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Amphetamine Paradoxically Augments Exocytotic
Dopamine Release and Phasic Dopamine Signals
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Drugs of abuse hijack brain-reward circuitry during the addiction process by augmenting action potential-dependent phasic dopamine
release events associated with learning and goal-directed behavior. One prominent exception to this notion would appear to be amphet-
amine (AMPH) and related analogs, which are proposed instead to disrupt normal patterns of dopamine neurotransmission by depleting
vesicular stores and promoting nonexocytotic dopamine efflux via reverse transport. This mechanism of AMPH action, though, is
inconsistent with its therapeutic effects and addictive properties, which are thought to be reliant on phasic dopamine signaling. Here we
used fast-scan cyclic voltammetry in freely moving rats to interrogate principal neurochemical responses to AMPH in the striatum and
relate these changes to behavior. First, we showed that AMPH dose-dependently enhanced evoked dopamine responses to phasic-like
current pulse trains for up to 2 h. Modeling the data revealed that AMPH inhibited dopamine uptake but also unexpectedly potentiated
vesicular dopamine release. Second, we found that AMPH increased the amplitude, duration, and frequency of spontaneous dopamine
transients, the naturally occurring, nonelectrically evoked, phasic increases in extracellular dopamine. Finally, using an operant sugar
reward paradigm, we showed that low-dose AMPH augmented dopamine transients elicited by sugar-predictive cues. However, operant
behavior failed at high-dose AMPH, which was due to phasic dopamine hyperactivity and the decoupling of dopamine transients from the
reward predictive cue. These findings identify upregulation of exocytotic dopamine release as a key AMPH action in behaving animals
and support a unified mechanism of abused drugs to activate phasic dopamine signaling.

Introduction
All abused drugs share midbrain dopamine neurons as a com-
mon ultimate target. Although specific mechanisms vary and in-
clude direct, indirect, and multiple actions, the overall outcome is
a hyperdopamine state (Lüscher and Ungless, 2006; Willuhn et
al., 2010). For a broad class of abused drugs, psychostimulants
and otherwise, including cocaine, nicotine, and ethanol, dopa-
mine activation is manifested in enhanced phasic release events
(Cheer et al., 2007). These transient increases in extracellular
dopamine are generated by brief bursts of action potentials
(Schultz, 2007; Sombers et al., 2009), occur spontaneously, and
are also time-locked to unexpected affective stimuli or their pre-
dictors (Day et al., 2007; Roitman et al., 2008). Phasic dopamine
signaling is critical to the formation and expression of associa-

tions underlying learning and goal-directed behavior (Tsai et al.,
2009; Zweifel et al., 2009). Most importantly, augmentation
above that elicited by natural rewards is proposed to cause over-
learning of cues predicting drug availability and underlie a “path-
ological usurpation” of reward-related learning mechanisms
during addiction (Hyman et al., 2006).

While it is attractive to postulate that all abused drugs enhance
phasic dopamine signaling, amphetamine (AMPH) and its ana-
logs present a major challenge to this unifying hypothesis. AMPH
exhibits several well documented effects on dopamine neu-
rotransmission, including increasing synthesis and inhibiting
degradation and uptake, but its ability to cause efflux as a “re-
leaser” is considered the sine qua non mechanism (Fleckenstein
et al., 2007; Sulzer, 2011). This nonexocytotic type of dopamine
release is mediated by AMPH reversing dopamine transporter
(DAT) direction, and is enhanced by AMPH redistributing do-
pamine from vesicular to cytosolic pools. The implication, which
has been empirically demonstrated in vitro, is that AMPH com-
promises exocytotic dopamine release and floods the extracellu-
lar space with micromolar dopamine (Jones et al., 1998; Schmitz
et al., 2001) sufficient to saturate both low-affinity and high-
affinity dopamine receptors (Richfield et al., 1989). Under such
conditions, the ability of phasic dopamine signaling to respond
dynamically to rewards and their predictive cues should be en-
tirely eliminated.

AMPH and its analogs improve learning and goal-directed
behavior (Wyvell and Berridge, 2000; Knutson et al., 2004). Thus,
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there appears to be a discrepancy regarding the mechanism of
AMPH action that is perhaps preparation based, with AMPH
disrupting normal modes of dopamine neurotransmission in
vitro yet, at the whole organism level, improving behavioral pro-
cesses dependent on phasic dopamine signaling. Recent work in
anesthetized rats demonstrating that AMPH enhances electri-
cally evoked phasic-like dopamine responses with minimal acti-
vation of the nonexocytotic dopamine efflux (Ramsson et al.,
2011a,b) provides insight into in vivo AMPH action, but these
measurements may be distorted by anesthesia. Here we address
this discrepancy using real-time microsensors in freely moving
rats. This approach not only affords assessment of AMPH effects
on behaviorally associated phasic dopamine signals (Brown et al.,
2011), but also of the key AMPH cellular targets— exocytotic
dopamine release and DAT—in the intact brain of an ambulatory
animal and in the absence of anesthesia artifacts (Garris et al.,
2003). Together, our results support reassessing AMPH mecha-
nism of action.

Materials and Methods
Drugs. D-Amphetamine (Sigma-Aldrich) was dissolved in sterile saline
(0.9%) and injected intraperitoneally.

Animals. Adult, male Sprague Dawley rats (300 – 400 g) were housed
individually in a temperature-controlled room maintained on a 12 h
light/dark cycle and allowed access to food and water ad libitum except
when indicated below. Animal care and experimental procedures con-
formed to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional Animal Use
and Care Committees at Illinois State University and the University of
Illinois at Chicago.

Carbon-fiber microelectrodes. Individual carbon fibers (r � 3.5 �m,
Cytec Engineering Materials) were pulled and sealed (Narishige micropi-
pette puller) in glass capillary tubes (Sutter Instruments). To create a
cylinder carbon-fiber microelectrode (CFM), the exposed end of the
fiber was cut 100 –200 �m distal to the glass-insulating seal.

