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Inhibition by memantine of the development of persistent oral
dyskinesias induced by long-term haloperidol treatment of rats
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1 Tardive dyskinesia (TD) is a serious side-effect of long-term treatment with neuroleptics. To
investigate if neuroleptic-induced excessive stimulation of striatal glutamate receptors may underlie TD
development, the effect of the NMDA antagonist, memantine (1-amino-3,5-dimethyladamantane), was
studied in a rat model of TD.
2 In an acute experiment, six groups of rats were treated daily for 1 week with either vehicle or
memantine 20 or 40 mg kg-' day-', and on the seventh day they received one injection of either
haloperidol 1.0 mg kg-' i.p. or saline i.p. In a subsequent long-term experiment lasting 20 weeks, the
same treatment was continued, except that haloperidol was injected i.m. as decanoate (38 mg kg-' every
4 weeks) and control rats received sesame oil. The behaviour was videotaped and scored at intervals
during both experiments, and for 16 weeks after cessation of the long-term treatment.
3 In the acute experiment, haloperidol decreased motor activity and memantine increased moving and
tended to attenuate the immobility induced by haloperidol. Memantine also enhanced the haloperidol-
induced increase in the putative TD-analogue vacuous chewing movements (VCM).
4 In the long-term experiment, the most marked effect of haloperidol was a gradual increase in VCM
and the increase persisted significantly for 12 weeks after cessation of treatment. Memantine dose-
dependently increased VCM and moving during long-term treatment. However, only one week after
stopping treatment, both these effects of memantine disappeared. In contrast to rats previously treated
with haloperidol alone, rats co-treated with memantine (both doses) and haloperidol had VCM at the
level of controls two weeks after stopping treatment. The blood levels of drugs were within the
therapeutic range achieved in human subjects.
5 These results suggest that long-lasting changes induced by haloperidol are prevented by memantine,
which supports the theory that excessive NMDA receptor stimulation may be a mechanism underlying
the development of persistent VCM in rats and maybe also TD in human subjects.
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Introduction

Tardive dyskinesia (TD) is a serious motor side-effect of long-
term treatment with neuroleptics. The hyperkinetic movement
disorder is characterized by involuntary choreoathetotic
movements predominantly of the face, mouth and tongue, but
a variety of less frequent motor abnormalities of the rest of the
body may occur (Kane, 1992). The syndrome has a delayed
onset, and in most patients the movements subside after drug-
withdrawal, but it may also persist. Because of its occurrence
of approximately 20% in neuroleptic-treated subjects and its
potential irreversibility, TD is a major clinical and ethical issue
in psychiatry (APA, 1992).

The pathophysiology of TD is still unknown, but brain
damage and aging are prominent risk-factors (Waddington,
1989; Jeste & Caligiuri, 1993). This, together with the potential
persistent character of the disorder, might indicate that long-
lasting cerebral changes, probably located in the basal ganglia
(Miller & Chouinard, 1993), are involved in the pathogenesis
of TD. It has been suggested that TD might be a result of
neuroleptic-induced excitotoxic changes in striatal neurones
(McGeer & McGeer, 1976; DeKeyser, 1991; Andreassen &
J0rgensen, 1994). This is supported by findings in rats of his-
topathological changes in striatum after long-term neuroleptic
treatment (Jeste et al., 1992), haloperidol (Hal)-induced in-
crease in striatal glutamate release (Moghaddam & Bunney,
1993; Yamamoto & Cooperman, 1994), and Hal-induced
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morphological changes in striatum consistent with enhanced
glutamatergic activity (Meshul et al., 1994). In addition, clin-
ical and in vitro studies have shown that classical neuroleptics
inhibit mitochondrial function (Gallagher et al., 1965; By-
czkowski & Borysewicz, 1979; Burckhardt et al., 1993), which
may lead to increased susceptibility to excitotoxic damage
(Beal et al., 1993).

