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Increased dopamine uptake in striatal synaptosomes after
treatment of rats with amantadine
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Abstract

The aim of the present study was to investigate the effect of short- and long-term treatments with amantadine on the activity of the
Ž . w3 xneuronal dopamine transporter DAT in the rat striatum. For this purpose, the H dopamine uptake was measured in striatal

Ž .synaptosomes prepared from rats treated for 2, 7 and 14 days with amantadine 40 mgrkg; i.p. . After 7 days of treatment, amantadine
increased the apparent V by 30% without modification of the apparent K of dopamine uptake whereas no change in these parametersmax m

w3 xwas observed after 2 and 14 days treatment. Binding assays conducted with H GBR-12935 on membranes prepared from animals treated
with amantadine revealed no difference in the density and the affinity of striatal DAT binding sites as compared to control. This indicates
that the increased dopamine uptake was not reflecting a modification at the level of the DAT expression. The activity of the DAT is
regulated by phosphorylation and one may propose that ionotropic glutamate receptors present on presynaptic terminals directly modulate
this phosphorylation. An indirect mechanism would involve presynaptic dopamine receptors that control the activity of the DAT in
response to the increased dopamine concentration in the synaptic cleft. q 2000 Elsevier Science B.V. All rights reserved.

Keywords: Glutamate; Dopamine uptake; Parkinson’s disease; NMDA receptor

1. Introduction

Amantadine which belongs to the adamantanamine
group of compounds was found to act as a non-competitive
antagonist at the NMDA receptor complex through binding

Ž .at the phencyclidine PCP binding site inside the
Žreceptor-associated ion-channel Kornhuber et al., 1994;

.Danysz et al., 1994 . It is usually proposed that through
this antagonism of glutamatergic inhibitory inputs on
presynaptic dopaminergic neurons, amantadine enhances

Žthe dopaminergic neurotransmission Quirion and Pert,
.1982; Takahashi et al., 1996 .

Although its pharmacological properties are similar to
that of MK-801, the most thoroughly investigated non-
competitive NMDA receptor antagonist, amantadine is
generally well tolerated and largely devoid of psycho-

Žmimetic effects Porter and Greenamyre, 1995; Kornhu-
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.ber and Weller, 1997 . Hence, amantadine has been used
clinically for the treatment of Parkinson’s disease for more

Ž .than a decade Schwab et al., 1969; Lang and Blair, 1989 .
While the effect of amantadine on dopamine release

Ž .Farnebo et al., 1971; Heimans et al., 1972 and synthesis
Ž .Scatton et al., 1970; Fisher et al., 1998 have been clearly
demonstrated, its mechanism of action through the neu-

Ž .ronal dopamine transporter DAT activity is still unclear.
Many in vitro studies have shown that the doses required
to directly affect the dopamine uptake were higher than

Žthose used clinically Baldessarini et al., 1972; Heikkila
.and Cohen, 1972; Brown and Redfern, 1976 . On the basis

of the primary role of DAT in controlling the intensity and
duration of the synaptic response by regulating the concen-
tration and availability of dopamine to downstream recep-

Ž .tors Giros et al., 1996 it appears important to clarify the
effect of amantadine on the dopamine uptake system.

For this purpose, we have investigated the effect of
short- and long-term amantadine treatments on the DAT

w3 xactivity by measuring H dopamine uptake in striatal
synaptosomes prepared from rats treated with this drug. In
parallel, the effect of such treatment on the DAT expres-
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w3 xsion was studied by measuring the binding of H GBR-
12935, a specific dopamine uptake inhibitor.

2. Materials and methods

2.1. Chemicals

The chemicals were purchased from the following
w 3 x Ž .sources: 7,8- H dopamine spec. act. 47 Cirmmol from

Ž .Amersham Pharmacia Biotech Belgium Gent, Belgium ,
Ž .dopamine hydrochloride Dynatra 200 from Sintesa

Ž . w3 xProdesfarma group Belgium , H GBR-12935 hydrochlo-
Ž . Ž .ride spec. act. 53.5 Cirmmol from NEN Belgium ,

Žamantadine hydrochloride from Sigma-Aldrich St. Louis,
.MO, USA , nomifensine maleate from Research Biochem-

Ž .icals International Natick, MA, USA , 1,4-dithiotreitol
and bovine serum albumin from ICN Biochemicals
Ž .Germany . All other chemicals were of the purest quality

Žavailable and were purchased from Merck Eurolab Bel-
.gium .