Surgery. As previously described (Garris et al., 2003; Ebner et al., 2010),
rats were affixed with headmounts suitable for stimulating and recording
dopamine while freely moving. In brief, rats were anesthetized with ket-
amine (80 mg/kg) and xylazine (60 mg/kg), injected intraperitoneally,
and immobilized in a stereotaxic frame. Stereotaxic coordinates were
obtained from the atlas of Paxinos and Watson (1986). After holes were
drilled through the skull, an electrode guide for CFM positioning was
placed over the dorsomedial striatum [�1.2 anteroposterior (AP), �1.5
mediolateral (ML), �4.5 dorsoventral (DV)], and a chlorinated silver
wire reference electrode was lowered in the contralateral cortex. A
twisted bipolar stimulating electrode (Plastics One) with �1 mm tip
separation was incrementally lowered to the medial forebrain bundle
(�4.6 AP, �1.4 ML, �7.5 DV) or ventral tegmental area/substantia
nigra region (�5.2 AP, �0.8 ML, �8.4 DV). Constant current, biphasic
stimulus pulses (60 Hz, 24 pulses, 125 �A) were applied (NL 800, Neu-
rolog, Medical Systems) until a robust dopamine signal was evoked. The
CFM was removed, and the electrode guide, stimulating electrodes, and
reference electrodes were cemented to the skull with the aid of surgical
screws.

Electrochemistry. Dopamine measurements were recorded with fast-
scan cyclic voltammetry by applying a triangular waveform (�0.4 –1.3 V
and back, 400 V/s) every 100 ms to the CFM. Both the headstage and
potentiostat were custom-made (University of North Carolina at Chapel
Hill, Department of Chemistry Instrument Shop; or Department of Psy-
chiatry and Behavioral Sciences, University of Washington). Cyclic vol-
tammograms were background-subtracted using baseline scans averaged
before stimulation, drug-evoked events, or time-stamps related to be-
havior. Time-dependent signals were obtained by monitoring current
around the peak oxidative potential for dopamine (��600 mV). After
the recording session, the CFM was postcalibrated with flow-injection
analysis (Logman et al., 2000; Sinkala et al., 2012). For recordings made
during the discriminative stimulus paradigm, principal component re-

gression of the data was performed to obtain time-dependent changes in
dopamine concentration as previously described (Day et al., 2007; Brown
et al., 2011).

Measurements with electrical stimulation. Recording of electrically
evoked dopamine signals occurred 3–7 d after surgery. Rats were habit-
uated to a walled-off, open-field chamber (16 � 16 inches; 8.5 inch walls)
for 15–30 min. A headstage and stimulating electrode connector cable
were attached to the rats at one end and a commutator at the other. After
attaching a micromanipulator, a fresh CFM was incrementally lowered
into the dorsomedial striatum until a robust electrically evoked dopa-
mine signal was recorded. Once optimized, the position of the CFM was
secured with the micromanipulator lock. Evoked dopamine signals were
elicited and recorded every 5 min for 15 min during the predrug session.
Saline or AMPH was injected, and dopamine signals were evoked and
recorded every 5 min for 2 h during the postdrug session (saline, n � 5; 1
mg/kg AMPH, n � 5; 10 mg/kg AMPH, n � 6). Changes in the measured
current at the peak oxidative potential for dopamine were analyzed in
between applications of stimulus trains and used as an index of dopa-
mine efflux. In addition, spontaneous dopamine transients were also
continuously monitored throughout predrug and postdrug sessions.
AMPH-induced changes in motoric behavior were coded from video
recordings. Ambulatory activity was defined and quantified as the num-
ber of quadrant line crossings. The open field was divided into four
quadrants and if half or more of a rat’s body crossed a quadrant line, it
was considered a crossing. Stereotypy was defined and quantified as any
repetitive movement for longer than 1 s.

Discriminative stimulus paradigm. Rats were trained and tested in a
standard operant chamber (Med Associates). A houselight and two dif-
ferent sound generators were located on one wall of the chamber. A
custom-designed acrylic pellet receptacle was located in the center of the
opposite wall. Retractable levers with a circular white cue light above
them were positioned on either side of and equidistant to the pellet
receptacle. A hole in the top of the chamber allowed for the attachment of
the headstage for voltammetric measurements. The headstage, in turn,
was attached to a commutator mounted above to allow for free move-
ment of the subject.

Rats were trained on a discriminative stimulus paradigm as previously
described (Jones et al., 2010). Rats (n � 20) were initially food-restricted
(�95% pretraining body weight) and trained to press levers for a sugar
pellet reward. Depression of either lever resulted in both levers immedi-
ately retracting and a sugar pellet being delivered into the food receptacle.
After 5 s, the levers were extended into the chamber again. Rats received
daily 30 min sessions until 50 lever presses were made on either of the
levers for at least 2 consecutive days. On the following day, the discrim-
inative stimulus paradigm began. In this task, a discrete audiovisual cue
was presented 3 s before extension of one lever. A different audiovisual
cue was presented 3 s before extension of the other lever. Presentation of
one set of cues (DS�) followed by a response on the associated lever
resulted in the delivery of a sugar pellet. Presentation of the other set of
cues (DS�) followed by a response on the associated lever resulted in no
programmed response. Levers were retracted immediately after a re-
sponse or after 5 s if no response was made. Thus, the end of each trial was
marked by either pellet delivery (correct DS� response) or lever retrac-
tion (incorrect DS� response or after 5 s with no response on either DS�
or DS� trials). Audiovisual stimuli and rewarded versus nonrewarded
levers were counterbalanced across rats. Each training session consisted
of 60 trials (30 DS�, 30 DS�) that were presented pseudorandomly with
a randomly selected intertrial interval (11–19 s; mean, 15 s). Once rats
responded on 90% DS� trials and abstained on 70% of DS� trials for 2
consecutive days, they were prepared for voltammetric recordings. Fol-
lowing recovery from surgery, rats were again food-restricted and re-
trained to criteria. During postoperative training, rats were connected to
a headstage to acclimate to voltammetric recording procedures. Once
rats reached task criteria, testing began the following day. On the test day,
a CFM was lowered into the dorsomedial striatum and voltammetric
measurements were made during the discriminative stimulus paradigm.
After 24 (12 DS�, 12 DS�) trials (predrug), the session was paused and
each rat received an intraperitoneal injection of saline (n � 7), 1 mg/kg
AMPH (n � 6), or 5 mg/kg (n � 7) AMPH. After 10 min postinjection,

Daberkow, Brown et al. • AMPH Enhances Exocytotic and Phasic Dopamine J. Neurosci., January 9, 2013 • 33(2):452– 463 • 453



the session resumed and recordings were made for an additional 40 trials
(20 DS�, 20 DS�).

