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Amphetamine (AMPH) is known to raise extracellular dopamine
(DA) levels by inducing stimulation-independent DA efflux via
reverse transport through the DA transporter and by inhibiting
DA re-uptake. In contrast, recent studies indicate that AMPH
decreases stimulation-dependent vesicular DA release. One
candidate mechanism for this effect is the AMPH-mediated
redistribution of DA from vesicles to the cytosol. In addition, the
inhibition of stimulation-dependent release may occur because
of D2 autoreceptor activation by DA that is released via reverse
transport. We used the D2 receptor antagonist sulpiride and
mice lacking the D2 receptor to address this issue. To evaluate
carefully AMPH effects on release and uptake, we recorded
stimulated DA overflow in striatal slices by using continuous
amperometry and cyclic voltammetry. Recordings were fit by a
random walk simulation of DA diffusion, including uptake with

Michaelis–Menten kinetics, that provided estimates of DA concentration and uptake parameters. AMPH (10 M) promoted the
overflow of synaptically released DA by decreasing the apparent affinity for DA uptake (Km increase from 0.8 to 32 M). The
amount of DA released per pulse, however, was decreased by
82%. This release inhibition was prevented partly by superfusion with sulpiride (47% inhibition) and was reduced in D2
mutant mice (23% inhibition). When D2 autoreceptor activation
was minimal, the combined effects of AMPH on DA release and
uptake resulted in an enhanced overflow of exocytically released DA. Such enhancement of stimulation-dependent DA
overflow may occur under conditions of low D2 receptor activity
or expression, for example as a result of AMPH sensitization.
Key words: dopamine; amphetamine; uptake; amperometry;
cyclic voltammetry; D2 receptor; sensitization

The reinforcing properties of amphetamine (AMPH) are linked
to its capacity to elevate extracellular dopamine (DA) levels. Like
other psychostimulants, AMPH inhibits DA re-uptake (Parker
and Cubeddu, 1988; Wieczorek and Kruk, 1994; Jones et al.,
1999). In addition, AMPH and its derivatives promote nonvesicular DA efflux by reverse transport through monoamine uptake
transporters (Fischer and Cho, 1979; Raiteri et al., 1979; Sulzer et
al., 1993, 1995; Jones et al., 1998).
In contrast to these DA-elevating actions, AMPH has been
found to decrease stimulation-dependent DA release that is attributable to synaptic vesicle exocytosis (Kuhr et al., 1985; Wieczorek and Kruk, 1994; Jones et al., 1998). One mechanism by
which AMPH causes decreased vesicular release has been identified. As a lipophilic weak base and a substrate for the vesicular
monoamine transporter, AMPH promotes the redistribution of
DA from synaptic vesicles to the cytosol by collapsing the vesicular pH gradient (Sulzer and Rayport, 1990). Thus, AMPH
reduces the number of DA molecules released per vesicle (quan-

tal size), as shown by amperometric recordings from PC12 cells
(Sulzer et al., 1995), invertebrate neurons (Anderson et al., 1998),
and chromaffin cells (Mundorf et al., 1999).
In addition, AMPH may inhibit vesicular release by activating
D2 autoreceptors indirectly (Herdon et al., 1987; Palij et al., 1990;
Kennedy et al., 1992; Cragg and Greenfield, 1997; L’hirondel et
al., 1998) after reverse transport of DA (Wieczorek and Kruk,
1994; Iravani and Kruk, 1995). D2 autoreceptor activation regulates potassium channels (Uchimura et al., 1986; Lacey et al.,
1987) and voltage-dependent calcium channels (Cardozo and
Bean, 1995), which in turn regulate the probability of exocytic DA
release.
Despite these indications for an inhibitory action of AMPH on
exocytic DA release, in vivo and in vitro studies on DA overflow
(the result of DA release and re-uptake) reported that AMPH
can enhance stimulation-dependent DA overflow (Gonon, 1988;
Dugast et al., 1994; Iravani and Kruk, 1995). Additionally, after
drug sensitization, an enhancement of calcium-dependent DA
overflow in response to AMPH was found (Pierce and Kalivas,
1997b).
These inconsistent findings may be attributable to a difficulty in
distinguishing between the effects on DA release and uptake.
Enhanced DA overflow may result from increased DA release, or
decreased uptake, or a combination of both. In the present study
we therefore used two electrochemical methods (Michael and
Wightman, 1999), amperometry and cyclic voltammetry (CV), to
estimate carefully the effects of AMPH on stimulated DA release
and re-uptake in striatal slices. A random walk simulation of DA
diffusion that was corrected for uptake according to Michaelis–
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Menten kinetics provided estimates of DA release and uptake
parameters before and after AMPH superfusion for both recording methods. The role of D2 autoreceptors in the response to
AMPH was studied in wild-type mice in the presence of
the D2/D3 antagonist sulpiride and in mice lacking the D2
receptor [D2 knock-out (KO) mice]. The data indicate that
the activity of D2 autoreceptors has an important impact on the
effectiveness of AMPH in promoting stimulation-dependent DA
overflow.