2.2. Animals and treatment

Male Wistar rats, weighing 250–300 g were acclima-
Ž .tised at constant temperature 23"18C and relative hu-

Ž .midity 45"5% for at least 1 week on a 12-h light, 12-h
dark cycle with access ad libitum to both food and water.

The animals were injected once daily with either vehi-
Ž . Ž .cle NaCl 0.9% or amantadine 40 mgrkg; i.p. for 2, 7

and 14 days. After 24-h washout period the rats were
sacrificed by decapitation. Brains were rapidly removed
and the striata dissected on an ice-cooled dish according to

Ž .Glowinski and Iversen 1966 . Striata were weighed and
used to prepare synaptosomes or striatal membranes.

Experimental protocols were approved by the local
ethical committee and meet the guidelines of the responsi-

Žble governmental agency Administration de la Sante Ani-´
male et de la Qualite des Produits Animaux, Services´

.Veterinaires du Ministere, Brussels .´ ´ `

2.3. Preparation of striatal synaptosomes

Synaptosomes were prepared as previously described by
Ž .Bonnet and Costentin 1989 , with minor modifications.

Striatum were homogenised in 20 vol. of 0.32 M sucrose
using 10 up-and-down strokes of a prechilled Teflon-glass
homogenizer. The homogenates were then centrifuged at
1,000=g for 10 min at 48C to give a nuclear pellet.
Supernatants were stored at 48C and the pellet was resus-
pended in 20 vol. of 0.32 M sucrose and centrifuged for 10
min at 1,000=g. The two supernatants were then pooled
and centrifuged at 17,500=g for 30 min at 48C, after
which the supernatant was discarded and the final pellet

Žresuspended in ice-cold Krebs–Ringer buffer 120 mM
NaCl, 4.8 mM KCl, 1.3 mM CaCl , 1.2 mM MgSO , 1.22 4

.mM KH PO , 25 mM NaHCO , 6 mM glucose, pH 7.6 .2 4 3

2.4. Preparation of striatal membranes

The striata were dissected out on ice and immediately
homogenised, using a Teflon-glass homogenizer, in 50

Ž .volumes of ice-cold 50 mM Tris–HCl pH 7.4 . The
homogenate was centrifuged at 600=g for 10 min at 48C,
and the supernatant obtained was centrifuged for 10 min at
49,000=g. The membranes were washed, resuspended in

Ž .100 vol. of ice-cold 50 mM Tris–HCl buffer pH 7.4 and
centrifuged for 10 min at 49,000=g twice. The mem-
branes were resuspended in 20 volumes of ice-cold buffer

Ž .containing 50 mM Tris–HCl pH 7.4 , 1 mM EDTA, 5
mM MgCl , and 150 mM NaCl.2

2.5. Measurement of dopamine uptake

Žw3 xDopamine uptake was assayed using tritiated H
.dopamine, 10 nM and non-radiolabelled dopamine to

obtain final concentrations in the 25–500 nM range.
Ž .Synaptosomes from 3 mg of original tissue were incu-

bated in 1 ml of Krebs–Ringer buffer with dopamine for 2
min at 378C. Non-specific dopamine uptake was measured

Žin the presence of 10 mM nomifensine dopamine uptake
.inhibitor . Dopamine uptake was stopped by addition of 3

ml ice-cold Krebs–Ringer buffer. The suspension was
immediately filtered under vacuum through Whatman
GFrC filters. Vials and filters were washed twice with 3
ml of ice-cold Krebs–Ringer buffer. The filters were placed

Žin scintillation vials containing 5 ml of Aqualuma Lumac,
.Groningen, Netherlands before being stored at room tem-

perature overnight. Radioactivity was determined by liquid
w3 xscintillation spectrometry. Specific H dopamine uptake,

defined as the difference between dopamine accumulated
at 378C in the presence and absence of nomifensine, was
expressed as pmolrmg proteinrmin.