Analysis of exocytotic dopamine release and neuronal dopamine uptake.
Voltammetric dopamine signals resulting from delivery of current pulse
trains were analyzed using a kinetic model describing evoked levels as a
balance between dopamine release and uptake mechanisms (Wu et al.,
2001), as shown in Equation 1: d[DA]/dt � [DA]p * f � k [DA], where f
is the frequency of stimulation. In the model, both dopamine release and
uptake operate during the stimulation train, but only dopamine uptake
operates after cessation of the stimulus to return evoked dopamine levels
to baseline. Curve fitting of data to Equation 1 used a simplex minimi-
zation algorithm to obtain the exocytotic dopamine release term, [DA]p,
and k, the first-order rate constant, for neuronal dopamine uptake (Wu
et al., 2001).

Two additional analyses were used to determine [DA]p. The first,
single-curve analysis, is based on the assumption that the rising phase of
the evoked dopamine signal is dependent on the balance between release
and uptake, while the falling phase is solely dependent on uptake (Wu et
al., 2001). As such, an algebraic subtraction of the falling phase slope
(uptake) from the rising phase slope (release and uptake) resolves the
dopamine release term, [DA]p. The only assumption regarding uptake in
this analysis is that the rate of uptake is identical for the rising and falling
phases at the same concentration. The second analysis assumes that do-
pamine uptake follows Michaelis–Menten kinetics (Wu et al., 2001).
Thus, evoked dopamine dynamics were fit to Equation 2: d[DA]/dt �
[DA]p * f � Vmax/(Km/[DA] � 1), where Km is inversely related to the
affinity of dopamine for the transporter and Vmax is the maximal velocity
of dopamine uptake. Assuming that Vmax does not change at early time
points after AMPH administration (i.e., competitive inhibition), Vmax

was determined from the predrug response and fixed during analysis of
the postdrug response recorded at 10 min postdrug to determine [DA]p

and Km (Garris et al., 2003). Km was assumed to be 0.2 �M for the predrug
analysis (Wu et al., 2001).

Dopamine transients. Spontaneous dopamine transients monitored
before and after AMPH were identified based on the characteristic shape
of each cyclic voltammogram recorded every 100 ms in a 5 min data file.
Cyclic voltammograms were first background-subtracted from the pre-
vious 10 cyclic voltammograms. A background-subtracted cyclic volta-
mmogram from the maximal electrically evoked dopamine response
recorded at the beginning of each file was used as a template to identify
dopamine cyclic voltammograms in the entire 5 min data file. Each cyclic
voltammogram was compared with the template-evoked dopamine cy-
clic voltammogram via TH-1 software (ESA) with the correlation coeffi-
cient set at �0.75. Current deflection events were only identified as
dopamine transients if cyclic voltammograms matched the evoked do-
pamine cyclic voltammogram template for two consecutive scans (Cheer
et al., 2004).

Statistical analysis. For measurements with electrical stimulation, most
statistical analyses were performed using SAS version 9.1 (SAS Institute).
Time courses for [DA]max, [DA]p, and k were compared using a
repeated-measures ANOVA with orthogonal contrasts. AMPH-induced
changes in basal dopamine levels, and single-curve and Michaelis–Men-
ten analyses were compared using a one-way ANOVA followed by com-
parisons using Bonferroni post hoc analysis. AMPH-induced increases in
dopamine transient duration and amplitude were compared with a t test.
Correlation analyses were based on a linear regression model (Systat
Software). All correlations were based on the averaged data described in
Figure 2, and all 12 points in the time course were used. Thus, all animals
analyzed in Figure 2 were used for correlations, and n is related to num-
ber of time points in the correlation. For example, when both drug doses
are combined in a correlation, n � 24, whereas when drug doses are
correlated individually, n � 12. For discriminative stimulus paradigm,
statistical comparisons were made using Prism (Graphpad). The fre-
quency of dopamine transients was compared using a one-way ANOVA
and the post hoc Tukey’s test. The time courses of dopamine concentra-
tion within the discriminative stimulus paradigm were compared using a
two-way ANOVA followed by Tukey’s test. In all cases, statistical signif-
icance was set at p � 0.05.

Results
AMPH increases electrically evoked phasic-like
dopamine signals
Using fast-scan cyclic voltammetry at a CFM, we measured do-
pamine with 100 ms time resolution in the dorsal striatum of
freely moving rats. In addition to fine temporal and spatial reso-
lution for in situ neurotransmitter monitoring, this technique
provides a chemical signature in the form of a voltammogram to
identify the analyte (Heien et al., 2004). Pulse trains, for which
rats will self-administer (Cheer et al., 2005), were delivered to
ascending dopamine fibers. This reinforcing electrical stimula-
tion evoked phasic-like dopamine release events that were en-
hanced in amplitude and duration by AMPH (Fig. 1A; AMPH
was injected i.p. for all measurements in the present study).
Background-subtracted voltammograms identified the released
chemical species as dopamine (Fig. 1A, inset; Fig. 1B). Indeed,
both 1 and 10 mg/kg AMPH potentiated the maximal concentra-
tion of electrically evoked dopamine ([DA]max) compared with
saline control for almost 2 h (Fig. 2A). Indicating dose-
dependent drug effects, the onset of phasic-like dopamine acti-
vation following 10 mg/kg AMPH was more rapid, with the
increase following 1 mg/kg AMPH more sustained. Statistical
analysis of [DA]max revealed an overall significant effect of treat-
ment (F(2,12) � 13.6, p � 0.01) and time (p � 0.05), with both
doses significantly different from saline (1 mg/kg, p � 0.05; 10
mg/kg, p � 0.01) and 1 mg/kg significantly different from 10
mg/kg (p � 0.05). Rather than interfere with action potential-
dependent dopamine neurotransmission as previously proposed
(Fleckenstein et al., 2007; Sulzer, 2011), these results alternatively
indicate that AMPH augments electrically evoked phasic-like do-
pamine signals acutely in the awake animal for what behaviorally
are considered a low (1 mg/kg) and high (10 mg/kg) dose that
elicits ambulation and stereotypy, respectively (Fig. 2B) (Kuc-
zenski et al., 1991).