In a rat model of TD, in which the putative TD analogue
vacuous chewing movements (VCM) were induced with long-
term Hal treatment, it was shown that GM1 ganglioside, an
inhibitor of excitotoxicity, attenuated the development of
VCM (Andreassen & J0rgensen, 1994). These results suggest
that excitotoxic mechanisms may be involved in the develop-
ment of Hal-induced VCM, possibly by means of an excessive
activation of the NMDA receptor. This led us to investigate
the effect of NMDA receptor blockade on the development of
Hal-induced VCM.

The major problems with long-term treatment with many
NMDA antagonists are the serious behavioural side-effects
(Willets et al., 1990). However, the NMDA antagonist, mem-
antine (Mem), is used clinically in the treatment of Parkinson's
disease and spasticity and is well tolerated (Weseman et al.,
1983; Schneider et al., 1984). It is a non-competitive, open
channel blocker of the NMDA-receptor cation channel (Bor-
mann, 1989; Chen et al., 1992; Parsons et al., 1993; Mistry et
al., 1995), which protects against excitotoxic neurodegenera-
tion (reviewed in Kornhuber et al., 1994). Mem is proposed as
a candidate for long-term neuroprotection in chronic neuro-
degenerative diseases (Lipton, 1993; Rogawski, 1993).
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To study the effect of Mem in the rat model of TD, Mem
and Hal were administered in a 20 week long-term experiment
where VCM and the general behaviour were observed in un-

restrained rats. In addition, the acute behavioural effects of
Mem and Hal were studied.

Methods

Animals

Female Sprague-Dawley rats (Mol:SPRD, M0llegaard, Den-
mark) weighing 225-260 g at the start and 270-310 g at the
end of the experiment were used. The rats were housed 3 in
each cage with free access to water. In order to limit weight
gain, the food was restricted to 15 g of pellets per animal per
day. The light phase lasted from 08 h 00 min to 20 h 00 min.
Ambient temperature was 22-24°C. The animals were treated
according to the guidelines of the Norwegian Committee for
Experiments on Animals.

Drugs

In the acute experiment the animals were injected with com-

mercially available haloperidol (Hal; Janssen) 1.0 mg kg-'
i.p., control rats were injected with an equal volume of saline
(sal) i.p.. In the long-term experiment the animals were injected
with Hal decanoate (Janssen) 38 mg kg-' i.m. every fourth
week, control rats were injected i.m. with equal volumes of the
vehicle sesame oil (Oil; Nycomed Pharma, Norway). The rats
were hand-held with minimal restraint during the injections.
Memantine (1-amino-3,5-dimethyladamantane; Mem; Merz,
Germany) was prepared in the rat chow (Altromin, Germany)
in two concentrations and administered to the rats twice daily
(1/3 of the food at 07 h 00 min and 2/3 of the food at
16 h 00 min). The consumption of the food lasted 2-3 h and
3-5 h for the two meals, respectively. The rats were weighed
every 14 days, and the concentration of Mem in the diet was

adjusted to keep the two doses of Mem close to 20 mg kg-'
day-' (Mem2O) and 40 mg kg-' day-' (Mem4O) throughout
the treatment period. The half-life of Mem in rats is approxi-
mately 12 h during oral administration (Barnes et al., 1996).

Behavioural observations

Before the experiment started, the animals were handled and

habituated to the behaviour observation situation. The beha-

viour of the rats was videotaped in the animal room. During
videotaping, the rats were kept in a clear perspex cage
(25 x 11 x 13 cm) placed in an observation chamber equipped
with mirrors allowing videotaping of the rat from all sides

simultaneously. The behaviour of the animals was videotaped
for 3 min after 1 min of adaptation of the cage.
A trained observer, unaware of the treatment of the rats,

scored the behaviour while watching the videotapes. Using a

computer with specially designed recording software, the ob-

server scored and analysed the following behavioural cate-

gories: VCM (single, purposeless mouth openings in the

vertical plane, with or without tongue protrusion, not scored

during grooming), jerking (sudden muscular movements,
which may involve different parts of the body), jaw tremor

(high frequency fasciculations of the mouth or jaw), im-

mobility, sitting/standing (no movement of the trunk), moving
(horizontal movement of the whole body), rearing and

grooming. For the first two behavioural categories, the num-

bers were counted. For the other categories the durations were

recorded.

