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Abstract:

Background: 1-Methyl-1,2,3,4-tetrahydroisoquinoline (1-MeTIQ) is present in human and mammalian brain as a racemate (R,S) of

two stereoisomers: R- and S-1MeTIQ. The racemate is a mixture of the endogenous, synthesized in the brain dextrorotary

R-1MeTIQ, and the exogenous, levorotary form, S-1MeTIQ.

Methods: In this study, we compared the effect of these two stereoisomers of 1MeTIQ with the racemate in the context of their influ-

ence on dopamine metabolism and in vivo dopamine release in the rat striatum. Additionally, a behavioral study was used to examine

the influence of both enantiomers R- and S-1MeTIQ on locomotor activity of rats.

Results: The behavioral studies showed that both R- and S-1MeTIQ enantiomers, like the racemate, produced biphasic effects:

a slight decrease in the exploratory locomotor activity, and then an increase in the basal locomotor activity. Biochemical ex vivo ex-

periments showed that S-1MeTIQ produced a much stronger inhibition of MAO-dependent dopamine oxidation than the racemate.

R-1MeTIQ, in opposite to S-isoform and racemate, did not block dopamine oxidation in the structures which contain dopamine

nerve endings (striatum, nucleus accumbens), and in fact did not suppress the level of its intraneuronal metabolite, DOPAC in these

brain regions. However, an in vivo microdialysis study demonstrated that the racemate and both stereoisomers (R-1MeTIQ to

a lesser extent) significantly elevated the concentration of dopamine in the extraneuronal space in the rat striatum. What is more, the

concentration of an extraneuronal dopamine metabolite 3-methoxytyramine (3-MT), which is an indicator of its release, was consid-

erably increased by all the compounds.

Conclusions: In summary of the results, it can be stated that S-1MeTIQ, like the racemate and in contrast to R-stereoisomer, inhibits

MAO-dependent dopamine oxidation in all investigated brain structures. In addition, both these substances potentiated COMT-

dependent O-methylation in the brain, however, also R-1MeTIQ produced such effect but to a lesser extent. In conclusion, we sug-

gest that R- and S-1MeTIQ enantiomers like the racemate may demonstrate neuroprotective properties in the brain via the activation

of dopamine O-methylation catabolic pathway and elevation of its methylated product – 3-MT.
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Introduction

1-Methyl-1,2,3,4-tetrahydroisoquinoline (1-MeTIQ)

is an endogenous compound which is present in hu-

man and mammalian brain [19, 27, 28, 35] and its

postmortem brain level in parkinsonian patients is de-

creased compared with control brain [27]. As shown

by Ayala et al. [11], the concentration of 1MeTIQ de-

creases with aging. Also pharmacological haloperidol-

induced parkinsonism led to diminishing of 1MeTIQ

in the brain [17]. A study on the regional 1MeTIQ dis-

tribution in the monkey brain indicated that its con-

tents in the striatum and substantia nigra were higher

than those in other brain regions [37]. The racemate

R,S-1MeTIQ demonstrated neuroprotective proper-

ties, and revealed a protective activity against parkin-

sonism induced by 1-methyl-4-phenyl-1,2,3,4-tetra-

hydropyridine (MPTP), rotenone or 1-benzyl-1,2,3,4-

tetrahydroisoquinoline (1BnTIQ) [1, 6, 20, 30, 35]. Its

neuroprotective potential is mainly connected with its

influence on dopamine catabolism. R,S-1MeTIQ

strongly inhibits the MAO-dependent oxidative path-

way and increases COMT-dependent O-methylation

catabolic route. It is known that the oxidative pathway

of dopamine catabolism, leading to 3,4-dihydroxyphe-

nylacetic acid (DOPAC), produces potentially cyto-

toxic reactive oxygen species, which may play an im-

portant role in damage of dopaminergic neurons that

occurs during aging and in Parkinson’s disease [3,

29]. On the other hand, the enhanced dopamine ca-

tabolism through COMT-dependent O-methylation

yielding 3-methoxytyramine (3-MT) may be an im-

portant antioxidant defense mechanism [24]. 1MeTIQ

is present in the brain as a mixture of R- and S-

enantiomers. Enantiomer R-1MeTIQ is synthesized

enzymatically from 2-phenylethylamine (PEA) and

pyruvate in the rat brain [38] whereas the form

S-1MeTIQ is of dietary origin [2].

Such isomers have often been shown to express

a diametrically different bioactivity [25, 34]. Stereoi-

somers can differ in pharmacokinetic and pharmaco-

dynamic properties, efficiency and profile of unde-

sirable reactions, what makes a rational pharmaco-

therapy difficult. Biologically active enantiomers are

increasingly often introduced to clinical practice in-

stead of previously used racemic mixtures. The use of

an enantiomer often permits:

– to diminish the drug dose,

– to increase therapeutic efficacy,

– to avoid many harmful interactions of drugs,

– to minimize differences in drug-metabolizing ca-

pacities between patients,

– to lower toxicity caused by the presence of toxic

stereoisomers.

