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ABSTRACT A large body of evidence supports the hypothesis that mesolimbic do-
pamine (DA) mediates, in animal models, the reinforcing effects of central nervous
system stimulants such as cocaine and amphetamine. The role DA plays in mediating
amphetamine-type subjective effects of stimulants in humans remains to be established.
Both amphetamine and cocaine increase norepinephrine (NE) via stimulation of release
and inhibition of reuptake, respectively. If increases in NE mediate amphetamine-type
subjective effects of stimulants in humans, then one would predict that stimulant
medications that produce amphetamine-type subjective effects in humans should share
the ability to increase NE. To test this hypothesis, we determined, using in vitro
methods, the neurochemical mechanism of action of amphetamine, 3,4-methyl-
enedioxymethamphetamine (MDMA), (1)-methamphetamine, ephedrine, phentermine,
and aminorex. As expected, their rank order of potency for DA release was similar to
their rank order of potency in published self-administration studies. Interestingly, the
results demonstrated that the most potent effect of these stimulants is to release NE.
Importantly, the oral dose of these stimulants, which produce amphetamine-type sub-
jective effects in humans, correlated with the their potency in releasing NE, not DA, and
did not decrease plasma prolactin, an effect mediated by DA release. These results
suggest that NE may contribute to the amphetamine-type subjective effects of stimu-
lants in humans. Synapse 39:32–41, 2001. Published 2001 Wiley-Liss, Inc.†

INTRODUCTION

A large body of evidence supports the hypothesis that
mesolimbic dopamine (DA) mediates the reinforcing
effects of central nervous system stimulants such as
cocaine and amphetamine (Wise, 1996; Kuhar et al.,
1991; Johanson and Fischman, 1989). Although it is
tempting to assume that DA also mediates the amphet-
amine-type subjective effects of these medications in
humans, published data do not support this hypothe-
sis. These data, as reviewed in detail elsewhere (Roth-
man and Glowa, 1995; Rothman, 1994; Brauer et al.,
1997; Villemagne et al., 1999), include the observations
that DA receptor antagonists do not block the subjec-
tive effects of cocaine (Ohuoha et al., 1997; Malison et
al., 1997; Price et al., 1997) or amphetamine (Brauer
and de Wit, 1997, 1996). These and other data reviewed
in a recent publication (Villemagne et al., 1999) sug-

gest that increases in brain DA may be necessary, but
not sufficient, to produce the amphetamine-type sub-
jective effects of these agents in humans. In particular,
both amphetamine (Segal and Kuczenski, 1997) and
cocaine (Reith et al., 1997) increase norepinephrine
(NE) via stimulation of release and inhibition of re-
uptake, respectively. If increases in NE contribute to
the amphetamine-type subjective effects of stimulants,
then one would predict that stimulant medications that
produce amphetamine-type subjective effects in hu-
mans should share the ability to increase NE. To test
this hypothesis, we first determined the neurochemical
mechanism of action of well-studied stimulants such as
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amphetamine, 3,4-methylenedioxymethamphetamine
(MDMA), and (1)-methamphetamine ((1)-METH) as
well as stimulants which have received scant study
with modern neurochemical methods: ephedrine, phen-
termine, and aminorex. Using published data, we then
correlated the potency of the agents for releasing NE
with the oral dose which produces amphetamine-type
subjective effects in humans.

Drugs that interact with the integral membrane pro-
teins that function as transporters for the biogenic
amines DA, NE, and serotonin (5-HT) can be divided into
two groups. Uptake inhibitors bind to the transporter, yet
are not transported. These agents elevate synaptic neu-
rotransmitters by interfering with their removal from the
synaptic extracellular space. Substrates, in contrast, are
transported by these proteins into the nerve terminal,
where they promote the release of neurotransmitter by a
two-pronged mechanism. Substrates increase cytoplas-
mic neurotransmitter by interfering with the accumula-
tion of neurotransmitter in storage vesicles and they pro-
mote a process of carrier-mediated exchange (Rudnick
and Clark, 1993). As noted above, many stimulants de-
veloped in the 1950s and 1960s have not been studied
with modern neurochemical methods and could act either
as uptake inhibitors or substrates of the biogenic amine
transporters. We therefore characterized the actions of
these agents using an in vitro method that discriminates
between transporter uptake inhibitors and substrates.

MATERIALS AND METHODS
[3H]DA, [3H]5-HT and [3H]NE reuptake assays

The effect of test agents on [3H]DA and [3H]5-HT
uptake was evaluated using published methods (Roth-
man et al., 1993). Briefly, synaptosomes were prepared
from rat caudate for [3H]DA reuptake or from whole rat
brain minus caudate and cerebellum for [3H]5-HT re-
uptake. Fresh tissue was homogenized in ice-cold 10%
sucrose using a Potter-Elvehjem homogenizer. Homog-
enates were centrifuged at 1,000g for 10 min at 4°C and
supernatants were retained on ice. Polystyrene test
tubes (12 3 75 mm) were prefilled with 50 ml of Krebs-
phosphate buffer (final pH 5 7.4) consisting of 0.5 mM
Na2SO4, 0.5 mM KH2PO4, 126 mM NaCl, 2.4 mM KCl,
0.83 mM CaCl2, 0.8 mM MgCl2, 11.1 mM glucose at pH
7.4, with 1 mg/ml ascorbic acid, 1 mg/ml bovine serum
albumin (BSA), and 50 mM pargyline added (uptake
buffer), 750 ml of [3H]DA (5 nM) or [3H]5-HT (2 nM)
diluted in uptake buffer without BSA, and 100 ml of
test agent in uptake buffer. Nonspecific uptake was
defined using 10 mM tyramine ([3H]DA) or 100 mM
tyramine ([3H]5-HT).

[3H]NE uptake proceeded with minor modifications
of the above procedure: the tissue source was whole rat
brain minus caudate and cerebellum, 5 nM RTI-229
was used to block uptake of [3H]NE into DAergic
nerves, the incubations proceeded for 10 min at 25°C,
the concentration of [3H]NE was 5 nM, and nonspecific

uptake was defined using 10 mM indatraline or 10 mM
tyramine.

The uptake assay was initiated by adding 100 ml of
the synaptosomal preparation to the tubes. Inhibition
curves were generated by incubating [3H]ligand with
test agent (1 nM to 100 mM final tube concentration)
diluted in uptake buffer. The [3H]5-HT reuptake exper-
iments were conducted in the presence of 100 nM nomi-
fensine and 100 nM GBR12935 to prevent uptake into
noradrenerigic or DA nerve terminals. Incubations of
15 or 30 min were carried out at 25°C for [3H]DA and
[3H]5-HT, respectively. The incubations were termi-
nated by adding 4 ml of wash buffer containing 10 mM
Tris HCl (pH 7.4) in 0.9% NaCl at 25°C, followed by
rapid filtration over Whatman GF/B filters and two
additional wash cycles. The tritium retained on the
filters was counted in a beta counter (Taurus, Titertek,
Huntsville, AL) at 40% efficiency after an overnight
extraction into ICN Cytoscint cocktail (ICN Biomedi-
cals, Costa Mesa, CA).

