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1-(

 

m

 

-Chlorophenyl)piperazine (mCPP) 
Dissociates 

 

In Vivo

 

 Serotonin Release from 
Long-Term Serotonin Depletion in Rat Brain

 

Michael H. Baumann, Ph.D., Mario A. Ayestas, B.S., Christina M. Dersch, M.S., 

 

and Richard B. Rothman, M.D., Ph.D.

 

Serotonin (5-HT) releasing agents such as 

 

d

 

-fenfluramine 
are known to cause long-term depletion of forebrain 5-HT
in animals, but the mechanism of this effect is unknown.
In the present study, we examined the relationship
between drug-induced 5-HT release and long-term 5-HT 
depletion in rat brain. The 5-HT-releasing actions of

 

d

 

-fenfluramine and a non-amphetamine 5-HT drug,
1-(

 

m

 

-chlorophenyl)piperazine (mCPP), were compared 
using 

 

in vivo

 

 microdialysis in the nucleus accumbens. The 
ability of 

 

d

 

-fenfluramine and mCPP to interact with 5-HT 
transporters was tested using 

 

in vitro

 

 assays for [

 

3

 

H]5-HT 
uptake and radioligand binding. Local infusion of

 

d

 

-fenfluramine or mCPP (1–100 

 

m

 

M) increased 
extracellular 5-HT, with elevations in dopamine occurring 
at high doses. Intravenous injection of either drug (1–10 

 

m

 

mol/kg) produced dose-related increases in 5-HT without 
affecting dopamine. 

 

d

 

-Fenfluramine and mCPP exhibited 
similar potency in their ability to stimulate 5-HT efflux 

 

in 
vivo

 

 and interact with 5-HT transporters 

 

in vitro

 

. When 
rats received high-dose 

 

d

 

-fenfluramine or mCPP (10 or 30 

 

m

 

mol/kg, i.p., every 2 h, 4 doses), only 

 

d

 

-fenfluramine-
treated rats displayed long-term 5-HT depletions. Thus, 
mCPP is a 5-HT releaser that does not appear to cause
5-HT depletion. Our data support the notion that 5-HT 
release 

 

per se

 

 may not be sufficient to produce the long-
term 5-HT deficits associated with 

 

d

 

-fenfluramine and 
other amphetamines.
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The amphetamine derivatives 

 

d,l-

 

fenfluramine (FEN)
and 

 

d

 

-fenfluramine (dFEN) were widely prescribed ap-
petite suppressants until their removal from the market
due to serious side-effects (Connolly et al. 1997). In lab-
oratory animals, high-dose administration of FEN or

dFEN causes long-term (

 

.

 

 2 weeks) degeneration of se-
rotonin (5-HT) nerve terminals throughout the fore-
brain (reviewed by McCann et al. 1997). Characteristics
of this degeneration include depletion of tissue 5-HT,
decreased 5-HT biosynthesis, and loss of 5-HT trans-
porters (SERTs) (Sanders-Bush et al. 1975; Kleven and
Seiden 1989; Appel et al. 1990; Zaczek et al. 1990). Some
investigators have interpreted the prolonged effects of
FEN and dFEN as evidence for 5-HT neurotoxicity (see
McCann et al. 1994). Thus, even though these drugs are
no longer clinically available, there is still interest in the
potential adverse consequences for patients who have
taken these medications.

The precise mechanism underlying FEN-induced
5-HT neuronal degeneration is unknown. Early 

 

in vitro
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studies showed that acute effects of FEN involve inhibi-
tion of 5-HT reuptake and stimulation of 5-HT release
in nervous tissue (Fuxe et al. 1975; Garattini et al. 1975).
More recently, 

 

in vivo

 

 microdialysis studies in rats have
demonstrated that FEN and dFEN elevate extracellular
5-HT in intact brain (Schwartz et al. 1989; Series et al.
1994). Like other amphetamines, FEN and dFEN release
endogenous 5-HT by a carrier-mediated mechanism in-
volving SERT proteins in cell membranes (Berger et al.
1992; Schuldiner et al. 1993). SERTs play a pivotal role
in the release process because they serve as ‘gateways’
for the flow of drug molecules into the cell in exchange
for 5-HT molecules that flow out (Levi and Raiteri 1993;
Rudnick 1997). Interestingly, 5-HT-selective reuptake
inhibitors (SSRIs) such as fluoxetine are known to pre-
vent acute 5-HT release and long-term 5-HT depletion
produced by FEN administration (Clineschmidt et al.
1978; Steranka and Sanders-Bush 1979; Sabol et al.
1992).

Based on the information discussed above, investiga-
tors have speculated that FEN-induced 5-HT release
might somehow be involved in mediating the long-
term 5-HT deficits seen after high doses of the drug
(Berger et al. 1992; Sabol et al. 1992). For example, there
is evidence that drug-induced release of 5-HT can lead
to the formation of reactive 5-HT metabolites, such as
5,6-dihydroxytryptamine (5,6-DHT), that cause cellular
damage (Commins et al. 1987; Seiden and Sabol 1996).

