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The locomotor hyperactivity induced by systemic or local (nu-
cleus accumbens) D-amphetamine injections can be blocked
by systemic or local (prefrontal cortex) injections of prazosin, an
a1-adrenergic antagonist (Blanc et al., 1994). Microdialysis
studies performed on freely moving animals indicated that
prazosin (0.5 mg/kg, i.p.) does not modify the increase in the
extracellular dopamine (DA) levels in the nucleus accumbens
that are induced by D-amphetamine (2.0 mg/kg, i.p.), but it
inhibits the D-amphetamine-induced locomotor hyperactivity
(263%, p , 0.0001). No behavioral activation occurred after
the bilateral local perfusion of 3 mM D-amphetamine in the
nucleus accumbens, although it led to a fivefold increase in
extracellular DA levels. This increase in extracellular DA levels
was not affected by prazosin (0.5 mg/kg, i.p.). When an intra-
peritoneal injection of D-amphetamine (0.5 mg/kg) was super-
imposed to the continuous local perfusion of 3 mM

D-amphetamine, it induced a 64% increase in the extracellular

DA levels in the nucleus accumbens, and this response was
associated with simultaneous behavioral activation. Both the
increases in extracellular DA levels and in locomotor activity
were completely blocked by a pretreatment with prazosin, in-
jected either systemically (0.5 mg/kg, i.p.) or locally and bilat-
erally into the prefrontal cortex (500 pmol/side). Complemen-
tary experiments indicated that the focal application of
D-amphetamine requires at least a 4.8-fold higher increase in
DA output compared with systemic D-amphetamine for the
behavioral effects to be elicited. Altogether, these results sug-
gest that locomotor activating effects of D-amphetamine are
caused by the stimulation of cortical a1-adrenergic receptors
by noradrenaline, which increases the release of a functional
part of subcortical DA.
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When used in behaviorally effective doses, one of the primary
actions of D-amphetamine is to increase the release and to block
the reuptake of dopamine (DA) in the brain (Besson et al., 1971;
Von Voigtlander and Moore, 1973). Considerable evidence sug-
gests that the D-amphetamine-induced psychomotor activation
mainly results from an increased DA transmission in the nucleus
accumbens. For example, the locomotor hyperactivity induced by
the intraperitoneal injection of D-amphetamine is antagonized
by the application of neuroleptics into the nucleus accumbens
(Pijnenburg et al., 1975) and is disrupted after bilateral
6-hydroxydopamine lesions of the dopaminergic neurons project-
ing to this structure (Kelly et al., 1975).

Because of its higher behavioral activating potency,
D-amphetamine has been more widely used in experimental stud-
ies than its isomer, L-amphetamine. Accordingly, D-amphetamine
is threefold to sevenfold more potent than its isomer in inhibiting
DA uptake into dopaminergic neurons. However, both isomers
are equally more active as inhibitors of catecholamine accumu-
lation into noradrenergic than in dopaminergic neurons (Heikkila
et al., 1975; Andersen, 1989). Similarly, D-amphetamine is 6- to
10-fold more active than L-amphetamine in inhibiting the firing
rate of mesencephalic dopaminergic neurons located in the sub-

stantia nigra (SN) or the ventral tegmental area (VTA) (Bunney
et al., 1975; Wang, 1981), and both isomers are equally more
active in decreasing the firing rates of noradrenergic cells of the
locus ceruleus than those of mesencephalic dopaminergic neurons
(Bunney et al., 1975; Bunney and Aghajanian, 1976, 1978; Wang,
1981; Akaoka et al., 1991). In this context, it is interesting to note
that the development of D-amphetamine-induced locomotor hy-
peractivity occurs in the range of the lower doses, i.e., those that
inhibit noradrenergic cells but do not decrease dopaminergic cell
firing (Bunney et al., 1975; Lyon and Robbins, 1975; Wang, 1981;
Porrino et al., 1984). Moreover, in clinical studies, both D- and
L-amphetamine are approximately equipotent in inducing psycho-
sis and in exacerbating schizophrenia symptoms (Angrist et al.,
1971, 1974; Janowski and Davis, 1976). It is therefore not entirely
clear whether the primary behavioral effects obtained with sys-
temic injections of D-amphetamine are caused by an increased
transmission of DA or noradrenaline (NA).

The role of noradrenergic neurons in the behavioral effects of
D-amphetamine may indeed be more important than generally
accepted. For example, both the circling behavior and the in-
crease in startle arousal induced by D-amphetamine are antago-
nized by pretreatment with bis-(l-methyl-4-homopiperazinyl-
thiocarbonyl)-disulfide, an inhibitor of DA-b-hydroxylase
(Kokkinidis and Anisman, 1978, 1979). More recently, prazosin,
an a1-adrenergic antagonist, has been shown to inhibit the loco-
motor hyperactivity induced by systemic D-amphetamine injec-
tions (Dickinson et al., 1988; Blanc et al., 1994). This effect is
specific because the locomotor hyperactivity induced by scopol-
amine, an antimuscarinic agent, is not affected by prazosin (Blanc
et al., 1994). Moreover, prazosin, injected bilaterally into the
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prefrontal cortex, was found to completely hamper the locomotor
hyperactivity induced by the bilateral injection of D-amphetamine
into the nucleus accumbens (Blanc et al., 1994). This suggests that
cortical NA systems play a permissive role in the behavioral
activation resulting from the increased DA transmission in the
nucleus accumbens.

