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Abstract:

Overactivity of the glutamatergic system is thought to be closely related to the pathogenesis of Parkinson’s disease. This study aimed
to examine the effect of acute administration of 1,2,3,4-tetrahydroisoquinoline (TIQ), an endo- and exogenous amine suspected of
inducing parkinsonism in humans on the release of glutamate in the striatum as well as to assess the impact of its chronic treatment on
the binding of [�H]MK-801 to NMDA receptors in the dopaminergic structures of the rat brain. Striatal release of glutamate was
measured in conscious, freely moving rats using a microdialysis method. [�H]MK-801 binding to NMDA receptors was examined in
the striatum, nucleus accumbens and prefrontal cortex by autoradiographic method. TIQ administered acutely at a single dose of
100 mg/kg significantly decreased the level of extracellular glutamate, with the concentration decrease starting at 60 min and reach-
ing minimum at 210 min after TIQ injection. TIQ administered chronically at the same dose for 3 weeks did not alter the binding of
[�H]MK-801 to NMDA receptors in the examined dopaminergic structures at either 4 or 72 h after the last chronic injection.
These results indicate that TIQ can modulate glutamate release in the striatum but that it does not affect the level of NMDA receptors
in that structure. The latter data complete a list of recently published evidence that distinctly suggest that TIQ acts in the mammalian
brain rather as a neuromodulator or even as a neuroprotective agent but not as a parkinsonism-inducing neurotoxin.
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Abbreviations: aCSF – artificial cerebrospinal fluid, DA – do-
pamine, DABS-Cl – 4-dimethylaminoazobenzene-4’-sulfonyl
chloride, DAT – dopamine transporter, DOPAC – 3,4-dihydr-
oxyphenylacetic acid, EAAC – Na�-dependent excitatory
amino acid transporter, GSH – glutathione, �-GT – �-glutamyl
transpeptidase, HVA – homovanillic acid, MPTP – 1-methyl-
4-phenyl-1,2,3,4-tetrahydropyridine, NO – nitric oxide, OCT –
organic cation transporter system, PD – Parkinson’s disease,
SN – substantia nigra, TIQ – 1,2,3,4-tetrahydroisoquinoline

Introduction

1,2,3,4-Tetrahydroisoquinoline (TIQ) is an endoge-
nous amine that occurs naturally in mammalian or-
ganisms, particularly in the brains of humans and ro-
dents [8, 19, 38, 41, 59]. It is also widespread in the
environment, being present in numerous plants and
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foodstuffs [30, 40]. Moreover, it has been found that
TIQ readily penetrates into the brain [17, 39] as it is
actively transported across the blood-brain barrier by
the organic cation transporter system (OCT), and is
then quickly eliminated from it by P-glycoprotein
[29]. TIQ, which belongs to the non-catecholic tetra-
hydroisoquinolines, can generally be formed non-
enzymatically in vivo by Pictet-Spengler condensa-
tion of biogenic amines with a basic structure of 2-
phenylethylamine with aldehydes [32, 43], although
enzymatic synthesis is also possible [60]. The conser-
vation of the enzymatic system producing TIQ in the
mammalian brain through the course of evolution
suggests that this amine may play an important
physiological function. However, despite the great in-
terest of researchers, the role of TIQ in the mammal-
ian brain has not yet been elucidated.

Due to the structural similarity of the TIQ molecule
to the neurotoxin MPTP determined in some earlier
studies, the compound in question has been postulated
to be a potential etiologic factor in the progressive de-
velopment of Parkinson’s disease (PD) [28, 34, 35].
However, our more recent studies performed on rats
do not seem to confirm this assumption. Contrariwise,
those investigations showed that TIQ would rather act
as a neuromodulator or even as a neuroprotective
agent [24, 25, 48]. TIQ similarly to its methylated
analogue 1-methyl-1,2,3,4-tetrahydroisoquinoline (1-MeTIQ),
which is considered to be a neuroprotective com-
pound shifts dopamine (DA) catabolism from
N-oxidation towards O-methylation, what implicates
antioxidant mode of action [2, 24]. Using cell lines
transfected with dopamine transporter (DAT) cDNA,
it has been demonstrated that TIQ prevents DAT-
mediated toxicity of MPP+ and 2-N-methylisoquino-
linium ions [48]; even more interestingly, it protected
dopaminergic terminals in the striatum against malo-
nate-induced neurotoxicity [25]. Moreover, it has
been found that TIQ enhances glutathione (GSH) and
nitric oxide (NO) levels in both the striatum and the
substantia nigra (SN), lowers the level of reactive
oxygen species in the SN [26, 27] and inhibits the
generation of hydroxyl radicals in an abiotic system
[1]. TIQ has been found to reduce glutamate toxicity
in mouse embryonic primary cell cultures, but it did
not prevent the glutamate-induced cell death and Ca2+

influx in granular cell culture derived from 7-day-old
rats [1].

