All animals were tested during the light cycle (10:00–16:00).

Apparatus
Rats were placed in a locally constructed, transparent operant box housed inside an electrically
grounded Faraday cage. The operant box (12 × 12 × 16 cm) included a hard-plastic food cup
that protruded 4.5 cm into the box. Infrared photocells located inside the food cup allowed the
detection of food-cup entries as the rats broke the photo beams in anticipation of the US. The
food cup was located 4.5 cm above the glass-rod floor. A 10-s duration tone (1,900 Hz and 70
dB) served as the CS, which was delivered through a speaker located on the wall opposite the
food cup.
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Surgery
In preparation for subsequent FSCV, rats were anesthetized with ketamine (80 mg/kg, i.m.)
and xylazine (10 mg/kg, i.m.). After the skull was exposed, a hole was drilled 1.3 mm anterior
and 1.3 mm lateral to bregma to permit access to the NAc (Paxinos & Watson, 1998). A hub,
designed to mate with a locally constructed microdrive assembly on the recording day, was
cemented over the hole, which was sealed with a rubber septum. Another hole, ipsilateral and
2 mm posterior to the previous one, was made for the reference electrode, and a hub with rubber
septum was cemented over the second hole as well.

Two animals also were equipped with a bipolar stimulating electrode (0.2-mm-diameter tips
separated by 1 mm; Plastics One, Roanoke, VA) in the medial forebrain bundle (MFB), −4.1
anterior and +1.4 lateral to bregma and 8–9 mm ventral from the surface of the skull (Paxinos
& Watson, 1998).

Pavlovian Conditioning
After at least a week of postsurgery recovery, animals were food deprived to 85% of their ad
lib body weight.

Feeder training—Each rat was first placed in the chamber and allowed to eat 0.45 mg food
pellets (Noyes High Precision) delivered two at a time (0.2 s interval) into the food cup at
irregular periods (10 s to 80 s) for 20 min. Rats typically received 30–40 food pellets.

Acquisition—On the following day, the working electrode was lowered into the NAc and
Pavlovian acquisition sessions continued for 4–5 consecutive days. Animals were separated
into two groups. For the Paired Group, each daily session included 16 CS–US pairings (trials).
Food pellets were delivered at the offset of the tone permitting the animal to acquire the CS–
US association. The Unpaired Group (i.e., the control group) received the tone presentations
and food pellets separated by a variable interval of 180 to 300 s (mean of 240 s), which
prevented the formation of an effective CS–US association. Both groups received an equal
number of tone presentations and food pellets.

Data analysis—The number of food cup entries during the 10-s period prior to CS (i.e., the
pre-CS period) was subtracted from the number of food cup entries during the CS to calculate
an elevation score, which was used as an index of learning (e.g., Bouton & Sunsay, 2003;
Holland, 1979). One rat in the Paired group did not acquire conditioning (mean elevation scores
over the sessions were −0.38, 0.125, −0.125, and 0 elevation scores, respectively) and thus was
excluded from further analysis. When needed, we assessed learning within a session by
averaging the elevation score over the last 3 or 4 trials and tested it against 0 by a one-sample
t test. A two-way, repeated-measures analysis of variance (ANOVA) was used to determine
statistical significance of the group elevation scores across sessions. The analysis was
considered significant if the p value was less than the 0.05 chance level.

Fast-Scan Cyclic Voltammetry
Procedure—An untreated (Thornel P-55) carbon fiber (10 μm in diameter), which served as
the working electrode, was sealed in a pulled-glass capillary (132–196 μm exposed tip)
according to standard procedures (Rebec et al., 1997). The electrode was first tested in citrate-
phosphate buffer with 100 nM DA versus saturated calomel reference. Cyclic voltammograms,
recorded in conjunction with a two-electrode potentiostat under computer control, were
obtained every 100 ms at a scan rate of 400 V s−1 (−0.4 to +1.2). On each recording day, a
freshly prepared working electrode was inserted into the microdrive for lowering into the target
site for in vivo voltammetry. Target depth was increased ~0.1 mm each day to avoid multiple
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recordings from the same site. An Ag/AgCl wire inserted into the second hub overlying cortex
ipsilateral to the working electrode served as the reference.

After the final recording day, animals equipped for MFB stimulation were again anesthetized
and an electrical current (60 Hz, peak-to-peak, 250 μA magnitude and 2-s duration) was applied
to the MFB and a working electrode in NAc recorded voltammograms. MFB stimulation elicits
transient DA release in NAc and other targets of mesolimbic DA (Garris & Rebec, 2002);
voltammograms elicited by this known mechanism of DA release were used in conjunction
with regression analysis to verify the DA nature of the voltammetric signal obtained during
Pavlovian conditioning.