In the present study, we examined the relationship
between drug-induced 5-HT release and long-term
5-HT depletion in rat brain. First, the acute 5-HT-releas-
ing actions of dFEN and a non-amphetamine drug,
1-(

 

m

 

-chlorophenyl)piperazine (mCPP) (Pettibone and
Williams 1984; Wolf and Kuhn 1991), were examined
using 

 

in vivo

 

 microdialysis in the nucleus accumbens.
mCPP represents a novel pharmacological tool since it
releases 5-HT by a SERT-mediated mechanism but is
structurally unrelated to dFEN (Baumann et al. 1993;
Eriksson et al. 1999). We compared the activities of
dFEN and mCPP at SERT and DA transporter (DAT)
sites using 

 

in vitro

 

 assays for [

 

3

 

H]transmitter uptake
and radioligand binding. Finally, the long-term effects
of dFEN and mCPP were assessed by determination of
brain tissue levels of 5-HT two weeks after a high-dose
drug treatment regimen.

 

MATERIALS AND METHODS

Animals

 

Male Sprague-Dawley rats (Charles River, Wilmington,
MA) weighing 300–400 g were housed in standard con-
ditions (lights on from 0700 to 1900 h) with food and
water freely available. Animals were maintained in fa-
cilities fully accredited by the American Association of
the Accreditation of Laboratory Animal Care (AAA-

LAC), and experiments were performed in accordance
with the Institutional Care and Use Committee of the
National Institute on Drug Abuse (NIDA), Intramural
Research Program (IRP).

 

Drugs and Reagents

 

S(

 

1

 

)-N-ethyl-

 

a

 

-methyl-3-(trifluoromethyl)-benzeneetha-
namine hydrochloride (dFEN, MWt 267.7) was obtained
from the NIDA Drug Supply Program. 1-(

 

m

 

-Chlorophe-
nyl)piperazine dihydrochloride (mCPP, MWt 269.7),
nomifensine and pargyline were purchased from Re-
search Biochemicals Inc. (Natick, MA). Pentobarbital
sodium was obtained from the NIDA IRP Pharmacy
(Baltimore, MD). Methoxyflurane (Metofane) was pur-
chased from Pittman-Moore (Phillipsburg, NJ).

Fluoxetine and paroxetine were generously provided
by John Boja. 1-(2-[bis(4-fluorophenyl)methoxy]ethyl]-
4-[3-phenylpropyl]piperazine dihydrochloride (GBR-
12909) and 1-[2-(diphenylmethoxy)-ethyl]-4-(3-phenyl-
propyl)piperazine dihydrochloride (GBR12935) were
prepared in the Laboratory of Medicinal Chemistry,
National Institute on Digestive and Diabetes and Kid-
ney Diseases. [

 

3

 

H]5-HT and [

 

3

 

H]DA were purchased
from Dupont New England Nuclear (Boston, MA).
[

 

125

 

I]3á-(4-iodophenyl)tropan-2á-carboxylic acid methyl
ester ([

 

125

 

I]RTI-55) was prepared in our laboratory using
unlabeled RTI-55 synthesized by Dr. F. Ivy Carroll at
RTI (Research Triangle Park, NC). Chromatographic re-
agents, buffer salts and other chemicals were obtained
from Sigma Chemical (St. Louis, MO).

 

Surgery and Microdialysis Procedures

 

Rats received sodium pentobarbital (60 mg/kg, i.p.) for
surgical anesthesia. An indwelling jugular catheter
made of Silastic Medical Grade tubing (Dow Corning,
Midland, MI) was implanted (Baumann et al. 1998).
Each rat was placed in a stereotaxic apparatus, and a
plastic intracerebral guide cannula (CMA 12, CMA/Mi-
crodialysis, Acton, MA) was implanted above the nu-
cleus accumbens (ML 

 

6

 

 1.5 mm and AP 

 

1

 

1.6 mm from
bregma, DV 

 

1

 

6.2 mm from dura) according to pub-
lished methods (Baumann et al. 1994). The guide can-
nula was fixed to the skull using stainless steel screws
and dental acrylic. Animals were singly housed postop-
eratively and allowed 7–10 days to recover.

On the evening before an experiment, rats were
moved to the testing room and lightly anesthetized with
Metofane. A microdialysis probe with a 2 

 

3

 

 0.5 mm ex-
change surface (CMA/12, CMA/Microdialysis) was
lowered into the guide cannula, and an extension tube
(PE-50) was attached to the jugular catheter. Each rat
was placed into its own plastic container and connected
to a tethering system that allowed motor activity within
the container. The microdialysis inflow and outflow tub-
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ing, as well as the catheter extension tubing, were con-
nected to a fluid swivel (Instech Laboratories, Inc., Ply-
mouth Meeting, PA). Artificial Ringers’ solution
containing 147.0 mM NaCl, 4.0 mM KCl, 2.0 mM CaCl

 

2

 

was pumped through the probe overnight at 0.5 

 

m

 

l/
min. On the next morning, 10 

 

m

 

l dialysate samples were
collected at 20-min intervals. Samples were immediately
assayed for 5-HT and DA by high pressure-liquid chro-
matography with electrochemical detection (HPLC-EC)
as described below. When three stable baseline samples
were obtained, drug treatments were administered.