Protocol

Before the acute experiment took place, baseline behaviour

was recorded. Then the animals were randomly assigned to six

groups (n = 15 per group), each being treated with one of the

following combinations: Mem2O + Hal, Mem4O + Hal, ve-

hicle + Hal (Hal alone), Mem2O + Sal, Mem4O + Sal, or vehi-
cle+Sal (Sal alone). Mem was administered in the food for 7
days before Hal or Sal were injected i.p., and the behaviour of
the rats was videotaped 1 h after the i.p. injections. The rats
were videotaped in a systematic order, thereby the time from
the morning feeding of the Mem diet was the same in each
treatment group (mean = 5 h, range = 3.5-6.5 h).

After the acute experiment the animals entered the long-term
experiment in which they were treated for 20 weeks. Each of the
six groups was treated as in the acute experiment, with the
exception that Hal was administered i.m. as decanoate every
four weeks (last injection week 16) and the controls (Oil alone)
received Oil i.m. every four weeks. The Mem-containing diet
was administered twice daily in the whole 20 weeks treatment
period. Videorecording of the behaviour was performed with
intervals of 2-4 weeks during both the long-term treatment
period and during the 16 weeks post-treatment period.

Drug analysis
An additional group of rats, not included in the behaviour
analysis, was used for pharmacokinetic analysis. Five h after
the morning feeding on the seventh day of Mem administra-
tion, rats receiving Mem2O and Mem4O (n=3 per group) were

anaesthetized with halothane gas. Then, after transcardial
puncture, blood samples (5-1O ml) were collected and the
brains were removed and frozen at - 20°C until analysis. The
same procedure was used when blood was collected 1 h after
i.p. injection of Hal 1.0mg kg-' (n= 3) and Hal 0.1 mg kg-'
(n = 2). Blood was also collected after 3 weeks of Hal alone
treatment (n = 2), and after 7 weeks of treatment with
Mem2O + Oil, Hal alone and Mem2O + Hal (n = 6 per group).
The blood samples for Mem analysis were collected in EDTA
containing tubes, and after 30 min at room temperature the
samples were centrifuged, the plasma (2- 5 ml) was transferred
to plastic tubes and frozen at - 20°C until analysis. The same

procedure was used for Hal analysis, except that tubes without
EDTA were used, and serum was separated. After extraction,
Mem was analysed with a gas-chromatography system coupled
to a mass selective detector (Misztal et al., 1996). For the
analysis of Hal, trimipramine was used as internal standard.
Serum (2.0 ml) was transferred to a polypropylene tube and
mixed with 400 pl of 1 M Na2CO3 and 100 pl internal stan-
dard. Extraction was performed by adding 8 ml n-hex-
ane:acetonitrile (98.2, v/v) and then rotating the samples for
10 min. Thereafter the samples were centrifuged at 3000 r.p.m.
for 5 min followed by shaking and then centrifuged for an-

other 10 min. The tubes were then placed in liquid nitrogen,
after which the organic layer was transferred to a new tube and
evaporated at 37°C to dryness in a heat block. The residue was
reconstituted into 200 jl of the eluent mixture, and an aliquot
of 100 Mil was injected. Analytical grade solvents and reagents
were used. The h.p.l.c. system consisted of a pump (Shimadzu
LC-6A), an autoinjector (Shimadzu SIL-9A), an integrator
(Shimadzu C-R5A) and a u.v. detector (Shimadzu SPD-6A)
operated at a wavelength of 225 nm. The column
(15 cm x 4.6 mm i.d.) was a Supelcosil LC-PCN with a particle
size of 5 gm. The eluent consisted of 1 mM phosphate buffer at

pH 7.0: acetonitrile (25:75 v/v). Flow was 2.0 ml min-1. The
lower limit of detection of Hal was under these conditions
3-4 nmol 1-'.