Protein content was measured by the method of Peter-
Ž .son 1977 using bovine serum albumin as standard.

[3 ]2.6. H GBR-12935 binding assay

This binding experiment was performed at 228C in
plastic tubes containing 20 mg protein resuspended in a
final volume of 1 ml binding buffer containing 50 mM

Ž .Tris–HCl pH 7.4 , 1 mM EDTA, 5 mM MgCl , 150 mM2

NaCl, 1 mM dithiotreitol, 0.1% sodium metabisulfite and
0.1% bovine serum albumin. This binding was initiated by

w3 xthe addition of H GBR-12935 over a concentration range
of 0.1 to 6 nM. Non-specific binding was measured in the
presence of 10 mM nomifensine. Incubation was per-
formed for 30 min and terminated by addition of 3 ml

Ž Ž .ice-cold washing buffer 50 mM Tris–HCl pH 7.4 , 1 mM
.EDTA, 5 mM MgCl , 150 mM NaCl . The suspension2

was immediately filtered under vacuum through Whatman
GFrB filters previously soaked for 1 h in 0.5% polyeth-
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yleneimine. Vials and filters were washed rapidly twice
with 3 ml of ice-cold washing buffer. The filters were
placed in scintillation vials containing 5 ml of Aqualuma
Ž .Lumac, Groningen, Netherlands before being stored at
room temperature overnight. Radioactivity was determined
by liquid scintillation spectrometry.

2.7. Data analysis

w3 xData from the dopamine uptake and H GBR-12935
binding experiments were analysed by non-linear regres-
sion using the curve fitting program GraphPad Prismw

Ž .GraphPad Software, San Diego, CA, USA . Statistical
analysis of the data was performed using SPSSw software
Ž . w3 xSystat, Chicago . Values of DA uptake and H GBR
12935 binding in vehicle- and amantadine-treated rats

Ž .were compared using either paired t-test saturation curves
Ž .or one-way analysis of variance ANOVA followed by

Scheffe’s test for multiple comparisons between all sets of´
Ž .data V and K ; B and K . The mean differencemax m max d

was considered for P-0.05.

3. Results

3.1. Dopamine uptake

The uptake of increasing dopamine concentrations was
measured on rat striatal synaptosomes prepared from

Ž .amantadine- and vehicle-treated animals Fig. 1 . After 7

Fig. 1. Effect of a 7-day treatment with amantadine on dopamine uptake
in rat striatal synaptosomes. Synaptosomes were incubated for 2 min at
378C with dopamine over a concentration range of 25–500 nM as
described in materials and methods. Results are expressed as the specific
dopamine uptake and are the mean"S.E.M. of four experiments per-
formed in duplicate. Saturation curves corresponding to the amantadine-
treated rats were found significantly different from controls: ) P -0.05;
) ) Ž .P -0.005 paired t-test . Inset: Eadie–Hofstee analysis of the specific
dopamine uptake.

Table 1
Kinetic parameters of dopamine uptake in rat striatal synaptosomes after
chronic amantadine treatment

Ž . Ž .V pmolrmg proteinrmin K mMmax m

Control Treated Control Treated

2 days 48.53"3.61 46.39"3.97 0.111"0.002 0.103"0.005
a,b7 days 51.12"2.36 67.30"2.70 0.160"0.018 0.179"0.017

14 days 45.84"6.83 41.14"4.63 0.161"0.033 0.114"0.030

Apparent V and K values were determined from saturation curves ofmax m

dopamine uptake as shown in Fig. 1, by non-linear regression. The values
of V expressed as pmolrmg proteinrmin and K as mM are themax m

mean"S.E.M. of four experiments performed in duplicate. The kinetic
parameters measured in rat striatal synaptosomes from amantadine- and
vehicle-treated rats were compared using a one-way analysis of variance
Ž .ANOVA followed by Scheffe’s test.´

aP -0.05 to 2 days treatment.
bP -0.05 to 14 days treatment.

days of treatment, saturation curves corresponding to
amantadine-treated rats were found to be significantly

Ždifferent from controls P-0.05 for 25 to 250 nM and
.P-0.005 for 350 to 500 nM . Whereas the apparent

affinity constant K was not significantly affected by them

treatment with amantadine, the apparent maximal velocity
V was significantly increased by 30% as compared tomax

Ž .the control value Table 1 . In contrast, no difference in
these kinetic parameters was observed after 2 and 14 days

Ž .of amantadine treatment Table 1 .