Additionally, recent regulatory guidelines have rec-

ommended the development of single-enantiomer com-

pounds that have or may have clinical applications.

This recommendation is based on the idea that a single

enantiomer may offer clinical advantages over the ra-

cemate in terms of potency, efficacy and tolerability.

In order to address these problems, we decided to

study the effects of the stereo-structure of 1MeTIQ

using the R- and S-1MeTIQ enantiomers and com-

pared their behavioral and biochemical effects on do-

pamine system with the commonly used racemate,

R,S-1MeTIQ. For the estimation of the dopaminergic

system function, we used both ex vivo an in vivo bio-

chemical studies. We assessed the effects of the race-

mate R,S-1MeTIQ and each of its stereoisomers: dex-

trorotary R-1MeTIQ and levorotary S-1MeTIQ on the

rate of dopamine metabolism in different brain struc-

tures and their in vivo release in the rat striatum.

Materials and Methods

Animals

The experiments were performed on male Wistar rats

(Charles River, Germany) weighing 260–310 g. Food

and water were available ad libitum and the animals

were kept under an artificial light/dark cycle (12/12 h,

light on from 7 a.m.). In total, 54 animals were used

for experiments. All experiments were performed be-

tween 9 a.m. and 4 p.m.

Drugs

R,S-1MeTIQ (racemate) (1-methyl-1,2,3,4-tetrahyd-

roisoquinoline) and its enantiomers R-1MeTIQ and

S-1MeTIQ, were synthesized in the Department of

Drug Chemistry, (Institute of Pharmacology, Polish

Academy of Sciences, Kraków, Poland). The purity of

the compounds was verified by measurement of melt-

ing points, and homogeneity was assessed on a chro-

matographic column. All compounds were dissolved

in a 0.9% NaCl solution and injected intraperitoneally

(ip) in a volume of 4 ml/kg.
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Locomotor activity

Both exploratory and spontaneous locomotor activity

was recorded individually for each animal in Opto-

Varimex cages (Columbus Instruments, USA) linked

on-line to a compatible IBM-PC. Each cage (43 × 44

× 25 cm) was surrounded with a 15 × 15 array of pho-

tocell beams located 3 cm from the floor surface. In-

terruptions of these photocell beams were a measure

of horizontal activity defined as a distance traveled (in

cm). Horizontal locomotor activity was recorded for

90 min and analyzed using Auto-track software (Co-

lumbus Instruments, USA). Five to six animals per

group were used.

BIOCHEMICAL ASSAYS

Ex vivo biochemical studies

When the behavioral experiments were finished, the

rats were killed by decapitation and the substantia

nigra (SN), striatum, nucleus accumbens, ventral teg-

mental area (VTA) and frontal cortex (Fcx) were

dissected immediately and the obtained tissue was

frozen on solid CO2 (–70°C) and stored until used for

biochemical assay. Dopamine and its metabolites,

3,4-dihydroxyphenylacetic acid (DOPAC), 3-methoxy-

tyramine (3-MT) and final metabolite, homovanillic

acid (HVA) were assayed by means of high-perfor-

mance liquid chromatography (HPLC) with electro-

chemical detection. The chromatograph HP1050;

Hewlett-Packard, Golden, CO, USA was equipped

with reversed phase Hypersil columns BDS-C18 (4 ×

100 mm, 3 µm) Agilent, USA. The tissue samples

were weighed and homogenized in an ice-cold 0.1 M

perchloroacetic acid containing 0.05 mM ascorbic

acid. After centrifugation (10,000 × g, 5 min), the su-

pernatants were filtered through RC 58 0.2-µm cellu-

lose membranes (Bioanalytical Systems, West Lafay-

ette, IN, USA). The mobile phase consisted of 0.05 M

citrate-phosphate buffer, pH 3.5, 0.1 mM EDTA,

1 mM sodium octyl sulfonate and 3.5% methanol.

The flow rate was maintained at 1 ml/min. Dopamine

and its metabolites were quantified by Hewlett-

Packard software.

In vivo microdialysis studies

The rats were anesthetized with ketamine (75 mg/kg)

and xylazine (10 mg/kg) and were then secured in

a stereotaxic frame (Stoelting, USA). Vertical micro-

dialysis guides (intracerebral guide cannula with stylet;

cannula length 15 mm; probe volume 2.3 µl; mem-

brane – polyacrylonitrile (PAN), 320 µm OD, 4 mm

lengths in stock; BAS Bioanalytical, USA) were im-

planted in the striatum (STR) using the following

stereotaxic coordinates: A/P +1.0, L/M +2.5, and V/D

–3.5 mm from the bregma point and dura, respec-

tively [32].