 

HPLC-EC Analysis of 5-HT and DA in 
Dialysate Samples

 

Aliquots of the dialysate (5 

 

m

 

l) were injected onto a mi-
crobore HPLC column [3 

 

m

 

m, C18, 100 

 

3

 

 1 mm (SepStik;
Bioanalytical Systems, Inc., West Lafayette, IN)] that
was coupled to an amperometric detector (Model LC-
4C, Bioanalytical Systems, Inc.). A glassy carbon elec-
trode was set at a potential of 

 

1

 

650 mV relative to Ag/
AgCl reference. Mobile phase consisting of 150 mM
monochloroacetic acid, 150 mM NaOH, 2.5 mM sodium
octanesulfonic acid, 250 

 

m

 

M disodium EDTA, with 1 ml
triethylamine, 6% MeOH, 6% CH

 

3

 

CN per liter of water
(final pH 

 

5

 

 5) was pumped (Model 260D, ISCO, Lin-
coln, NE) at a rate of 60 

 

m

 

l/min. Chromatographic data
were acquired on-line and exported to a MAXIMA 820
software system (Waters Associates, Milford, MA) for
peak amplification, integration, and analysis. Standards
of 5-HT and DA were run daily before dialysate sam-
ples, and standard curves were linear over a wide range
of concentrations (1–1000 pg). A monoamine standard
mix containing 5-HT, DA, and their respective acid me-
tabolites was injected before and after the experiment to
insure validity of the constituent retention times. Peak
heights of unknowns were compared to peak heights of
standards and the lower limit of assay sensitivity (3 

 

3

 

baseline noise) was100 fg/5 

 

m

 

l sample.

 

Acute dFEN and mCPP Experiments

 

The effects of local and systemic administration of dFEN
or mCPP were assessed in separate experiments using
drug naive animals. Drugs were diluted immediately be-
fore use, and doses are expressed as the salt. In all cases,
samples were collected at 20 min intervals for 180 min af-
ter the initiation of drug treatments. For the local infusion
experiments, dFEN or mCPP was dissolved in Ringer’s
perfusion medium and administered via the dialysis
probe on an ascending dose schedule (1, 10, & 100 

 

m

 

M) at
60 min intervals. For the systemic experiments, dFEN or
mCPP was dissolved in sterile saline and administered
via the indwelling catheter (i.v.) on an ascending dose
schedule (1, 3, & 10 

 

m

 

mol/kg) at 60-min intervals. The air
temperature of the testing room was 22.0 

 

6

 

 0.4 

 

8

 

C.

 

[

 

3

 

H]5-HT and [

 

3

 

H]DA Uptake Assays

 

The effect of dFEN and mCPP on uptake of [

 

3

 

H]5-HT
and [

 

3

 

H]DA was evaluated using published methods
(Rothman et al. 1993). Rats were euthanized with CO

 

2

 

and decapitated. Brains were removed on ice and syn-
aptosomes were prepared from whole brain minus cer-
ebellum for [

 

3

 

H]5-HT reuptake, or from caudate for
[

 

3

 

H]DA reuptake. Fresh tissue was homogenized in ice-
cold 10% sucrose using a Potter-Elvehjem homogenizer.
Homogenates were centrifuged at 1000g for 10 min at
4

 

8

 

C and supernatants were retained on ice. Polystyrene
tubes (12 

 

3

 

 75 mm) were filled with 50 

 

m

 

l of Krebs-
phosphate buffer consisting of 154 mM NaCl, 2.9 mM
KCl, 1.1 mM CaCl

 

2

 

, 0.8 mM MgCl

 

2

 

, 5 mM glucose at pH
7.4, with 1 mg/ml ascorbic acid and 50 

 

m

 

M pargyline
added (uptake buffer), 750 

 

m

 

l of [

 

3

 

H]transmitter diluted
in uptake buffer, and 100 

 

m

 

l of inhibitor.
The uptake assay was initiated by adding 100 

 

m

 

l of
the synaptosomal preparation to the tubes. Inhibition
curves were generated by incubating [

 

3

 

H]transmitter
with 8–10 concentrations of dFEN or mCPP (1 nM to
100 

 

m

 

M final tube concentration) diluted in uptake
buffer. The 5-HT reuptake experiments were conducted
in the presence of 100 nM nomifensine and 100 nM
GBR12935 to prevent uptake into NE or DA nerve ter-
minals. Nonspecific uptake was measured in the pres-
ence of 10 

 

m

 

M fluoxetine for [

 

3

 

H]5-HT and 1 

 

m

 

M
GBR12909 for [

 

3

 

H]DA. Incubations of 30 min or 15 min
were carried out at 25

 

8

 

C for the reuptake of [

 

3

 

H]5-HT
and [

 

3

 

H]DA, 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, followed by rapid fil-
tration over Whatman GF/B filters and two additional
wash cycles. The tritium retained on the filters was
counted in a beta counter at 45% efficiency after an
overnight extraction into ICN Cytoscint cocktail (ICN
Biomedicals, Inc., Costa Mesa, CA).