Statistics

The overall effects of Hal and Mem were analysed by two-way
analysis of variance (ANOVA; Mem, Hal) in the acute ex-

periment, and with repeated measures ANOVA (three-way:
Mem, Hal, time) in the long term experiment. Differences be-
tween treatment groups were analysed with Newman-Keuls
test subsequent to ANOVA. Group differences were analysed
either at single time-points, or in the periods from week 4 to
week 20 during long-term treatment and from week 1 to week
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12 after cessation of treatment. Due to the non-homogeneity of
variance between the treatment groups, the behavioural data
were log-transformed (X'= log (X + 1)) before statistical cal-
culations. Student's t test was used in the analysis of the serum
level measurements.

Results

Before treatment was started no differences in behaviour were
observed between the treatment groups (Figure 2 and 3, other
results not shown).

The acute experiment

One h after the i.p. injection, Hal strongly affected the be-
haviour (Figure 1). The main effect was a marked reduction
in motor activity, shown by the significant overall increase in
sitting/standing (Hal: F(1,84) = 34.6, P<0.001) and im-
mobility (Hal: F(1,84)=24.7, P<0.001), and an overall de-
crease in moving (Hal: F(1,84)=23.1, P<0.001) and rearing
(Hal: RI,84) = 60.7, P <0.001). Together with the decrease in
motor activity, Hal significantly increased both VCM (Hal:
F(1,84)= 176,7; P<0.001) and jaw tremor (Hal: F(1,84)=7.4,
P<0.01). Hal also significantly increased jerking (Hal:
F(1,84)=19.9, P<0.001), but did not significantly influence
grooming. The effect of 1 week of Mem pretreatment was less
than and contrary to the effect of Hal (Figure 1). Mem
tended to increase the general motor activity, and the main
effect was a significant increase in moving (Mem:
F(2,84)=4.2, P<0.05). Mem tended to attenuate the Hal-
induced increase in immobility, but this did not reach sig-
nificance. No significant effects of Mem were found on sit-
ting/standing, rearing, jaw tremor, jerking or grooming.
There was a tendency for Mem to increase VCM in Hal-
treated rats, but the overall Mem effect did not reach sig-
nificance (Mem: F(2,84)=2.9, P=0.06).
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The long-term experiment

The number ofVCM during long-term treatment are shown in
Figure 2. Hal significantly increased VCM (Hal: F(1,83) = 17.9,
P<0.001), and the effect became stronger during treatment
(Hal x time: 1(7,581)= 2.3, P<0.05). The Hal alone group did
not show significantly more VCM than the control group until
weeks 16 and 20 (both time-points: P<0.05, Newman-Keuls
test). Mem also significantly increased VCM (Mem:
F(2,83) = 3.8, P<0.05), but this effect was mostly seen when
Mem was co-administered with Hal, and the interaction was
nearly significant (Mem x Hal: F(2,83) = 2.4, P= 0.098). The
VCM scores of the Mem2O + Oil and Mem4O + Oil groups
were not significantly different from the control group at any
time point, or in the whole week 4-20 period (Newman-Keuls
test). The other type of oral movements, jaw tremor, was sig-
nificantly increased by Hal (Hal: F(1,83)=5.7, P<0.05, data
not shown), and Mem decreased the amount of jaw tremor
when it was co-administered with Hal (Mem x Hal:
F(2,83) = 3.9, P< 0.05, data not shown). The Hal alone group
showed significantly more jaw tremor than the control group
in the whole week 4-20 period (P<0.01, Newman-Keuls test,
data not shown).