On day 7 after the surgery, the microdialysis probes

were placed inside guides and were then perfused

with an artificial cerebrospinal fluid (aCSF) consist-

ing of 140 mM NaCl, 2.7 mM KCl, 1.2 mM CaCl2,
1 mM MgCl2, 0.3 mM NaH2PO4, 1.7 mM Na2HPO4,
(pH 7.4) at a flow rate of 1.5 µl/min with a microinfu-

sion pump (Stoelting, Illinois, USA). Samples were

collected from freely moving rats at 20 min intervals

after a 3-h washout period.

R,S-1MeTIQ, R-1MeTIQ or S-1MeTIQ were in-

jected in a dose of 50 mg/kg ip and the probes were

collected throughout 180 min. All the samples were

immediately frozen on solid CO2 (–70°C) until further

use in a biochemical assay (using HPLC with electro-

chemical detection).

Six animals per group were used. When the experi-

ment was completed, the brains were examined histo-

logically in frozen slices for correct probe placement.

Calculations and statistics

The data of behavioral tests were analyzed by means

of a one-way ANOVA followed by Fisher’s test. The

results of ex vivo biochemical experiments were ana-

lyzed by means of a one-way ANOVA followed by

Duncan’s test. The total dopamine catabolism rate

was assessed from the concentration ratio of the final

dopamine metabolite, homovanillic acid (HVA) to

dopamine (DA) and expressed as the catabolism rate

index ([HVA]/[DA]) × 100. The indices were calcu-

lated using concentrations from individual tissue sam-

ples (n = 6).

The data from microdialysis study after normaliza-

tion as a percentage of control ± SEM were analyzed

using Statistica software. The repeated one-way

ANOVA and post-hoc Duncan’s test were used to

show statistical significance with the assumed signifi-

cance level p < 0.05.

All the experimental procedures were approved by

the Local Bioethics Commission of the Institute of Phar-

macology, Polish Academy of Sciences in Kraków.
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Results

Comparison of the effects of the racemate

R,S-1MeTIQ and its enantiomers: R-1MeTIQ

and S-1MeTIQ on rat locomotor activity

A single administration of a low dose of racemate

R,S-1MeTIQ (25 mg/kg ip) did not change the ex-

ploratory activity of rats. In contrast, R-1MeTIQ and

S-1MeTIQ given in the same dose (25 mg/kg ip) pro-

duced a significant (p < 0.01) decrease in locomotor

activity in the first period of the experiment. In the

second part of the experiment (60 min after admini-

stration of all compounds) we observed a significant

increase in the basal locomotor activity of animals

(Fig. 1A). All compounds in a higher dose (50 mg/kg

ip) produced a significant (p < 0.01) decrease in the

exploratory locomotor activity (the first phase from 0 to

15 min). However, both enantiomers R- and S-1MeTIQ

significantly increased the basal locomotor activity

(the second phase from 30 min to 90 min; p < 0.01

and p < 0.05, respectively; Fig. 1B).

Comparison of the effects of the racemate

R,S-1MeTIQ and its enantiomers: R-1MeTIQ

and S-1MeTIQ on the concentration of dopa-

mine and its metabolites in different structures

of the rat brain

Striatum

One-way ANOVA indicated a significant effect of treat-

ment [F (6, 35) = 4.62, p < 0.01] on the dopamine (DA)

concentration in the striatum. The post-hoc analysis

showed that administration of the racemate and both

enantiomers, R- and S-1MeTIQ in two doses (25 and

50 mg/kg ip) led to a significant increase in the level of

dopamine (Tab. 1). Statistical analysis indicated a signifi-

cant effect of treatment [F (6, 35) = 41.5, p < 0.01] on the

concentration of DOPAC. The post-hoc Duncan’s test

showed that the racemate and S-1MeTIQ (25 and 50 mg/

kg ip) produced a significant decrease in the level of

DOPAC (p < 0.01). In contrast, R-1MeTIQ injection pro-

duced an increase in the DOPAC concentration in the rat

striatum (this effect was significant only for the dose of

25 mg/kg ip) (Tab. 1). One-way ANOVA indicated a sig-

nificant effect of treatment [F (6, 35) = 15.4, p < 0.01] on

the concentration of 3-MT. The post-hoc analysis showed
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Fig. 1. The effect of R-1MeTIQ,
S-1MeTIQ and R,S-1MeTIQ on loco-
motor activity in rats. The rats received
a single injection of saline (control),
R-1MeTIQ, S-1MeTIQ or R,S-1MeTIQ
in a dose of 25 mg/kg ip (A) or
50 mg/kg ip (B), and immediately were
placed into actometers for 90 min. The
data are the means ± SEM, n = 5 to 6
(the number of rats per group). ** p <
0.01 (difference from control group,
SAL) with Fisher LSD test



that acute administration of the racemate, R-1MeTIQ

and S-1MeTIQ (25 and 50 mg/kg ip) produced a sig-

nificant (p < 0.01) increase in the level of 3-MT (Tab. 1).