Data Analysis—Where appropriate, data are expressed as mean ± SEM oxidation current
based on background-subtracted cyclic voltammograms similar to previous work (Garris et al.,
1997; Rebec et al., 1997). Each voltammogram in an ongoing data-collection file was
subtracted from the average of the voltammograms collected 0.5 s earlier. Background-
subtracted voltammograms obtained during conditioning sessions were subsequently
compared by regression analysis to the average background-subtracted voltammogram
recorded during MFB stimulation and to that recorded during in vitro DA testing (Stuber,
Roitman, Phillips, Carelli & Wightman, 2005). Only voltammograms having r2 > 0.8 were
identified as DA. Oxidation and reduction were recorded as positive and negative currents,
respectively. Data analysis focused on peak increases in oxidation current that were at least
two standard deviations above the values recorded over the three immediately preceding scans.
Peak increases >16% above baseline were routinely identified as DA. We also calculated peak
latency from the time of CS onset to determine if the peak shifted in time over the course of
learning. If more than one peak occurred, the latency calculation was based on the first peak.
Peak latency was evaluated by means of a one-way, repeated-measures ANOVA. The analysis
was considered significant if the p value was less than the 0.05 chance level.

Histology—To mark the recording site, animals were deeply anesthetized after the last
session, and current was applied to the carbon fiber to make a small lesion. This step allowed
us to identify electrode placement on the last day and to confirm that more dorsal sites recorded
on previous days (see above) were also confined to NAc. After transcardial perfusion with
formalin, the brain was removed and subsequently frozen, sectioned, and stained with cresyl
violet for histological analysis.

Results
Behavior

As shown in Figure 1, the Paired Group (n =4) responded with a progressive increase in
elevation score that was not evident in the Unpaired Group (n =4). An ANOVA revealed a
significant Group difference, F(1, 6) =7.07, indicating that only the Paired Group showed
Pavlovian learning. Thus, unlike the Unpaired Group, which searched the food cup equally
often during the pre-CS and CS periods, Paired animals began to anticipate delivery of the US
by increasing food cup searches during the 10-s presentation of the CS. A 2-by-4 repeated
measures ANOVA revealed a significant Session effect, F(3, 18) =7.61, and a significant
Group-by-Session interaction, F(3, 18) =9.19. Pairwise comparisons indicated that the groups
differed reliably on the last 2 conditioning sessions, which indicates that the CS-US association
was acquired by Session 3. The trend toward an increase among these rats in Session 2 reflects
acquisition by the fastest learners during the last few trials of this session. This was confirmed
by a significant one-sample t test run against 0, t(2) = 4.91.
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We also analyzed the number of food cup entries during the pre-CS period and did not find a
reliable group difference, F(1, 6) <1, ruling out a decrease in pre-CS responding as the basis
for an increase in elevation score.

Voltammetry
Voltammetric signals were recorded during every trial of each session, and data were analyzed
for DA transients, the identity of which was confirmed by in vitro testing and by subsequent
recording during MFB stimulation. The CS and US periods for each session were assessed
separately. Subsequent histological analysis revealed that all 8 electrode placements, identified
on the last day of recording, were confined to the NAc as shown schematically in Figure 2.

Presentation of the CS—In Session 1, when animals showed no sign of behavioral learning,
presentation of the CS failed to elicit a consistent voltammetric response. No DA transients
were identified across trials in either group. In fact, apart from some spontaneous locomotion
and random entries into the food cup, animals in both the Paired and Unpaired Groups typically
remained quiet and unresponsive. As training continued, transient increases in DA oxidation
current were observed during CS presentation in the second, third, and fourth conditioning
sessions but only in the Paired Group. Figure 3 shows the time course of the voltammetric
signal for DA oxidation recorded from a representative animal in the Paired Group and
averaged across all trials for each session. Note the emergence in this animal of a DA oxidation
peak at the end of the CS period in Session 2. Analysis of individual trials during this session
revealed that although there was no evidence for a DA transient in the first few (5–10) trials,
the DA response began to appear in later trials and accounted for the late CS-related DA peak.
In Sessions 3 and 4, the peak occurred progressively sooner, and in Session 4, it was followed
almost immediately by a second peak. Cyclic voltammograms extracted from each peak
response revealed oxidation (~+0.6 V) and reduction points (~−0.2 V) consistent with DA and
confirmed by further testing (see below). In some cases, the peak response was sometimes
followed by decreases in oxidation signal that persisted for several seconds, but voltammetric
analysis indicated that such relatively prolonged fluctuations could not be explained by changes
in DA concentration.