MATERIALS AND METHODS
Animals and striatal slice preparation. We used D2 receptor KO mice and
their wild-type littermates (Jung et al., 1999). These animals had either
a C57BL /6⫻129Sv mixed genetic or a congenic C57BL /6 background.
There were no differences with respect to DA release and re-uptake
between the two different genetic backgrounds (data not shown).
Mice were anesthetized with ketamine/ xylazine and decapitated. Striatal brain slices were cut on a vibratome at 300 m thickness. Recordings
were obtained from the second to fourth frontal slice of caudate putamen
[bregma, ⫹1.54 to ⫹0.62 mm (Franklin and Paxinos, 1997); see Fig. 1a].
Slices were allowed to recover for 1 hr in a holding chamber in oxygenated artificial C SF (aC SF) at room temperature and then were placed in
a recording chamber and superf used (1 ml /min) with aC SF [containing
(in mM): 125 NaC l, 2.5 KC l, 26 NaHC O3, 2.4 C aC l2, 1.3 MgSO4, 0.3
K H2PO4, and 10 glucose] at 36°C. Nomifensine and (⫺)-sulpiride were
obtained from Research Biochemicals (Natick, M A). (⫹)-Amphetamine
sulfate was obtained from Sigma (St. L ouis, MO).
Electrochemical recordings. Disk carbon fiber electrodes of 5 m diameter with a freshly cut surface, prepared according to Kawagoe et al.
(1992), were placed into the ventral caudate putamen ⬃50 m into the
slice. For cyclic voltammetry, a triangular voltage wave (⫺400 to ⫹1000
mV at 300 V/sec vs Ag /AgC l) was applied to the electrode every 100
msec with a waveform generator (model 39, Wavetek, Norwich, Norfolk,
UK). Current was recorded with an Axopatch 200B amplifier (Axon
Instruments, Foster C ity, CA) with a low-pass Bessel filter setting at 10
kHz, digitized at 25 kHz (Instrunet board, GW Instruments, Somerville,
M A), and acquired with the Superscope II program (GW Instruments).
For amperometry, a constant voltage of ⫹400 mV was applied via the
Axopatch 200B. Amperometric traces were filtered with a digitalhamming filter (125 Hz cutoff frequency). The striatal slices were stimulated with a bipolar-stimulating electrode placed at ⬃100 m distance
from the recording electrode. Single-pulse stimulations (400 A, 1 msec)
were generated by an Iso-Flex stimulus isolator triggered by a Master-8
pulse generator (AM PI, Jerusalem, Israel).
Electrode calibration. Background-subtracted cyclic voltammograms
served to identif y the released substance. It was possible to differentiate
among DA, serotonin, and ascorbic acid. HPLC analysis of homogenates
of the mouse caudate putamen area from which we recorded showed that
serotonin and norepinephrine levels were extremely low. With C V, our
electrodes were ⬃20 times more sensitive to DA than dihydroxyphenylacetic acid. C V also was used for electrode calibration. Consistent
calibration in the amperometric mode was difficult to obtain. The response of the electrodes depended on the flow rate of the DA solution:
a higher flow rate resulted in a larger current. This is consistent with the
concept of a diff usion layer around the electrode (Kawagoe and Wightman, 1994). Therefore, amperometric calibration is expected to underestimate the sensitivity of the electrode. With a flow rate of 100 l /sec,
the current for a 10 M dopamine solution was ⬃10 pA. The magnitude
of the electrode response was similar when the solutions contained 400
M ascorbic acid. The response time of the electrodes, tested with a
Picospritzer (General Valve, Fairfield, NJ), was ⬃10 msec (time from
start of puff to maximal response). In the amperometric mode the
electrodes were ⬃50-fold more sensitive to DA than to ascorbate.
Simulation model. We used a one-dimensional random walk model
(finite difference) of diff usion (Berg, 1983; Sulzer and Pothos, 2000) that
incorporated a f unction for DA uptake according to Michaelis–Menten
kinetics. A more detailed description of the simulation, including a
tutorial and examples for C V and amperometry random walk spreadsheets (Microsoft E xcel), can be found on our laboratory web page:
http:// w w w.columbia.edu /⬃ds43/. Once at the site, click on “Downloads,
lab notes, and tutorials.”
In short, the random walk simulation consisted of a spreadsheet in
which the columns represented distance bins, and the rows represented
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time bins, with the center column representing the electrode surface. For
a population of molecules diff using in one dimension (x), one-half moves
to the right and one-half to the left column during a single time step.
Therefore, in the spreadsheet the DA concentration of a bin in row
t(x ⫹ 1) was equal to the average of the two bins in the neighboring
columns in row t(x).
The only difference between C V and amperometry simulations was
the modeling of the electrode surface. For C V, a triangular voltage scan
is applied to the electrode so that DA is oxidized and the oxidation
product is re-reduced. In contrast, with constant-voltage amperometry,
DA is oxidized, i.e., “consumed,” by the applied positive voltage at the
electrode. The electrode surface therefore was modeled as “reflecting”
for C V, i.e., molecules that encounter the surface diff use away from
the surface during the subsequent time step. For amperometry the
electrode surface was modeled as “consuming,” i.e., molecules that
encounter the surface are “destroyed” (oxidized) and do not contribute
to diff usion in the subsequent time step. Note that these assumptions are
a simplification of the real situation. In C V, not all of the DA– quinone
is reduced back to DA, as indicated by the asymmetry of subtraction
voltammograms. Therefore, the model is likely to underestimate the
initial DA concentration. Another consideration with C V is that adsorption of DA to the electrode occurs between scans when the electrode is
held at a negative potential (Bath et al., 2000). Depending on the scan
frequency, adsorption can result in a distorted time course of the DA
signal. In this case re-uptake would be underestimated somewhat. In the
amperometric mode, adsorption does not occur, and it is assumed that
DA is consumed at the electrode surface. However, in the presence of
antioxidants, such as ascorbic acid, DA regeneration may occur, as has
been suggested by the similarity between continuous amperometry and
differential pulse amperometry recordings in vivo (Benoit-Marand et al.,
2000). Therefore, this assumption of the simulation model may need to
be modified, depending on the recording situation.
A consuming electrode surface was modeled so that the bins in the
columns next to the electrode at t(x ⫹ 1) received one-half of the molecules
from their other neighbor column at t(x) and none from the electrode
surface column. For a reflecting electrode surface the same rules applied
for the columns next to the electrode as for the other columns, i.e., a bin
in row t(x ⫹ 1) was equal to the average of the two bins in the neighboring
columns in row t(x).
Essential to the simulation of the recordings was a “dead space”
representing the space surrounding the electrode in which no release
occurred [see also the “compartment model” of Cheng et al. (1979) and
of Gonon et al. (2000)], i.e., the initial DA concentration in several
columns next to the electrode was set to zero. This appears reasonable
because the 5 m carbon fiber is surrounded by a glass pipette, and
presumably there is some tissue damage in the immediate vicinity of the
electrode.
The modeling of the edge of the spreadsheet had little effect on the
resulting shape of the signal for “release areas” of the size used here
(radius of 50 m). We chose to model the edge as follows: bins at t(x ⫹ 1)
in the outermost column of the spreadsheet received one-half of the
molecules from their only neighbor at t(x).
The time bins (rows) were calculated from the equation of kinetic
motion: t ⫽ x 2/2 D, using the apparent diff usion coefficient D for DA in
the brain of 2.7 ⫻ 10 ⫺6 cm 2/sec (Tao and Nicholson, 1996). After each
diff usion time step the DA concentration was corrected for DA uptake by
the Michaelis–Menten equation:

⫺d关DA兴/dt ⫽ Vmax关DA兴/共Km ⫹ 关DA兴兲,
with [DA] as the DA concentration, Vmax as the maximal uptake rate, and
Km as the apparent affinity. It should be noted that the model would
indicate a shift in Vmax rather than in Km (i.e., noncompetitive inhibition)
for a (hypothetical) competitive transport inhibitor with a dissociation
rate below 1/sec (the duration of the evoked DA overflow). Therefore,
other experimental evidence on the action of transport inhibitors is
needed.
We developed a subprogram in the Mini Analysis Program (Synaptosoft) that ran a random walk simulation as described above, in either
amperometric or C V mode. Fixed parameters were the diff usion coefficient, the size of the column bins, and the number of columns (size of the
release area).
For C V, smaller bin sizes resulted in better simulations, but for bin
sizes ⬍0.5 m, little change in the simulated signal shapes was noticed.
In amperometric simulations the number of dopamine molecules that
encounter the electrode can be estimated, but not the dopamine concen-
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tration. The amplitude of the simulated signal depends in this case on the
selected bin size. Therefore, amperometric recordings were scaled according to the simulation with one chosen bin size. The initial parameters for release and uptake were obtained from C V recordings from the
same site, and the amperometric simulation with those parameters (bin
size 0.5 m) yielded a scaling factor for the amperometric recordings.
The size of the release area affected the tail of the signal, and for most
simulations we chose a radius of 50 m, the approximate half-distance
between the poles of the stimulation electrode. The radius was increased
to 100 m for simulation of DA overflow in the presence of nomifensine
and AM PH.
The four variable parameters in the simulation were the initial DA
concentration, the maximal uptake rate Vmax, the apparent affinity Km,
and the dead space around the electrode. The subprogram used a simplex
algorithm to perform a nonlinear regression to find a best fit to an actual
recording trace. The values of the variables were varied to minimize the
squared vertical distances for each point between a simulated curve and
a recording trace. R 2 values were computed to estimate how closely the
simulations fit the data. R 2 was computed from the sum of the squares of
the distances of the points from the best-fit simulation. The results were
normalized to the sum of the square of the distances of the points from
a horizontal line through the mean of all values. R 2 is therefore a fraction
between 0 and 1 and has no units. When R 2 is close to 0, the best-fit curve
fits the data no better than a horizontal line through the mean of all
values. When R 2 equals 1, all points lie exactly on the trace.