The strongest effect was observed after S-1MeTIQ

administration in a dose of 50 mg/kg ip. There was a sig-

nificant effect of treatment [F (6, 35) = 32.4, p < 0.01] on

the concentration of HVA. The post-hoc Duncan’s test

demonstrated that the racemate and S-1MeTIQ (25 and

50 mg/kg ip) produced a decrease in the level of HVA,

but significant (p < 0.01) effects were observed only after

acute S-1MeTIQ administration. In contrast, R-1MeTIQ

administration produced a significant (p < 0.01) increase

in the striatal HVA concentration (Tab. 1).

One-way ANOVA indicated a significant effect of

treatment [F (6, 35) = 42.7, p < 0.01] on the DA

metabolism assessed from the ([HVA]/[DA]) ratio.

The post-hoc analysis showed that administration of

the racemate, R,S-1MeTIQ and S-1MeTIQ (25 and

50 mg/kg ip) produced a decrease in the rate of do-

pamine metabolism – ([HVA]/[DA]), but significant

(p < 0.01) effects were observed only after S-1MeTIQ

administration. In contrast, R-enantiomer (25 and

50 mg/kg ip) produced a significant (p < 0.01)

increase in the rate of dopamine metabolism (Tab. 1).

Substantia nigra

In the SN, one-way ANOVA did not reveal significant

effects of treatment [F (6, 35) = 1.36, NS] on the con-

centration of DA (Tab. 1). Statistical analysis indi-

cated a significant effect of treatment [F (6, 35) =

22.7, p < 0.01] on the DOPAC concentration. As shown
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Tab. 1. The effect of R- and S-1MeTIQ enantiomers and the racemate R,S-1MeTIQ on dopamine metabolism in the extrapyramidal structures of
the rat brain

Treatment

(mg/kg)
DA

(ng/g tissue)
DOPAC

(ng/g tissue)
3-MT

(ng/g tissue)
HVA

(ng/g tissue)
HVA/DA

Substantia nigra

Saline 1025 ± 25 160 ± 11 67 ± 2 98 ± 5 10.0 ± 0.8

R-1MeTIQ 25 1131 ± 112 107 ± 9** 121 ± 29* 96 ± 10 8.7 ± 0.5

R-1MeTIQ 50 985 ± 103 78 ± 10** 97 ± 9 54 ± 4** 5.8 ± 0.3**

S-1MeTIQ 25 1103 ± 71 55 ± 5** 137 ± 5** 43 ± 5** 4.0 ± 0.5**

S-1MeTIQ 50 1067 ± 112 33 ± 6** 190 ± 16** 40 ± 3** 3.7 ± 0.4**

R,S-1MeTIQ 25 1158 ± 53 79 ± 7** 133 ± 11** 79 ± 6* 6.7 ± 0.3**

R,S-1MeTIQ 50 1330 ± 144 63 ± 10** 195 ± 20** 70 ± 7** 5.2 ± 0.4**

F F (6, 35) = 1.36
NS

F (6, 35) = 22.7
p < 0.01

F (6, 35) = 8.65
p <  0.01

F (6, 35) = 15.4
p < 0.01

F (6, 35) = 20.3
p < 0.01

Striatum

Saline 11860 ± 417 1723 ± 94 562 ± 10 1303 ± 34 11.2 ± 0.2

R-1MeTIQ 25 15457 ± 465** 2035 ± 100* 674 ± 41 2394 ± 186** 15.5 ± 1.3**

R-1MeTIQ 50 14921 ± 703** 1989 ± 141 732 ± 46** 2331 ± 204** 15.7 ± 0.8**

S-1MeTIQ 25 14268 ± 699* 789 ± 50** 805 ± 49** 762 ± 62** 5.5 ± 0.3**

S-1MeTIQ 50 16003 ± 586** 696 ± 47** 1032 ± 24** 755 ± 22** 4.7 ± 0.3**

R,S-1MeTIQ 25 14234 ± 472** 1224 ± 46** 786 ± 22** 1309 ± 71 9.2 ± 0.4

R,S-1MeTIQ 50 14325 ± 837* 1146 ± 60** 973 ± 70** 1394 ± 95 9.7 ± 0.5

F F (6, 35) = 4.62
p < 0.01

F (6, 35) = 41.5
p < 0.01

F (6, 35) = 15.4
p < 0.01

F (6, 35) = 32.4
p < 0.01

F (6, 35) = 42.7
p < 0.01

The racemate (R,S-1MeTIQ) and its stereoisomers R- and S-1MeTIQ were administered at two doses (25 and 50 mg/kg ip). The rats were de-
capitated after finishing the locomotor activity test 2 h after injections. The results are expressed as the means ± SEM of six samples (n = 6 ani-
mals per group). Data were analyzed by means of one-way ANOVA followed by Duncan’s test. The total catabolism rate of dopamine was as-
sessed from the ratio of the final dopamine metabolite concentration, homovanillic acid (HVA) to dopamine (DA) concentration and expressed
as the catabolism rate index ([HVA]/[DA]) × 100. The indices were calculated using concentrations from individual tissue samples (n = 6). Sta-
tistical significance: * p < 0.05, ** p < 0.01 vs. Saline group



by the post-hoc analysis, all used compounds, in both

doses produced a significant (p < 0.01) reduction of

the DOPAC level in the SN. As shown by one-way

ANOVA, there were significant effects of treatment

[F (6, 35) = 8.65, p < 0.01] on 3-MT concentration.