AMPH increases exocytotic dopamine release and decreases
dopamine uptake
Because both exocytotic dopamine release and neuronal dopa-
mine uptake mechanisms operate during the rewarding pulse-
train stimulation and contribute to the amplitude of the
electrically evoked signal recorded in vivo (Wu et al., 2001), ob-
served AMPH-induced increases in [DA]max could be due to
DAT inhibition. Reducing the rate of dopamine uptake is another
hallmark action of AMPH on dopamine neurotransmission es-
tablished by in vitro studies (Fleckenstein et al., 2007; Sulzer,
2011) and is suggested here by the slowed extracellular clearance
of dopamine after stimulation (Fig. 1). Thus, because pulse trains
were used, DAT inhibition could mask the expected decrease in
exocytotic dopamine release due to depleted vesicular stores. To
test this possibility, evoked responses were fit to a kinetic model
mathematically resolving dopamine release and uptake compo-
nents based on their distinct time dependences (Eq.1) (Wu et al.,
2001). Consistent with established pharmacology, AMPH inhib-
ited dopamine uptake when analyzed as a first-order rate con-
stant (k) in a dose-dependent fashion (Fig. 2C). While 1 mg/kg
AMPH elicited a more transient inhibition of dopamine uptake
that peaked �25 min postinjection, a dose of 10 mg/kg sustained
an 80% reduction for the entire 2 h time course. Statistical anal-
ysis of k revealed an overall significant effect of treatment (F(2,11) �
26.7, p � 0.0001) but not time (p � 0.12). Both doses were
significantly different from saline (1 mg/kg, p � 0.01; 10 mg/kg,
p � 0.01), and 1 mg/kg was significantly different from 10 mg/kg
(p � 0.005). Unexpectedly and in sharp contrast to the pro-
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nounced decreases reported in vitro, we found that AMPH also
elicited a robust, dose-dependent increase in [DA]p, the param-
eter for exocytotic dopamine release (Fig. 2D). With a time
course similar to [DA]max, the effects of AMPH on evoked dopa-
mine release were both immediate, as they were increased within
5 min, and prolonged, as they were maintained for nearly the
entire 2 h recording period. Statistical analysis of [DA]p revealed
an overall significant effect of treatment (F(2,11) � 6.53, p � 0.05)
and time (p � 0.05). The 10 mg/kg dose was significantly differ-
ent from saline (p � 0.01). A trend toward a significant difference
was observed between 1 mg/kg AMPH and saline (p � 0.059).

Additional analyses were performed to verify the surprising
result of an AMPH-induced activation of exocytotic dopamine
release. A sole alteration in either exocytotic dopamine release or
neuronal dopamine uptake was not sufficient to fully capture the
AMPH effects on evoked phasic-like dopamine signals (Fig. 3A).
This result was demonstrated by fixing one parameter at the pre-
drug value and then exclusively altering the other in an attempt to
mimic the measured AMPH response. Neither a calculated in-
crease in dopamine release nor a calculated decrease in dopamine
uptake alone well describes the observed AMPH-induced change
in evoked dopamine dynamics. The suitability of using first-
order uptake kinetics, which was initially selected to simplify the
measurement of dopamine uptake, was also assessed. First, [DA]p

was calculated without assuming a kinetic mechanism for neuro-
nal dopamine uptake. This procedure, called single-curve analysis,
also demonstrated a dose-dependent, upregulation of exocytotic
dopamine release for the 10 min post-AMPH responses (Fig. 3B).
Statistical analysis of [DA]p calculated with single-curve analysis
demonstrated an overall significant effect of treatment (F(2,13) �
46.6, p � 0.01) and significant differences between 1 and 10
mg/kg doses and saline (p � 0.05) and between AMPH doses
(p � 0.05). Second, inhibition of dopamine uptake was charac-
terized using Michaelis–Menten kinetics (Eq. 2). Analyzing the

same 10 min postdrug responses and assuming competitive inhi-
bition revealed that AMPH elicited a dose-dependent increase in
Km (Fig. 3C). This result is consistent with uptake inhibition as
reflected by a decrease in the first-order rate constant (Fig. 2C).
Statistical analysis of Km showed an overall significant effect of
treatment (F(2,13) � 10.4, p � 0.01) and significant differences
between both doses and saline (p � 0.05) and between AMPH
doses (p � 0.05). Along with competitive uptake inhibition,
AMPH concurrently elicited a dose-dependent increase in exo-
cytotic dopamine release with AMPH (Fig. 3D). Statistical anal-
ysis of [DA]p determined with Michaelis–Menten kinetics showed
an overall significant effect of treatment (F(2,13) � 24.9, p � 0.01)
and significant differences between both doses and saline (p �
0.05) and between AMPH doses (p � 0.05). Further solidifying
this novel mechanism of AMPH action, both alternative strate-
gies for determining exocytotic dopamine release (Fig. 3B,D)
showed quantitatively similar increases as the original analysis
(Fig. 2D), and simulated curves calculated using first-order and
Michaelis–Menten uptake kinetics coupled with an augmented
dopamine release term agree favorably with data (Fig. 3D, inset).

AMPH-induced changes in dopamine neurotransmission and
behavior are correlated
We propose that a concomitant increase in exocytotic dopamine
release and decrease in dopamine uptake underlie the observed
effects of low and high doses of AMPH on [DA]max evoked by
electrically stimulating dopamine fibers with phasic-like pulse
trains. However, inspection of Figure 1 suggests that augmented
dopamine release (Fig. 1D) tracks evoked [DA]max (Fig. 1A)
more faithfully than decreased dopamine uptake (Fig. 1C). To
further understand the respective contributions of these param-
eters to the regulation of AMPH-induced changes in extracellular
dopamine and behavior, we performed correlation analysis.
Overall, [DA]max was better correlated with exocytotic dopamine

Figure 1. AMPH augments action potential-dependent dopamine neurotransmission in awake rats. Dopamine signals in the dorsomedial striatum were evoked by electrical stimulation of
ascending dopamine fibers (60 Hz, 24 pulses, 125 �A). A, Data show pre-AMPH injection (solid line) and effects of AMPH (10 mg/kg) on the evoked dopamine signal 10 min postinjection (dotted
line) and 30 min postinjection (dashed line). Inset, Individual background-subtracted cyclic voltammograms identify dopamine (scale bar, I � 3.0 nA). B, Pseudo-color plots (x-axis, time; y-axis,
applied potential; z-axis, measured current) show the entire electrochemical profile supporting the identification of dopamine as the origin of the evoked responses.
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release than neuronal dopamine uptake
(r 2 � 0.977, p � 0.01 and r 2 � 0.372, p �
0.01, respectively), highlighting the im-
portance of exocytotic dopamine release
in establishing the amplitude of phasic
dopamine signals after AMPH adminis-
tration. Upregulated dopamine release
was also the better predictor of ambula-
tory behavior for both low (r 2 � 0.846;
p � 0.01) and high (r 2 � 0.699; p � 0.01)
doses of AMPH than inhibited dopamine
uptake (r 2 � 0.719, p � 0.01 and r 2 �
0.077, p � 0.39, respectively), but was
poorly correlated with stereotypy (r 2 �
0.009 for 10 mg/kg dose; p � 0.77). In
contrast, a highly significant correlation
was found for dopamine uptake inhibi-
tion and stereotypy (r 2 � 0.725 for 10
mg/kg dose; p � 0.01). Together, these
results support AMPH-induced increases
in exocytotic dopamine release as a key
determinant of phasic dopamine signal-
ing in vivo and suggest that the presynap-
tic mechanisms of dopamine release and
uptake may differentially contribute to
the dose-dependent motoric responses to
AMPH.