RESULTS
Comparison of cyclic voltammetry and amperometry
recordings of DA overflow
We recorded DA overflow that followed single-pulse electrical
stimulation in mouse striatal slices (Fig. 1a), using two electrochemical methods, CV and amperometry. Backgroundsubtracted voltammograms (Fig. 1b) that were obtained with CV
were used to identify the released substance and for calibration.
DA signals obtained by the two recording methods with the same
electrode at the same site are shown in Figure 1, c and d.
The differences in signal kinetics of the CV and amperometric
recording are readily apparent. In the CV recording, the rise time
of the signal (time from stimulation to signal peak) was 180 msec,
and the width of the signal at half-height (t1/2) was 490 msec. The
signal recorded with amperometry displayed much faster kinetics,
with a rise time of 30 msec and a t1/2 of 225 msec. The average rise
time of eight such experiments was 40 ⫾ 6 msec (average ⫾ SEM)
for amperometry and 250 ⫾ 19 msec for CV. The t1/2 was 118 ⫾
5 msec for amperometry and 378 ⫾ 33 msec for CV. These
recordings were performed ⬃2–15 min after the insertion of the
electrode into the slice. Generally, the kinetics of the signals
slowed over the first 30 min of recording, possibly because of
tissue damage and/or adsorption of protein or other material to
the electrode.
Striatal DA overflow that followed stimulation is determined by
a combination of release, uptake, and diffusion. To identify a set
of parameters for DA release and uptake that fit the data obtained with both recording modes, we designed a random walk
simulation of DA diffusion corrected for DA uptake according to
Michaelis–Menten kinetics. For CV simulations, the electrode
was modeled as a reflecting surface, and for amperometry simulations the electrode was modeled as a consuming surface (see
Materials and Methods). Four parameters were estimated to yield
best fits to recorded traces: the dead space or distance between
the electrode surface and the closest release site, the initial DA
concentration, the maximal uptake rate Vmax, and the apparent
affinity Km. The solid lines in Figure 1, c and d, are CV and
amperometry simulations, respectively, with the following parameters: dead space, 5 m; initial DA concentration, 2.36 M; Vmax,
3.16 M/sec; and Km, 0.3 M. Table 1 gives the average values ⫾

Figure 1. DA overflow in response to single-pulse stimulation, recorded
with the same electrode at the same site by using CV and amperometry.
a, The recording area in the mouse rostral, striatal slices is indicated by
the stippled area. aca, Anterior commissure, anterior; cc, corpus callosum;
cp, caudate putamen. b, CV subtraction voltammograms for a calibration
in 5 M DA (top trace) and for the peak of the DA signal recording in c
(bottom trace). Calibration of the electrode before and after the recording
is provided for identification of the measured substance and conversion of
the current into DA concentration. c, For CV, a triangular voltage wave
was applied at 10 Hz. The current trace was sampled at the voltage that
yielded the maximal oxidation current for DA (see b). In this example, the
time at signal peak was 180 msec, and the time at half-height (t1/2 ) was 490
msec. d, For amperometry, a constant voltage of ⫹400 mV was applied.
The time at signal peak was 30 msec, and the t1/2 was 225 msec. The thin
lines in c and d are CV and amperometry simulations, respectively.
Table 1. Parameter estimates from CV and amperometry recordings

Dead space (m)
Initial [DA] (M)
Vmax (M/sec)
Km (M)
R2

CV

Amperometry

6.31 ⫾ 0.41
2.73 ⫾ 0.19
4.74 ⫾ 0.26
0.89 ⫾ 0.16
0.94 ⫾ 0.01

6.09 ⫾ 0.51
3.18 ⫾ 0.38
5.05 ⫾ 0.36
0.61 ⫾ 0.08
0.97 ⫾ 0.01

Average of CV and
amperometry
6.22 ⫾ 0.32
2.93 ⫾ 0.20
4.88 ⫾ 0.21
0.77 ⫾ 0.10

Parameter estimates (average ⫾ SEM) from CV recordings (n ⫽ 21 slices) and
amperometry recordings (n ⫽ 16 slices) for the dead space radius (distance between
the electrode and the closest release site), the initial DA concentration ([DA]), the
maximal uptake rate Vmax, and the apparent affinity Km. The dimensionless R2
values (0 –1) evaluate the fit of the simulation to the data.

SEM for the four parameters from simulations of 21 CV recordings and 16 amperometric recordings.

Effects of DA uptake blockade on DA signal
amplitudes recorded with CV and amperometry
To distinguish between AMPH effects on DA release and uptake,
we found that the comparison of CV and amperometry recordings proved to be helpful. This is shown in Figure 2, a and b, for
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Figure 3. Simulation of the nomifensine effect. a, Examples of CV
recordings (top) and amperometry recordings (bottom) before and after
10 min of superfusion with nomifensine. The thin lines are the corresponding simulations. b, Bar graph of the parameters (average ⫾ SEM)
for Vmax , the maximal uptake rate (M/sec); Km , the apparent affinity
(M); and initial [DA], the initial DA concentration (M) estimated by
simulations of CV (left) and amperometry recordings (right).

Figure 2. Simulated changes of signal amplitudes for increased initial
DA concentration ( a) and decreased apparent affinity of uptake ( b).
Shown are experimental changes of recorded signal peak amplitudes in
response to the uptake blocker nomifensine ( c). a, Normalized signal
peak amplitude is plotted versus initial DA concentration for CV (white
circles) and amperometry (black triangles) simulations (amplitude ⫽ 1 for
1 M DA). Vmax was 4.9 M/sec; Km was 0.8 M. b, Change in simulated
signal peak amplitude for increased Km (amplitude ⫽ 1; Km ⫽ 1 M, with
initial DA concentration of 2.9 M and Vmax of 4.9 M/sec). c, Effects of
the uptake blocker nomifensine (10 M) on peak amplitudes of stimulated
DA overflow recorded with CV (white circles; n ⫽ 5) and amperometry
(black triangles; n ⫽ 5). Normalized peak amplitudes (average ⫾ SEM)
are plotted versus the time of superfusion with nomifensine. DA overflow
was stimulated once per minute.