The post-hoc Duncan’s test indicated that all used

substances produced an increase in the level of 3-MT.

Acute R-1MeTIQ administration in a dose of 25 mg/kg

induced a significant 3-MT elevation (p < 0.05). At

the same time, S-1MeTIQ and the racemate given in

both doses produced a stronger increase (p < 0.01) in

the level of this dopamine metabolite (Tab. 1). One-

way ANOVA indicated a significant effect of treat-

ment [F (6, 35) = 15.4, p < 0.01] on the concentration

of HVA in the SN. The post-hoc analysis showed that

racemate, R,S-1MeTIQ (in both doses) and its enanti-

omers produced a significant (p < 0.01) reduction of

the level of HVA, but the strongest effect was ob-

served after S-1MeTIQ administration (Tab. 1).

by the post-hoc analysis, all used compounds, in both

doses produced a significant (p < 0.01) reduction of

the DOPAC level in the SN. As shown by one-way

ANOVA, there were significant effects of treatment

[F (6, 35) = 8.65, p < 0.01] on 3-MT concentration.

The post-hoc Duncan’s test indicated that all used

substances produced an increase in the level of 3-MT.

Acute R-1MeTIQ administration in a dose of 25 mg/kg

induced a significant 3-MT elevation (p < 0.05). At

the same time, S-1MeTIQ and the racemate given in

both doses produced a stronger increase (p < 0.01) in

the level of this dopamine metabolite (Tab. 1). One-

way ANOVA indicated a significant effect of treat-

ment [F (6, 35) = 15.4, p < 0.01] on the concentration

of HVA in the SN. The post-hoc analysis showed that

racemate, R,S-1MeTIQ (in both doses) and its enanti-

omers produced a significant (p < 0.01) reduction of

the level of HVA, but the strongest effect was ob-

served after S-1MeTIQ administration (Tab. 1).

One-way ANOVA indicated a significant effect of

treatment [F (6, 35) = 20.3, p < 0.01] on the DA me-

tabolism in the SN assessed from the ([HVA]/[DA])

ratio. All used compounds produced a significant de-

crease in the rate of dopamine metabolism (p < 0.01).

Nucleus accumbens

One-way ANOVA did not reveal significant effects of

treatment [F (6, 35) = 1.71, NS] on the DA concentra-

tion in the nucleus accumbens (Tab. 2). Statistical analy-

sis showed significant effects of treatment [F (6, 35) =

21.0, p < 0.01] on DOPAC level in the nucleus ac-

cumbens. The post-hoc Duncan’s test indicated that

R,S-1MeTIQ (in both doses) as well as S-1MeTIQ

produced a significant (p < 0.01) decrease in the

DOPAC concentration (Tab. 2). Statistical analysis in-

dicated significant effects of treatment [F (6, 35) =

4.07, p < 0.01] on 3-MT concentration in the nucleus

accumbens. Post-hoc analysis showed that the race-

mate (50 mg/kg ip) and S-1MeTIQ (50 mg/kg ip) pro-

duced a significant (p < 0.01) elevation of the 3-MT

level (Tab. 2). Statistical analysis showed significant

effects of treatment [F (6, 35) = 17.9, p < 0.01] on the

HVA concentration. The post-hoc Duncan’s test indi-

cated that injection of R-1MeTIQ in a dose-dependent

manner produced an increase in the level of HVA (p <

0.01). In contrast, S-enantiomer (in both doses) in-

duced a strong reduction of the HVA concentration (p

< 0.01). Administration of the racemate, R,S-1MeTIQ

produced only a slight decrease of the HVA level.

One-way ANOVA indicated a significant effect of

treatment [F (6, 35) = 43.9, p < 0.01] on the DA me-

tabolism assessed from the ([HVA]/[DA]) ratio in the

nucleus accumbens. The post-hoc Duncan’s test indi-

cated that the racemate and S-1MeTIQ enantiomer (in

both doses) produced a significant (p < 0.01) decrease

in the rate of dopamine metabolism. In contrast,

R-1MeTIQ injection induced a significant (p < 0.01)

elevation of DA metabolism (Tab. 2).

Ventral tegmental area (VTA)

In the VTA, one-way ANOVA indicated a significant

effect of treatment [F (6, 35) = 3.66, p < 0.01] on the

DA concentration. As shown by post-hoc test, acute

administration of the racemate, R,S-1MeTIQ (25 mg/

kg ip) and S-1MeTIQ (50 mg/kg ip) produced a sig-

nificant elevation of DA concentration (Tab. 2). One-

way ANOVA showed a significant effect of treatment

[F (6, 35) = 6.38, p < 0.01] on DOPAC concentration.