In this article, we have performed microdialysis studies on
freely moving animals to understand how cortical NA systems
interfere with the locomotor activity induced by the facilitation of
DA transmission in the nucleus accumbens. First, D-amphetamine
was injected systemically, locally in the nucleus accumbens, or
both locally and systemically, and its effects on extracellular DA
levels in the nucleus accumbens and on locomotor activity were
analyzed. These effects were then compared with those obtained
when prazosin was injected either systemically or locally into the
prefrontal cortex before D-amphetamine. Experiments confirm
that prazosin acts distally to the nucleus accumbens and indicate
that locomotor hyperactivity induced by D-amphetamine is more
related to the pattern of DA release controlled by the noradren-
ergic neurons innervating the prefrontal cortex than to the abso-
lute extracellular levels of DA in the nucleus accumbens.

MATERIALS AND METHODS
Subjects and surgery. Male Sprague Dawley rats (IFFA Credo, Lyon,
France), weighing 350–400 gm at the time of surgery, were used as
subjects. The rats were housed individually in plastic cages with food and
water ad libitum. The colony room was maintained under constant
temperature and humidity on a 12 hr light /dark cycle (7:00 A.M. on, 7:00
P.M. off). One week or more before testing, the animals were anesthe-
tized with 150 mg/kg ketamine (Imalgene; IFFA Mérieux, Lyon, France)
and placed in a stereotaxic frame (Kopf Instruments). The skull was
exposed, a burr hole was drilled over the nucleus accumbens, and the
dura was incised. A permanent guide cannula with its obturator was
stereotaxically implanted and secured on the skull by means of three
screws and dental cement. The coordinates of the nucleus accumbens for
the guide cannula tip were anteroposterior (AP), 11.5; mediolateral
(ML), 61; and dorsoventral (DV), 26 mm relative to bregma. Another
group of animals was also implanted with bilateral injection cannulas and
their obturators (22 and 30 gauge stainless steel tubing) in the prefrontal
cortex (AP, 14; ML, 60.7; and DV, 24 mm relative to bregma). When
animals were implanted with cannulas into the prefrontal cortex, it was
verified 2–5 d before surgery that they were reactive to an intraperitoneal
injection of 0.5 mg/kg D-amphetamine. After surgery, animals were
placed into individual cages especially designed for microdialysis collec-
tion on freely moving rats and were allowed to recover for at least 1 week.
At the end of the experiment, all animals were perfused transcardially
with saline and 10% formalin solution under deep anesthesia. Histolog-
ical verification of cannula tip placements was subsequently made on 40
mm cresyl violet-stained coronal sections.

Microdialysis procedure. The day of the experiment, the guide cannula
obturator was replaced by a microdialysis probe (CMA Microdialysis
AB, Stockholm, Sweden) (membranes, 0.5 3 2 mm) designed in such a
way that the entire length of the semipermeable membrane (cutoff,
20,000 Da) extended below the guide cannula tip after insertion. The
location of the probe within the nucleus accumbens was confirmed
histologically at the end of the experiments. Artificial CSF (in mM: 145
Na 1, 2.7 K 1, 1.2 Ca 21, 1 Mg 21, 150 Cl 2, and 2 Na2HPO4 , pH 7.4) was
perfused with a CMA/100 microinjection pump through the probe at a
rate of 2 ml /min via capillary tubing connected to a fluid swivel. The
tubing and swivel were supported by a counterweight assembly, thereby
allowing the rat unrestricted movement. In preliminary experiments, it
was verified that adequate equilibration of the extracellular DA levels
collected after the perfusion of the artificial CSF was obtained in ,2 hr,
and that basal extracellular DA levels were sensitive to the perfusion
through the probe of tetrodotoxin (TTX) (1 mM). Two hours after the
insertion of the probe, perfusate samples were collected in 300 ml vials
placed in a refrigerated, computer-controlled fraction collector (CMA/
170). The samples, collected every 5 min or every 1 min when
D-amphetamine was perfused through the probe, were then rapidly
frozen at 280°C.

Biochemistry. HPLC was performed with a reverse-phase column
(80 3 4.6 mm, 3 mm particle size; HR-80; ESA Inc., Chelmsford, MA).
Mobile phase (in mM: Na2HPO4 75, EDTA 20, octane sulfonic acid 2.75,
and triethylamine 0.7, acetonitrile 6%, and methanol 6%, pH 5.2) was
delivered at 0.7 ml/min by an ESA-580 pump. Electrochemical detection
was performed with an ESA coulometric detector (Coulochem II 5100A,
with a 5014A analytical cell; Eurosep). The conditioning electrode was
set at 20.175 mV, and the detecting electrode was set at 10.175 mV,
allowing a good signal-to-noise ratio of the oxidization current of DA.
External standards were regularly used to determine the stability of the
sensitivity (0.1–0.2 pg of DA).

Dialysate samples (2 or 10 ml) were completed to 27 ml with the mobile
phase and placed in a refrigerated automatic injector (Triathlon; Spark
Holland, Emmen, The Netherlands). Eighteen microliters of the sample
were injected every 30 min through a rheodyne valve in the mobile phase
circuit. The remaining 9 ml were kept for an eventual subsequent analysis.

The mean basal values of nucleus accumbens extracellular DA levels
were 0.44 6 0.03 pg/min, taking into account the 4–6% recovery of the
dialysis membrane and corresponding to a concentration of 16 nM DA in
the interstitial tissue of the nucleus accumbens.

Analysis of D-amphetamine diffusion in the nucleus accumbens. Two
dialysis probes were placed 1 mm apart in the same nucleus accumbens,
one medial to the other at its periphery (AP, 11.5; 1.5 and 0.5 mm lateral
to the bregma, respectively). The medial probe (laterality, 1.5 mm) was
perfused with 500 mM D-amphetamine, whereas the other one received
only artificial CSF. Extracellular DA levels were simultaneously mea-
sured in both probes.