AMPH augments physiological
dopamine signaling
Physiological dopamine signaling occurs
along a temporal spectrum, with slow
changes in basal levels mediated by tonic
firing of dopamine neurons and presyn-
aptic interactions at one end and the more
rapid, transient elevations elicited by
burst firing at the other (Schultz, 2007).
Our observed effects of AMPH on electri-
cally evoked dopamine responses lead to
important predictions for drug action
on both modes of neurotransmission in
awake, behaving animals. Based on our
findings, for example, AMPH should
elicit only modest increases in basal extra-
cellular dopamine via DAT reversal be-
cause, without vesicular emptying, only
the extant, normally low levels of cytosolic
dopamine are available for nonexocytotic
release. Figure 4, which shows the initial
effects of AMPH on nonelectrically evoked
recordings, supports this prediction. A
slow but small rise in the basal response is
observed after administration of high-
dose AMPH (Fig. 4A, left; Fig. 4B). Typically emerging �90 s
after drug injection and lasting only a few (�5) minutes, this
increase above basal dopamine levels was on average �100 nM

and was not observed with low-dose AMPH (Fig. 4C). Statistical
analysis demonstrated a significant main effect of drug dose on
basal dopamine levels (F(2,13) � 30.6, p � 0.01), with AMPH at
the high dose of 10 mg/kg significantly greater than the low dose
of 1 mg/kg and saline (p � 0.05).

Another prediction is that with intact vesicular stores, coupled
to upregulated exocytotic dopamine release and DAT

inhibition, phasic dopamine signaling should not only be func-
tional, but actually augmented by AMPH. Interestingly, although
recording sites were optimized in this experiment for robust elec-
trically evoked dopamine levels to assess release and uptake
mechanisms and not for spontaneous phasic dopamine release
events, whose occurrence is more variable (Wightman et al.,
2007), these so-called “dopamine transients” were seen riding on
top of the slow-rising envelope induced by high-dose AMPH
(Fig. 4A, right; Fig. 4B). This activation of phasic dopamine sig-
naling, which may reflect hedonic aspects of drug action (Stuber

Figure 2. AMPH activates presynaptic mechanisms of dopamine signaling and motoric behavior in a dose-dependent fashion.
A, AMPH robustly increased the maximal concentration of dopamine ([DA]max) elicited by the electrical stimulation (saline, n � 5;
1 mg/kg AMPH, n � 5; 10 mg/kg AMPH, n � 6). B, AMPH elicited behavioral activation in the form of ambulation and stereotypy
at low and high doses, respectively. Minimal ambulation was observed during the predrug session and with saline or 10 mg/kg
AMPH. No stereotypy was observed during the predrug session and with saline or 1 mg/kg AMPH. C, AMPH inhibited neuronal
dopamine uptake (k). D, AMPH increased exocytotic dopamine release ([DA]p).
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et al., 2005), suggests that the physiological response to AMPH is
complex and could be mediated by action potential-dependent pro-
cesses in addition to dopamine efflux. We thus quantified spontane-
ous dopamine transients when baseline recordings were stable.
Figure 5A shows an example recording of phasic dopamine signals
augmented by high-dose AMPH. In this animal, AMPH increased
the duration and amplitude of spontaneous dopamine transients,
as predicted by the kinetic analyses of evoked responses. How-
ever, we also rather unexpectedly observed a robust increase in their
frequency. The time course of dopamine transient activation largely
paralleled increases in exocytotic dopamine release and [DA]max but
was clearly dissociated from the sustained inhibition of dopamine
uptake and stereotypy (Fig. 5B–D). Overall, we found that AMPH
activated (i.e., �3� predrug frequency) these phasic events in

animals where spontaneous dopamine
transients were observed during predrug re-
cording (2 of 5 animals at the 1 mg/kg dose
and 4 of 6 at the 10 mg/kg dose). AMPH also
significantly increased dopamine transient
duration (predrug vs postdrug: 217 � 17 ms
and 278 � 16 ms, respectively) but not am-
plitude (3.2 � 1.2 nm and 4.1 � 0.4 nm,
respectively) at the 1 mg/kg dose, and both
duration (298 � 14 ms and 564 � 12 ms,
respectively) and amplitude (5.0 � 0.4 nm
and 22.5 � 0.9 nm, respectively) at the 10
mg/kg dose (t test, p � 0.05). In sharp
contrast, saline did not alter spontaneous
dopamine transients in any of the five an-
imals (3 of 5 spontaneously active; dura-
tion: 222 � 7 ms and 236 � 9 ms,
respectively; amplitude: 4.6 � 0.4 nm and
4.1 � 0.4 nm, respectively).

Dose-dependent modulation of
cue-evoked phasic dopamine signaling
Phasic dopamine release events become
time-locked to rewards and their predic-
tive cues during goal-directed learning
(Roitman et al., 2004; Day et al., 2007). To
determine whether cue-evoked dopamine
signals are modulated by AMPH in a
manner similar to electrically evoked or
spontaneous dopamine transients, we
trained rats on a discriminative stimulus
(DS) paradigm where distinct audiovisual
stimuli signaled the availability of levers
that, when pressed, either delivered a su-
crose pellet (DS�) or had no programmed
consequence (DS�). Recordings in trained
rats were made predrug and after injection
of saline, 1 mg/kg AMPH, or 5 mg/kg
AMPH. Rats reliably and selectively re-
sponded on DS� trials. Following drug in-
jection, performance varied as a function of
AMPH dose. Only injection of 5 mg/kg al-
tered behavioral performance, abolishing
goal-directed behavior (data not
shown). Figure 6 shows data acquired
during representative recording sessions.
Dopamine fluctuations, shown in color,
are aligned to presentation of the DS�
(top) and DS� (bottom). Each row cor-

responds to a single trial and the horizontal white dashed line
indicates when injections were made. Representative trials from
each recording session are shown below. While the DS� evoked
a sharp rise in dopamine concentration predrug in all groups, the
DS� failed to evoke any change (compare gray lines above and
below). Thus, we went on to statistically analyze AMPH-induced
modulation of DS� responses.