Duncan’s test indicated that the racemate and both

enantiomers in a dose-dependent manner decreased

the level of DOPAC (Tab. 2). Statistical analysis indi-

cated a significant effect of treatment [F (6, 35) =

11.21, p < 0.01] on 3-MT concentration. Post-hoc

analysis showed that the racemate of 1MeTIQ in both

doses, and S-1MeTIQ (25 and 50 mg/kg ip) produced

a significant (p < 0.01) elevation of the 3-MT level

(Tab. 2). In the VTA, one-way ANOVA indicated

a significant effect of treatment [F (6, 35) = 5.95, p <

0.01] on HVA concentration. As shown by the post-

hoc test, administration of the racemate and both

enantiomers produced a significant decrease in the

level of HVA.

One-way ANOVA indicated a significant effect of

treatment [F (6, 35) = 10.4, p < 0.01] on the rate of

DA metabolism assessed from the ([HVA]/[DA]) ratio

in the VTA. All used compounds produced a signifi-

cant decrease in the rate of dopamine metabolism, but

the strongest effect (p < 0.01) was observed after

S-1MeTIQ administration in both doses (Tab. 2).

Frontal cortex (Fcx)

In the Fcx, the statistical analysis indicated a signifi-

cant effect of treatment [F (6, 33) = 2.53, p < 0.05] on

DA concentration. The post-hoc test showed that the

racemate of 1MeTIQ in both doses, and S-1MeTIQ in

a dose of 50 mg/kg ip produced a significant elevation

of dopamine concentration (Tab. 2). One-way ANOVA
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demonstrated a significant effect of treatment [F (6,

33) = 17.15, p < 0.01] on DOPAC concentration.

Duncan’s test indicated that the racemate (p < 0.01)

and both enantiomers: R-1MeTIQ (p < 0.05) and S-

1MeTIQ (p < 0.01) in a dose-dependent manner de-

creased the level of DOPAC (Tab. 2). Statistical

analysis indicated a significant effect of treatment

[F (6, 33) = 16.02, p < 0.01] on 3-MT concentration.

Post-hoc analysis showed that the R,S-1MeTIQ in

both doses, S-1MeTIQ (25 and 50 mg/kg ip) and

R-1MeTIQ in the higher dose produced a significant

(p < 0.01) elevation of the 3-MT level (Tab. 2). One-
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Tab. 2. The effect of R- and S-1MeTIQ enantiomers and the racemate R,S-1MeTIQ on the dopamine metabolism in mesolimbic and mesocorti-
cal structures of rat brain