Behavioral scoring and pharmacological protocol. During the experi-
ment, animals were monitored with a video camera. Quarter turns (90°
turns) in the dialysis chamber were counted as index of motor activity
while dialysate samples were collected. In a first series of experiments,
saline or prazosin (0.5 mg/kg, i.p.) was injected 30 min before the
systemic injection of D-amphetamine (2 mg/kg, i.p.). Extracellular DA
levels in the nucleus accumbens were then estimated for 2 hr. In a second
series of experiments, 3 mM D-amphetamine was perfused through the
dialysis probe. At least 30 min after establishment of stable extracellular
DA levels induced by the perfusion of D-amphetamine, an intraperito-
neal injection of either saline (1 ml) or prazosin (0.5 mg/kg) was made.
Thirty minutes later, all animals received an intraperitoneal injection of
D-amphetamine (0.5 mg/kg), and extracellular DA levels were estimated
for a further 80 min. Rats that did not present a significant increase in
extracellular DA levels in the nucleus accumbens after the local perfu-
sion of 3 mM D-amphetamine were not kept for further analysis. In a third
series of experiments, bilateral infusions of 100, 500, or 1000 mM
D-amphetamine were performed for 20, 30, or 40 min, respectively.
Finally, in a fourth series of experiments, intracortical saline (0.5 ml /side)
or prazosin (500 pmol/side in 0.5 ml) injections were made, and this was
followed 30 min later by an intraperitoneal injection of D-amphetamine
(0.5 mg/kg).

Drugs. The drugs tested were either D-amphetamine dissolved in saline
or artificial CSF and prazosin dissolved in water. D-Amphetamine sulfate
(Sigma, St Louis, MO) was injected intraperitoneally (doses are ex-
pressed as sulfate) or perfused into the nucleus accumbens by reverse
dialysis. Prazosin hydrochloride (Sigma) was injected either intraperito-
neally or locally into the prefrontal cortex by simultaneous bilateral
intracranial microinjection in unrestrained animals (0.5 ml /side over 45
sec with 30 gauge stainless steel injector cannulas connected via polyeth-
ylene tubing to 1 ml Hamilton syringes).

Statistics. All data are presented as mean 6 SEM. Statistical significance
was assessed by two-way ANOVA. Individual values between
amphetamine- and prazosin- plus amphetamine-treated rats were com-
pared with a Mann–Whitney U test and considered significant at p , 0.05.
Data from microdialysis are expressed as a percentage of the respective
mean basal values to equate for between-subject differences. Activity scores
were not converted to percentages, because untreated animals were almost
inactive after being habituated to the chambers overnight.

RESULTS
Lack of effect of systemic prazosin on increases of
extracellular DA levels in the nucleus accumbens
induced by an intraperitoneal injection of
D-amphetamine
As expected, the intraperitoneal injection of D-amphetamine (2
mg/kg) induced an increase of extracellular DA levels in the
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nucleus accumbens (1914%) and an important locomotor hyper-
activity (Fig. 1). When prazosin (0.5 mg/kg, i.p.) was injected 30
min before D-amphetamine, locomotor hyperactivity was inhib-
ited by 63% ( p , 0.0001), but the increase of extracellular DA
levels in the nucleus accumbens stayed constant (1937%) (Fig. 1).
Basal levels of DA were identical, with or without prazosin
pretreatment (0.35 6 0.04 and 0.32 6 0.05 pg/min). Similarly,
when a lower dose of D-amphetamine (0.5 mg/kg, i.p.) was in-
jected, prazosin (0.5 mg/kg, i.p.) completely inhibited the
D-amphetamine-induced locomotor hyperactivity (see Fig. 3) but
had no effect on the increase of extracellular DA levels in the
nucleus accumbens (1350% of the basal values; data not shown).
Histological examination of the brains after the experiments
indicated that the probes were located in the shell or at the
boundaries of the shell and the core parts of the nucleus accum-
bens (Zahm and Brog, 1992; Pierce and Kalivas, 1995).

These results may suggest that the effects of prazosin on
D-amphetamine-induced locomotor hyperactivity are not related
to changes in extracellular DA levels in the shell of the nucleus

accumbens. However, because we had previously shown (Blanc et
al., 1994) that the locomotor hyperactivity induced by a local
injection of D-amphetamine in the nucleus accumbens could also
be blocked by a prazosin pretreatment, a second series of exper-
iments was performed in which D-amphetamine was administered
locally by reverse dialysis.

Lack of effect of an intraperitoneal injection of
prazosin on the increased levels of DA induced in the
nucleus accumbens by local perfusion of
D-amphetamine
A continuous perfusion of 3 mM D-amphetamine in the probe
located in the nucleus accumbens was chosen to obtain an ap-
proximately fivefold mean increase in DA levels (Fig. 2). This
increase in DA levels is in the range of the changes observed after
behaviorally active systemic injections of D-amphetamine (0.5
mg/kg, i.p.), in agreement with data obtained by others (Kuczen-
ski and Segal, 1992; Cadoni et al., 1995; Pierce and Kalivas, 1995).