 

5-HT and DA Transporter Binding Assays

 

The binding of dFEN and mCPP to SERT and DAT was
determined in rat caudate using the high affinity co-
caine analog [

 

125

 

I]RTI-55 as the radioligand (Boja et al.
1992). Membranes were prepared from rat caudate as
described (Rothman et al. 1994). Rats were euthanized
with CO

 

2

 

 and decapitated. Caudates were dissected
and stored at 

 

2

 

70

 

8

 

C. On the day of the assay, each rat
caudate was placed in 20 ml of ice-cold 55 mM sodium
phosphate buffer at pH 7.4 (binding buffer) and ho-
mogenized with a polytron (Brinkman Instruments,
Westbury, NY) at setting 6 for 20 sec. The homogenate
was centrifuged for 10 min at 30,000g and the pellet was
resuspended in 20 ml of binding buffer. The homoge-
nate was recentrifuged and the pellet was resuspended
in 10 ml of binding buffer.
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A 0.5 ml aliquot was saved for protein determination
and the remaining homogenate was brought to a final
volume of 110 ml (SERT binding) or 220 ml (DAT bind-
ing) with ice-cold binding buffer. Polystyrene tubes (12 3
75 mm) were filled with 100 ml of competing drug, 100
ml of radioligand and 50 ml of blocker. Drugs and block-
ers were dissolved in binding buffer. [125I]RTI-55 (100
pM) was made up in a protease inhibitor cocktail that
contained 1 mg/ml bovine serum albumin in binding
buffer. The protease inhibitor cocktail consisted of chy-
mostatin (25 mg/ml), leupetin (25 mg/ml), EDTA (100
mM), and EGTA (100 mM). The assay was initiated by
the addition of 750 ml membranes to the tubes. The in-
cubation time was 18 h at 48C (equilibrium) in a final
volume of 1 ml.

Competition curves were generated by displacing
[125I]RTI-55 (10 pM final tube concentration) with 8 to 10
concentrations of dFEN or mCPP (1 nM to 100 mM final
tube concentration) in the presence of blockers. Binding
to SERTs was determined in the presence of 100 nM
GBR12935 whereas binding to DATs was determined in
the presence of 50 nM paroxetine. Non-specific binding
was determined in the presence of 10 mM GBR12909.
Brandel cell harvesters (Biomedical Research and De-
velopment, Gaithersburg, MD) were used to filter the
samples over Whatman GF/B filters that were pre-
soaked in wash buffer (ice-cold 10 mM Tris pH 7.4 in
150 mM NaCl) that contained 2% polyethylenimine.
Samples were first diluted in 4 ml of wash buffer, fil-
tered and washed with 5 additional 4 ml aliquots of
wash buffer. The 125I retained on filters was counted in a
gamma counter (Micromedic, Huntsville, AL) at 80%
efficiency.

High-Dose dFEN and mCPP Experiments

Rats were treated with equimolar doses (10 or 30 mmol/
kg, i.p.) of dFEN or mCPP at 2 h intervals for a total of
four injections. Vehicle-treated rats received saline (1
ml/kg, i.p.) on the same schedule. Injections were per-
formed in the animal housing area with ambient tem-
perature of 22.0 6 0.48C. Two weeks after the repeated
dosing regimen, rats were sacrificed by decapitation.
Brains were removed, frozen, sectioned on a cryostat at
2108C, and discrete brain regions were microdissected
as previously described (Baumann et al. 1998). Micro-
punches of frontal cortex, caudate nucleus, and nucleus
accumbens were homogenized in 0.1 N HClO4 and cen-
trifuged. Supernatants were assayed for monoamines
using HPLC-EC while pellets were assayed for protein
(Baumann et al. 1998). Aliquots (20 ml) of the clear su-
pernatant were injected directly onto a C-18 column (5
mm spheres, 250 3 4.6 mm Phase II ODS, BAS, Inc.) that
was coupled to an ESA Coulochem Model 5100A elec-
trochemical detection system (Environmental Sciences
Associates, Bedford, MA, U.S.A.). A continuously recir-

culating mobile phase containing 0.05 M sodium phos-
phate monobasic (final pH 2.75), 250 mM Na2EDTA,
0.025% sodium octane sulfonic acid and 25% methanol
was pumped at a flow rate of 0.7 ml/min. A WISP 710B
automatic injector module (Waters Associates, Milford,
MA) was used to deliver all samples and standards
onto the column. Chromatographic data were directly
exported to a MAXIMA 820 software system (Waters
Associates) for peak amplification, integration and
analysis. Unknown peak heights were compared to
standard peak heights for 5-HT, DA and their associ-
ated metabolites. The lower limit of detection (3 3 base-
line noise) was 10 pg/ 20 ml sample.