Treatment

(mg/kg )
DA

(ng/g tissue)
DOPAC

(ng/g tissue)
3-MT

(ng/g tissue)
HVA

(ng/g tissue)
HVA/DA

VTA

Saline 2734 ± 295 763 ± 60 115 ± 12 503 ± 38 19.7 ± 2.3

R-1MeTIQ25 2466 ± 590 532 ± 148* 144 ± 18 449 ± 61 24.0 ± 3.4

R-1MeTIQ50 2745 ± 274 436 ± 50** 142 ± 21 370 ± 36* 13.8 ± 1.1*

S-1MeTIQ25 3894 ± 440 376 ± 38** 254 ± 23** 327 ± 21** 8.8 ± 0.9**

S-1MeTIQ 50 4223 ± 574* 304 ± 43** 360 ± 37** 348 ± 33* 8.5 ± 0.7**

R,S-1MeTIQ25 4110 ± 290* 602 ± 43 259 ± 23** 553 ± 39 13.7 ± 0.4*

R,S-1MeTIQ50 2439 ± 350 269 ± 26** 239 ± 36** 309 ± 30** 13.3 ± 0.9*

F F (6, 35) = 3.66
p < 0.01

F (6, 35) = 6.38
p < 0.01

F (6, 35) = 11.21
p < 0.01

F (6, 35) = 5.95
p < 0.01

F (6, 35) = 10.4
p < 0.01

Nucleus accumbens

Saline 11013 ± 362 1886 ± 77 404 ± 23 1119 ± 37 10.3 ± 0.2

R-1MeTIQ25 11565 ± 448 2085 ± 177 410 ± 25 1508 ± 147* 13.0 ± 0.8**

R-1MeTIQ50 12469 ± 798 2076 ± 189 454 ± 21 1618 ± 186** 13.0 ± 0.9**

S-1MeTIQ25 12456 ± 556 1000 ± 39** 501 ± 23 596 ± 32** 4.8 ± 0.3**

S-1MeTIQ 50 11383 ± 684 748 ± 60** 557 ± 38** 508 ± 40** 4.3 ± 0.3**

R,S-1MeTIQ25 10251 ± 503 1227 ± 82** 445 ± 35 835 ± 45 7.9 ± 0.2*

R,S-1MeTIQ50 11001 ± 814 1207 ± 120** 554 ± 46** 947 ± 99 8.7 ± 0.4*

F F (6, 35) = 1.71
NS

F (6, 35) = 21
p 0.01

F (6, 35) = 4.07
p 0.01

F (6, 35) = 17.9
p 0.01

F (6, 35) = 43.9
p 0.01

Frontal cortex

Saline 738 ± 59 134 ± 10 43 ± 3 190 ± 15 26 ± 1.2

R-1MeTIQ25 838 ± 102 109 ± 11* 45 ± 6 254 ± 18** 32 ± 4.8*

R-1MeTIQ50 888 ± 59 106 ± 9* 56 ± 3** 280 ± 22** 32 ± 1.9*

S-1MeTIQ25 915 ± 77 54 ± 9** 66 ± 5** 127 ± 9** 14 ± 0.9**

S-1MeTIQ 50 1121 ± 99** 41 ± 5** 91 ± 6** 127 ± 5** 12 ± 0.8**

R,S-1MeTIQ25 1042 ± 63** 87 ± 2** 72 ± 4** 202 ± 6 20 ± 1.5*

R,S-1MeTIQ50 967 ± 38* 68 ± 4** 91 ± 4** 210 ± 12 22 ± 1.4

F F (6, 33) = 2.53
p < 0.05

F (6, 33) = 17.15
p < 0.01

F (6, 33) = 16.02
p < 0.01

F (6, 33) = 16.8
p < 0.01

F (6, 33) = 12.97
p < 0.01

The racemate (R,S-1MeTIQ) and its stereoisomers R- and S-1MeTIQ were administered at two doses (25 and 50 mg/kg ip). The rats were de-
capitated after finishing the locomotor activity test. 2 h after injections. The results are expressed as the means ± SEM of five to six samples
(n = 5–6 animals per group). Data were analyzed by means of one-way ANOVA followed by Duncan’s test. The total catabolism rate for dopa-
mine was assessed from the ratio of the final dopamine metabolite concentration, homovanillic acid (HVA) to dopamine (DA) concentration and
expressed as the catabolism rate index ([HVA]/[DA]) ´ 100. The indices were calculated using concentrations from individual tissue samples.
Statistical significance: * p < 0.05, ** p < 0.01 vs. Saline group



way ANOVA indicated a significant effect of treat-

ment [F (6, 33) = 16.8, p < 0.01] on the level of HVA

(Tab. 2). Duncan’s test demonstrated that R-1MeTIQ

in both doses produced a significant (p < 0.01) in-

crease in the HVA concentration. In opposite to this,

S-1MeTIQ in both doses induced a significant (p <

0.01) decrease of the HVA level (Tab. 2). Statistical

analysis indicated a significant effect of treatment

[F (6, 33) = 12.97, p < 0.01] on the rate of DA me-

tabolism assessed from the ([HVA]/[DA]) ratio in the

Fcx. The post-hoc test showed that the racemate of

1MeTIQ (25 mg/kg ip), and S-1MeTIQ in both doses

produced a significant decrease in the rate of dopa-

mine metabolism. In contrast to this, R-1MeTIQ ad-

ministration in both doses caused the elevation (p <

0.01) of the rate of dopamine metabolism (Tab. 2).

Comparison of the effect of acute administration

of R,S-1MeTIQ, R-1MeTIQ and S-1MeTIQ

on the release of dopamine and its metabolites

in the rat striatum

Dopamine

The repeated one-way ANOVA demonstrated a non-

significant effect of treatment on dopamine release to

the extraneuronal space after acute administration of

R,S-1MeTIQ (50 mg/kg ip) and its both enantiomers

(R-1MeTIQ 50 mg/kg ip and S-1MeTIQ 50 mg/kg ip)

[F (2, 9) = 3.35, NS], but the effect of time [F (12, 108)

= 26.43, p < 0.01] and time vs. treatment was signifi-

cant [F (24, 108) = 1.91, p < 0.05]. The post-hoc

analysis showed that acute R,S-1MeTIQ administra-

tion produced a significant (p < 0.01) and long-lasting

increase in the dopamine release in the rat striatum

(by about 200% up to 300%) (Fig. 2A). At the same

time, acute S-1MeTIQ injection elicited a lower (by

about 120% up to 220%) and also long-lasting eleva-

tion in the dopamine release (p < 0.05) in the rat stria-

tum (Fig. 2A).

DOPAC

The repeated one-way ANOVA indicated a significant

effect of treatment [F (2, 9) = 7.79, p < 0.05] and time

[F (12, 108) = 36.79, p < 0.01] on DOPAC concentra-

tion. The effect of time vs. treatment was also signifi-

cant [F (24, 108) = 6.63, p < 0.01]. The post-hoc Dun-

can’s test showed that a single dose of R,S-1MeTIQ

and S-1MeTIQ produced a significant (p < 0.01) de-

crease in the level of DOPAC (by 30% and 50%, re-

spectively) (Fig. 2B).

3-MT

Treatment did not produce a significant difference in

3-MT concentration [F (2, 9) = 2.80, NS]. In contrast,

time induced a significant effect on the level of 3-MT

[F (12, 108) = 11.12, p < 0.01] and the effect of time

vs. treatment was also significant [F (24, 108) = 2.15,

p < 0.01]. The post-hoc analysis showed that acute ad-

ministration of all compounds produced a significant

(p < 0.01) and long-lasting increase in the 3-MT con-

centration in the synaptic cleft (by about 200% up to

300%) (Fig. 2C).