which the simulation was used to predict signal changes in response to either increased initial DA concentration or increased
apparent affinity Km. Then the prediction from the simulation was
compared with experimental data, using the uptake blocker nomifensine (Figs. 2c, 3).
Figure 2a shows the relationship between signal amplitude and
increasing initial DA concentration for CV and amperometry

simulations (amplitude normalized to 1 for 1 M DA). The
parameters (dead space, Vmax, and Km) for this simulation were
taken from Table 1. The relative increase of signal amplitude with
increasing initial DA concentrations was larger for CV simulations than for amperometry simulations, indicating that using the
peak amplitude of CV recordings as a measure leads to an
overestimation of changes in release.
In Figure 2b, simulated signal amplitudes are plotted versus
increasing Km values, with the amplitudes normalized to 1 for a
Km value of 1 M. The simulation predicted that an increase in Km
attributable to the blockade of re-uptake would result in a substantial increase in signal amplitudes recorded with CV but in
only a moderate increase for amperometric recordings. We tested
this prediction by superfusing slices with the DA transporter
blocker nomifensine (Fig. 2c). Striatal slices were stimulated once
per minute. Once stable responses were obtained, the superfusion was switched to nomifensine (10 M) for 20 min. As predicted by the simulation, the maximal amplitude of DA signals
increased only for CV recordings. On average, peak amplitude
increased twofold in CV recordings (n ⫽ 5) and only 1.1-fold in
amperometric recordings (n ⫽ 5).
Figure 3a shows examples of CV and amperometric recordings
with their respective simulations before and after 10 min of
nomifensine superfusion. The estimated parameters for DA release and uptake derived from signal simulations are shown in
Figure 3b. Note that the parameters derived from CV and amperometric signals are very similar. Nomifensine (10 M) de-
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creased the apparent affinity, increasing the Km from 0.8 to 11 M.
Better fits were obtained for the amperometry data (average R 2 ⫽
0.99) than for the CV data (average R 2 ⫽ 0.96).
In summary, experimental data and simulations indicated that
maximal signal amplitudes recorded by CV are dependent on
both DA release and re-uptake, whereas maximal signal amplitudes recorded by amperometry are mostly dependent on release.

Effects of AMPH on stimulation-dependent
DA overflow
To examine AMPH effects on stimulated DA overflow, we superfused striatal slices with 10 M AMPH for 30 min. This
concentration was chosen to compare the results with other in
vitro studies (Sulzer et al., 1995; Anderson et al., 1998; Jones et
al., 1998). For reference, striatal AMPH concentrations between
2.5 and 5 M have been reported for AMPH dosage that produced behavioral effects in rats (Clausing et al., 1995). In three
experiments with 1 M AMPH, responses similar in magnitude to
10 M AMPH were found, except that the effects were delayed
(data not shown).
DA overflow was evoked by a single pulse per minute. Once a
stable response was obtained, superfusion was switched to
AMPH. The three last recordings of evoked DA overflow before
the switch served as controls. Figure 4a shows a typical CV recording of such an experiment. There was an overall increase in the
baseline, attributable to DA (see background-subtracted voltammogram in the inset), that peaked 19 min after the onset of AMPH
superfusion. In a recent report by Jones et al. (1998), this increase
was shown to be attributable to the reverse transport of DA.
AMPH affected stimulation-dependent DA overflow in two
ways: it decreased the maximal signal amplitude (Fig. 4b) and
increased the t1/2 (Fig. 4c) for both CV (n ⫽ 10) and amperometric recordings (n ⫽ 5). The t1/2 was increased 3.4-fold in amperometric recordings and 7.6-fold in CV recordings, indicating that
AMPH blocked DA re-uptake. Maximal signal amplitudes recorded with CV were decreased by 60% and, in amperometric
recordings, by 75% (at 20 –25 min of AMPH exposure). Figure 4,
d and e, shows examples of DA signals recorded before and after
25 min of AMPH superfusion with CV (Fig. 4d) and amperometry (Fig. 4e) and their respective simulations. The bar graphs
below the recording traces indicate the average parameters for
the best fits. Vmax was decreased slightly, to 80% in CV and to
75% in amperometry recordings. The apparent affinity Km was
estimated to be 24 and 39 M, respectively. The initial DA
concentration was reduced to 17 ⫾ 3% of control levels according
to CV simulations and to 18 ⫾ 4% according to amperometry
simulations.
As seen in Figure 4a, the induction of the reverse transport of
DA can distort the signal shape. For the simulation, the signals
were selected only from portions of the recordings with a relatively stable baseline. The average R 2 values, with 0.79 for CV
and 0.87 for amperometry, were relatively low. This was attributable to the decreased signal-to-noise ratio after AMPH exposure and the very long-lasting signal tails.