Although all Paired animals showed a CS-related DA transient, the session in which the DA
response first appeared was not the same for each rat. In fact, the number of rats showing a DA
transient increased across sessions until it occurred in all rats by the last session. Further
analysis revealed that the session in which DA first appeared (Session 2) was also the session
in which the mean performance of individual animals on the last 3 or 4 trials was significantly
above 0. The relationship between learning and DA transients is depicted in Figure 4.

For those animals showing a CS-related DA transient across multiple sessions, an assessment
of when it occurred relative to CS onset revealed a progressive decrease in latency with each
day of training. These data are shown in Figure 5, and a repeated-measures ANOVA revealed
that the shift in latency was highly significant, F(2, 4) = 17.09.

Presentation of the US—When food pellets became available during the 10-s US period,
animals in both groups obtained food from the food cup. Because food retrieval occurred at
different times in the Unpaired Group throughout training, it was not possible to construct a
meaningful time course of the voltammetric response even across all the trials of a single
session. This also was the case for Paired animals in Sessions 1 and 2. Analysis of the final
two sessions, however, revealed DA transients in conjunction with food access in the Paired
Group. Examples of such peaks along with corresponding voltammograms are shown in Figure
6. Thus, food availability can elicit DA transients even in animals that show a DA response
during the CS.
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DA verification—The bulk of DA input to NAc arises from the VTA via the MFB. To confirm
that DA release transients occur in NAc and that their identity matches that of the transients
recorded during behavioral testing, we used regression analysis (Phillips et al., 2003; Stuber
et al., 2005) to compare the corresponding voltammograms. We also included voltammograms
obtained in vitro by the addition of 100 nM DA to citrate-phosphate buffer during electrode
testing. Consistent with previous results (Garris et al., 1997), MFB stimulation evoked an
oxidation signal that peaked almost immediately after stimulation offset and declined rapidly
to baseline. A representative example is shown in Figure 7. In vitro testing yielded a similar
transient response as reported previously (Rebec et al., 1997). As shown in Figure 8A, analysis
of peak voltammograms from the CS in the Paired Group found them to be comparable to the
voltammograms elicited by MFB stimulation and by DA in vitro (r2 =0.92, p<.05). Similar
results (r2 =0.97, p<.05) emerged from an analysis of peak voltammograms obtained during
the US period in both the Paired and Unpaired Groups (Figure 8B). Voltammograms not
resembling DA were not correlated with the voltammetric signal induced by MFB stimulation
or in vitro testing (r2 =0.59, p>.05).

Discussion
By combining FSCV with Pavlovian conditioning, we were able to assess learning-related
changes in the time course of DA release in the NAc. Our results are not only consistent with
evidence that a learned CS can increase DA transmission in this region (Young, Joseph & Gray,
1993), but also reveal that the timing of the DA response changes with learning. Beginning
with the second conditioning session and continuing for each subsequent session, we found a
transient increase in the DA signal in the Paired Group during CS presentation. The Unpaired
Group, which showed no evidence of learning, showed no CS-related DA response. Over the
course of learning, moreover, our results revealed a shift in the timing of the DA response from
CS offset to CS onset. In Session 2, for example, the DA signal occurred at very end of the CS
period, just as the US became available. By Sessions 3 and 4, DA was detected progressively
earlier in the CS period. In fact, Session 4 revealed 2 sequential DA responses during CS
presentation, both of which occurred during the first 5 s after CS onset. Multiple DA transients
also have been reported in other paradigms (Stuber et al., 2005), suggesting a complex
relationship between DA release and learning.