The general motor activity was less affected in the long-term
experiment than in the acute experiment. However, the effects
on moving were relatively strong, which is illustrated in Figure
3. Hal induced a significant increase in moving (Hal:
F(1,83) = 1 1.9, P< 0.001), but this effect was only present when
Hal was co-administered with Mem (Hal x Mem, F(2,83) = 3.7,
P< 0.05). The Hal alone group did not show a significantly
different amount of moving compared to the control group at
any time-point, or in the whole week 4-20 period (Newman-
Keuls test). Mem dose-dependently and highly significantly
increased moving (Mem: F(2,83)=26.9, P<0.001), and the
Mem effect increased with duration of treatment (Mem x time:
F(14,581) = 3.0, P<0.001). Rearing was significantly decreased
by Mem (Mem: F(2,83) = 5.6, P< 0.05, data not shown), but
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Figure 1 Acute experiment. Duration (s 3 min-1) of sitting or standing (a), immobility (b), moving (c), rearing (d), grooming (e)
and jaw tremor (f) and number per 3 min (3 min -) of vacuous chewing movements (VCM; g) and jerks (h), 1 h after the i.p.
injections of haloperidol or saline at the seventh day of pretreatment with memantine diet. Values are presented as
means+ s.e.mean. Vehicle diet + saline i.p. (open columns), vehicle diet + haloperidol 1.0mg kg-1 i.p. (solid columns), memantine
20 mgkg-1 day-' diet + saline i.p. (horizontally lined columns), memantine 40mgkg-1 day-' diet + saline i.p. (left diagonally
hatched columns), memantine 20 mg kg- l day- l diet + haloperidol 1.0 mg kg- 1 i.p. (cross-hatched columns), memantine 40mg kg- l
day'- diet + haloperidol 1.0 mgkg- ' i.p. (right diagonally hatched columns). n= 15 per group. *P<0.05, **P<0.01, ***P<0.001
vs. control group; #P<0.05 vs. haloperidol group (Newman-Keuls test).
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Figure 2 Number of vacuous chewing movements (VCM) for 3 min
during treatment in the long-term experiment (last i.m. injection of
haloperidol/sesame oil in week 16). Values are presented as
means + s.e.mean. Vehicle diet + sesame oil i.m. (El, dotted line),
vehicle diet + haloperidol 38mg kg-' every 4 weeks i.m. (U,
continuous line), memantine 20 mg kg-1 day- diet + sesame oil
i.m. (A, broken line), memantine 40 mg kg- l day'- diet + sesame oil
i.m. (0, broken line), memantine 20mg kg-1 day-' diet + haloper-
idol 38mgkg-' every 4 weeks i.m. (A, broken line), memantine
40mgkg- day-1 diet+haloperidol 38mgkg-1 every 4 weeks i.m.
(0, broken line). n= 15 per group. Hal effect: F(1,83)= 17.9,
P<0.001; Mem effect: F(2,83)=3.8, P<0.05; MemxHal effect:
F(2,83)=2.4, P<0.10 (repeated measures ANOVA).

this dose-dependent reduction was probably secondary to the
strong increase in moving. No other types of behaviour was
significantly affected by Mem (data not shown). Hal tended to
decrease the general motor activity, shown by a significant
increase in sitting/standing (Hal: F(1,83)=6.2, P<0.05; data
not shown). Hal also significantly increased grooming (Hal:
F(1,83)= 12.8, P<0.001; data not shown), but no other over-
all-effects of Hal were found for the other categories of beha-
viour.