The mean increase in extracellular DA levels obtained after the

Figure 1. Dissociation between the effects of prazosin (0.5 mg/kg, i.p.) on increases of extracellular DA levels in the nucleus accumbens and on
locomotor hyperactivity induced by a systemic injection of D-amphetamine (2.0 mg/kg, i.p.). Thirty minutes after the injection of prazosin (0.5 mg/kg,
i.p., n 5 3) or saline (n 5 4), D-amphetamine was injected intraperitoneally (2 mg/kg). Arrows indicate the time of saline–prazosin and D-amphetamine
injections. Extracellular DA levels are expressed as the mean 6 SEM in percent of baseline defined as the mean value of six consecutive 5 min samples
collected immediately before D-amphetamine intraperitoneal injections. Differences between saline plus amphetamine and prazosin plus amphetamine
are not significant. Behavioral data are given in absolute values (mean 6 SEM). D-Amphetamine-induced hyperactivity is inhibited by prazosin injection
(263%; p , 0.001).
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local perfusion of 3 mM D-amphetamine in the nucleus accumbens
was 1360% (n 5 5; p , 0.001) (Fig. 2). Once attained, this level
of DA (1.59 6 0.05 pg/min) stayed almost constant as long as the
perfusion was pursued for at least 90 min (Fig. 2). The limit of
detection of DA (0.1–0.2 pg) was almost 10-fold lower than the
extracellular DA levels attained with the D-amphetamine perfu-
sion, and samples were collected every minute. Basal DA values
(0.34 6 0.02 pg/min) were verified by pooling five consecutive
samples. The increase in extracellular DA levels was never asso-
ciated with behavioral change, even when D-amphetamine was
perfused bilaterally into the nucleus accumbens, as shown on the
fractions 260 to 0 in Figure 3. In this condition, the systemic
injection of prazosin (0.5 mg/kg, i.p.) did not modify the levels of
DA (Fig. 3), indicating that, at this dose, prazosin does not
interfere with the local action of D-amphetamine on DA levels.

Effects of systemic injections of a low dose of
D-amphetamine and prazosin on animals previously
perfused locally in the nucleus accumbens with
D-amphetamine
As mentioned above, the perfusion of 3 mM D-amphetamine in
the nucleus accumbens induced an approximately fivefold in-
crease in extracellular DA levels, but this response was not
associated with a change in locomotor activity (Fig. 3). When
D-amphetamine was injected intraperitoneally (0.5 mg/kg) in
animals continuously perfused locally with 3 mM D-amphetamine,
it significantly increased extracellular DA levels in the nucleus
accumbens (164%; p , 0.001; n 5 6) and elicited locomotor
hyperactivity, both responses lasting ;60 min (Fig. 3). The injec-
tion of prazosin (0.5 mg/kg, i.p.) 30 min before the systemic
injection of D-amphetamine, suppressed, in all animals tested,
both the changes in extracellular DA levels and the increased
locomotor activity (n 5 5; Fig. 3). Extracellular DA levels were
significantly lower when prazosin, instead of saline, was injected
30 min before systemic D-amphetamine (241%; F(1,490) 5 1683;
p , 0.0001).

Analysis of the individual variations of DA levels
induced by systemic injection of a low dose of
D-amphetamine on animals previously perfused with
D-amphetamine in the nucleus accumbens
Data corresponding to the mean values of the modifications of
extracellular DA levels in the nucleus accumbens induced by

systemic D-amphetamine after D-amphetamine local perfusion
appeared homogeneous (Fig. 3). However, observations of the
individual changes indicated the presence of abrupt and short-
lasting variations (Fig. 4A). The SD of consecutive samples taken
every 5 min was therefore calculated for each animal (Fig. 4C)
and compared with those obtained in basal conditions or when
prazosin was injected 30 min before D-amphetamine (Fig. 4D).
Figure 4E shows that significantly larger SD values were observed
;10 and 40 min after the D-amphetamine injection (1235%; p ,
0.05; and 1150%; p , 0.05 at 10 and 40 min, respectively) when
compared with results obtained with animals pretreated with
prazosin. These effects are not related to higher mean extracel-
lular DA values obtained in the absence of prazosin, because
identical results were obtained when the ratio of SD to mean DA
values was plotted instead of SD alone (data not shown).

Determination of the minimum D-amphetamine
concentration eliciting locomotor hyperactivity when
perfused bilaterally in the nucleus accumbens and its
relation to the evoked changes in extracellular DA
levels
Different concentrations (3, 100, 500, and 1000 mM) of
D-amphetamine were perfused through two microdialysis probes,
each located in one nucleus accumbens to determine the minimum
concentration of D-amphetamine required in this experimental
condition for the development of locomotor hyperactivity. No
locomotor activation could be observed up to 500 mM

D-amphetamine (n 5 3 for 500 mM), although extracellular DA
levels reached 12,500% of their basal values (Fig. 5). When used at
1000 mM, D-amphetamine increased locomotor activity, and this
response lasted up to 20 min after the interruption of the perfu-
sion. With this latter concentration of D-amphetamine, extracellu-
lar levels of DA attained 25,000% of the basal values (Fig. 5).

Increases of extracellular DA levels induced by local perfusion
of D-amphetamine were then compared with those inducing lo-
comotor hyperactivity after an intraperitoneal injection of 0.5
mg/kg D-amphetamine. This comparison is shown in Figure 5, in
which data from Figure 3 have been reported. Mean local in-
creases of extracellular DA levels induced by the local perfusion
of 1000 mM D-amphetamine were found to be 48-fold higher than
those observed after the systemic injection of D-amphetamine,
both treatments inducing, however, similar amplitude of locomo-
tor hyperactivity.

A lack of diffusion of the perfused D-amphetamine throughout
the nucleus accumbens could explain why it was necessary to
induce a massive local increase in extracellular DA levels to
evoke locomotor hyperactivity. Therefore, two microdialysis
probes placed 1 mm apart were implanted, one in the middle of
the nucleus accumbens, the other one at its periphery (Fig. 6). A
500 mM concentration of D-amphetamine was perfused in the
central probe, whereas the other one was perfused with the
artificial fluid. Determinations in three different experiments of
DA levels in superfusates collected from the two probes indicated
that between 10 and 20% of DA measured in the central probe
can be collected in the peripheral one (Fig. 6). This result indi-
cates that the mean increases of extracellular DA levels in the
entire nucleus accumbens that are necessary to elicit locomotor
hyperactivity are at least 4.8-fold more important when
D-amphetamine is perfused locally than when it is injected
systemically.