Average fluctuations in dopamine concentration were statis-
tically compared for three epochs: from �5 to 0 s before (base-
line), from 0.1 to 2.5 s after (cue), and from 2.6 to 5 s after cue
onset. Predrug, the DS� evoked a robust and transient increase
in dopamine in all groups. A two-way ANOVA revealed a main
effect of epoch (F(2,34) � 22.8, p � 0.01) but no main effect of
group (F(2,34) � 0.41, p � 0.65) and no interaction (F(4,34) � 0.78,

Figure 3. Verification of analysis resolving measures of dopamine release and uptake. Additional analyses were performed to
verify that AMPH-induced increases in the electrically evoked dopamine signal measured in awake rats were due to a combination
of an upregulation of exocytotic dopamine release and an inhibition of neuronal dopamine uptake. A, A sole alteration in either
exocytotic dopamine release or neuronal dopamine uptake was not sufficient to capture AMPH effects. Shown are a raw data trace
of the evoked dopamine signal collected 10 min post-AMPH (dotted line), with a simulation based on fixing dopamine release at
the predrug value and decreasing dopamine uptake to zero (solid line), and with a simulation based on fixing dopamine uptake at
the predrug value and increasing dopamine release until the signal maximum matched the postdrug level (dashed line). Even
decreasing uptake to zero could not raise the calculated signal amplitude to the observed response. While increasing release did
achieve a similar signal amplitude, the rate of uptake in the calculated response was clearly too fast compared with the observed
response. B, Single-curve analysis demonstrated an upregulation of exocytotic dopamine release for the 10 min post-AMPH
responses in a dose-dependent fashion (saline, n�5; 1 mg/kg AMPH, n�5; 10 mg/kg AMPH, n�6). C, D, The suitability of using
first-order uptake kinetics was tested by analyzing data obtained 10 min post-AMPH injection with Michaelis–Menten uptake
kinetics. C, AMPH increased Km for dopamine uptake in a dose-dependent fashion. Km is expressed as percentage of the predrug
response (% predrug). D, AMPH increased [DA]p, the exocytotic dopamine release term, in a dose-dependent fashion. [DA]p is
expressed as percentage of predrug response (% predrug). Inset, Simulation based on dopamine release and uptake parameters
obtained by first-order uptake kinetics (k fit) and Michaelis–Menten analysis (MM fit) well described the measured response,
demonstrating the veracity of the curve fitting. *p � 0.05, significantly different from saline; � significantly different from 1
mg/kg AMPH. Bars represent the mean � 1 SEM.
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p � 0.5). Thus, data were collapsed into a predrug condition (Fig.
7A, Pre-drug). AMPH injection modulated this time-locked re-
sponse in a dose-dependent manner [significant dose– epoch in-
teraction (F(6,72) � 4.0, p � 0.01)]. This significant interaction
was further explored with Tukey’s test. Saline injection had no
effect on the cue-evoked signal (Fig. 7B). At a low (1 mg/kg) dose
that did not affect behavioral performance, AMPH caused a sig-
nificantly greater phasic dopamine response to the DS� relative
to predrug (Fig. 7C). However, the DS� failed to elicit a time-
locked dopamine signal after administration of 5 mg/kg, a dose
that also impaired performance (Fig. 7D).

It is critical to note that, while dopamine transients on average
were no longer time-locked to the cue following 5 mg/kg AMPH,
there was a dramatic increase in their overall frequency. That is,
phasic events occurred more frequently but randomly through-
out the trials (see Fig. 6 for examples). In contrast to the experi-
ment with electrical stimulation, recording sites in animals used
for the DS paradigm were optimized for cue-evoked dopamine
transients. Under this condition, phasic release events were also
spontaneously active during predrug recording in all animals.
The number of dopamine transients was thus determined for
each 10 s period before cue onset before and after drug injection.
Predrug transient frequency did not differ across groups and was
therefore collapsed. Across conditions (predrug, saline, 1 mg/kg
AMPH, and 5 mg/kg AMPH), there was a significant effect of
treatment on dopamine transient frequency (F(3,34) � 15.9, p �
0.01), and 5 mg/kg AMPH caused a significant increase com-
pared with all other groups (p � 0.05; Fig. 8).

Discussion
The accepted model of drug action predicts that AMPH compro-
mises phasic dopamine signaling by the combined actions of ve-
sicular depletion and nonexocytotic efflux. Yet, AMPH enhances
behaviors dependent upon intact phasic dopamine signaling. We
begin to resolve this paradox by demonstrating in freely behaving

rats that AMPH activates dopamine transients. We additionally
show that augmented exocytotic dopamine release is a key pre-
synaptic AMPH effect that drives increases in extracellular
dopamine and subsequent behavioral changes. This major re-
assessment of AMPH action contributes to the establishment
of a unifying mechanism for abused drugs.

New model of AMPH action
We found inconsistencies with the accepted view of AMPH ac-
tion, established in brain slices, as the quintessential dopamine
“releaser” (Jones et al., 1998; Schmitz et al., 2001). Our results
were obtained using identical microsensor methodology and ki-
netic analyses but in behaving rats (Garris et al., 2003). Across
similar time courses, electrically evoked dopamine responses
were enhanced in vivo, rather than compromised as in in vitro
studies, by AMPH. The dominant component underlying this
potentiation in vivo was upregulated exocytotic dopamine re-
lease, which is in sharp contrast to the marked depletion of read-
ily releasable vesicular dopamine stores demonstrated in vitro.
Moreover, we observed a 50-fold lower increase in AMPH-
induced nonelectrically evoked basal dopamine levels compared
with brain slices. Similar to in vitro studies, AMPH caused robust
DAT blockade. Thus, while AMPH inhibition of dopamine up-
take manifests in vivo as well as in vitro, AMPH disruption of
action potential-dependent dopamine neurotransmission is ab-
sent in the whole animal.