Further illustrating the effects of TIQ on the release
of neurotransmitters in the mammalian brain, our ear-

lier study demonstrated that a single dose of this com-
pound administered systemically at 100 mg/kg
enhanced DA and serotonin (5-HT) release in the rat
striatum [28]. Biochemical, behavioral and electro-
physiological studies have suggested that DA released
from the dopaminergic nigrostriatal terminals exerts
inhibitory effects on the activity of the glutamatergic
pathways from the cortex and thalamus [14, 20, 61].
Hence, it was reasonable to assume that TIQ acting
indirectly via DA, which activates presynaptic dopa-
mine D2 receptors localized on the terminals of gluta-
matergic cortico- and thalamostriatal pathways, could
decrease glutamate release in the rat striatum. How-
ever, as TIQ displaced [3H]apomorphine from its
binding sites in the striatal synaptosomes with effec-
tiveness comparable to that of DA, and also prevented
the stimulation of locomotor activity induced by this
agonist in rats [3], it seems that TIQ alone acts as an
antagonist of dopamine receptors. In this case, TIQ
antagonism at presynaptic dopamine D2 receptors
presented on the striatal glutamatergic terminals
should consequentially lead to an increased release of
glutamate in the rat striatum. To test which of these
theoretical assumptions is true we examined the ef-
fects of acute TIQ administration on glutamate release
in the striatum using a microdialysis method per-
formed in freely moving rats in the present study. To
be able interpret the obtained results with respect to
earlier data [26–28], TIQ was given at the same dose
of 100 mg/kg. Since the basal concentration of extra-
cellular glutamate plays a very important role in the
activation and desensitization of a large fraction of
endogenous glutamate receptors, particularly NMDA
receptors [36], the aim of this study was also to evalu-
ate the impact of chronic TIQ administration on the
binding of [3H]MK-801 to NMDA receptors in the
striatum and other dopaminergic structures of the rat
brain. It is worthwhile to mention that overactivity of
the glutamatergic system is strongly suggested to be
involved in pathogenesis of PD [6, 11, 12]. On the
other hand, some authors have observed an elevated
level of NMDA receptors in the parkinsonian striatum
[51, 56], while others found no such changes [13]. As
TIQ is suspected of producing parkinsonism in hu-
mans and parkinsonism-like alterations in animals,
we decided also to characterize it with respect to its
activity on the glutamatergic system, with the hopes
that this set of experiments will bring us closer to an
explanation of the function of endogenous TIQ in the
mammalian brain.
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Materials and Methods

Animals and surgery

All of the experiments were carried out according to
the National Institute of Health Guide for the Care

and Use of Laboratory Animals (publication no.
85–23, revised in 1985) and were approved by the
Bioethics Commission of Academy.

One day before the experiment, rats weighing
250–280 g were anesthetized with chloral hydrate
(400 mg/kg, ip) and secured in a stereotaxic frame
(David Kopf Instruments, Tajunga, USA). Transverse
microdialysis probes (outside diameter 0.2 mm, cut-
off 50 kDA), prepared according to a method de-
scribed by Imperato and DiChiara [15], were im-
planted bilaterally in the dorsal part of the striatum
with the following stereotaxic co-ordinates: A = 7.2,
H = 5.5 from the surface of the skull [42].