[3H]DA, [3H]NE and [3H]5-HT release assays

Rat caudate (for [3H]DA release) or whole brain mi-
nus cerebellum and caudate (for [3H]NE and 3H]5HT
release) was homogenized in ice-cold 10% sucrose con-
taining 1 mM reserpine. Nomifensine (100 nM) and
GBR12935 (100 nM) were also added to the sucrose
solution for [3H]5HT release experiments to block any
potential [3H]5HT reuptake into NE and DA nerve
terminals. After 12 strokes with a Potter-Elvehjem ho-
mogenizer, homogenates were centrifuged at 1,000g for
10 min at 0–4°C and the supernatants were retained
on ice (synaptosomal preparation). Each rat brain (ap-
proximately 1,200 mg) produced enough tissue prepa-
ration for 250 test tubes for the [3H]DA and [3H]5-HT
release assays and for 125 test tubes for the [3H]NE
release assay.

Synaptosomal preparations were incubated to
steady-state with 5 nM [3H]DA (30 min), 7 nM [3H]NE
(60 min), or 5 nM [3H]5HT (60 min) in uptake buffer
(without BSA) plus 1 mM reserpine in a polypropylene
beaker with stirring at 25°C. Nomifensine (100 nM)
and GBR12935 (100 nM) were added to the buffer for
[3H]5HT release experiments. RTI-229 (5 nM) was
added to the buffer for [3H]NE release experiments to
prevent [3H]NE reuptake into dopamine nerve termi-
nals. After incubation to steady-state, 850 ml of synap-
tosomes preloaded with [3H]neurotransmitter were
added to 12 3 75 mm polystyrene test tubes which
contained 150 ml test drug in uptake buffer. After 5 min
([3H]DA and [3H]5-HT) or 30 min ([3H]NE) the release
reaction was terminated by dilution with 4 ml wash
buffer (10 mM Tris-HCl pH 7.4 containing 0.9% NaCl
at 25°C) followed by rapid vacuum filtration over What-
man GF/B filters using a Brandel Harvester. The filters
were rinsed twice with 4 ml wash buffer using the
Brandel Harvester and the retained tritium was
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counted by a Taurus liquid scintillation counter at 40%
efficiency after an overnight extraction in 3 ml Cyto-
scint (ICN). Typical signal-to-noise ratios are reported
in Table I.

Data analysis and statistics

As previously described (Rothman et al., 1993), IC50

values were determined using the nonlinear least-
squares curve-fitting program MLAB-PC (Civilized
Software, Bethesda, MD). In uptake experiments, Ki

values were calculated according to the formula (Cheng
and Prusoff, 1973): Ki 5 IC50/(1 1 L/Km) where L is
the concentration of the radiolabeled drug ([3H]DA,
[3H]NE or [3H]5-HT). In the [3H]NE uptake assays,
surfaces were fit to one- and two-component models
(Akunne et al., 1994). The F-test was used to determine
the better-fitting model. In release experiments, the
apparent Ki of antagonists was calculated according to
the following formula: Ki 5 [Antagonist]/(IC502

/
IC501

2 1) where IC501
is the IC50 in the absence of

antagonist and IC502
is the IC50 in the presence of

antagonist.

Drugs and reagents

(1)-Fenfluramine HCl, (6)-fenfluramine, chlorphen-
termine HCl (FW 5 220.2), (1)-amphetamine sul-
fate, phentermine HCl, (6)-MDMA, (2)-METH, and
(1)-METH were obtained from the Addiction Research
Center Pharmacy (NIDA, NIH, Baltimore, MD). Ami-
norex, (2)-norepinephrine, dopamine, desipramine,
fluoxetine, (2)-ephedrine, tyramine, and indatraline
were purchased from Research Biochemicals (Natick,
MA). RTI-55 and RTI-229 were provided by Dr. F. Ivy
Carroll. [3H]DA (SA 5 27.5 Ci/mmol), [3H]NE (SA 5
55 Ci/mmol) and [3H]5-HT (SA 5 27.5 Ci/mmol) were
purchased from Dupont New England Nuclear (Boston,
MA). The sources of other reagents are published
(Rothman et al., 1993, 1994).

RESULTS
[3H]NE uptake experiments

Initial experiments indicated that [3H]NE uptake
was composed of two components. To characterize
these components, uptake “surfaces” were generated
according to the experimental design outlined in Table
II. Two concentrations of [3H]NE (5 nM and 105 nM)

were each inhibited by NE, the NE-selective uptake
inhibitor desipramine, and the DA-selective uptake in-
hibitor RTI-229 in the absence and presence of the
indicated concentrations of “blocking” agents.

As reported in Table III, [3H]NE uptake inhibition fit
a two-component model. NE had the higher affinity for
the lower capacity component (Km 5 63.9 nM) and
lower affinity for the higher capacity component
(Km 5 706 nM). The high affinity and selectivity of
desipramine for the lower capacity component identi-
fies this as the NE transporter. The high affinity and
selectivity of RTI-229 for the higher capacity compo-
nent identifies this as the DA transporter.

Initial release experiments

Time-course experiments with [3H]NE were con-
ducted in the absence and presence of 1 mM reserpine
to determine the time required to reach steady-state.
As reported in Figure 1A, [3H]NE failed to achieve

TABLE I. Representative signal-to-noise ratios observed
in the release assays

Assay

Total
retained
tritium
(CPM)

Nonspecific
binding
(CPM)

Specific
(CPM)

Total/
nonspecific

[3H]NE 3,000 1,500 1,500 2.0
[3H]DA 3,700 1,900 1,800 1.9
[3H]5-HT 13,000 6,500 6,500 2.0

Representative counts per minute (cpm) obtained when the release assays are
conducted as described in Methods.

TABLE II. Experimental design used to characterize [3H]NE uptake

Surface/[NE] nM Primary inhibitor Blocker

1 NE None
5 nM [3H]NE (10–10,000 nM)
2 NE None
5 nM [3H]NE 1 100 nM NE (10–10,000 nM)
3 NE 25 nM
5 nM [3H]NE (10–10,000 nM) Desipramine
4 NE 25 nM
5 nM [3H]NE 1 100 nM NE (10–10,000 nM) Desipramine
5 NE 20 nM RTI229
5 nM [3H]NE (10–10,000 nM)
6 NE 20 nM RTI229
5 nM [3H]NE 1 100 nM NE (10–10,000 nM)
7 Desipramine None
5 nM [3H]NE (0.5–50,000 nM)
8 Desipramine None
5 nM [3H]NE 1 100 nM NE (0.5–50,000 nM)
9 Desipramine 20 nM RTI229
5 nM [3H]NE (0.5–50,000 nM)
10 Desipramine 20 nM RTI229
5 nM [3H]NE 1 100 nM NE (0.5–50,000 nM)
11 RTI229 None
5 nM [3H]NE (0.1–1,000 nM)
12 RTI229 None
5 nM [3H]NE 1 100 nM NE (0.1–1,000 nM)
13 RTI229 25 nM
5 nM [3H]NE (0.1–1,000 nM) desipramine
14 RTI229 25 nM
5 nM [3H]NE 1 100 nM NE (0.1–1,000 nM) desipramine

Uptake “surfaces” were generated according to the experimental design de-
scribed above. Two concentrations of [3H]NE (5 nM and 105 nM) were each
inhibited by eight concentrations of NE, the NE-selective uptake inhibitor desi-
pramine, and the DA-selective uptake inhibitor RTI-229 in the absence and
presence of the indicated concentrations of “blocking” agents.