Discrepancies between AMPH actions in vitro versus in vivo
are likely due to a number of factors. For example, reduced ca-
pacity for exocytotic dopamine release appears to manifest in
vitro (Bowyer et al., 1987; Chen and Ewing, 1995; Floor and
Meng, 1996; Anderson et al., 1998; Jones et al., 1998; Schmitz et
al., 2001; Mosharov et al., 2003). In contrast, AMPH augmented
phasic-like dopamine signals and vesicular dopamine release in
anesthetized rats using the same stimulus trains as here in awake
rats (Ramsson et al., 2011b). Interestingly, dopamine D2 receptor

Figure 4. AMPH elicits increases in basal dopamine levels. A, Background current monitored pre-AMPH and post-AMPH injection provided a relative measure of drug-induced changes in basal
extracellular dopamine. Ten milligrams per kilogram AMPH elicited a slow but small (magnitude, �100 nM) and short-lived (duration, �2 min) increase in the background current that may reflect,
in part, dopamine efflux (left). Faster signals (i.e., phasic dopamine transients) are observed riding on top of this more slowly emerging envelope (right). Pseudocolor plots (x-axis, time; y-axis,
applied potential; z-axis, measured current) show the entire electrochemical profile supporting the identification of dopamine as the origin of both slow and fast signals. B, Background-subtracted
cyclic voltammograms also identify both slow and fast changes in background signal as dopamine. C, Average amplitude of the slow increases in extracellular dopamine levels (saline, n �5; 1 mg/kg
AMPH, n � 5; 10 mg/kg AMPH, n � 6). *p � 0.05, significantly different from saline and 1 mg/kg. Bars represent the mean � 1 SE.
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antagonism increases extracellular dopamine levels in the anes-
thetized rat (Park et al., 2011) to similar micromolar levels ob-
served in vitro (Jones et al., 1998; Schmitz et al., 2001), suggesting
that negative feedback mechanisms reign in robust AMPH ac-
tions on dopamine release mechanisms in the intact brain. Neg-
ative feedback can be minimized in vitro as slice superfusion and
cell-synaptosome incubation dilute extracellular dopamine.

Stimulation parameters may also contribute to discrepancies
between preparations. Increasing stimulus train duration in vivo
switches AMPH effects on electrically evoked dopamine from
increasing to decreasing levels (Ewing et al., 1983; Kuhr et al.,
1985, 1986; Stamford et al., 1986; May et al., 1988; Suaud-Chagny
et al., 1989; Ramsson et al., 2011a). While in vitro studies demon-
strating AMPH-induced decreases in vesicular release have used a
single stimulus pulse, several micromolar dopamine is elicited
(Jones et al., 1998, 1999; Schmitz et al., 2001; Patel et al., 2003;
John and Jones, 2007), an order of magnitude greater than the
evoked phasic-like dopamine signals recorded here. Thus,
AMPH may have different actions on vesicular pools of dopa-
mine and that different stimulations may assess different compo-

nents of neurotransmitter storage (Rizzoli and Betz, 2005; Cesca
et al., 2010).

To our knowledge, the sustained inhibition of dopamine up-
take is the first dopamine correlate documented in vivo to the
long-lasting (�2 h) stereotypy elicited by high-dose AMPH. Be-
cause AMPH levels in the brain parallel the shorter-lived increase
in dialysate dopamine (Kuczenski et al., 1997) and profiles for
exocytotic dopamine release and evoked [DA]max shown here,
reduced dopamine uptake appears to occur with decreasing brain
drug levels and could be mediated by fewer DAT proteins facing
outward and/or by DAT internalization (Saunders et al., 2000;
Sorkina et al., 2003). Together, our results therefore identify DAT
blockade and enhanced exocytotic dopamine release, rather than
vesicular depletion or dopamine efflux, as the key presynaptic
AMPH actions on dopamine neurons in behaving animals.

AMPH increases basal dopamine levels
We observed a slow and modest increase in basal dopamine with
the high dose of AMPH. This increase could be mediated by

Figure 5. AMPH concurrently alters phasic dopamine transients, dopamine release and uptake, and motoric behavior. A, AMPH activates phasic dopamine signaling. Red asterisks denote
spontaneous phasic transients identified as dopamine and collected predrug (left) or after 10 mg/kg AMPH (right). Background-subtracted cyclic voltammograms, shown for example transients
denoted by the arrow (red line) and for the electrically evoked response (black line), identify dopamine as the signal source. Current is normalized. Pseudocolor plots (x-axis, time; y-axis, applied
potential; z-axis, measured current) demonstrate the entire electrochemical record of transients and their identity as dopamine. B, AMPH increased the frequency, amplitude, and duration of
dopamine transients. C, AMPH increased the magnitude of the evoked dopamine signal ([DA]max) and exocytotic dopamine release ([DA]p), and inhibited dopamine uptake (k). D, AMPH
preferentially increased stereotypy over ambulation. All data were collected in a single animal. Data in B, C, and D were reported as percentage predrug.
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action potential-dependent and action potential-independent
mechanisms. Because dopamine transients, which are action
potential-dependent (Sombers et al., 2009), were observed riding
on top of the rising envelope, phasic release events could be co-
alescing. Dopamine neurons also fire tonically to contribute to
basal dopamine levels (Schultz, 2007), and AMPH could be acti-
vating this component of dopamine signaling combined with
enhanced vesicular release and decreased uptake. Finally, AMPH
could be eliciting the slow efflux mediated by DAT reversal,
which is driven by the cytosolic pool of dopamine (Fleckenstein
et al., 2007; Sulzer, 2011). This latter action is independent of
phasic dopamine signaling because tetrabenzaine, an inhibitor of
the vesicular monoamine transporter, depletes vesicular dopa-
mine stores and induces dopamine efflux while virtually elimi-
nating phasic dopamine transients (Owesson-White et al., 2012).
Further study will be required to establish the origin of this mod-
est AMPH-induced increase in basal dopamine levels.

AMPH augments phasic dopamine signaling
It is possible that phasic dopamine signals occurring under more
“natural” conditions are affected by AMPH in a manner more
consistent with in vitro studies. In the absence of overt stimuli,
dopamine transients occur “spontaneously” (Wightman et al.,
2007) and depend on ongoing electrophysiological activity of
dopamine neurons (Sombers et al., 2009). Consistent with ki-
netic analyses performed here, AMPH dose-dependently in-
creased the amplitude and duration of dopamine transients.
Surprisingly, AMPH also increased the frequency of these spon-
taneous phasic events. Thus, it appears that AMPH shares with
other drugs of abuse, such as cocaine, nicotine, and ethanol
(Cheer et al., 2007; Sombers et al., 2009), the capability to aug-
ment phasic dopamine signaling by increasing the frequency of
dopamine transients.