Figure 2. Lack of effect of intraperitoneal injection of prazosin (0.5
mg/kg) on the increase of extracellular DA levels induced by local
perfusion of D-amphetamine. D-Amphetamine (3 mM) was continuously
perfused through the microdialysis probe. Prazosin (0.5 mg/kg, i.p.) was
injected at the time shown by the arrow. Data corresponding to the
mean 6 SEM of results obtained in five animals are expressed as percent
of baseline defined as the mean value of 30 consecutive samples collected
immediately before prazosin administration.
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Suppression by bilateral injections of prazosin into the
prefrontal cortex of the enhanced extracellular DA
levels in the nucleus accumbens and locomotor
activity evoked by the systemic injection of a low dose
of D-amphetamine
As shown previously, prazosin injected into the prefrontal cortex
inhibits the locomotor hyperactivity induced by D-amphetamine
infusion into the nucleus accumbens (Blanc et al., 1994). This
observation led us to test the effects of cortical in situ infusion of
prazosin on systemic D-amphetamine-induced increases in DA
levels and locomotor activity. On the first day of the experiment,
animals were injected with saline in the prefrontal cortex and, 30
min later, with systemic D-amphetamine (0.5 mg/kg, i.p.). The
following day, 500 pmol of prazosin was injected bilaterally into
the prefrontal cortex 30 min before systemic D-amphetamine
injection. As shown in Figure 7, in these conditions, prazosin
prevented the increases in extracellular DA levels and in locomo-

tor activity induced by the systemic injection of D-amphetamine
as well as the increases observed when prazosin was injected
systemically (Fig. 3). However, likely caused by the presence of
the cannula guides in the prefrontal cortex, the mean increase of
extracellular DA levels induced in the nucleus accumbens by the
systemic injection of D-amphetamine was of smaller amplitude
(137%; p , 0.001; n 5 3). Extracellular DA levels of saline-
pretreated animals were significantly higher than those of the four
animals having received prazosin (142%; F(1,272) 5 1241; p ,
0.0001).

DISCUSSION
The first main finding of these experiments is that absolute
extracellular DA levels in the nucleus accumbens are not the sole
factor responsible for the development of locomotor hyperactiv-
ity. Such a possibility has already been proposed by others when
they analyzed the relationship between amphetamine-induced

Figure 3. Blockade by prazosin (0.5 mg/kg, i.p.) of the changes in extracellular DA levels in the nucleus accumbens and in locomotor response to a
systemic injection of D-amphetamine (0.5 mg/kg, i.p.) in animals continuously perfused with D-amphetamine (3 mM) in the nucleus accumbens. Animals
were continuously perfused locally in the nucleus accumbens with 3 mM D-amphetamine. Thirty minutes after injection of prazosin (0.5 mg/kg, i.p.; n 5
5) or saline (n 5 6), D-amphetamine was injected intraperitoneally (0.5 mg/kg). Extracellular DA levels are expressed as the mean 6 SEM in percent
of baseline defined as the mean value of 30 consecutive samples collected immediately before D-amphetamine intraperitoneal injection. Arrows indicate
the time of prazosin–saline and D-amphetamine injections. DA levels in fractions 6–60 for saline- plus amphetamine-injected animals are significantly
different from baseline (164%; p , 0.0001) and significantly different from those estimated in fractions 6–60 for prazosin- plus amphetamine-injected
animals (170%; p , 0.0001; see Results). Behavioral data are given in absolute values (mean 6 SEM).
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DA response and behavioral sensitization to amphetamine (Segal
and Kuczenski, 1992). Other authors have also observed a dis-
crepancy between biochemical and behavioral events, especially
when monoamine oxidase inhibitors were applied (Pani et al.,
1990; Blaha et al., 1996). In our case, prazosin, which inhibits the
D-amphetamine-induced locomotor hyperactivity, does not mod-

ify the extracellular DA response in the nucleus accumbens after
the intraperitoneal administration of 2 mg/kg D-amphetamine
(Fig. 1). Moreover, the locomotor hyperactivity induced by the
systemic injection of a low dose of D-amphetamine is associated
with relatively modest increases of extracellular DA levels in the
nucleus accumbens when they are compared with dramatic do-

Figure 4. Blockade by prazosin (0.5 mg/kg, i.p.) of both the mean increase and individual short-lasting fluctuations in extracellular DA levels in the
nucleus accumbens induced by systemic D-amphetamine (0.5 mg/kg, i.p.) on animals continuously perfused with D-amphetamine (3 mM) in the nucleus
accumbens. A, B, Examples of two individual accumbens dopaminergic response to D-amphetamine injection (0.5 mg/kg, i.p.) preceded by saline (A)
or prazosin (0.5 mg/kg, i.p.) ( B) injections. C, D, SD of extracellular DA levels in five consecutive 1 min samples, calculated using normalized
experiments in which D-amphetamine injection was preceded by either saline (n 5 6) (C ), or prazosin (n 5 5) (D). SDs are expressed as percent of
baseline defined as the mean of SD of the 30 samples preceding systemic D-amphetamine administration. E, Data are presented as means 6 SEM of SD
for extracellular DA levels of five consecutive samples. *p , 0.05 compared with prazosin pretreatment at the same time.
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paminergic responses caused by bilateral local perfusions of 500
mM D-amphetamine (Fig. 5) that do not induce any behavioral
activation. Previous studies have shown that significant locomotor
hyperactivity could only be obtained when at least 4.0 nmol of
D-amphetamine was injected into each nucleus accumbens
(Vezina et al., 1991). If we assume, as shown by Pan et al. (1996),
that ;10% of D-amphetamine perfused in the microdialysis
probe can diffuse through the membrane, a 30 min perfusion of
500 mM D-amphetamine at a rate of 2 ml /min may correspond to
a local injection of 3 nmol of D-amphetamine. In agreement with
our findings, the perfusion of a concentration of .500 mM