TABLE III. Best-fit parameter estimates for [3H]NE
uptake inhibition

Parameter NE transporter DA transporter

Vmax (fmol/mg protein) 2,600 6 50 10,200 6 350
NE (Km, nM) 63.9 6 1.6 706 6 35
Desipramine (Ki, nM) 1.03 6 0.05 7,220 6 690
RTI-229 (Ki, nM) 19.5 6 0.6 0.35 6 0.02

The data of the three experiments described in Table II were pooled to yield 504
points. The entire set of data was fit to a one-component model (sum-of-
squares 5 8,220) and a two-component model (sum-of-squares 5 536). The
two-component model fit significantly better than the one-component model
(P , 0.001). Each value is 6SD.
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steady-state by 60 min in the absence of reserpine, but
did so by 60 min in the presence of 1 mM reserpine (Fig.
1B). Reserpine reduced retained [3H]NE by 65% at 60
min and increased the ability of (1)-METH to release
[3H]NE (Fig. 2). We therefore conducted reuptake time-
course experiments with [3H]5-HT and [3H]DA in the
presence of reserpine. These data (not shown) demon-
strated that steady-state was achieved by 30 min with
5 nM [3H]DA and by 60 min with 5 nM [3H]5HT. Other
experiments showed that accumulation of [3H]neuro-
transmitter at steady-state was directly proportional to
protein (data not shown). Typical protein concentra-
tions used were: 0.75 mg/tube for [3H]NE, 0.35 mg/tube
for [3H]5-HT, and 0.07 mg/tube for [3H]DA.

Effect of incubation time on drug-induced
[3H]DA release

To determine the effect of incubation time on drug-
induced [3H]DA release, dose–response curves were
generated with GBR12909, a DA uptake inhibitor, and
(1)-METH, a DA releaser, with the incubations being
terminated after 5, 10, 15, or 30 min. As reported in

Figure 3A, longer incubation times with GBR12909
increased the potency of GBR12909 for stimulating
[3H]DA release. The release curve was biphasic with
the level of the plateau increasing with shorter time
incubations. With a 5-min incubation, even high con-
centrations of GBR12909 released no more than 20% of
accumulated [3H]DA. In contrast, as reported in Figure
3B, (1)-METH-induced [3H]DA release was almost
identical at all incubation times and complete release
was achieved. Based on these results, [3H]DA and
[3H]5-HT release assays were terminated after a 5-min
incubation with test drugs. Similar experiments dem-
onstrated that a 30-min incubation with test drugs was
optimum for the [3H]NE release assay (data not
shown).

Pharmacological blockade of release

Uptake inhibitors block the releasing effect of sub-
strates by preventing the entry of transporter sub-
strates into the nerve terminal (Hurd and Ungerstedt,
1989a). To see whether this blockade also occurred
with the in vitro release assays, substrate dose–re-
sponse curves were generated in the absence and pres-
ence of low concentrations of selective uptake inhibi-
tors. As reported in Table IVA, concentrations of the
NE-selective uptake inhibitor desipramine (DMI)
which did not alter [3H]NE release, increased the IC50

values for (1)-METH-induced [3H]NE release. Simi-
larly, concentrations of the DA-selective uptake inhib-
itor GBR12909 which did not alter [3H]DA release,
increased the IC50 values for (1)-METH-induced
[3H]DA release (Table IVB). Finally, as shown in Table
IVC, concentrations of the 5-HT-selective uptake inhib-
itor fluoxetine which did not alter [3H]5-HT release
increased the IC50 values for (1)-fenfluramine-induced
[3H]5-HT release. Based on the shift to the right in the

Fig. 1. Time-course of [3H]NE accumulation by rat brain synapto-
somes. A: In the absence of reserpine. B: In the presence of 1 mM
reserpine. Each point is the mean 6 SD (n 5 3).

Fig. 2. Effect of (1)-METH on [3H]NE release as a function of time
in the absence and presence of 1 mM reserpine. Each point is the
mean 6 SD (n 5 3). *P , 0.05 when compared to the no reserpine
control (two-tailed t-test).
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dose–response curves, it was possible to calculate an
apparent functional Ki value for each uptake inhibitor.
The apparent Ki values of DMI (about 3 nM),
GBR12909 (about 0.3 nM) and fluoxetine (about 3 nM)
were similar to their Ki values for inhibiting the up-
take of [3H]NE, [3H]DA and [3H]5-HT, respectively (Ta-
ble V).

Pharmacological profile of CNS stimulants
and related drugs

We determined the activity of a variety of trans-
porter ligands, both uptake inhibitors and substrates,
at [3H]NE release and uptake, [3H]DA release and
uptake, and [3H]5-HT release and uptake (Table V).
DA-selective uptake inhibitors such as GBR12909,
GBR12935, and RTI-229 were all inactive in the release
assays. 5-HT-selective uptake inhibitors such as fluox-
etine and citalopram were also inactive in the release
assays. Similarly, the NE-selective uptake inhibitors

desipramine and mazindol were inactive in the release
assays. Nonselective uptake inhibitors such as cocaine
and RTI-55 were also inactive in the release assays.

The endogenous substrates of the transporters were
also tested. 5-HT potently inhibited [3H]5-HT uptake
(Ki 5 16.7 nM) and was about 160-fold less potent at
inhibiting [3H]DA and [3H]NE uptake. Consistent with
these data, 5-HT potently released [3H]5-HT (Ki 5
44.4 nM) and was essentially inactive as a releaser of
[3H]NE and [3H]DA. Both NE and DA weakly inhibited
[3H]5-HT uptake and were inactive as releasers of
[3H]5-HT. DA more potently released [3H]NE (IC50 5
66.2 nM) than [3H]DA (IC50 5 86.9 nM). In contrast,
NE more potently released [3H]NE (IC50 5 164 nM)
than [3H]DA (IC50 5 869 nM). Of note (see Discussion),
DA was potently accumulated by noradrenergic nerves.

In contrast to uptake inhibitors, which were essen-
tially inactive in the release assays, compounds known
to be substrates were active in both uptake and release
assays, although they were generally 5–10-fold more
potent in the release assays. (1)-METH was most po-
tent at NE release (IC50 5 12.3 nM), followed by DA
release (IC50 5 24.5 nM), and 5-HT release (IC50 5
736 nM). (1)-Amphetamine was more potent than (1)-
METH and had a similar profile: NE release (IC50 5
7.1 nM), DA release (IC50 5 24.8 nM), and 5-HT
release (Ki 5 1,765 nM). Ephedrine was a potent and
selective releaser of NE: NE release (Ki 5 72.4 nM),
DA release (IC50 5 1,350 nM), and 5-HT release

Fig. 3. Effect of time on GBR12909-induced (A) and (1)-METH-
induced (B) [3H]DA release. Each point is the mean 6 SD (n 5 3).