Our evidence of DA release is based on cyclic voltammograms to ensure that the oxidation
signal represents DA and not interferant anions, which, like DA, are present in extracellular
fluid and may change with behavior (Rebec, 2007). Thus, consistent with electron-transfer data
obtained during oxidation-reduction reactions (Kawagoe, Zimmerman & Wightman, 1993),
ascorbate, DOPAC, and other likely interferants generate anodic and cathodic waves distinct
from those for DA (Baur, Kristensen, May, Wiedemann, & Wightman, 1988; Rebec et al.,
1997). All our in vivo voltammograms matched those for DA obtained during in vitro testing.
For additional confirmation of the DA signal, we evoked endogenous DA release in some
animals by electrical stimulation of the MFB (Garris et al., 1997). Again, the voltammograms
matched those associated with the DA transients obtained during conditioning. Although
voltammetric analysis cannot distinguish DA from norepinephrine, the extent of
norepinephrine input to NAc is extremely small relative to that of DA (Pickel, Towle, Joh, &
Chan, 1988; Roitman et al., 2004). It also is relevant that our electrodes are at least 3 times
more sensitive to DA than norepinephrine (Rebec et al., 1997), further arguing against a
meaningful norepinephrine contribution to our data. Analysis of the relatively prolonged
change in oxidation current that sometimes followed the DA transient, however, ruled out a
DA contribution. In fact, the persistence of this change over several seconds suggests a
fundamental change in extracellular fluid such as a fluctuation in pH or oxygen level (Venton,
Michael, & Wightman, 2003).
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Several factors make quantification of DA transients difficult. For one, the estimated basal
level of extracellular DA appears to be <50 nM (Parsons & Justice, 1992), which is near the
lower limit of our detection capability. In addition, because exposure to brain tissue may further
impair electrode sensitivity, quantification estimates based on in vitro pretesting of our
electrodes is unlikely to be reliable. Although posttest electrode calibration can sometimes be
used, it is not feasible here because in many cases the electrodes were used for marking lesions
to verify placement in NAc. It is interesting, however, that both the magnitude and time course
of the transients we recorded during conditioning were similar to those evoked by MFB
stimulation. In fact, in previous work in which posttest calibration was possible, such
stimulation increased DA between 1.0 and 3.0 μmol/L depending on frequency and other
stimulation parameters (Garris et al., 1997; Garris & Rebec, 2002). This information, combined
with other estimates of DA concentration in behavior-related transients (see Robinson &
Wightman, 2007), suggests that our DA responses reflect an extracellular level of at least 1.0
μmol/L, which is well beyond the basal level and likely to have significant functional
implications.

The shift in time that characterized the CS-related DA transients over the course of learning is
predicted by the TD algorithm (Sutton & Barto, 1981) and its derivatives (Schultz et al.,
1997). Interesting to note, however, the timing of the conditioned response (CR) shifts in the
opposite direction during acquisition. Early in conditioning, for example, CRs occur
throughout the CS period, but as learning continues, CRs appear more frequently near the time
of CS offset. This effect, known as inhibition of delay, has been reported since Pavlov
(1927) and is well established (Rescorla, 1967). Because the timing of the DA transient and
the CR move in different directions over the course of training, DA is unlikely to drive the CR,
but we cannot rule out DA involvement in establishing when the CR appears in a well-trained
animal.

Rats required to lever press for sucrose also have been reported to show transient increases in
DA efflux in NAc during presentation of a compound (tone-light) CS (Roitman et al., 2004).
In this case, however, the DA response could be explained by a learned association between
lever-press behavior and sucrose rather than a CS-sucrose association. Our paradigm allowed
us to focus on the CS and its relation to the US because the terminal behavior (food-cup entry)
is not predictive of the reinforcer. Thus, our results strongly implicate DA in the acquisition
of the CS-US association.

The relatively prolonged fluctuations in background current that occur over the course of
recording cannot be explained by a change in DA concentration. In fact, inspection of relevant
voltammograms showed no evidence of DA. Although the underlying mechanism is unclear,
similar current fluctuations have been reported previously (Roitman et al., 2004) and may
reflect a change in extracellular pH (Venton et al., 2003).

We also detected DA transients during food consumption. In the Unpaired Group and in the
first two sessions of Paired training, these DA signals were not time locked to the delivery of
the US, but were observed as the rats contacted and consumed the food pellets. Although this
finding is consistent with the DA hypothesis of reward (Wise, 1978, 1982), alternative
explanations, such as a change in arousal, cannot be ruled out. In fact, the Wightman group
(Roitman et al., 2004) reported no DA efflux in response to sucrose. DA transients, however,
have been observed during consummatory behavior when the reinforcer was either copulation
(Robinson, Heien, & Wightman, 2002) or free-choice entry into a novel environment (Rebec
et al., 1997). It is conceivable that different reinforcers are differentially effective in triggering
DA release. This view is consistent with evidence that animals have reinforcer-specific
expectations (Baxter & Zamble, 1982; Sherburne & Zentall, 1998; Urcuioli & DeMarse,
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1996) and that neurons in orbitofrontal cortex can differentiate between reinforcers (Schultz,
Tremblay, & Hollerman, 2000).