Data Analysis

For the microdialysis experiments, the first three sam-
ples collected were considered baseline samples and all
subsequent monoamine measures were expressed as a
percentage of the mean of this baseline. The dialysate
5-HT and DA data were evaluated separately by one-
way ANOVA. Individual ANOVA analyses were run at
each dose of drug to compare the effects of drugs to
preinjection control. The postmortem tissue data were
analyzed by one-way ANOVA to compare drug effects
to saline-injected controls. When significant F-values
were obtained Newman-Keuls’ post-hoc tests were per-
formed, and p , .05 was chosen as the minimum crite-
rion for statistical significance. For the uptake and bind-
ing assays, the data from three experiments were
pooled and fit to the two-parameter logistic equation
for the best-fit estimates of the IC50 and slope factor
(nH) using MLAB-PC (Civilized Software, Bethesda,
MD) as described elsewhere (Rothman et al. 1994).

RESULTS

In Vivo Microdialysis Experiments

Figures 1 and 2 show the effects of local infusion of
dFEN (Figure 1) and mCPP (Figure 2) on extracellular
5-HTand DA in rat nucleus accumbens. Local dFEN ad-
ministration caused significant elevations in dialysate
5-HT after 1 mM (F[5,30] 5 9.04, p , .0001), 10 mM
(F[5,30] 5 11.91, p , .0001), and 100 mM doses (F[5,30] 5
14.10, p , .0001). In contrast, dFEN increased DA only
after the highest dose (F[5,30] 5 7.39, p , .001). Local
mCPP caused significant elevations in dialysate 5-HT af-
ter 1 mM (F[5,30] 5 10.88, p , .0001), 10 mM (F[5,30] 5
17.21, p , .0001), and 100 mM doses (F[5,30] 5 17.18, p ,
.0001), and this effect was clearly dose-related. mCPP
produced a significant rise in DA at 10 mM (F[5,30] 5
4.21, p , .01) and 100 mm (F[5,30] 5 6.16, p , .001), but
the magnitude of mCPP-evoked DA increase was al-
ways less than the corresponding 5-HT increase ob-
served at a given dose.
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Figures 3 and 4 depict the effects of i.v. injection of
dFEN (Figure 3) or mCPP (Figure 4) on extracellular 5-HT
and DA in the accumbens. Systemic dFEN caused sig-
nificant elevations in dialysate 5-HT after 1 mmol/kg
(F[5,24] 5 13.28, p , .0001), 3 mmol/kg (F[5,24] 5 22.30,

p , .0001), and 10 mmol/kg doses (F[5,24] 5 13.77, p ,
.0001). mCPP also significantly increased 5-HT at 1 mmol/
kg (F[5,24] 5 6.51, p , .001), 3 mmol/kg (F[5,24] 5 20.11,
p , .0001), and 10 mmol/kg (F[5,24] 5 14.37, p , .0001). It
is noteworthy that dFEN and mCPP displayed similar po-

Figure 1. Effect of local infusion of dFEN on extracellular
5-HT and DA in the nucleus accumbens of awake rats. dFEN
was infused via reverse dialysis on an ascending dose
schedule with 1, 10, and 100 mM administered at time zero,
60, and 120 min, respectively. Data are mean 6 SEM
expressed as percent preinjection baseline for n 5 6 rats/
group. Baseline values for 5-HT and DA were 0.66 6 0.22
nM and 1.54 6 0.40 nM. *p , .05, with respect to preinjection
control.

Figure 2. Effect of local infusion of mCPP on extracellular
5-HT and DA in the nucleus accumbens of awake rats.
mCPP was infused via reverse dialysis on an ascending dose
schedule with 1, 10, and 100 mM administered at time zero,
60, and 120 min, respectively. Data are mean 6 SEM
expressed as percent preinjection baseline for n 5 6 rats/
group. Baseline values for 5-HT and DA were 0.46 6 0.04
nM and 2.11 6 0.51 nM. *p , .05, with respect to preinjection
control.

Figure 3. Effect of i.v. injection of dFEN on extracellular
5-HT and DA in the nucleus accumbens of awake rats. dFEN
was injected via jugular catheter on an ascending dose
schedule with 1, 3, and 10 mmol/kg administered at time
zero, 60, and 120 min, respectively. Data are mean 6 SEM
expressed as percent preinjection baseline for n 5 5 rats/
group. Baseline values for 5-HT and DA were 0.42 6 0.07
nM and 2.90 6 0.55 nM. *p , .05, with respect to preinjection
control.

Figure 4. Effect of i.v. injection of mCPP on extracellular
5-HT and DA in the nucleus accumbens of awake rats.
mCPP was injected via jugular catheter on an ascending
dose schedule with 1, 3, and 10 mmol/kg administered at
time zero, 60, and 120 min, respectively. Data are mean 6
SEM expressed as percent preinjection baseline for n 5 5
rats/group. Baseline values for 5-HT and DA were 0.37 6
0.05 nM and 2.43 6 0.39 nM. *p , .05, with respect to prein-
jection control.
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tency and efficacy in their ability to elevate dialysate 5-HT
via the i.v. route. Furthermore, extracellular DA levels
were not altered by either drug at any dose tested.