TABLE IV. Effect of uptake inhibitors on
[3H]neurotransmitter release

A. Effect of DMI on (1)-METH-induced [3H]NE release

[DMI]
(1)-METH
(IC50 6 SD) N 6 SD

DMI
apparent Ki (nM)

0 10.6 6 0.6 0.89 6 0.04
1 nM 15.7 6 1.1 0.86 6 0.05 2.1
10 nM 36.8 6 5.8 0.70 6 0.08 14.9
100 nM 249 6 35 0.78 6 0.09 4.4

B. Effect of GBR12909 on (1)-METH-induced [3H]DA release

GBR12909 (nM)
(1)-METH
(IC50 6 SD) N 6 SD

GBR12909
apparent Ki (nM)

0 18.1 6 1.4 0.92 6 0.06
5 288 6 30 1.08 6 0.11 0.33nM
20 1,450 6 128 0.91 6 0.07 0.25nM

C. Effect of fluoxetine on (1)-fenfluramine-induced [3H]5-HT
release

[Fluoxetine]
(1)-Fenfluramine

(IC50 6 SD) N 6 SD
Fluoxetine

apparent Ki (nM)

0 45.9 6 11.8 0.89 6 0.10
10 nM 135 6 10 1.00 6 0.07 5.1
100 nM 2,305 6 194 0.75 6 0.05 2.0

Dose–response curves were generated using 10 concentrations of substrate. The
data from three experiments were pooled (30 points) and fit to the two parameter
logistic equation for the best-fit estimates of the IC50 and slope factor (N). DMI
had no effect on [3H]NE release. GBR12909 at 5 nM and 20 nM inhibited
retained [3H]DA by 15%. Fluoxetine at 10 nM and 100 nM inhibited retained
[3H]5-HT by 3% and 7% respectively. Each value is the mean 6 SD of three
experiments. r2 values were greater than 0.93.
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(IC50 . 10,000 nM). Tyramine had a profile similar
to that of (1)-METH, but was less potent: NE release
(IC50 5 40.6 nM), DA release (IC50 5 119 nM) and
5-HT release (IC50 5 2,775 nM). The neurotoxic am-
phetamine analog, MDMA, was essentially equipotent
at 5-HT and NE release (IC50 values 5 56.6 and 77.4
nM, respectively) and considerably weaker at DA re-
lease (IC50 5 376 nM).

The release assays were also used to profile stimu-
lant medications developed in the early 1960s. Phen-
termine had an amphetamine-type profile, being most
potent at NE release (IC50 5 39.4 nM) followed by DA
release (IC50 5 262 nM) and then 5-HT release
(IC50 5 3,511 nM). Aminorex was almost equipotent
at NE (IC50 5 26.4 nM) and DA (IC50 5 49.4 nM)
and more potent at 5-HT release (IC50 5 193 nM)
than phentermine, (1)-METH, or (1)-amphetamine.
Chlorphentermine was the most potent and selective
5-HT releaser: IC50 5 30.9 nM for 5-HT release,
2,650 nM for DA release, and .10,000 nM for NE
release. Although ineffective at NE release, chlorphen-
termine was a moderately potent NE uptake inhibitor
(IC50 5 338 nM), indicating that a single agent may
be a substrate at one transporter and an uptake inhib-
itor at another. (1)-Fenfluramine potently released
5-HT (IC50 5 51.7 nM) and less potently released NE
(IC50 5 302 nM). (1)-Fenfluramine was essentially
inactive at DA uptake or release.

DISCUSSION
Mechanism of action of stimulants

Using the release assay, it was possible to character-
ize the mechanism of action of stimulants which have

received scant contemporary attention: ephedrine,
aminorex, phentermine, and chlorphentermine.

In a previous study we used a different method,
described in detail in that publication, to classify a
drug as a substrate or uptake inhibitor (Rothman et al.,
1999). Aminorex was classified as an uptake inhibitor
at the DA transporter and a 5-HT transporter sub-
strate. Phentermine was classified as DA transporter
substrate and as a weak substrate or an uptake inhib-
itor at the 5-HT transporter. This method classified
chlorphentermine as a 5-HT transporter substrate and
DA uptake inhibitor. The more refined methods used
here, which directly determine substrate-type activity,
yielded different results: aminorex and chlorphenter-
mine are DA transporter substrates and phentermine
is a weak 5-HT transporter substrate. The core finding
of our previous article (Rothman et al., 1999) that ami-
norex, (1)-fenfluramine, and chlorphentermine are
5-HT transporter substrates has been confirmed.

The low potency of (1)-METH and (1)-amphetamine
at 5-HT release and uptake inhibition is similar to that
reported by others (Eshleman et al., 1999), who char-
acterized these agents in uptake inhibition assays us-
ing cloned DA, 5-HT, and NE transporters. The results
for other compounds studied here are, in general, sim-
ilar to those observed using the cloned transporters
(Eshleman et al., 1999). DA is taken up by both dopa-
minergic and noradrenergic nerves with about equal
potency. Consistent with these data, selective norad-
renergic uptake inhibitors increase extracellular DA in
the n. accumbens, ventral tegmental area, and frontal
cortex of rats (Reith et al., 1997; Carboni et al., 1990;
Yamamoto and Novotney, 1998).

TABLE V. Pharmacological profile of selected agents in the DA, NE and 5-HT release and uptake inhibition assays

Drug
NE release

IC50 (nM 6 SD)
NE uptake

Ki (nM 6 SD)
5-HT release

IC50 (nM 6 SD)
5-HT uptake

Ki (nM 6 SD)
DA release

IC50 (nM 6 SD)
DA uptake

Ki (nM 6 SD)

Aminorex 26.4 6 2.8 54.5 6 4.8 193 6 23 1,244 6 106 49.4 6 7.5 216 6 7
Chlorphentermine .10,000 451 6 66 30.9 6 5.4 338 6 6 2,650 6 273 3,940 6 110
Phentermine 39.4 6 6.6 244 6 15 3,511 6 253 13,900 6 510 262 6 21 1,580 6 80
(1)-Amphetamine 7.07 6 0.95 38.9 6 1.8 1,765 6 94 3,830 6 170 24.8 6 3.5 34 6 6
(2)-Methamphetamine 28.5 6 2.5 234 6 14 4,640 6 243 14,000 6 644 416 6 20 4,840 6 178
(1)-Methamphetamine 12.3 6 0.7 48.0 6 5.1 736 6 45 2,137 6 98 24.5 6 2.1 114 6 11
(1)-Fenfluramine 302 6 20 1,290 6 152 51.7 6 6.1 150 6 5 .10,000 22,000 6 1,100
(6)-Fenfluramine 739 6 57 1,987 6 205 79.3 6 11.5 269 6 7 .10,000 23,700 6 1,300
(2)-Ephedrine 72.4 6 10.2 225 6 36 .10,000 .50,000 1,350 6 124 4,398 6 213
Tyramine 40.6 6 3.5 72.5 6 5.0 2,775 6 234 1,556 6 95 119 6 11 106 6 6.0
(6)-MDMA 77.4 6 3.4 462 6 18 56.6 6 2.1 238 6 13 376 6 16 1,572 6 59
Norepinephrine 164 6 13 63.9 6 1.6 .10,000 .50,000 869 6 51 357 6 27
Dopamine 66.2 6 5.4 40.3 6 4.4 .10,000 6,489 6 200 86.9 6 9.7 38.3 6 1.6
5HT .10,000 3,013 6 266 44.4 6 5.3 16.7 6 0.9 .10,000 2,703 6 79
GBR12935 .10,000 277 6 23 .10,000 289 6 29 .10,000 3.70 6 0.40
GBR12909 .10,000 79.2 6 4.9 .10,000 73.2 6 1.51 .10,000 4.3 6 0.31