Microdialysis and analytical procedure

On the following day, the microdialysis probes were
perfused with an artificial cerebrospinal fluid (aCSF)
composed of (in mM) NaCl 140, KCl 2.7, CaCl2 1.2,
MgCl2 1, NaH2PO4 0.3 and Na2HPO4 1.7, (pH = 7.4),
at a flow rate of 2 µl/min with a CMA/100 microinfu-
sion pump (CMA/Microdialysis, Stockholm, Sweden).
Samples were collected from freely moving animals
at 30-min intervals. After collection of three samples
under basal conditions, the animals were injected sys-
temically with a single dose of TIQ (100 mg/kg, ip).
The probe recovery in vitro for glutamate was
10–15%. Dialysates (20 µl) were derivatized with 4-
dimethylaminoazobenzene-4’-sulfonyl chloride (DABS-Cl)
at 70°C for 12 min, according to Knecht and Chang
[18]. Dabsylated amino acids were separated on Ul-
trasphere ODS 5 µm column (Beckman) by gradient
elution with solvent A (10 mM citric acid, 4% dimeth-
ylformamide) and solvent B (acetonitrile). Dabsylated
compounds were detected by absorbance at 436 nm
on Beckman Amino Acid System Gold. The basal
level of glutamate in rat striatum was ca. 35 pmol/20 µl.
At the end of experiments, brains were examined his-
tologically post-mortem for correct probe location in
the striatum.

Binding of [3H]MK-801 to NMDA receptors

The rats, having received either TIQ at a dose of
100 mg/kg or solvent systemically once daily for
three weeks, were sacrificed by decapitation 4 or 72 h
after the last dose. These two time points were chosen
to test whether TIQ may compete with a radiolabeled
non-competitive NMDA receptor antagonist [3H]MK-801
(dizocilpine) for the same binding sites within the
NMDA receptor complex. The rat brains were rapidly
removed, frozen in cold heptane (–70°C) on dry ice
and stored at –80°C. Coronal sections (10 µm thick)
were cut using a cryostat microtome at –20°C. The
sections were then thaw-mounted on gelatine-coated
microscopic slides and stored at –20°C.

The sections were preincubated for 10 min at 4°C
in 5 mM Tris-HCl buffer (pH 7.4) containing 2.5 mM
CaCl2, and were then incubated for 60 min at room
temperature in a buffer containing 10 nM [3H]MK-
801 (New England Nuclear, 23.9 Ci/mmol), together
with 5 µM spermidine (RBI), 5 µM glycine (Sigma)
and 5 µM L-glutamate (Sigma). To assess non-
specific binding, the sections were incubated in the
presence of 100 µM non-radioactive (+)-MK-801 hy-
drogen maleate (RBI). Following incubation, the
slides were rinsed for a total time of 30 s with three
changes of the ice-cold buffer, redistilled water and
two changes of 2.5% glutaraldehyde in acetone. The
dried sections were exposed to 3H-Hyperfilm (Amer-
sham) for four weeks at 4°C. After exposure, the films
were developed with Dectol developer (Kodak), fixed
with GBX Fixer and Replenisher (Kodak), and dried.

Autoradiographic analysis

The obtained autoradiograms were analyzed by
computer-assisted densitometry using an image ana-
lysing system (MCID, St. Catharines, Ontario, Can-
ada). To quantify the ligand binding density, the opti-
cal density of co-expressed standards (autoradio-
graphic 3H micro-scales, Amersham) was determined.
The use of the standards and the derived standard
curve allowed a conversion of the area optical density
into nCi/mg of the radioligand bound.

The binding of [3H]MK-801 was estimated at four
anatomical levels: level I – A = 3.2 to 2.7 mm from
bregma (prelimbic/infralimbic cortex), level II – A = 1.7
to 1.2 mm from bregma (dorsolateral and ventro-
lateral parts of the rostral striatum, shell and core of
the nucleus accumbens); level III – A = 0.2 to –0.26 mm
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from bregma (dorsolateral and ventrolateral parts of
the intermediate striatum), and level IV – A = –0.82 to
–1.3 mm from bregma (dorsolateral and ventrolateral
parts of the caudal striatum), according to the stereo-
taxic atlas of Paxinos and Watson [42]. The mean
value of the optical density measured on either side of
two slices representing each brain level was calcu-
lated and accepted as a value/animal. The data were
expressed in fmol/mg of wet tissue as the mean ± SEM
for all rats. The non-specific binding was subtracted
for all sections.

Statistics

A one-way ANOVA, followed by the LSD test, was
used for the statistical analysis of differences between
TIQ- and saline-treated rats.

Results

Effects of TIQ on the extracellular

concentration of glutamate

In our previous study, we demonstrated that a single
dose of TIQ at 100 mg/kg significantly increased DA
release in the striatum by about 280% of the basal
value 1 h after ip injection. At the same time, the con-
centrations of DA metabolites, DOPAC and HVA,

were markedly decreased in a striatal dialysate by
about 40–60% of the baseline value [28]. Our present
study found that the same dose of TIQ evoked a sig-
nificant decrease in glutamate release in the rat stria-
tum (by 20–86% of the basal value), in parallel to the
increase in DA release. The concentration of extracel-
lular glutamate fell gradually, starting to decrease at
60 min and reaching the minimum at 210 min after
TIQ injection (Fig. 1).