D-amphetamine, and therefore a local increase in extracellular
DA levels of .12,500% of the basal values, would thus be neces-
sary to elicit locomotor hyperactivity. Complementary experi-
ments, using two distant probes located in the same nucleus
accumbens, have shown that a perfusion of 500 mM

D-amphetamine induces a 2500% mean increase in extracellular
DA levels in the entire structure, including the core and the shell
(Zahm and Brog, 1992; Pierce and Kalivas, 1995), and that this is

not sufficient to induce behavioral activation (Fig. 6). The re-
quirement of much larger DA levels increasing to get a functional
response when D-amphetamine is injected locally instead of sys-
temically is confirmed by noting that when authors have trained
rats to self-administer D-amphetamine bilaterally in the nucleus
accumbens, each depression of the drug lever was set to deliver 3
nmol of D-amphetamine in each structure (Phillips et al., 1994).

The second main finding of our experiments is that, on animals
previously perfused locally with 3 mM D-amphetamine, the block-
ade of a1-adrenergic receptors by prazosin hampers both the
superimposed increases in extracellular DA levels in the nucleus
accumbens and the locomotor hyperactivity induced by a low
dose of systemic D-amphetamine. These effects are observed
when prazosin is injected either systemically or locally into both
prefrontal cortices. Prazosin is an antagonist of a1-adrenergic
receptors recommended as a reference compound by the Inter-
national Union of Pharmacology (Bylund et al., 1994). Prazosin
can also bind to a2B- and a2C-adrenergic receptors but with an
affinity at least 100-fold lower than to a1A-, a1B, or a1D-
adrenergic receptors (Bylund et al., 1994). Moreover, because the

Figure 5. Local increases in extracellular DA levels induced by reverse
dialysis perfusion of different concentrations of D-amphetamine in the
nucleus accumbens. First, 3 mM D-amphetamine was continuously applied,
and 30 min after the beginning of this application, different concentra-
tions of D-amphetamine (100, 500, and 1000 mM) were perfused for 20, 30,
and 40 min, respectively. Data are expressed as percent of baseline
defined as the mean value of DA recovered in 30 consecutive samples
collected immediately before 100,000 or 1000 mM D-amphetamine perfu-
sion. For comparison, data from Figure 3 have been plotted. They show
the amplitude of the increase in extracellular DA levels induced by an
intraperitoneal injection of D-amphetamine (0.5 m/kg) in animals previ-
ously perfused locally in the nucleus accumbens with 3 mM
D-amphetamine. As shown previously, data are expressed as percent of
baseline defined as the mean value of 30 consecutive samples collected
immediately before D-amphetamine intraperitoneal injection. Only ani-
mals perfused bilaterally in the nucleus accumbens with 1000 mM
D-amphetamine and those having received the intraperitoneal injection of
D-amphetamine exhibited locomotor hyperactivity.

Figure 6. Analysis of the diffusion of the perfused D-amphetamine
throughout the nucleus accumbens. D-Amphetamine (500 mM) was per-
fused in the probe central to the nucleus accumbens (*), and DA was
measured in samples collected every 5 min from the central probe (DA
direct) and from a second probe (**) placed 1 mm apart (DA indirect).
Data are expressed as percent of baseline defined as the mean value of five
consecutive samples collected immediately before any D-amphetamine
local application. Scale bar, 1 mm.
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prefrontocortical injection of 2-(29,69-dimethoxyphenoxyethyl)
aminomethyl-1,4-benzodioxane, another a1-adrenergic antago-
nist with no affinity for a2-adrenergic receptors, exhibits the same
blocking effect as prazosin on the locomotor hyperactivity in-
duced by the local injection of D-amphetamine into the nucleus
accumbens (Blanc et al., 1994), there is little doubt that the effects
of prazosin on D-amphetamine-induced increases of extracellular
DA levels are attributable to the blockade of a1-adrenergic
receptors.

Local (nucleus accumbens) and distal effects of
D-amphetamine
After the superfusion of D-amphetamine in the nucleus accum-
bens, the increase of extracellular DA levels induced by the
systemic injection of D-amphetamine could be also attributed to a
local (nucleus accumbens) effect of the superimposed injection of
D-amphetamine. This is probably not the case, because systemic

prazosin, which, as we have shown, does not modify local effects
of D-amphetamine on DA levels (Fig. 2), is able to block the
increases of DA levels induced by the superimposed systemic
D-amphetamine. It is therefore very likely that the increases of
extracellular DA levels induced by systemic D-amphetamine after
its superfusion in the nucleus accumbens are attributable to
effects of D-amphetamine distal to the nucleus accumbens. It
cannot be excluded, however, that, by blocking the DA reuptake
process, the local superfusion of D-amphetamine makes the distal
effects of systemic D-amphetamine on nucleus accumbens DA
levels more readily detectable. This may explain why no effect of
prazosin can be observed on DA levels when D-amphetamine is
injected systemically without its combined previous local perfu-
sion (Fig. 1). Altogether, our experiments suggest that the nu-
cleus accumbens DA release induced by a systemic injection of
D-amphetamine is modulated by a D-amphetamine-induced in-