Cocaine .10,000 779 6 30 .10,000 304 6 102 .10,000 478 6 252

Mazindol .10,000 2.88 6 0.17 .10,000 272 6 11 .10,000 25.9 6 0.56
Desipramine .10,000 8.32 6 1.19 .10,000 350 6 13 .10,000 5,946 6 193
Fluoxetine .10,000 688 6 39 .10,000 9.58 6 0.88 .10,000 .5,0001

Citalopram .10,000 4,332 6 295 .10,000 2.40 6 0.09 .10,000 20,485 6 923
RTI-55 .10,000 5.89 6 0.53 .10,000 1.00 6 0.03 .10,000 0.83 6 0.09
RTI-229 .10,000 19.5 6 0.6 .10,000 362 6 13 .10,000 2.15 6 0.24
Indatraline .10,000 12.6 6 0.5 .10,000 3.10 6 0.09 2,810 6 777 1.90 6 0.05

Each value is the mean 6 SD of three experiments.
1Data from (Rothman et al., 1993).
2Data from Matecka et al. (1996).
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Observations that blockade of NE transporters in-
creases extracellular DA can explain why dopamine
transporter knockout mice self-administer cocaine
(Rocha et al., 1998) and demonstrate cocaine-condi-
tioned place preference (Sora et al., 1998). Although
these data suggest that the DA transporter is not crit-
ical for mediating cocaine reward, the data do not rule
out a role for mesolimbic DA as a mediator of cocaine
reward. The inability of cocaine to elevate extracellular
DA in the striatum of DAT knockout mice (Rocha et al.,
1998) is consistent with the lack of NE transporters in
this brain region. Thus, in the absence of the DA trans-
porter it is reasonable to assume that NE nerves would
accumulate some of the extracellular DA in the n. ac-
cumbens. Since cocaine is a potent inhibitor of the NE
transporter (Eshleman et al., 1999), administration of
cocaine would inhibit DA transport into NE nerve ter-
minals, thereby increasing extracellular DA and trig-
gering cocaine reward.

Drug self-administration in animals is mediated by
increases in mesolimbic synaptic DA (Wise, 1996).
Thus, one might expect, as noted for DA uptake inhib-
itors (Ritz et al., 1987), that the rank order of potency
of the stimulants studied here at the DA transporter
should be the same as their potency as reinforcers. As
reported by Griffiths and associates for a baboon self-
administration model (Griffiths et al., 1979; Sannerud
et al., 1989), the rank-order of potency for self-admin-
istration was amphetamine (24.8 nM) . phentermine
(262 nM) 5 MDMA (376 nM) . ephedrine (1,350 nM) 5
chlorphentermine (2,650 nM) @ fenfluramine was not
self-administered (.10,000 nM). The values in paren-
theses are the IC50 values for stimulating [3H]DA re-
lease. Thus, for these stimulants the rank order of
potency for DA release (Table V) is similar to their rank
order of potency in self-administration. Phentermine,
which is 10-fold less potent than amphetamine in re-
inforcement, is 10-fold less potent than amphetamine
in releasing [3H]DA.

Relevance of findings to stimulant-induced
subjective effects in humans

The role of DA in mediating reward/reinforcement
behavior in animal models is well accepted and sup-
ported by the data. Although it is tempting to assume
that the neurochemical mechanisms mediating rein-
forcement behavior in animal models of drug-seeking
behavior and the neurochemical mechanisms mediat-
ing the subjective effects of stimulants in humans are
the same, the neurochemical mediator of amphet-
amine-like positive subjective effects in humans re-
mains to be established. Indeed, as noted in the Intro-
duction, considerable data suggest that DA may be
necessary, but not sufficient, to produce stimulant-in-
duced subjective effects in humans (Rothman and
Glowa, 1995; Rothman, 1994; Brauer et al., 1997; Vil-
lemagne et al., 1999; Ohuoha et al., 1997; Malison et

al., 1997; Price et al., 1997; Brauer and de Wit, 1996,
1997). The authors wish to emphasize that we are not
questioning the role of DA as a mediator of reinforce-
ment behavior in animal models of drug-seeking be-
havior, but rather ask: What neurochemicals contrib-
ute to stimulant-induced subjective effects (the “high”)
in humans?

Among the substrate-type stimulants tested here,
phentermine, MDMA, amphetamine, (1)-METH, and
ephedrine produce amphetamine-like subjective effects
in humans (Griffiths et al., 1979; Vollenweider et al.,
1998; Brauer et al., 1996; Chait, 1994). Aminorex acts
as a locomotor stimulant in animals and generalizes to
the discriminative cue of amphetamine, and would be
expected to produce amphetamine-like subjective ef-
fects in humans (Woolverton et al., 1994). Fenflura-
mine (Griffith et al., 1975) and chlorphentermine (Grif-
fith et al., 1976) do not produce amphetamine-like
subjective effects in humans. Our results show that the
most potent action of the stimulants which produce
amphetamine-like subjective effects is to release NE.
Importantly, (1)-amphetamine, (2)-ephedrine, phen-
termine, and MDMA are 3.5-fold, 19-fold, 6.6-fold, and
4.8-fold more potent at NE release than DA release.
These data raise the possibility that the release of NE
contributes to the positive subjective effects produced
by these substrate-type stimulants. We term this the
“noradrenergic hypothesis.”

A direct prediction of the release data and the nor-
adrenergic hypothesis is that oral doses of these med-
ications will produce sympathomimetic effects, which
are mediated via release of NE, and amphetamine-like
subjective effects, at lower doses than effects which are
mediated by DA release. In humans, the noradrenergic
effects of these compounds can be assessed via mea-
surement of physiological parameters such as systolic
blood pressure. The dopaminergic effects of these com-
pounds can be assessed by their effect on plasma pro-
lactin levels, which are decreased by dopaminergic ago-
nists (Ascoli and Segaloff, 1996), and apparently not
affected by agents which increase NE, such as the
selective NE uptake inhibitor maprotiline (Steiger et
al., 1993) or the selective NE releaser and adrenergic
agonist ephedrine (Angrist et al., 1977).