Binding of [3H]MK-801 to the NMDA receptor

complex

Distribution of the specific [3H]MK-801 binding in
the control, saline-treated group of rats was similar to
that described previously [22, 54] (Fig. 2). The high-
est level was observed in the cerebral cortex in the
narrow outermost layer of the parietal and frontal cor-
tices, while inner layers exhibited a considerable
lower level of [3H]MK-801 binding. In the striatum
and nucleus accumbens, a moderate level of binding
was observed as compared to the cerebral cortex.
However, some regional differences in the distribu-
tion of specific [3H]MK-801 binding sites were ob-
served in the nucleus accumbens, with higher level of
binding seen in the core than in the shell. To deter-
mine whether TIQ competes with [3H]MK-801 for
binding sites within the NMDA receptor complex, an
autoradiographic study was performed in the presence
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of TIQ in the rat brain (4 h after the last chronic dose).
Additionally, to examine adaptative changes after
chronic TIQ treatment, the binding of [3H]MK-801 to
NMDA receptors was studied 72 h after withdrawal
from chronic treatment with TIQ [29]. Our results
show that TIQ treatment does not alter the binding of
[3H]MK-801 to NMDA receptors in any of the exam-
ined dopaminergic structures at either 4 h (Fig. 3) or
72 h (Fig. 4) after the last chronic injection. The non-
specific binding was between 5 and 28% of the total
bound, depending on the structure examined.

Discussion

The present findings confirmed one of our hypotheses
put forth in the introduction; that TIQ administered
systemically at a single dose of 100 mg/kg would pro-
duce a significant decrease in the level of extracellular
glutamate in the striatum of conscious, freely moving
rats. The obtained result clearly indicates that this en-
dogenous amine, which also occurs naturally in the
environment [19, 30, 38, 40, 41], can affect striatal
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Fig. 4. The effect of 72 h withdrawal from
chronic TIQ administration (100 mg/kg
once daily for 21 days) or solvent treatme��
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glutamatergic transmission. The mechanism that gave
rise to the inhibitory effect of TIQ on glutamate re-
lease is unknown. Although the increased extracellu-
lar concentration of DA in the striatum of the TIQ-
treated rats [28] could be considered as a possible fac-
tor responsible for this effect, such an interpretation
would be in sharp contrast to the antagonistic effect of
TIQ on the apomorphine-stimulated locomotor activ-
ity [3]; hence, arguments are presented below that
should substantiate another explanation.

Glutamate, the primary excitatory neurotransmitter
in the central nervous system, is continuously re-
leased into the extracellular fluid. However, both the
origin and function of this extracellular pool of gluta-
mate is a matter of discussion [10, 16, 50, 52, 57].
Sampled in vivo, the concentration of extracellular
glutamate is maintained in the low micromolar con-
centration range (3–7 µM) in the extracellular space
outside the synaptic cleft [5, 52], owing to an efficient
glutamate uptake. The mechanism of this uptake is
accomplished by means of Na+-dependent high-
affinity glutamate transporters [7, 46]. The presence
of glutamate in the extracellular space may be attrib-
uted to glutamate-filled synaptic vesicles that are re-
leased from nerve terminals by exocytosis [7], al-
though a growing body of evidence suggests that ex-
tracellular glutamate mainly derives from non-vesicular
sources [4, 5, 16]. In fact, it is believed that the Na+-
independent anionic amino acid transporter, referred
to as the Xc transport system, which exchanges extra-
cellular cystine (oxidized form of cysteine; Cys-S-S-
Cys) for intracellular glutamate, is responsible for the
continuous release of glutamate [5, 31, 50]. Consis-
tent with this view, it has been demonstrated that
blockade of the cystine/glutamate exchanger by selec-
tive compounds evokes a significant decrease
(50–70%) in the extracellular concentration of gluta-
mate in the rat striatum and nucleus accumbens, while
the blockade of voltage-dependent Ca2+ and Na+

channels produces only minimal changes in glutamate
level in either structure [4, 5, 33, 58]. In contrast,
acute inhibition of glutamate uptake under basal con-
ditions leads to an immediate and physiologically
relevant increase in the extracellular concentration of
glutamate, consistent with fast extracellular turnover
of this neurotransmitter [16]. An excess of extracellu-
lar glutamate markedly reduces the uptake of cystine
via the Xc

– transport system [7, 23, 49]. Moreover, if
the extracellular concentration of glutamate is high
enough, the cystine/glutamate exchanger may lead to

the acute release of cystine [7]. All of the above-
mentioned effects clearly indicate that the uptake of
cystine and the extracellular level of glutamate are
closely related. Additionally, these data confirm the
view that the cystine/glutamate exchanger is a pri-
mary source of non-vesicular glutamate that is perma-
nently present extrasynaptically.