The role of D2 autoreceptor activation in the effects of
AMPH on stimulated DA overflow
The previous experiments indicated that AMPH reduced stimulated DA release by ⬃82%. This response could be attributable to
a redistribution of DA from synaptic vesicles to the cytosol and/or
decreased release probability attributable to D2 autoreceptor
activation. It has been shown previously that activation of axon
terminal autoreceptors effectively inhibits DA release. The D2
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receptor agonist quinpirole reduced DA overflow amplitudes
between 73% (Kennedy et al., 1992) and 100% (Wieczorek and
Kruk, 1995) in striatal slice preparations. We confirmed those
findings under our experimental conditions, because 1 M quinpirole decreased signal amplitudes by 85% (data not shown).
To elucidate the role of D2 autoreceptor activation in the
effects of AMPH on vesicular release, we repeated the above
experiments in the presence of the D2 receptor antagonist
(⫺)-sulpiride. Slices were superfused with sulpiride (2 M) for at
least 10 min before AMPH (10 M)/sulpiride (2 M) superfusion.
The efficacy of this sulpiride exposure to antagonize D2 receptormediated release inhibition was confirmed by using trains of five
pulse stimulations with 500 msec intervals. The sulpiride superfusion resulted in increased signal amplitudes from the second to
the fifth stimulation pulse (data not shown).
Figure 5a shows the decrease in maximal signal amplitude
recorded with both CV and amperometry in response to AMPH
in the presence of sulpiride (each n ⫽ 6). In CV recordings, the
amplitudes were decreased by only 5% after 20 –25 min of superfusion. In contrast, with amperometry the amplitudes were decreased by 40%. Representative recording traces and their simulations are shown in Figure 5, b and c. CV and amperometry
simulations resulted in similar parameter changes. CV simulations yielded a Km of 36 ⫾ 6 M, and amperometry simulations
yielded a Km of 40 ⫾ 6 M. The initial DA concentration was
reduced to 52 ⫾ 9.8% of control levels according to CV and to
54 ⫾ 9.5% according to amperometry. Average R 2 values of the
fits were 0.74 for CV and 0.84 for amperometry. Thus, AMPH
reduced vesicular release by only ⬃47% in the presence of
sulpiride (10 M) compared with ⬃82% in the absence of the
drug. If we assume a complete inhibition of D2 autoreceptor
activation by sulpiride, D2 autoreceptor activation accounted for
⬃35% of the inhibitory effects of AMPH on vesicular release.
The remaining 47% of inhibition was presumably attributable to
the redistribution of vesicular DA to the cytosol, if a third
unknown inhibitory mechanism is not involved.

AMPH effects on stimulation-dependent DA overflow
in D2 receptor KO mice
To confirm the role of D2 autoreceptor activation in AMPH
effects, we examined striatal slices from mice lacking the D2
receptor. Application of the D2/D3 receptor agonist quinpirole
(1 M), which blocked stimulated release in slices from wild-type
mice by 85%, had no effect on stimulated DA overflow in slices
from KO mice (data not shown). This suggested that the D2
receptor is the only autoreceptor that controls axon terminal DA
release under these conditions.
Overall DA content in striatal slices from wild-type and D2 KO
mice was identical as measured by HPLC-EC (data not shown).
However, DA overflow in response to single-pulse stimulations
recorded with CV had a smaller maximal amplitude in the KO
mice (initial DA concentration, 1.4 M ⫾ 0.13; n ⫽ 5) than in the
wild types (2.7 M; see Table 1).
Figure 6a shows the normalized maximal amplitudes of evoked
DA overflow recorded in slices of D2 KO mice by using CV
during 29 min of AMPH superfusion (n ⫽ 5). The data from
wild-type mice (controls and with 10 M sulpiride) are plotted for
comparison. In the D2 receptor KO mice, AMPH increased the
maximal amplitude of evoked DA overflow (175% after 25–30
min). Simulations (examples in Fig. 6b) estimated that this was
attributable to an increase of the Km value from 0.97 ⫾ 0.08 to
21.3 ⫾ 1.3 M and a decrease of the initial DA concentration to

Schmitz et al. • Amphetamine Distorts Dopamine Overflow

J. Neurosci., August 15, 2001, 21(16):5916–5924 5921

Figure 4. Effects of AMPH on stimulated DA overflow recorded with CV and amperometry. a, CV recording of DA overflow elicited by single-pulse
stimulation (1/min) during 30 min of AMPH (10 M) superfusion. The slow rise in baseline that peaks at 19 min is attributable to DA (see subtraction
voltammogram, left inset). Stimulated DA overflow decreased in amplitude and increased in t1/2 (right inset). b, Decrease of normalized maximal signal
amplitudes (average ⫾ SEM) during 20 min of AMPH (10 M) superfusion in amperometric recordings (black circles; n ⫽ 5) and in CV recordings (white
circles; n ⫽ 10). The lines are single exponential fits, with a time constant for CV of 3 min and a time constant for amperometry of 1.7 min. c, Increase
in normalized t1/2 for amperometric (black circles) and CV recordings (white circles) during AMPH superfusion (up to 25 min). d, Examples of CV
recordings before and after 20 min of AMPH superfusion with simulations (thin lines). The bar graphs at bottom show the estimated parameters for
controls and after 15–20 min of superfusion with AMPH. e, Same as in d for amperometric recordings.

77% of controls. Thus, AMPH inhibited vesicular release in D2
KO mice by 23%, to a lesser extent than in sulpiride-treated wild
types (47%). Table 2 lists the estimated effects of AMPH on the
initial DA concentration in both experimental groups. Averaging
all experiments yielded an estimate for Km of 32 M in the
presence of 10 M AMPH.