In Vitro Test Assays

The results from in vitro test assays measuring the activ-
ity of dFEN and mCPP at SERT and DAT are summa-
rized in Table 1. dFEN and mCPP were potent inhibi-
tors of [3H]5-HT uptake, with IC50 values of 0.17 6 0.02
mM and 0.14 6 0.01 mM , respectively. Both drugs were
much less potent at inhibiting [3H]DA uptake. In the
[125I]RTI-55 ligand binding assay, mCPP was nearly 20-
times more potent at SERT sites (IC50 5 0.61 6 0.03
mM) when compared to dFEN (IC50 5 12.16 6 0.78
mM), whereas both drugs were very weak at DAT sites.

High-Dose Administration Experiment

Figures 5 and 6 show the effects of dFEN (Figure 5) and
mCPP (Figure 6) on long-term depletion of 5-HT and
5-HIAA in rat brain regions. Repeated doses of dFEN
caused significant depletions of tissue 5-HT in the frontal
cortex (F[2,11] 5 8.7, p , .005), caudate nucleus (F[2,11] 5
14.50, p , .001), and nucleus accumbens (F[2,11] 5 8.28, p
, .01). Levels of 5-HIAA were similarly diminished after
dFEN. Post-hoc evaluations revealed that the effects of
dFEN were significant with respect to saline control at
the 10 and 30 mmol/kg doses. Interestingly, repeated
doses of mCPP had no significant effect on tissue levels
of 5-HT or 5-HIAA at either dose tested.

DISCUSSION

The purpose of the present study was to examine the
involvement of 5-HT release in the mechanism of drug-
induced 5-HT depletion. To achieve this aim, we com-

pared presynaptic effects of the 5-HT releaser dFEN
(McTavish and Heel 1992) and the structurally unre-
lated 5-HT agonist mCPP (Kahn and Wetzler 1991).
Substantial evidence indicates that mCPP, analogous to
dFEN, releases neuronal 5-HT by a non-exocytotic car-
rier-mediated process (Pettibone and Williams 1984;
Wolf and Kuhn 1991). The present in vivo microdialysis
data support this notion by showing mCPP and dFEN
are nearly equipotent in their ability to elevate extracel-
lular 5-HT in rat nucleus accumbens. Our in vitro results
confirm the importance of SERTs in mediating the

Table 1. Inhibitory Potency of dFEN and mCPP in Assays of 
Monoamine Uptake and transporter binding in Rat Brain 
Tissue.

SITE

dFEN mCPP

IC50, mM nH IC50, mM nH

[3H]5-HT uptake 0.17 6 0.01 1.01 0.14 6 0.01 0.95
[3H]DA uptake 21.82 6 1.47 1.27 8.28 6 0.11 1.15
[125I]RTI-55-labeled SERT 12.16 6 0.78 1.09 0.61 6 0.03 0.90
[125I]RTI-55-labeled DAT 70.01 6 2.34 1.18 11.66 6 0.37 0.95

Values are mean 6 SD expressed as IC50 values with slope factors (nH)
determined from three independent experiments each performed in trip-
licate. Uptake assays were performed in synaptosomes prepared from
whole rat brain minus cerebellum for [3H]5-HT, and rat caudate for
[3H]DA. Binding assays used [125I]RTI-55 to label SERT and DAT sites in
rat caudate membranes. SERT binding was conducted in the presence of
100 nM GBR12935 whereas DAT binding was conducted in the presence
of 50 nM paroxetine. See Materials and Methods for details

Figure 5. Effects of high-dose dFEN or saline on postmor-
tem tissue levels of 5-HT and 5-HIAA in cingulate cortex,
nucleus accumbens, and caudate nucleus. dFEN was admin-
istered i.p. at 10 or 30 mmol/kg, every 2 h, for four doses.
Rats were killed two weeks after the dosing regimen. Data
are mean 6 SEM expressed as ng/mg protein for n 5 4–6
rats/group. *p , .05 compared to saline-treated group.

Figure 6. Effects of high-dose mCPP or saline on postmor-
tem tissue levels of 5-HT and 5-HIAA in cingulate cortex ,
nucleus accumbens, and caudate nucleus. mCPP was
administered i.p. at 10 or 30 mmol/kg, every 2 h, for four
doses. Rats were killed two weeks after the dosing regimen.
Data are mean 6 SEM expressed as ng/mg protein for n 5
4–6 rats/group.
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5-HT-releasing properties of mCPP (Baumann et al.
1993; Eriksson et al. 1999). Most importantly, adminis-
tration of high-dose mCPP has no long-term effects on
forebrain 5-HT levels whereas equivalent doses of
dFEN cause dramatic 5-HT depletions. Thus, mCPP re-
veals a clear dissociation between acute 5-HT release
and long-term 5-HT depletion.