Blockade of the cystine/glutamate exchanger is not
the only means of affecting cystine uptake that can
decrease the release of glutamate in the rat striatum
[5, 33]. Inhibition of �-glutamyl transpeptidase (�-GT),
a plasma membrane ectoenzyme involved in the deg-
radation of extracellular reduced glutathione (GSH),
may also lead to such effect, as it was reported that
acivicin, a selective inhibitor of this enzyme, signifi-
cantly decreased the uptake of cystine when added to
cell culture [47, 49]. Our earlier studies demonstrated
that TIQ at doses of 50 and 100 mg/kg inhibited the
enzymatic activity of �-GT in dopaminergic structures
of the rat brain [26, 27]; hence, it should likewise re-
duce the uptake of cystine. It is widely believed that
the physiological role of �-GT is to metabolize extra-
cellular GSH, allowing for precursor amino acids
(glutamate, cysteine, glycine) to be assimilated and
reutilized for de novo intracellular GSH synthesis.
However, this function does not seem to be obligatory
since an increase in GSH content was also observed in
the dopaminergic structures of rat brains when �-GT
was inhibited by both acutely and chronically admin-
istered TIQ [26, 27]. Synthesis of GSH in the brain re-
quires a close metabolic interaction between astro-
cytes and neurons. GSH release by astrocytes is es-
sential to provide cysteine to neurons, as they are
unable to take up cystine [21, 44, 45, 53]. According
to Wang and Cyander [53], cysteine in the extracellu-
lar space is generated from a thiol-disulfide exchange
reaction of cystine and GSH: glutathione + cystine –
cysteine + cysteine-glutathione disulfide. The cys-
teine formed in this reaction is then taken up predomi-
nantly by neurons via a neuronal, Na+-dependent ex-
citatory amino acid transporter, EAAC1 (also called
EAAT3) [37, 46, 55], and further used for intraneu-
ronal GSH biosynthesis. The increased level of GSH
in the striatum of the TIQ-treated rats observed in our
previous studies [26, 27] could result from the
above-mentioned reaction, as the availability of cys-
teine is a limiting factor for neuronal GSH synthesis
[21]. It seems that the inhibition of �-GT should favor
the thiol-disulfide exchange reaction, due to the large
elevation of GSH concentration in the extracellular
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space in such conditions [9]. However, the resultant
disappearance of cystine from extracellular space may
eventually lead to the inhibition of glutamate release
by means of cystine/glutamate exchanger, as observed
in the rat striatum in the present study.

As acute TIQ administration produced inhibition of
glutamate release in the striatum, it was reasonable to
assume that the maintenance of such an effect in rats
treated chronically with TIQ (for 3 weeks) could
evoke changes in the binding of [3H]MK-801 to
NMDA receptors. However, in neither the striatum
nor the nucleus accumbens and prefrontal cortex were
any such alterations found, both in the presence (4 h
after the last chronic dose) and absence (72 h after
withdrawal) of TIQ in the rat brain. The first result
suggests that TIQ does not compete with [3H]MK-
801 for binding sites within the NMDA receptor com-
plex, while the latter one indicates that chronic treat-
ment with this compound does not produce adaptative
changes in the number of NMDA receptors. It seems
likely that chronic TIQ treatment brought about the
downregulation of Na+-dependent glutamate trans-
porters, thereby normalizing the decreased extracellu-
lar level of glutamate. Such a compensatory mecha-
nism may act to prevent adaptative changes in the
level of [3H]MK-801 binding to NMDA receptors in
the striatum and other dopaminergic structures exam-
ined. To confirm this assumption, further experiments
upon expression of glial and neuronal glutamate trans-
porters in the rat brain are necessary.

In summary, our present data seem to indicate that
TIQ, in addition to acting in the modulation of striatal
dopaminergic neurotranssmision [24, 28], is also able
to regulate striatal glutamatergic transmission.
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