DISCUSSION
Although various aspects of the effects of AMPH on vesicular DA
release and reuptake have been investigated in detail (Sulzer et
al., 1993, 1995; Wieczorek and Kruk, 1994; Iravani and Kruk,
1995; Anderson et al., 1998; Jones et al., 1998, 1999), the present
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Figure 6. Effect of AMPH (10 M) on DA overflow amplitudes in striatal
slices of D2 receptor KO mice (D2⫺/⫺) recorded with CV. a, Normalized
maximal signal amplitudes (average ⫾ SEM) are plotted for 29 min of
AMPH superfusion of slices from D2 KO mice (black circles; n ⫽ 5) and
slices from wild types (WT ) with (white squares) and without (white
circles) 2 M sulpiride (data from Figs. 4, 5). b, Example of CV recordings
from a D2 KO mouse before and after 25 min of AMPH superfusion
(white circles) with simulation of the data (thin lines).
Table 2. Estimated inhibitory effects of AMPH

Figure 5. Effect of AMPH (10 M) in the presence of the D2 receptor
antagonist sulpiride (2 M) on DA overflow amplitudes recorded with CV
and amperometry. a, Normalized maximal signal amplitudes (average ⫾
SEM) are plotted for 25 min of AMPH/sulpiride superfusion, recorded
with amperometry (black circles; n ⫽ 6) and CV (white circles; n ⫽ 6). The
horizontal line crosses at 1 for reference, and the line that follows the
amperometric data is a single exponential fit (time constant, 4.3 min). b,
Examples of CV recordings in sulpiride and after 25 min of
AMPH/sulpiride superfusion with simulations of the data (thin lines). c,
The same as in b for amperometric recordings.

Contribution to total
inhibition of 82%

D2 receptor
activity (%)

Redistribution of
vesicular DA (%)

Sulpiride (2 M) in
wild-types
D2 receptor KO

35
59

47
23

Estimated inhibitory effects of AMPH on the initial DA concentration attributable
to D2 autoreceptor activation and redistribution of vesicular DA, from experiments
on wild-type mice with the D2 antagonist sulpiride (2 M) and on D2 KO mice.

increase of the Michaelis–Menten constant Km for uptake was
from 0.8 M (control) to 32 M (with 10 M AMPH).

Methodological considerations
study provides the first integrative evaluation of the effects of
AMPH on stimulation-dependent DA overflow in the striatum.
Three mechanisms are responsible for AMPH effects on
stimulation-dependent DA overflow. (1) In wild-type mice, experiments with D2 receptor antagonists suggested that vesicular
DA stores were reduced by 47%. Data from D2 KO mice indicated a reduction by 23%. This reduction is most likely attributable to depletion of vesicular DA. (2) AMPH activates releaseregulating D2 autoreceptors indirectly via induction of the
reverse transport of DA. Autoreceptor-mediated DA release inhibition in combination with the redistribution of vesicular DA
resulted in an 82% inhibition of exocytic DA release. (3) AMPH
promotes DA overflow by blocking DA re-uptake. The apparent

We used two electrochemical recording methods with concomitant
advantages and limitations. With the use of CV it is possible to
identify the measured species. Moreover, as monoamines are regenerated, DA levels are not altered by the recording itself, and
accurate DA uptake parameters may be obtained (Wightman and
Zimmerman, 1990). However, CV is somewhat destructive as
indicated by asymmetric subtraction voltammograms. In addition,
DA adsorption to the electrode may occur between scans (Bath et
al., 2000). The assumption that CV can be modeled by a reflecting
electrode surface is therefore a simplification. In amperometry,
adsorption should not play a role, and it offers a far better time
resolution (Dugast et al., 1994; Michael and Wightman, 1999).
However, the destructive nature of the recording (consuming elec-
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trode) may depend on the presence of ascorbate, which may differ
in in vivo (Benoit-Marand et al., 2000) and in vitro conditions
(Brahma et al., 2000).
Simulations of CV recordings of DA overflow based on Michaelis–Menten kinetics were introduced by Wightman and colleagues
(Wightman et al., 1988; Wightman and Zimmerman, 1990; Kawagoe
et al., 1992; Jones et al., 1995a). In the present study we could not use
this model because it does not describe amperometric recordings.
Moreover, the model included a function to account for diffusion
through a Nafion coat of the electrode to describe the rise-time of
DA overflow. However, we found a similar rise-time for uncoated
electrodes. In our simulation, we accounted for the delay by assuming a dead space around the electrode. This concept of a dead
volume was introduced by Cheng et al. (1979) to explain very slow
changes in chronoamperometric recordings. With the random walk
simulation, which modeled the surface of the electrode as either
reflecting or consuming, both modes of recording were fit by identical parameters. The dead space radius was 6 m. The Km was 0.8
M, a value that lies between the estimates derived from mouse
synaptosome preparations (0.21 M; Ross, 1991) and homogenized
striatal tissue (0.98 M; Batchelor and Schenk, 1998). The values
obtained for Vmax (4.9 M/sec) and the initial DA concentration (2.9
M) are comparable with values estimated in earlier studies (Garris
and Wightman, 1994; Jones et al., 1995a,b, 1999).
Changes in uptake kinetics affected maximal signal amplitudes
recorded by CV more than those recorded by amperometry. The
combination of the two methods therefore helps to distinguish the
effects on DA release and uptake. After exposure to the uptake
blocker nomifensine (10 M), both CV and amperometric recordings were fit by an apparent Km change from 0.8 to 11 M. Apparent
Km values previously reported for nomifensine in the caudate
putamen range from 6 M (Wightman and Zimmerman, 1990;
Nicholson, 1995) to 13 M (Jones et al., 1995a) and 20 M (Jones
et al., 1995b). Although all reports agree that uptake inhibition
increases the t1/2 of DA overflow, some studies found an increase in
signal amplitude with CV recordings (Palij et al., 1990; Wieczorek
and Kruk, 1994; this study), whereas others did not (Jones et al.,
1995a,b). The simulation model predicts that CV signal amplitude
changes in response to uptake blockade are more pronounced for
lower initial DA concentrations. This may explain the divergent
findings, because the amount of DA released per pulse depends on
the recording area and stimulation strength.