The simplest interpretation of the data is that 5-HT
release per se may not be sufficient to produce long-
term 5-HT deficits associated with FEN and dFEN. This
hypothesis relies on the assumption that mCPP, FEN,
and dFEN evoke acute 5-HT release by the same mech-
anism. Historically, it has been difficult to distinguish
between 5-HT releasers (i.e., dFEN) and SSRIs (i.e., flu-
oxetine) in vivo because both types of drugs increase ex-
tracellular 5-HT via transporter-dependent mecha-
nisms (see Fuller et al. 1988). Gundlah et al. (1997) have
recently addressed this problem by establishing criteria
that can differentiate 5-HT releasers from SSRIs in vivo.
Their criteria dictate that elevations of extracellular
5-HT evoked by releasers must be: 1) large in magni-
tude with rapid onset and decay; 2) insensitive to so-
dium channel blockers such as tetrodotoxin; and 3) pre-
vented by pretreatment with SSRIs. As summarized in
Table 2, mCPP displays all of the properties of a sub-
strate-type 5-HT releaser similar to FEN and dFEN.

Our findings with mCPP agree with previous stud-
ies showing drug-induced 5-HT release can be dissoci-
ated from long-term 5-HT depletion. Nearly a decade
ago, Nichols et al. (Nichols et al. 1990; Johnson et al.
1990, 1991) described the synthesis and pharmacologi-
cal characterization of several ‘non-neurotoxic’ analogs
of p-chloroamphetamine (PCA) and methylene-
dioxymethamphetamine (MDMA). PCA and MDMA
are known to produce long-lasting depletions of fore-
brain 5-HT in animals, similar to dFEN. The Nichols
group identified analogs of PCA and MDMA that are

potent and selective 5-HT releasers in vitro but do not
cause 5-HT depletion in vivo. More recently, Cozzi et al.
(1998) demonstrated that an indan analog of FEN ex-
hibits properties of a 5-HT releaser with reduced neuro-
toxic potential. One caveat regarding the above-men-
tioned studies is that few non-neurotoxic amphetamine
analogs have been tested using methods like microdial-
ysis or voltammetry to ascertain their 5-HT releasing
capability in vivo. Nonetheless, the present results cou-
pled with prior findings suggest that 5-HT release is
separable from 5-HT depletion.

On the other hand, our results with mCPP do not fit
well with the ‘free radical’ hypothesis often used to ex-
plain the toxic effects of amphetamines (Seiden and
Sabol 1996; Cadet and Brannock 1998). In this scenario,
endogenous 5-HT and DA serve as substrates for the
formation of toxic metabolites, such as 5,6-DHT and
6-hydroxydopamine, that generate free radicals and
cause cellular damage. Commins et al. (1987) showed
that high-dose methamphetamine (100 mg/kg, s.c.)
causes the formation of 5,6-DHT in rat brain, but this
finding has not been replicated (see Yang et al. 1997).
More recently, Dryhurst and coworkers (Jiang et al.
1999; Wrona and Dryhurst 1998) have identified a
number of toxic 5-HT metabolites, in addition to 5,6-
DHT, but the in vivo synthesis of these metabolites has
not been demonstrated. Because no studies have as-
sessed the formation of toxic 5-HT metabolites after in-
jection of FEN or dFEN, this issue remains unresolved.

The present in vitro data provide clues about the mo-
lecular mechanism of action of dFEN and mCPP. Both
drugs are potent inhibitors of [3H]5-HT uptake, with
less potent effects on [3H]DA uptake. Our results agree
with those of others (Wolf and Kuhn 1991) and show
the selectivity of dFEN and mCPP for SERT sites rela-
tive to DAT sites. Interestingly, mCPP is much more
potent than dFEN at inhibiting binding to rat SERTs la-

Table 2. Presynaptic Serotonergic Effects of FEN, dFEN, and mCPP in Rat Brain

Effect FEN and dFEN mCPP

5-HT release in vitro Yes 
(Fuxe et al. 1975; 

Garattini et al. 1975; 
Berger et al. 1992)

Yes 
(Pettibone and Williams 1984; 

Wolf and Kuhn 1991)

Large but transient elevations 
of extracellular 5-HT in vivo

Yes
(present study; 

Schwartz et al. 1989; 
Series et al. 1994)

Yes
(present study; 

Baumann et al. 1993; 
Eriksson et al. 1999)

Tetrodotoxin-insensitive 
elevations of extracellular
5-HT in vivo

Yes
(Carboni and DiChiara 1989)

Yes
(Eriksson et al. 1999)

SSRI-reversible elevations of 
extracellular 5-HT in vivo

Yes 
(Sabol et al. 1992; 

Gundlah et al. 1997)

Yes 
(Baumann et al. 1993; Eriksson 

et al. 1999)

FEN, dFEN, and mCPP release endogenous 5-HT from neurons by a similar mechanism involving SERTs.
FEN and dFEN cause long-term depletion of tissue 5-HT in the brain whereas mCPP does not.
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beled with the cocaine congener [125I]RTI-55. These re-
sults confirm previous observations in human brain
(Baumann et al. 1995) and suggest that dFEN and
mCPP possess subtle differences in their mode of action
at SERTs. The significance of this finding, however, is
presently unknown.