The noradrenergic hypothesis receives strong sup-
port from studies conducted in humans. Oral doses of
D-amphetamine in the range of 30–40 mg produce
sympathomimetic effects and subjective effects with
the same time course (Heishman and Henningfield,
1991; Martin et al., 1971). Importantly, D-amphet-
amine at this dose range does not decrease plasma
prolactin (Grady et al., 1996; Mas et al., 1999), which
should occur if D-amphetamine were releasing DA.
Similar findings are reported for METH (Martin et al.,
1971; Gouzoulis-Mayfrank et al., 1999). Moreover,
MDMA-induced subjective effects occur at the same
doses and with the same time course as its sympatho-
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mimetic effects (Vollenweider et al., 1998; Mas et al.,
1999). Since MDMA releases NE and 5-HT with the
same potency, our data predict that MDMA should
release prolactin, a serotonergic effect (Coccaro et al.,
1996), at the same dose range and time course as its
sympathomimetic effects. Indeed, MDMA increased
plasma prolactin with the same time course as its sym-
pathomimetic effects (Mas et al., 1999). As noted above,
ephedrine-induced subjective effects occur at the same
doses and with the same time course as its sympatho-
mimetic effects (Griffiths et al., 1979) and ephedrine
does not decrease prolactin (Angrist et al., 1977). Com-
parable oral doses of phentermine and amphetamine
produce similar subjective effects, yet, as noted above,
phentermine is 10-fold weaker at DA release than am-
phetamine, suggesting that release of DA does not me-
diate phentermine-induced subjective effects. Consis-
tent with the noradrenergic hypothesis, oral doses of
stimulants which produce subjective effects are corre-
lated with their potency in releasing NE, not DA (Fig.
4). These data, summarized in Table VI, suggest that
these medications produce amphetamine-like subjec-
tive effects at doses which activate the noradrenergic,
not the dopaminergic system.

Orally administered dextroamphetamine (5–10 mg
two or three times per day) is widely used to treat
attention deficit disorder (Elia et al., 1999). As noted
above, amphetamine probably does not release DA at
this dose range. Thus, our results suggest that the
primary neurochemical mechanism for the efficacy of
amphetamine in treating attention deficit disorder re-
sults from release of NE, perhaps leading to activation
of central alpha2 adrenergic receptors. Consistent with
this notion, direct alpha2 agonists, such as clonidine
and guanafacine, effectively treat attention deficit dis-
order (Hunt et al., 1986, 1995).

Medications whose primary mechanism of action is
inhibition of NE reuptake (antidepressants) do not pro-
duce amphetamine-like subjective effects. Uptake in-
hibitors activate negative feedback loops which de-
crease cell firing rates via somatodendritic
autoreceptors. This is observed for the dopaminergic,
serotonergic, and noradrenergic systems (Diana et al.,
1991; Moret and Briley, 1997; Mongeau et al., 1998;
Cunningham and Lakoski, 1990). Transporter sub-
strates, however, release neurotransmitter in a nerve-
impulse independent manner and are not subject to
these negative feedback mechanisms. Since the ability
of uptake inhibitors to increase extracellular neuro-
transmitter is nerve impulse-dependent (Hurd and Un-
gerstedt, 1989b), reuptake inhibitors may not elevate
extracellular neurotransmitter to the level achieved by
transporter substrates. This may explain why NE up-
take inhibitors do not produce amphetamine-like sub-
jective effects.

Cocaine blocks the reuptake of NE, DA, and 5-HT
with similar potency (Table V). As reviewed in the

Introduction, a growing body of data suggests that DA
is not the sole mediator of cocaine subjective effects in
humans. Unlike antidepressants, cocaine produces in-
tense amphetamine-like subjective effects. Assuming
for the moment that this is due to increases in extra-
cellular NE, the fundamental difference between co-
caine and antidepressants may be the rate at which
cocaine enters the brain (Balster and Schuster, 1973).
Alternatively, cocaine binding sites not associated with
the biogenic amine transporters might contribute to
cocaine-induced subjective effects (Rothman et al.,
1998b).

Although it is tempting to speculate that stimulant-
induced positive subjective effects in humans are me-
diated by a single neurotransmitter, the more likely
scenario is that multiple neurochemicals and brain

Fig. 4. Correlation of oral doses of stimulants which produce am-
phetamine-like subjective effects with their potency in releasing
[3H]NE (A) and [3H]DA (B).
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regions contribute to the subjective experience de-
scribed as the “high.” The finding that low doses of
selective NE, DA, and 5-HT uptake inhibitors enhance
the cocaine discriminative cue in rats may support this
notion (Cunningham and Callahan, 1991). Clearly, ad-
ditional experiments are indicated to test the “norad-
renergic hypothesis.” In particular, it would be of in-
terest to develop a highly selective NE releaser and
determine its subjective effects in humans. These find-
ings underscore the importance, in developing poten-
tial treatment agents for (1)-METH abuse, of neutral-
izing the effects of (1)-METH on the NE system
(Rothman et al., 2000). These findings emphasize,
moreover, that stimulant-induced reinforcement be-
havior in animals and stimulant-induced positive sub-
jective effects in humans may utilize different neuro-
chemical systems. The possibility that NE contributes
to stimulant-induced positive subjective effects in hu-
mans does not rule out a role for DA in either subjective
effects or stimulant addiction. For example, it is possi-
ble that even if a “high” is mediated mostly by NE, the
intense repetitive drug-taking behavior seen in se-
verely addicted individuals is mediated by mesolimbic
DA. Perhaps most importantly, our data highlight the
importance of considering the actions of cocaine and
stimulants on neuronal systems other than DA, both to
understand their mechanism of action and to develop
effective pharmacotherapeutic medications (Rothman
et al., 1998a; Baumann and Rothman, 1998).

REFERENCES

Akunne HC, Dersch CM, Cadet JL, Baumann MH, Char GU, Partilla
JS, de Costa BR, Rice KC, Carroll FI, Rothman RB. 1994. Studies of
the biogenic amine transporters. III. Demonstration of two binding
sites for [3H]GBR12935 and [3H]BTCP in rat caudate membranes.
J Pharmacol Exp Ther 268:1462–1475.

Angrist B, Rotrosen J, Kleinberg D, Merriam V, Gershon S. 1977.
Dopaminergic agonist properties of ephedrine—theoretical implica-
tions. Psychopharmacology (Berl) 55:115–120.

Ascoli M, Segaloff DL. Adenohypophyseal hormones and their hypo-
thalamic releasing factors. In: Harding JG, Limbird LE, Molinoff
PB, Ruddon RW, Gilman AG, editors. Goodman & Gilman’s the

pharmacological basis of therapeutics. New York: McGraw-Hill;
1996.

Balster RL, Schuster CR. 1973. Fixed-interval schedule of cocaine
reinforcement: effect of dose and infusion duration. J Exp Anal
Behav 20:119–129.

Baumann MH, Rothman RB. 1998. Alterations in serotonergic re-
sponsiveness during cocaine withdrawal in rats: similarities to ma-
jor depression in humans. Biol Psychiatry 44:578–591.

Brauer LH, de Wit H. 1996. Subjective responses to d-amphetamine
alone and after pimozide pretreatment in normal, healthy volun-
teers. Biol Psychiatry 39:26–32.

Brauer LH, de Wit H. 1997. High dose pimozide does not block
amphetamine-induced euphoria in normal volunteers. Pharmacol
Biochem Behav 56:265–272.

Brauer LH, Johanson CE, Schuster CR, Rothman RB, de Wit H. 1996.
Evaluation of phentermine and fenfluramine, alone and in combi-
nation, in normal, healthy volunteers. Neuropsychopharmacology
14:233–241.