The long-term experiment after cessation of treatment

The VCM recordings after cessation of treatment are shown in
Figure 4. Similar to the effect of Hal during treatment, a sig-
nificant Hal-induced increase in VCM was present in the 12
first weeks after stopping treatment (Hal: F(1,85)= 19.1,
P<0.001). This effect, however, was only present in rats not
previously co-treated with Mem. The post-treatment effect of
Mem was a significant reduction in VCM in week 1-12 after
drug withdrawal (Mem: F(1,85)=7.5, P<0.01), which was
contrary to the effect during treatment. The interaction be-
tween Hal and Mem was significant (Hal x Mem: F(1,85) = 4.3,
P <0.05), showing that Mem inhibited the development of
Hal-induced persistent VCM. There were no differences in the
effects of the two doses ofMem after termination of treatment,
and these groups were pooled in the statistical anslysis. The
Hal alone group demonstrated significantly more VCM com-
pared to each of the other groups in the whole week 1-12
post-treatment period and at post-treatment week 12
(P< 0.05 -0.00 1, Newman-Keuls test). There was a significant
persistent increase in jaw tremor in rats that had previously
received Hal treatment (Hal: F(1,83) = 6.3, P<0.05, data not
shown). No significant effects of Mem were present for jaw
tremor.

The drug effects on the general motor activity were much
weaker after stopping treatment than during treatment. The
strong Mem-induced increase in moving observed during
treatment disappeared completely during the first week after
cessation of treatment (Figure 5), and except for the decrease
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Figure 3 Duration of moving (s 3 min-1) during treatment in the
long-term experiment (last i.m. injection of haloperidol/sesame oil in
week 16). Values are presented as means+s.e.mean. Vehicle
diet + sesame oil i.m. (El, dotted line), vehicle diet + haloperidol
38 mg kg'- every 4 weeks i.m. (U, continuous line), memantine
20 mg kg'- day- diet + sesame oil i.m. (A, broken line), memantine
40 mg kg'- day- diet + sesame oil i.m. (0, broken line), memantine
20mgkg-1 day-' diet+haloperidol 38m kg-1 every 4 weeks i.m.
(A, broken line), memantine 40mg kg- day-' diet + haloperidol
38mgkg-1 every 4 weeks i.m. (@, broken line). n=15 per group.
Hal effect: F(l,83)=11.9, P<0.001; Mem effect: F(2,83)=26.9,
P<0.001; HalxMem effect, F(2,83)=3.7, P<0.05 (repeated mea-
sures ANOVA).
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Figure 4 Number of vacuous chewing movements (VCM) during
3 min after cessation of treatment in the long-term experiment (week
0= week 20 during treatment). Values are presented as means
+ s.e.mean. Rats previously treated with vehicle diet + sesame oil
i.m. (C], dotted line), vehicle diet+haloperidol 38mgkg-' every 4
weeks i.m. (U, continuous line), memantine 20mg kg-' day-'
diet + sesame oil i.m. (A, broken line), memantine 40mg kg-
day- ' diet + sesame oil i.m. (0, broken line), memantine 20mg kg -1
day-' diet + haloperidol 38mg kg- Ievery 4 weeks i.m. A, (broken
line), memantine 40mg kg- day-1 diet + haloperidol 38mg kg-l
every 4 weeks i.m. (-, broken line). n = 15 per group. Hal effect:
F(1,85)=19.1, P<0.001; Mem effect: F(1,85)=7.5, P<0.01; Halx
Mem effect: F(1,85) = 4,3 P<0.05 (post-treatment weeks 1-12,
repeated measures ANOVA).

in VCM, no significant behavioural effects ofMem was present
after stopping treatment. In the 12 weeks post-treatment per-
iod, there was a small but significant effect of previous Hal
treatment on rearing, which was reduced (Hal: F(1,83) = 4.0,
P< 0.05, data not shown), and grooming, which was increased
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(Hal: F(1,83)= 12.7, P<0.001, data not shown). For the other
categories of behaviour, no significant effects of previous Hal
treatment were found.

Drug levels

The results of the drug analysis are shown in Table 1. After 7
weeks of treatment, no significant difference in Hal serum level
was found in the Hal alone compared to the Hal+ Mem2O
group (Student's t test).