Figure 7. Blockade by bilateral injection of prazosin into the prefrontal cortex of the changes in the extracellular DA levels of the nucleus accumbens
and locomotor activity induced by the peripheral injection of D-amphetamine (0.5 mg/kg, i.p.). Animals were continuously perfused locally in the nucleus
accumbens with 3 mM D-amphetamine and received bilateral local injection of either prazosin (500 pmol/side; n 5 4) or saline (n 5 3) in the prefrontal
cortex. D-Amphetamine was injected intraperitoneally (0.5 mg/kg) 30 min after the cortical injection. Data corresponding to the mean 6 SEM are
expressed as percent of baseline defined as the mean value of DA recovered in 30 consecutive samples collected immediately before D-amphetamine
intraperitoneal injection. DA levels from fractions 6–60 for saline- plus amphetamine-injected animals were significantly different from baseline (137%;
p , 0.0001) and significantly different from DA levels of fractions 6–60 for prazosin- plus amphetamine-injected animals (142%; p , 0.0001; see
Results). Behavioral data are given in absolute values (mean 6 SEM). PFC, Prefrontocortical injection.
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crease of NA transmission occurring distally from the nucleus
accumbens.

Noradrenergic effects of D-amphetamine in the VTA
As already indicated, in some conditions, the peripheral injection
of D-amphetamine in high doses inhibits the firing rate of dopam-
inergic cells in the VTA (Wang, 1981). Nevertheless, different
experiments suggest that D-amphetamine can increase the activ-
ity of dopaminergic neurons through the stimulation of a1-
adrenergic receptors in the VTA. For example, Pan et al. (1996)
have shown that the perfusion of high doses of D-amphetamine in
the VTA of anesthetized animals increases extracellular DA
levels in the nucleus accumbens and the medial prefrontal cortex,
these effects being blocked by coinfusion with D-amphetamine of
phentolamine, an a1-adrenergic antagonist. This excitatory ac-
tion of VTA NA transmission on dopaminergic neurons seems,
however, more specific to mesocortical than to mesolimbic do-
paminergic neurons, because phentolamine was 10-fold more
active on prefrontocortical than on nucleus accumbens DA-
increased release (Pan et al., 1996). Similarly, when a specific
noradrenergic denervation of the VTA was performed, it was
found that only the DA utilization in the prefrontal cortex was
decreased, whereas no change occurred in the nucleus accumbens
(Hervé et al., 1982).

Intracellular recordings in VTA slices have shown that local
adrenergic mechanisms can either excite or inhibit dopaminergic
cells (Grenhoff et al., 1995). Previous electrophysiological studies
indicated that the peripheral injection of prazosin dose-
dependently decreases burst firing and regularizes the firing pat-
tern of VTA dopaminergic neurons, but the firing rate is not
affected (Grenhoff and Svensson, 1993).

All of these experiments, especially the latter, do not exclude
that the NA transmission of the prefrontal cortex plays a major
role in the modulation of DA release in the nucleus accumbens,
a possibility strongly suggested by our data on the effects of
prazosin injected locally in the prefrontal cortex on
D-amphetamine-induced DA release in the nucleus accumbens
(Fig. 7).

Noradrenergic effects of D-amphetamine in the
prefrontal cortex
Microdialysis studies performed in behaving animals have indi-
cated that the systemic injection of a small dose of
D-amphetamine induces an important increase in the extracellu-
lar NA levels of the prefrontal cortex (Florin et al., 1994). Local
injections of prazosin in the prefrontal cortex may therefore block
the effects of this increased cortical NA release on a1-adrenergic
receptors. We have previously shown that the blockade of cortical
a1-adrenergic receptors facilitates the DA transmission mediated
through D1 receptors in the prefrontal cortex (Vezina et al., 1991;
Blanc et al., 1994; Tassin et al., 1995). The inhibitory properties of
prazosin on D-amphetamine-induced increases in extracellular
DA levels of the nucleus accumbens and in locomotor activity
may therefore be attributable to an inhibition of the activity of
glutamatergic excitatory cortical neurons, bearing D1 receptors
and projecting directly or indirectly through the nucleus accum-
bens, to the VTA (Thierry et al., 1979; Sesack and Pickel, 1992;
Karreman and Moghaddam, 1996). Increased releases of DA in
the nucleus accumbens could be attributable to an effect of
glutamate on presynaptic receptors located on dopaminergic
nerve terminals, as shown for the caudate nucleus (Chéramy et
al., 1986), but also, more probably, to a direct effect of glutama-

tergic cells on the VTA, because the stimulation of prefrontocor-
tical neurons selectively increases burst firing in the VTA and
enhances the release of DA in the nucleus accumbens (Murase et
al., 1993). Moreover, the stimulation of D1 receptors in the VTA
increases the release of glutamate in this structure (Kalivas and
Duffy, 1995), and the intra-VTA injection of Schering-Plough
R(1)-2,3,4,5-tetrahydro-3-methyl-5-phenyl-1H-3 benzazepin-7-
ol, an antagonist of D1 receptors, blocks the locomotor hyperac-
tivity induced by systemic D-amphetamine (Vezina, 1996). Alto-
gether, the stimulation of cortical a1-adrenergic receptors by
systemic D-amphetamine may facilitate DA transmission in the
nucleus accumbens through a cortico-VTA glutamatergic path-
way that would drive VTA dopaminergic cells into a bursting
activity.