[3 ]3.2. H GBR-12935 binding

The density of DAT was determined on rat striatal
membranes using the potent and selective dopamine up-

w3 xtake inhibitor H GBR-12935. Saturation curves obtained
on membranes vehicle-treated animals revealed K andd

B values in accordance to previous reports from themax
Ž .literature e.g. Janowsky et al., 1986 . As shown in Table

2, none of the treatment with amantadine was found to
w3 xaffect the K and B values of the H GBR-12935d max

binding.

Table 2
w3 xPharmacological parameters of H GBR-12935 binding to rat striatal

membranes after chronic amantadine treatment

Ž . Ž .B pmolrmg protein K nMmax d

Control Treated Control Treated

2 days 5.50"0.35 5.34"0.50 2.19"0.46 2.56"0.26
7 days 6.00"0.49 5.31"0.25 2.92"0.35 2.91"0.27
14 days 5.44"0.43 5.60"0.81 2.45"0.16 3.03"0.46

As described in materials and methods, data obtained from saturation
w3 xcurve of H GBR-12935 specific binding in rat striatal membranes were

analysed by non-linear regression. Maximal binding capacity Bmax
Ž . Ž .pmolrmg protein and the affinity constant K nM are the mean"d

S.E.M. of four experiments performed in duplicate. The statistical analy-
sis using a one-way analysis of variance ANOVA followed by Scheffe’s´
test revealed no significant change between amantadine- and vehicle-
treated rats.
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4. Discussion

The aim of this study was to investigate the effect of
short- and long-term amantadine treatments on the activity
of the DAT. Our results showed that a treatment with
amantadine for 7 days increased the apparent maximal
velocity of DAT by 30% without modification of the
apparent affinity. In contrast, no change in the density of
striatal DAT was observed, indicating that the increased
DAT activity did not result from a modification of its
expression.

In many studies, it has been suggested that the dopamine
release induced by an acute amantadine treatment was the
result of NMDA channel blocking properties of this drug
ŽQuirion and Pert, 1982; Mizoguchi et al., 1994; Takahashi

.et al., 1996 . Through this mechanism, amantadine could
antagonize the glutamatergic inhibitory inputs on striatal
dopaminergic neurons. The enhancement of the dopamin-
ergic neurotransmission by amantadine explains why this
drug has been successfully used in Parkinson’s disease
Ž .Lang and Blair, 1989; Uitti et al., 1996 . Another mecha-
nism whereby drugs may increase the extracellular
dopamine concentration is the blockade of the neuronal
dopamine transporter by which the neurotransmitter is
primary cleared from the synaptic cleft. However, the
effect of amantadine on the activity of the DAT is still

Ždiscussed Baldessarini et al., 1972; Herblin, 1972; Brown
.and Redfern, 1976; Gianutsos et al., 1985 . Most of these

in vitro studies showed that amantadine could inhibit the
dopamine uptake but authors specified that high concentra-
tions of amantadine were required to produce significant

Žinhibition of dopamine uptake Fletcher and Redfern, 1970;
.Heikkila and Cohen, 1972; Brown and Redfern, 1976 . At

the doses used clinically, it appears unlikely that the
central stimulation caused by amantadine could be due to
the blockade of DAT activity.

In our study, rats received an i.p. injection of amanta-
dine at 40 mgrkg. Following such an injection, it was
demonstrated that the extracellular amantadine concentra-
tion in striatal microdialysates was in the range of its

ŽK -value at the PCP binding site, i.e. 10 mM, Kornhuberi
.et al., 1995 .