Brauer LH, Goudie AJ, de Wit H. 1997. Dopamine ligands and the
stimulus effects of amphetamine: animal models versus human
laboratory data. Psychopharmacology 130:2–13.

Carboni E, Tanda GL, Frau R, Di Chiara G. 1990. Blockade of the
noradrenaline carrier increases extracellular dopamine concentra-
tions in the prefrontal cortex: evidence that dopamine is taken up in
vivo by noradrenergic terminals. J Neurochem 55:1067–1070.

Chait LD. 1994. Factors influencing the reinforcing and subjective
effects of ephedrine in humans. Psychopharmacology (Berl) 113:
381–387.

Cheng Y, Prusoff WH. 1973. Relationship between the inhibition
constant (K1) and the concentration of inhibitor which causes 50
per cent inhibition (I50) of an enzymatic reaction. Biochem Phar-
macol 22:3099–3108.

Coccaro EF, Kavoussi RJ, Cooper TB, Hauger RL. 1996. Hormonal
responses to d- and d,l-fenfluramine in healthy human subjects.
Neuropsychopharmacology 15:595–607.

Cunningham KA, Callahan PM. 1991. Monoamine reuptake inhibi-
tors enhance the discriminative state induced by cocaine in the rat.
Psychopharmacology 104:177–180.

Cunningham KA, Lakoski JM. 1990. The interaction of cocaine with
serotonin dorsal raphe neurons. Single-unit extracellular recording
studies. Neuropsychopharmacology 3:41–50.

Diana M, Pani L, Rossetti Z, Passino N, Gessa GL. 1991. Flunarizine
attenuates cocaine-induced inhibition of A9 dopaminergic neurons.
Pharmacol Res 24:197–203.

Dommisse CS, Schulz SC, Narasimhachari N, Blackard WG, Hamer
RM. 1984. The neuroendocrine and behavioral response to dextro-
amphetamine in normal individuals. Biol Psychiatry 19:1305–1315.

Elia J, Ambrosini PJ, Rapoport JL. 1999. Treatment of attention-
deficit-hyperactivity disorder. N Engl J Med 340:780–788.

Eshleman AJ, Carmolli M, Cumbay M, Martens CR, Neve KA,
Janowsky A. 1999. Characteristics of drug interactions with recom-
binant biogenic amine transporters expressed in the same cell type.
J Pharmacol Exp Ther 289:877–885.

Gouzoulis-Mayfrank E, Thelen B, Habermeyer E, Kunert HJ, Kovar
KA, Lindenblatt H, Hermle L, Spitzer M, Sass H. 1999. Psycho-
pathological, neuroendocrine and autonomic effects of 3,4-methyl-

TABLE VI. Summary of the noradrenergic hypothesis

Drug

Oral dose producing
amphetamine-type
subjective effects

Oral dose producing
sympathomimetic

effects (NE-mediated)
IC50 for NE

release
IC50 for DA

release

Decrease plasma
prolactin? (DA-

mediated)

Amphetamine
Reference 1 34 mg 34 mg No
Reference 2 40 mg 40 mg 7 25 No
Reference 3 30 mg 30 mg No

Phentermine
Reference 4 30 mg 30 mg 39 262 Not reported

Ephedrine
Reference 5 75 mg 75 mg 72 1,350 Not reported
Reference 6 35–50 mg 35–50 mg No

MDMA
Reference 7 120 120 77 376 No

Methamphetamine
Reference 8 15 mg 15 mg Not reported
Reference 9 14 mg 14 mg 28.5 416 No

Data supporting the hypothesis that oral doses of stimulants produce amphetamine-type subjective effects without releasing DA are summarized above. References:
1: Grady et al. (1996); 2: Mas et al. (1999); 3: Dommisse et al. (1984); 4: Brauer et al. (1996); 5: Martin et al. (1971); 6: Angrist et al. (1977); 7: Mas et al. (1999); 8:
Martin et al. (1971); 9: Gouzoulis-Mayfrank et al. (1999).

40 R.B. ROTHMAN ET AL.



enedioxyethylamphetamine (MDE), psilocybin and d-methamphet-
amine in healthy volunteers. Results of an experimental double-
blind placebo-controlled study. Psychopharmacology (Berl) 142:41–
50.

Grady TA, Broocks A, Canter SK, Pigott TA, Dubbert B, Hill JL,
Murphy DL. 1996. Biological and behavioral responses to D-am-
phetamine, alone and in combination with the serotonin3 receptor
antagonist ondansetron, in healthy volunteers. Psychiatry Res 64:
1–10.

Griffith JD, Nutt JG, Jasinski DR. 1975. A comparision of fenflura-
mine and amphetamine in man. Clin Pharmacol Ther 18:563–570.

Griffith JD, Jasinski DR, Pevnick JS. 1976. Chlorphentermine: ab-
sence of amphetamine-like profile in man [Abstract]. Clin Pharma-
col Ther 19:107.

Griffiths RR, Brady JV, Bradford LD. 1979. Predicting the abuse
liability of drugs with animal self-administration procedures: psy-
comotor stimulants and hallucinogens. Adv Behav Pharmacol
2:163–208.

Heishman SJ, Henningfield JE. 1991. Discriminative stimulus effects
of d-amphetamine, methylphenidate, and diazepam in humans.
Psychopharmacology 103:436–442.

Hunt RD, Minderaa RB, Cohen DJ. 1986. The therapeutic effect of
clonidine in attention deficit disorder with hyperactivity: a compar-
ison with placebo and methylphenidate. Psychopharmacol Bull 22:
229–236.

Hunt RD, Arnsten AF, Asbell MD. 1995. An open trial of guanfacine
in the treatment of attention-deficit hyperactivity disorder [see
Comments]. J Am Acad Child Adolesc Psychiatry 34:50–54.

Hurd YL, Ungerstedt U. 1989a. Ca21 dependence of the amphet-
amine, nomifensine, and Lu 19-005 effect on in vivo dopamine
transmission. Eur J Pharmacol 166:261–269.

Hurd YL, Ungerstedt U. 1989b. Ca21 dependence of the amphet-
amine, nomifensine, and Lu 19-005 effect on in vivo dopamine
transmission. Eur J Pharmacol 166:261–269.

Johanson CE, Fischman MW. 1989. The pharmacology of cocaine
related to its abuse. Pharmacol Rev 41:3–52.

Kuhar MJ, Ritz MC, Boja JW. 1991. The dopamine hypothesis of the
reinforcing properties of cocaine. Trends Neurosci 14:299–302.

Malison RT, Wright S, Sanacora G, Potenza M, Mechanic K, Haroon
E, Carpenter L, Pelton G, Self D, Kosten T, Krystal J, Nestler EJ.
1997. Reductions in cocaine-induced craving following the selective
D1 dopamine receptor agonist ABT-431 in human cocaine abusers.
Am Coll Neuropsychopharmacol 208-200 (Abstract).

Martin WR, Sloan JW, Sapira JD, Jasinski DR. 1971. Physiologic,
subjective, and behavioral effects of amphetamine, methamphet-
amine, ephedrine, phenmetrazine, and methylphenidate in man.
Clin Pharmacol Ther 12:245–258.