Amphetamine effects on vesicular DA release
Our data indicate that AMPH inhibits vesicular DA release in part
by activation of D2 autoreceptors via induction of the reverse
transport of DA. Another mechanism by which AMPH decreases
vesicular release is the redistribution of vesicular DA to the cytosol
(Sulzer and Rayport, 1990). Assuming that there is no other
inhibitory mechanism involved, the data from striatal slices of
wild-type animals in the presence of sulpiride suggested that D2
receptor activation contributed 35% to the total reduction (82%)
of stimulated DA release by AMPH, whereas the data from D2 KO
mice suggested a contribution of 59%. This might indicate that 2
M sulpiride does not block D2 receptors completely in the presence of AMPH. Alternatively, the difference could be attributable
to altered DAergic transmission in D2 KO mice. Although overall
striatal DA tissue content as determined by HPLC is unaltered in
these animals (Jung et al., 1999), stimulated DA release was
smaller in the KO mice. However, this point needs further study,
because only a small number of animals was investigated.
A role for D2 receptors in the inhibitory action of AMPH on
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vesicular release has been suggested previously. Wieczorek and
Kruk (1994) reported that 1 M AMPH reduced CV signal amplitudes by ⬃80%. This inhibition was prevented in part by 1 M
sulpiride, resulting in only 30% inhibition. Those results are comparable with the data shown here. In contrast, Jones et al. (1998)
found a complete suppression of stimulated DA signals by AMPH,
which was not prevented by sulpiride, although sulpiride caused a
delay in the time course of the suppression. A possible explanation
for these discrepancies might be a variable density of D2 autoreceptors in subregions of the caudate putamen. Our study suggests
that, at least in certain areas, D2 autoreceptors play a prominent
role in mediating the inhibition of vesicular release by AMPH.
A more direct way to determine the contribution of decreased
release probability by D2 autoreceptor activation and AMPHmediated decrease of vesicular DA stores would be to record quantal
release from nigrostriatal terminals. Unfortunately, this has proven
to be difficult, and only on rare occasions, immediately after inserting
the electrode into the slice, have we observed presumed quantal
events for a brief time. The only successful quantal recordings in
slices to date have been obtained from cell bodies in midbrain slices
(Jaffe et al., 1998). However, there are estimates of the effects of
AMPH on quantal size from other preparations. AMPH (10 M)
reduced quantal size in PC12 cells by 52% (Sulzer et al., 1995) and
in Planorbis DAergic neurons by 23% (Anderson et al., 1998). Our
estimates are within this range: a 23% reduction according to the
data from D2 KO mice and a 47% reduction according to experiments with the D2 receptor antagonist sulpiride. Depletion by
AMPH may vary for different vesicle populations, depending on
factors including volume, pH gradient, DA concentration gradient,
and the state of vesicular monoamine transporters.

Amphetamine effects on DA uptake
AMPH acts as a DA uptake blocker (Parker and Cubeddu, 1988),
promoting DA overflow from release sites. We found an apparent
decrease in the transporter affinity, with Km values increasing
from 0.8 to ⬃32 M after 20 min of AMPH (10 M) superfusion.
An increase in Km to 9 M was reported by Jones et al. (1999).
Our CV data show that the inhibition of uptake counteracts the
inhibitory effects of AMPH on vesicular release, thus resulting in
DA overflow of smaller amplitude but longer duration. Therefore,
not only stimulation-independent DA efflux but also stimulationdependent DA release can contribute to elevated DA levels in
response to AMPH. This effect becomes especially apparent in
the absence of D2 autoreceptor activation, when release is decreased only by depletion of DA from vesicles. A transiently
decreased activity of D2 autoreceptors has been reported in some
models of drug sensitization. Our data indicate that the reported
enhanced DA overflow in response to AMPH that followed
sensitization could indeed result from D2 autoreceptor downregulation (White and Wolf, 1991; Wolf et al., 1993; Pierce et al.,
1995; Muscat et al., 1996; Pierce and Kalivas, 1997a).
In summary, we found that, in addition to its well known ability
to release DA by reverse transport, AMPH also promotes DA
overflow after its synaptic release. The activation of D2 autoreceptors inhibits subsequent synaptic DA overflow that is induced by
AMPH, suggesting a role for D2 autoreceptors in the efficacy of
the drug. In combination with the redistribution of vesicular DA,
these multiple effects of AMPH must be taken into account to
arrive at a more thorough understanding of the manner by which
this drug disturbs catecholaminergic neurotransmission.
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