As Paired animals acquired learning, US-related DA transients began to appear consistently
within a few seconds after food delivery. Of interest, the transients shifted from 3 to 4 s (Session
3) to 1 to 3 s after US delivery (Session 4). This temporal shift reflected behavior in that by
Session 4 all Paired animals positioned themselves by the food cup shortly after CS onset,
anticipating reward delivery. In this case, the transients were directly related to reward.

In agreement with the error-signal hypothesis of DA function, we found that DA release occurs
in response to the CS over the course of learning (Schultz, 1998). This hypothesis, however,
also predicts that food consumption will not activate DA neurons in well-trained animals
(Mirenowicz et al., 1994, 1996), whereas we detected DA transients during the US in Paired
animals. This difference could be explained by a TD model that postulates eligibility traces,
which allow for a gradual weakening of the vector weights of stimuli (e.g., Pan, Schmidt,
Wickens, & Hyland, 2005). It also is possible that inconsistencies between TD models may
reflect differences in assessing DA function since changes in the firing rate of DA neurons,
which form the basis of the error-signal hypothesis, may not be a reliable indictor of DA release
owing to a wide variety of mechanisms reported to regulate DA release from axon terminals
(e.g., Grace, Floresco, West, & Goto, 2004; Youngren, Daly & Moghaddam, 1993). As these
reports indicate, changes in the release of glutamate or other amino acids, which are abundant
in NAc core, could alter DA release independently of DA impulse activity. Although further
research will be required to resolve this issue and to clarify the role of DA in learning, our
results implicate mesolimbic DA in the acquisition of Pavlovian conditioning.
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Figure 1.
Mean (±SEM) elevation scores (calculated as the number of food cup entries in the pre-CS
period subtracted from the number of food cup entries in the CS period) for each session for
the Paired and Unpaired Groups. * indicates statistically significant difference between groups.
For some data points, ±SEM is too small to appear. Note the rise in the Paired Group indicating
learning.
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Figure 2.
Schematic depiction of electrode placements (filled circles) compiled for display in a coronal
section of NAc shown at 1.20 mm anterior to bregma according to Paxinos and Watson
(1998). Placements in all tested animals were marked on the last day of recording and
subsequently verified by histological analysis. From The Rat Brain in Stereotaxic
Coordinates (4th ed.; Fig. 35), By G. Paxinos and C. Watson, 1998, San Diego, CA: Academic
Press. Adapted with permission.
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Figure 3.
CS-related DA transients across sessions in a Paired rat. CS presentation elicits transient peaks
of DA oxidation indicated by * and confirmed by background subtracted cyclic voltammograms
shown to the immediate right. The first such transient appears at the end of the CS period in
Session 2 and occurs progressively earlier in subsequent sessions with 2 DA transients evident
very early in Session 4. Fluctuations in oxidation current, such as the relatively prolonged
decrease evident in Sessions 3 and 4, are not due to a DA change as shown by the corresponding
voltammogram for † presented at the far right for Session 3. Data are averaged across 16 trials
per session and presented without SEM for clarity.
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Figure 4.
Number of Paired rats showing a CS-related DA oxidation peak and evidence of behavioral
learning across all training sessions. Learning was confirmed by a mean elevation score
significantly above 0 as determined by a one-sample t-test (see “Methods”). Rats that show
the earliest learning also are the first to show a DA transient until all rats (n =4) show learning
and a DA response by Session 4.
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Figure 5.
Latency of the DA oxidation peak from time of CS onset in Paired animals that showed learning
across Sessions 2, 3 and 4. Latency was determined from the time of CS onset. Analysis was
limited to peaks ≥16%, which were voltammetrically identified as DA. * p<.05 compared to
Session 2. Note the significant decrease in latency after Session 2.
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Figure 6.
DA transients during the US period as they occurred in Sessions 3 and 4 of a Paired rat. DA
transients are indicated by * and confirmed by corresponding background subtracted
voltammograms shown at right. The DA transient in Session 3 occurred several seconds sooner
in Session 4, paralleling the earlier time during the US period that the animal consistently
checked the food cup. Data are averaged across 16 trials per session and presented without
SEM for clarity.
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Figure 7.
Representative example of a transient DA oxidation signal elicited by MFB stimulation. Arrow
indicates onset of 2 s stimulation. Scale bars indicate 1 nA (vertical) and 5 s (horizontal). Inset:
background subtracted cyclic voltammogram obtained at the peak of the response.
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Figure 8.
Comparison of mean voltammograms recorded during the conditions indicated. Note the
similarity of the voltammograms obtained in vitro to 100 nM DA and to MFB stimulation to
those obtained during CS presentation (A) in the sessions indicated for the Paired Group and
during food presentation (B) in the Paired and Unpaired Groups.
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