Are D-amphetamine effects on DA release totally
independent of impulse flow?
Systemic D-amphetamine injections were shown to increase the
DA release in the nucleus accumbens induced by electrical stim-
ulations of the ascending DA pathway (Dugast et al., 1994),
strongly suggesting that D-amphetamine amplifies DA responses
when dopaminergic neurons are activated. Our proposition that
systemic D-amphetamine indirectly drives VTA dopaminergic
neurons into a bursting activity that induces increased DA release
in the nucleus accumbens implies that at least part of the
D-amphetamine-induced increases of extracellular DA levels in
the nucleus accumbens is dependent on the impulse flow. This
part may, however, be relatively small and difficult to detect by
conventional methods. Experiments by Von Voigtlander and
Moore (1973) concluded that D-amphetamine-induced DA re-
lease was dependent on impulse flow, but more recent studies
(Westerink et al., 1987; Kuczenski et al., 1990) reached the
opposite conclusion. Nevertheless, in their experiments with
TTX, Westerink et al. (1987) noted that the absolute
amphetamine-induced increase of DA during TTX infusion is
35% less than without TTX infusion, suggesting that a contribu-
tion of impulse flow to amphetamine-enhanced synaptic DA
cannot be ruled out. Finally, it seems difficult to reconcile the fact
that the D-amphetamine-induced NA release is clearly impulse
flow-dependent at low doses (Florin et al., 1994) with the notion
that D-amphetamine-induced DA release is absolutely not.

After the perfusion of D-amphetamine, the systemic injection
of D-amphetamine induces not only a mean increase of extracel-
lular DA levels in the nucleus accumbens, but also important
fluctuations of DA levels (Fig. 4). These fluctuations of DA levels
cannot be attributed to a lack of reliability of the 1 min sample
collection because such variations disappear in presence of pra-
zosin (Fig. 4). These fluctuations may be attributable to short-
lasting (in few seconds range) bursting activities of VTA dopa-
minergic neurons triggering abrupt increases of DA release
(Chergui et al., 1994). This hypothesis is not incompatible with
the microdialysis technique, because we have observed that the
immersion of a dialysis probe in a 3 mM DA solution for 1 sec was
enough to detect a signal with our HPLC electrochemical appa-
ratus (Gillibert, 1994), and similar data have been reported by
others (Bert et al., 1996).

Functional and not functional DA release?
Our data indicate that D-amphetamine focal application requires
at least a 4.8-fold higher increase in DA output in the entire
nucleus accumbens compared with systemic D-amphetamine for
the behavioral effects to be elicited. This would mean that only
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#20% of the DA released in the nucleus accumbens is functional
after the focal application of D-amphetamine, this part being
blocked by the local application of prazosin in the prefrontal
cortex. To characterize this functional DA, two nonexclusive
hypotheses could be proposed. First, it is possible that only the
part of DA that is released in co-occurrence with the glutamic
acid arising from cortical afferent fibers has a behavioral conse-
quence. A second hypothesis could be that, to be functional, DA
has to be released as short bursts occurring simultaneously in the
entire target structure. One way to achieve this simultaneous
release of DA would be an electrotonic coupling of VTA dopa-
minergic neurons. Such a possibility of synchronization of the
firing pattern of dopaminergic neurons has already been docu-
mented by Grace and Bunney (1983), who have obtained electro-
physiological and morphological evidence for an electrotonic cou-
pling of dopaminergic cells in the SN. Experiments are in
progress to test both hypotheses.

Conclusions
This study has confirmed that D-amphetamine exerts its psycho-
stimulant properties through an activation of both NA and DA
systems. Only a small part (#20%) of the D-amphetamine-
induced DA release is associated with the behavioral activation
observed after a systemic D-amphetamine injection. This func-
tional part of the released DA would be under the control of the
NA stimulation of prefrontocortical a1-adrenergic receptors. The
facilitation of cortical NA transmission induced by systemic
D-amphetamine would either modify glutamic acid release in the
nucleus accumbens or indirectly drive VTA dopaminergic neu-
rons into short-lasting, eventually synchronized, bursts triggering
increased release of DA in the entire nucleus accumbens. It is
very likely that other psychostimulants, such as cocaine, which
inhibits reuptake of catecholamines in noradrenergic neurons as
well as in dopaminergic cells, exert their psychotropic effects via
a similar coupling between noradrenergic and dopaminergic cells.
This synergy between noradrenergic and dopaminergic cells is
probably weaker or absent after treatments with some other
abused drugs, such as opioids, which activate dopaminergic neu-
rons but inhibit noradrenergic transmission (Korf et al., 1974).
This may explain why, in humans, the behavioral consequences of
ingestion of psychostimulants are clearly different from what is
observed with morphine or heroin.
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Tassin J-P (1994) Blockade of prefronto-cortical a1-adrenergic recep-
tors prevents locomotor hyperactivity induced by subcortical
D-amphetamine injection. Eur J Neurosci 6:293–298.

Bunney BS, Aghajanian GK (1976) d-Amphetamine-induced inhibition
of central dopaminergic neurons: mediation by a striato-nigral feedback
pathway. Science 192:391–393.

Bunney BS, Aghajanian GK (1978) d-Amphetamine-induced depression
of central dopamine neurons: evidence for mediation by both autore-
ceptors and striato-nigral feedback pathway. Naunyn Schmiedebergs
Arch Pharmacol 304:255–261.

Bunney BS, Walters JR, Kuhar MJ, Roth RH, Aghajanian GK (1975) D-
& L-Amphetamine stereoisomers: comparative potencies in affecting
the firing of central dopaminergic and noradrenergic neurons. Psycho-
pharmacol Commun 1:177–190.

Bylund DB, Eikenberg C, Hieble JP, Langer SZ, Lefkowitz RJ, Minne-
man KP, Molinoff PB, Ruffolo Jr RR, Trendelenburg U (1994) IV
International Union of Pharmacology: nomenclature of adrenorecep-
tors. Pharmacol Rev 46:121–128.

Cadoni C, Pinna A, Russi G, Consolo S, Di Chiara G (1995) Role of
vesicular dopamine in the in vivo stimulation of striatal dopamine
transmission by amphetamine: evidence from microdialysis and fos
immunohistochemistry. Neuroscience 65:1027–1039.
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