AMPH affects goal-directed behavior in a dose-dependent
manner. At moderate doses, AMPH potentiates operant re-

Figure 6. Representative examples of AMPH modulation during the discriminative stimulus task. Each panel represents data from an individual rat. A–C, Dopamine responses on DS� trials.
Effects of saline (A), 1 mg/kg AMPH (B), and 5 mg/kg AMPH (C). Conventions are the same for all panels. Top, Heat map in which each row represents an individual trial aligned to DS� onset (time
0), with dopamine (nM) concentration shown in color in 100 ms bins. Rows above and below the dashed white line depict trials before and after, respectively, injection. Bottom, Exemplar trials
showing dopamine concentration over time taken from the before (gray line) and after injection (black line) phases of the experiment. Gray (before) and black (after) arrows next to the heat map
denote the trials illustrated below. D–F, Dopamine responses on DS� trials before and after injection of saline (D), 1 mg/kg AMPH (E), and 5 mg/kg (F ) AMPH. All conventions are as in above.

460 • J. Neurosci., January 9, 2013 • 33(2):452– 463 Daberkow, Brown et al. • AMPH Enhances Exocytotic and Phasic Dopamine



sponding for food reward (Poncelet et al., 1983; Zhang et al.,
2003). Here, a discriminative stimulus paradigm was used to ex-
amine the effects of AMPH on operant behavior and phasic do-
pamine signaling. Similar to previous reports (Roitman et al.,
2004; Brown et al., 2011; McCutcheon et al., 2012), a food reward
predictive cue evoked a phasic increase in dopamine within mil-
liseconds of cue onset. Low-dose AMPH did not diminish oper-
ant responding but increased the magnitude and duration of
cue-evoked release, which is consistent with kinetic analyses
supporting AMPH-induced increased exocytotic dopamine re-
lease and reduced dopamine uptake. In contrast, high-dose
AMPH abolished both operant responding and the time-locked
phasic dopamine response to the cue. However, dopamine tran-
sients were still present and even occurred with higher frequency
but randomly throughout the trial. Thus, impaired operant re-
sponding at higher doses of AMPH is not due to a loss of phasic

dopamine signaling. Instead, the data raise the intriguing possi-
bility that AMPH impairs behavioral performance by disrupting
the temporal relationship between behaviorally relevant stimuli
and dopamine transients.

While enhanced phasic signaling was not predicted based
on the accepted model of AMPH action, some existing evi-
dence supports it. AMPH elicits burst firing in dopamine neu-
rons (Shi et al., 2000; Paladini et al., 2001), which correlates
well with the observed increased frequency of spontaneous
dopamine transients. Additionally, conductances associated
with dopamine transport have been shown to enhance the
excitability of dopamine neurons (Ingram et al., 2002). Thus,
previous behavioral and electrophysiological studies have es-
tablished precedence for AMPH-augmented phasic dopamine
signaling that counters the postulate of AMPH action by
vesicular dopamine depletion and compromised action
potential-dependent dopamine neurotransmission.

Clinical significance of the new model of AMPH action
Demonstrated for cocaine (Venton et al., 2006), methylpheni-
date (Chadchankar et al., 2012), and other dopamine uptake
blockers (Ewing et al., 1983; Lee et al., 2001), the enhancement of
exocytotic dopamine release by AMPH may thus be generalized
as an important mechanism of psychostimulants. In addition to
their well recognized role of inhibiting dopamine uptake (Fleck-
enstein et al., 2007; Sulzer, 2011), psychostimulant-enhanced
exocytotic dopamine release may be an important step in the
addiction process. Our results also raise the possibility that en-
hanced phasic dopamine signaling may underlie important clin-
ical effects of AMPH. Modest activation of dopamine transients
at the relatively low dose of 1 mg/kg used here may be an impor-
tant action of medications that combine amphetamine salts (e.g.,
Adderall) used clinically (Joyce et al., 2007). Indeed, low doses of
AMPH preserve and improve learning and behavioral perfor-
mance (Mayorga et al., 2000; Wyvell and Berridge, 2000; Taylor
and Jentsch, 2001; Zhang et al., 2003; Knutson et al., 2004). In
contrast, high doses of AMPH can produce a behavioral profile

Figure 7. AMPH dose-dependently alters dopamine evoked by a reward predictive cue. Conventions are the same for all panels. A–D, Top, Average pseudocolor plot (x-axis, time; y-axis, applied
potential; z-axis, measured current) shows the entire electrochemical profile supporting the identification of dopamine evoked by the DS�. Bottom, The average dopamine response time-locked
to the DS�. Individual points represent mean dopamine and error bars represent � 1 SEM. The vertical dashed lines demarcate epochs (baseline, cue, post) used for statistical analyses. Data are
shown predrug (n � 20) (A), and after saline (n � 7) (B), 1 mg/kg AMPH (n � 6) (C), and 5 mg/kg AMPH (n � 7) (D). *, epochs significantly ( p � 0.05) different from the baseline epoch before
injection. # indicates that the cue epoch is significantly different from saline baseline. ∧ indicates that the cue epoch is significantly different from 1 mg/kg baseline. % indicates that the cue epoch
is significantly different from the before injection cue epoch.

Figure 8. AMPH dose-dependently increases the frequency of phasic dopamine transients
during the DS paradigm. The number of dopamine transients was determined for each 10 s
period before cue onset before and after drug injection. Before injection, transient frequency did
not differ across groups and were therefore collapsed (n � 20). Rats were injected with saline
(n � 7), 1 mg/kg AMPH (n � 6), or 5 mg/kg (n � 7) AMPH. *, significantly different from all
other groups ( p � 0.05). Bars represent the mean � 1 SE.
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similar to the positive symptoms associated with schizophrenia
(Featherstone et al., 2007; Lisman et al., 2008). Interestingly,
schizophrenics are thought to have hyperactive striatal dopamine
signaling (Simpson et al., 2010) and fail to detect important stim-
uli in tests of attention and vigilance (Cornblatt and Keilp, 1994),
a result similar to the failure of operant behavior in response to
cues after high-dose AMPH shown here. Thus, disrupting the
tight temporal concurrence between dopamine transients and
important external cues due to hyperactive phasic dopamine sig-
naling may contribute to AMPH-induced psychosis (Feather-
stone et al., 2007).
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