Discussion

The main findings of the present study were that 20 weeks of
Hal treatment induced an increase in VCM which persisted for
12 weeks after stopping treatment, and that co-treatment with
Mem clearly inhibited the development of persistent VCM.
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Figure 5 Duration of moving (s 3 min- 1) after cessation of
treatment in the long-term experiment (week 0 = week 20 during
treatment). Values are presented as means+ s.e.mean. Rats previously
treated with vehicle diet + sesame oil i.m. (E, dotted line), vehicle
diet + haloperidol 38 mg kg- every 4 weeks i.m. (U, continuous
line), memantine 20mg kg'- day 1 diet + sesame oil i.m. (A, broken
line), memantine 40mg kg-' day-' diet + sesame oil i.m. (0, broken
line), memantine 20mg kg- day-' diet + haloperidol 38mg kg-'
every 4 weeks i.m. (A, broken line), memantine 40mgkg-' day-'
diet+haloperidol 38mgkg-' every 4 weeks i.m. (@, broken line).
n = 15 per group. Hal effect: NS.; Mem effect: NS.; Hal x Mem effect:
NS (post-treatment weeks 1-12, repeated measures ANOVA).

The Hal-induced increase in VCM and a persistent high
level of VCM after cessation of neuroleptic treatment has been
found earlier (Waddington et al., 1983; Gunne et al., 1986;
Andreassen & J0rgensen, 1994; Egan et al., 1994), and the
accompanying increase in jaw tremor is also in accordance
with earlier results (Andreassen & J0rgensen, 1995b). The lo-
comotor effects of Mem are consistent with earlier findings,
both regarding the acute increase in motor activity (Bubser et
al., 1992; Danysz et al., 1994), and the attenuating effects on
Hal-induced hypokinesia (reviewed in Ossowska, 1994). An
increase in oral movements in rats has been reported after
intrastriatal injections of NMDA antagonists (Pisa & Bosilje-
vac, 1994), and during ketamine anaesthesia (Marco & Joshi,
1992). This is compatible with the present Mem-induced in-
crease in VCM, although Mem mainly increased VCM during
co-treatment with Hal. Stimulation of striatal dopamine D1
receptors induces oral movements in rats (Rosengarten et al.,
1983; Levin et al., 1989), and this probably also contributes to
the increase in VCM seen during Hal treatment. Hal blocks
striatal dopamine D2 receptors with a subsequent increase in
striatal dopamine release (Imperato & Di Chiara, 1985; Wes-
terink & de Vries, 1989), giving a net dopamine DI receptor
stimulation. Such stimulation could be enhanced by Mem,
which increases striatal dopamine release (Spanagel et al.,
1994). During the long-term treatment, the Mem-induced in-
crease in moving was potentiated by Hal. This effect may be
due to increased dopaminergic activity in the forebrain (Ah-
lenius & Hillegart, 1986). The results indicate that long-term
Mem treatment is not without behavioural side-effects, espe-
cially when higher doses are used.

The behavioural effects of Mem disappeared shortly after
discontinuation of treatment, indicating that no long-lasting
neuronal changes were induced. Contrary to this, the Hal-in-
duced increase in VCM persisted for 12 weeks after stopping
treatment. However, previous Mem co-treatment clearly in-
hibited development of persistent VCM. This indicates that
Mem had a protective effect against Hal-induced long-lasting
changes in the brain. The lack of inhibitory effect of Mem on
VCM development during treatment supports the assumption
that different mechanisms may underlie transient and persist-
ing VCM (Andreassen & J0rgensen, 1994; 1995b). Mem is a
non-competitive, open channel blocker of the NMDA-receptor
cation channel (Bormann, 1989; Chen et al., 1992; Parsons et
al., 1993; Mistry et al., 1995), and the protective effect ofMem
demonstrated in the present study is in all probability due to its
NMDA antagonism. In other studies a protective effect of
Mem against NMDA receptor-mediated neurotoxicity has
been found both in vitro and in vivo (reviewed by Kornhuber et
al., 1994). The present results indicate that excitotoxicity
through stimulation of NMDA receptors is involved in Hal-
induced persistent VCM. This is in accordance with a previous
study-, where GM1 ganglioside, which protects against ex-