An important consideration when comparing effects
of dFEN and mCPP is the direct 5-HT receptor activity
of mCPP. Indeed, mCPP is a well-established 5-HT re-
ceptor agonist with appreciable affinity (z10–1000 nM)
for multiple receptor subtypes including, 5-HT1A,1B,1D,

5-HT2A,2B,2C, and 5-HT3 sites (Schoeffter et al. 1989;
Owens et al. 1997; Porter et al. 1998). The affinity of
mCPP for [125I]RTI-55-labeled SERT sites reported here
and elsewhere (Baumann et al. 1995) is comparable to
the affinity of the drug for various 5-HT and non-5-HT
receptors subtypes (see Owens et al. 1997). dFEN, in
contrast to mCPP, is not usually considered a 5-HT re-
ceptor agonist (McTavish and Heel 1992). Given these
findings, it seems feasible that receptor-mediated ef-
fects of mCPP might protect against long-term 5-HT de-
pletions produced by the 5-HT-releasing action of the
drug. To this end, 5-HT2 receptor antagonists are
known to block the 5-HT neurotoxicity associated with
high-dose MDMA (Schmidt et al. 1990, 1991). While
mCPP is often viewed as a full agonist at 5-HT recep-
tors, the drug is actually a low-efficacy partial agonist at
5-HT2A and 5-HT2B receptor sites expressed in vitro
(Porter et al. 1998; Rothman et al. 2000). To our knowl-
edge, no studies have examined the role of 5-HT2 recep-
tors in mediating dFEN-induced 5-HT depletions, and
this topic warrants investigation.

As noted in the Introduction, fluoxetine pretreat-
ment prevents 5-HT depletion associated with high-
dose FEN administration (Clineschmidt et al. 1978; Ster-
anka and Sanders-Bush 1979). This neuroprotective ef-
fect involves binding of fluoxetine to SERTs and could
occur by at least two mechanisms: 1) blockade of FEN-
induced 5-HT release; and 2) blockade of FEN accumu-
lation into nerve terminals. Based on our findings with
mCPP and the literature discussed above, the second
possibility seems most plausible. We propose that long-
term 5-HT deficits produced by FEN and dFEN are re-
lated to SERT-mediated accumulation of drug mole-
cules into 5-HT nerve terminals. Garattini et al. (1989)
demonstrated that [3H]dFEN is accumulated into 5-HT
nerve terminals by a fluoxetine-reversible mechanism.
Moreover, Bengel et al. (1998) recently found that dFEN
itself is cytotoxic to human placental cells expressing
SERTs. The reason why mCPP does not cause 5-HT de-
pletions is unknown, but may be related to the presence
of a piperazine ring in this molecule (see Nichols 1994).

A final issue complicating the present data is the po-
tential differences in the distribution, kinetics, and me-
tabolism of dFEN and mCPP. For instance, it is well es-
tablished that systemically administered dFEN is

converted to the long-lasting metabolite, d-norfenflu-
ramine (dNORFEN) in vivo (McTavish and Heel 1992).
dNORFEN is a potent 5-HT releaser and a 5-HT neuro-
toxin analogous to the parent compound (Johnson and
Nichols 1990). Additionally, emerging evidence shows
that dNORFEN displays high-affinity agonist binding
at 5-HT2B and 5-HT2C receptors while acting as a weak
partial agonist at 5-HT2A receptors (Porter et al. 1998;
Rothman et al. 2000). We are not aware of any long-last-
ing or toxic metabolites of mCPP, but the limited infor-
mation available suggests similarities in the biodistri-
bution of mCPP and dFEN. After acute administration
to rats, both drugs are rapidly concentrated in the brain
with brain-to-plasma ratios exceeding ten (Fuller et al.
1981; Caccia et al. 1992). High doses of mCPP and dFEN
similar to those used in our 5-HT depletion study (i.e.,
10–30 mmol/kg) yield comparable levels of drug in the
brain, with concentrations ranging from 30 to 100 mM
(Ulrichsen et al. 1992; Clausing et al. 1998).

In summary, we have shown that mCPP and dFEN
cause similar elevations in extracellular 5-HT in intact
brain. Our data support the view that both drugs stimu-
late 5-HT release by a SERT-dependent mechanism, yet
high-dose mCPP does not cause long-term depletion of
forebrain 5-HT. Thus, mCPP dissociates acute 5-HT re-
lease from long-term 5-HT depletion. Collectively, the
results suggest that 5-HT release alone may not be suffi-
cient to mediate the long-term 5-HT deficits associated
with FEN and dFEN. We propose that deleterious ef-
fects of FEN and dFEN are due to accumulation of drug
molecules into 5-HT nerve terminals and the subse-
quent cytotoxic effects of these drugs or their metabo-
lites. SERTs play a major role in this process by allow-
ing drugs to accumulate to high concentrations within
cells. The validity of this hypothesis and its relevance to
other adverse effects of FEN and dFEN in non-neural
tissues (i.e., cardiac valvulopathy and pulmonary hy-
pertension) remains to be determined (Rothman et al.
1999).
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