The results of the present study clearly show that
amantadine treatment resulted in a slowly developing but
transient enhancement of the functionality of the DAT. To
explain these results, one may propose that, as shown for

Ž .MK-801 Snell and Johnson, 1988; Nishimura et al., 1998
and ketamine, another high-affinity non-competitive antag-

Žonist of the NMDA receptors Johnson and Snell, 1985;
.Nishimura and Sato, 1999 , amantadine may directly affect

the dopamine uptake. However, this is unlikely since
amantadine was found to enhance the dopamine trans-
porter activity whereas MK-801 and ketamine were found
to inhibit the uptake probably through their binding to the
DAT. Moreover, this enhancement was found to develop
slowly and seems not compatible with a direct interaction

of amantadine with the dopamine transporter. Finally, Son-
Ž .ders et al. 1997 reported that the high affinity dopamine

transporter is insensitive to therapeutically relevant con-
centrations of amantadine.

Although the importance of PKC and PKA mediated
phosphorylation of the DAT in the control of its activity is

Ž .well established Vaughan, 2000 , little is known about the
endogenous neurotransmission inputs of the striatum that
could modulate the activity of these kinases and thereby,
of the dopamine transporter. The existence of glutamater-
gic controls of dopaminergic neurons in the striatum is

Ž .well documented Cepeda and Levine, 1998 and there-
fore, one may propose a direct control of the DAT phos-
phorylation state by glutamate receptors. Through the an-
tagonism at ionotropic glutamate receptors, amantadine
could interfere with the endogenous glutamate mediated
phosphorylation of the DAT and thereby promotes its
activity. However, such mechanism does not appear com-
patible with the delayed response to amantadine treatment
observed in the present study.

Alternatively, the increase in dopamine uptake observed
after amantadine treatment could constitute a compen-
satory mechanism to preserve the physiological synaptic
dopamine concentration. This hypothesis was originally

Ž .proposed by Gordon et al. 1996 who demonstrated that a
treatment with amantadine for 21 days increased the ex-
pression of the DAT in rat striatal membranes. It is well
known that dopamine autoreceptors provide an important
inhibitory feedback mechanism for dopamine neurons in
response to changes in extracellular levels of dopamine.
Both in vivo and in vitro studies using microdialysis or
electrochemical methods have found that dopamine D -like2

receptors agonists as quinpirole increased rat striatal DAT
activity. This upregulation was blocked by dopamine D -2

like receptors antagonists as sulpiride and raclopride
Ž .Meiergerd et al., 1993; Cass and Gerhardt, 1994 . On that
basis, one may suggest that the increased dopamine uptake
observed after amantadine treatment results from an indi-
rect modulation of the DAT activity by presynaptic
dopamine D receptors, in response to increased dopamine2

release. Furthermore, this sustained elevation of dopamine
in the synaptic cleft could result in a progressive upregula-

Žtion of presynaptic dopamine D receptors Gianutsos et2
.al., 1985 , whose putative role in the control of the DAT

activity would thereby be enhanced. The regulation of the
DAT activity by dopamine D receptor activation could2

involve the modulation of its phosphorylation by PKA.
However, although a role for presynaptic dopamine D2

receptors in the control of DAT activity has been clearly
Ždemonstrated Meiergerd et al., 1993; Dickinson et al.,

.1999 , the involvement of PKA mediated phosphorylation
Žof the striatal transporter is still controversial Batchelor

.and Schenk, 1998; Pristupa et al., 1998 . Interestingly, the
control of the DAT activity by presynaptic dopamine D2

receptor was shown to mainly result from a modification
of the functionality of the transporter without modification
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Ž .of its expression Dickinson et al., 1999 . This is in
complete accordance with the present study showing the
lack of effect of amantadine on the DAT expression
measured on striatal membranes. Up to now, we cannot
explain the discrepancy between our results and those from

Ž .Gordon et al. 1996 showing the increased expression of
Ž .DAT in a similar study see above . Unfortunately, the

modulation of the dopamine uptake was not characterised
in this previous study. It is noteworthy that such adaptive
process was transiently observed, since experiments per-
formed after 14 days of treatment revealed uptake charac-
teristics similar to those obtained in control animals. In-
deed, little is known about the long-term response to
amantadine at the level of dopamine release since most
microdialysis have been focused on the immediate or
short-term effect of amantadine treatment.

This study demonstrated that a long-term treatment with
amantadine increases the dopamine transporter activity.
This probably reflects a compensatory mechanism to the
enhanced release of dopamine in the synaptic cleft and
constitutes a relevant example of in vivo regulation of the
DAT activity by a drug that does not directly interact with
dopaminergic systems.
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