Table 1 Drug levels in rats during acute and long-term experiments

Haloperidol (Hal)

Acute expt Hal i.p.
1.0 mg kg-' (n = 3)
0.1 mg kg- (n = 2)

Long-term expt Hal decanoate i.m.
38 mg kg-' every 4 weeks

3 weeks Hal alone (n = 2)
7 weeks Hal alone (n = 6)

Hal + Mem2O (n = 6)

Serum level
(nmol 1-') Memantine (Mem)

Mem diet
143.7+7.1 20mgkg'l day-' (n=3)
8.4+0.0 40 mg kg-l day- (n = 3)

Mem diet
20 mg kg-' day-'

20.5 +0.5
16.5+1.5 Mem2O alone (n=6)
20.8 +3.2

Plasma level Brain level
(umol 1-') (pmol 1-')

0.9 +0.23
1.3 +0.29

47.5+ 10.0
60.1 +7.2

1.1+0.14

In the acute experiment, blood for haloperidol analysis was collected 1 h after i.p. injections of haloperidol and blood for memantine
analysis was collected 5 h after morning feeding at the seventh day of memantine administration. In the long-term experiment, 'Hal
alone' received haloperidol decanoate, 'Hal+ Mem2O' received haloperidol deconoate and memantine 20 mg kg' day-, and 'Mem2O
alone' received memantine 20 mg kg-' day-'. The blood samples were collected 3 weeks after the last i.m. injection of haloperidol
decanoate or vehicle, 5 h after the morning feeding of memantine. Data are presented as means+s.e.mean.
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citotoxicity without blocking glutamate receptors (Favaron et
al., 1988; Manev et al., 1990), attenuated the development of
Hal-induced persistent VCM (Andreassen & Jorgensen, 1994).
These results support the hypothesis that TD might be a result
of neuroleptic-induced excitotoxic changes in the striatum
(McGeer & McGeer, 1976; DeKeyser, 1991; Andreassen &
Jorgensen, 1994). Other recent studies, where long-term Hal
treatment of rats increased the striatal glutamate release
(Moghaddam & Bunney, 1993; Yamamoto & Cooperman,
1994) and induced morphological striatal changes indicating
increased glutamate activity (Meshul et al., 1994), may also
support this position. Interestingly, histological signs of stria-
tal degeneration have been found in rats receiving long-term
neuroleptic treatment and in TD patients (reviewed in Miller &
Chouinard, 1993). Classical neuroleptics inhibit the energy
metabolism (Burkhardt et al., 1993), and recently signs of
impaired energy metabolism were found in CSF of TD-pa-
tients (Goff et al., 1995). It might therefore be speculated that
impaired energy metabolism, which increases the susceptibility
to excitotoxicity (Beal et al., 1993), may enhance the risk for
neurotoxic effects of the increased striatal glutamate release
during long-term neuroleptic treatment (Andreassen & J0r-
gensen, 1995a). This is consistent with the fact that aging,
which is related to decay of mitochondrial function (Shigenaga
et al., 1994), is the most prominent risk-factor for TD.

During long-term treatment, the present blood levels of

Mem and Hal were within the therapeutic range achieved in
human subjects, and the serum level of Hal was unaffected by
Mem co-treatment. This indicates that the protective effect of
Mem on development of persistent VCM was not due to
pharmacokinetic interactions.

To conclude, the present study showed that long-term Hal
treatment induced an increase in VCM which persisted after
treatment, and that co-treatment with Mem clearly inhibited
the development of these Hal-induced persistent VCM. This is
in accordance with earlier results (Andreassen & Jorgensen,
1994), and indicates that excessive activation of striatal
NMDA receptors is involved in the development of persistent
VCM in rats, and maybe in TD development in human sub-
jects.
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