Mas M, Farre M, de la Torre R, Roset PN, Ortuno J, Segura J, Cami
J. 1999. Cardiovascular and neuroendocrine effects and pharmaco-
kinetics of 3,4-methylenedioxymethamphetamine in humans.
J Pharmacol Exp Ther 290:136–145.

Mongeau R, Weiss M, de Montigny C, Blier P. 1998. Effect of acute,
short- and long-term milnacipran administration on rat locus coer-
uleus noradrenergic and dorsal raphe serotonergic neurons. Neuro-
pharmacology 37:905–918.

Moret C, Briley M. 1997. Effects of milnacipran and pindolol on
extracellular noradrenaline and serotonin levels in guinea pig hy-
pothalamus. J Neurochem 69:815–822.

Ohuoha DC, Maxwell JA, Thomson LE, Cadet JL, Rothman RB. 1997.
Effect of dopamine receptor antagonists on cocaine subjective ef-
fects: a naturalistic case study. J Subst Abuse Treat 14:249–258.

Price LH, Pelton GH, McDougle CJ, Malison RT, Jatlow P, Carpenter
L, Kirwin PD, O’Brien DW, Nadim H, Heninger GR. 1997. Effects of
acute pretreatment with risperidone on responses to cocaine in
cocaine addicts. Am Coll Neuropsychopharmacol 208-200 (Ab-
stract).

Reith MEA, Li MY, Yan QS. 1997. Extracellular dopamine, norepi-
nephrine, and serotonin in the ventral tegmental area and nucleus-
accumbens of freely moving rats during intracerebral dialysis fol-
lowing systemic administration of cocaine and other uptake
blockers. Psychopharmacology 134:309–317.

Ritz MC, Lamb RJ, Goldberg SR, Kuhar MJ. 1987. Cocaine receptors
on dopamine transporters are related to self-administration of co-
caine. Science 237:1219–1223.

Rocha BA, Fumagalli F, Gainetdinov RR, Jones SR, Ator R, Giros B,
Miller GW, Caron MG. 1998. Cocaine self-administration in dopam-
ine-transporter knockout mice. Nat Neurosci 1:132–137.

Rothman RB. 1994. A review of the effects of dopamimetic agents in
humans: implications for medication development. NIDA Res
Monogr 145:67–85.

Rothman RB, Glowa JR. 1995. A review of the effects of dopaminergic
agents on humans, animals and drug seeking behavior, and its
implications for medication development: focus on GBR12909. Mol
Neurobiol 11:1–19.

Rothman RB, Lewis B, Dersch CM, Xu H, Radesca L, de Costa BR,
Rice KC, Kilburn RB, Akunne HC, Pert A. 1993. Identification of a
GBR12935 homolog, LR1111, which is over 4000-fold selective for
the dopamine transporter, relative to serotonin and norepinephrine
transporters. Synapse 14:34–39.

Rothman RB, Cadet JL, Akunne HC, Silverthorn ML, Baumann MH,
Carroll FI, Rice KC, de Costa BR, Partilla JS, Wang JB, Uhl G,
Glowa JR, Dersch CM. 1994. Studies of the biogenic amine trans-
porters. IV. Demonstration of a multiplicity of binding sites in rat
caudate membranes for the cocaine analog [125I]RTI-55. J Pharma-
col Exp Ther 270:296–309.

Rothman RB, Elmer GI, Shippenberg TS, Rea W, Baumann MH.
1998a. Phentermine and fenfluramine: preclinical studies in animal
models of cocaine addiction. Ann NY Acad Sci 844:59–74.

Rothman RB, Silverthorn ML, Glowa JR, Matecka D, Rice KC, Carroll
FI, Partilla JS, Uhl GR, Vandenbergh DJ, Dersch CM. 1998b.
Studies of the biogenic amine transporters. VII. Characterization of
a novel cocaine binding site identified with [125I]RTI-55 in mem-
branes prepared from human, monkey and guinea pig caudate.
Synapse 28:322–338.

Rothman RB, Ayestas MA, Dersch CM, Baumann MH. 1999. Amin-
orex, fenfluramine, and chlorphentermine are serotonin transporter
substrates: implications for primary pulmonary hypertension. Cir-
culation 100:869–875.

Rothman RB, Partilla JS, Baumann MH, Dersch CM, Carroll FI, Rice
KC. 2000. Neurochemical neutralization of methamphetamine with
high affinity nonselective inhibitors of biogenic amine transporters:
a pharmacological strategy for treating stimulant abuse. Synapse
35:222–227.

Rudnick G, Clark J. 1993. From synapse to vesicle: the reuptake and
storage of biogenic amine neurotransmitters [Review]. Biochim Bio-
phys Acta 1144:249–263.

Sannerud CA, Brady JV, Griffiths RR. 1989. Self-injection in baboons
of amphetamines and related designer drugs. NIDA Res Monogr
94:30–42.

Segal DS, Kuczenski R. 1997. An escalating dose “binge” model of
amphetamine psychosis: behavioral and neurochemical character-
istics. J Neurosci 17:2551–2566.

Sora I, Wichems C, Takahashi N, Li XF, Zeng Z, Revay R, Lesch KP,
Murphy DL, Uhl GR. 1998. Cocaine reward models: conditioned
place preference can be established in dopamine- and in serotonin-
transporter knockout mice. Proc Natl Acad Sci USA 95:7699–7704.

Steiger A, Gerken A, Benkert O, Holsboer F. 1993. Differential effects
of the enantiomers R(2) and S(1) oxaprotiline on major endogenous
depression, the sleep EEG and neuroendocrine secretion: studies on
depressed patients and normal controls. Eur Neuropsychopharma-
col 3:117–126.

Villemagne V, Rothman RB, Yokoi F, Rice KC, Matecka D, Clough DJ,
Dannals RF, Wong DF. 1999. Doses of GBR12909 which suppress
cocaine self-administration in non-human primates substantially
occupy DA transporters as measured by [11C]WIN35,428 PET
scans. Synapse 32:44–50.

Vollenweider FX, Gamma A, Liechti M, Huber T. 1998. Psychological
and cardiovascular effects and short-term sequelae of MDMA (“ec-
stasy”) in MDMA-naive healthy volunteers. Neuropsychopharma-
cology 19:241–251.

Wise RA. 1996. Neurobiology of addiction. Curr Opin Neurobiol
6:243–251.

Woolverton WL, Massey BW, Winger G, Patrick GA, Harris LS. 1994.
Evaluation of the abuse liability of aminorex. Drug Alcohol Depend
36:187–192.

Yamamoto BK, Novotney S. 1998. Regulation of extracellular dopa-
mine by the norepinephrine transporter. J Neurochem 71:274–280.

NOREPINEPHRINE AND STIMULANT ADDICTION 41


	INTRODUCTION
	MATERIALS AND METHODS
	TABLE I.

	RESULTS
	TABLE II.
	TABLE III.
	Fig. 1.
	Fig. 2.
	Fig. 3.
	TABLE IV.
	TABLE V.

	DISCUSSION
	Fig. 4.
	TABLE VI.

	REFERENCES