HVA

The repeated one-way ANOVA indicated a non-

significant effect of treatment on HVA concentration

[F (2, 9) = 2.55, NS], but the effect of time [F (12, 108)

= 2.94, p < 0.01] and time vs. treatment was signifi-

cant [F (24, 108) = 4.21, p < 0.01]. The post-hoc Dun-

can’s test showed that a single dose of S-1MeTIQ pro-

duced a significant (p < 0.05) decrease in the level of

HVA (by 35%) (Fig. 2D).

Discussion

The present study demonstrated differences in the

neurochemical effects of R- and S-1MeTIQ enanti-

omers on dopamine system in the rat brain structures

but their common action was observed in the locomo-

tor activity test. The main difference observed in neu-

rochemical analysis was related to the influence of

R- and S-1MeTIQ enantiomers on the monoamine

oxidase (MAO) activity in the rat brain structures. In

general, dopamine is metabolized by two independent

pathways: oxidative MAO-dependent pathway and

O-methylation, COMT-dependent pathway. Intracel-

lular MAO catalyzes oxidative dopamine deamination

while extracellular COMT catalyzes its O-methylation.

MAO is a crucial enzyme for dopamine catabolism,

however, the intracellular oxidation process leads to

production of free radicals via an iron-mediated Fen-

ton reaction [10, 15]. It was demonstrated by Nappi

and Vass [26] that dihydroxyphenyls (e.g., L-DOPA)
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enhanced significantly the production of .OH in vitro,

whereas the related O-methylated catechols dimin-

ished the production of this radical. It may be sug-

gested that an increase in MAO activity in the cell

may induce cytotoxicity and in contrast to this, poten-

tiation of COMT-activity may offer neuroprotection.

Oxidative stress is a universal mechanism which may

lead to cell death [13], and MAO inhibitors (e.g., sele-

giline or rasagiline) have antiapoptotic [22, 23] and

antioxidant activities [12]. We have found previously

that the racemate R,S-1MeTIQ evoked neuroprotec-

tive effect connected mainly with its free radicals
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Fig. 2. The effect of single dose of R-
1MeTIQ, S-1MeTIQ and R,S-1MeTIQ
on dopamine release in rat striatum: in
vivo microdialysis study. The control
samples were collected from “– 60” to
“0” min, and the next R-1MeTIQ
(50 mg/kg) S-1MeTIQ (50 mg/kg ip) or
R,S-1MeTIQ (50 mg/kg ip) was admin-
istered intraperitoneally (ip) and the di-
alyzate was still collected every
20 min. The concentration of dopa-
mine (DA) (A) and its metabolites:
DOPAC (B), 3-MT (C) and HVA (D) was
measured. The basal level of dopa-
mine in striatum was 10.6 ± 3.1 pg/20 µl.
The data are the means (± SEM) of six
samples (n = 6). * p < 0.05, ** p < 0.01
the difference from the basal value
(Duncan’s test)



scavenging properties and inhibition of MAO A and B

[7, 31].

The O-methylated metabolites formed by initial

COMT action decreased reactive oxygen species-

mediated damage and offered neuroprotection, in con-

trast to non-methylated compounds formed by MAO

which potentiated neuronal damage [26]. In addition,

it was demonstrated that free radicals might play an

important role also in many other phenomena occur-

ring in the brain, like analgesia, addiction, tolerance

and dependence [14, 16, 33, 36].

The behavioral locomotor activity test showed that

racemate, R,S-1MeTIQ and its both enantiomers, R-

and S-1MeTIQ had the similar biphasic effect on lo-

comotor activity in the rat (Figs. 1A, 1B). All com-

pounds decreased the first phase of locomotor activity

(an exploratory phase) but produced an increase of the

basal motility (the second phase). The slight reduction

of locomotor activity at the first stage of the test may

be connected with agonistic-antagonistic influence of

the compounds on dopamine receptors as demon-

strated earlier for racemate, R,S-1MeTIQ [4]. The lo-

comotor stimulation observed in the second part of

the test was probably connected with an increase in

dopamine release to the extracellular space demon-

strated by the in vivo microdialysis study (Fig. 2A).

A marked increase in the release of dopamine was ob-

served 60 min after injections of all investigated com-

pounds, racemate and both enantiomers (Fig. 2A).

In biochemical ex vivo studies, we have demon-

strated that all investigated compounds produced also

a significant elevation of dopamine concentration in

extrapyramidal (striatum) and mesolimbic (VTA,

frontal cortex) structures which are associated with

motor activity of animals (Tabs. 1 and 2). These bio-

chemical data from in vivo microdialysis study (Fig.

2A) as well as from ex vivo analysis (Tab. 1) are in

good agreement with an increase in basal locomotor

activity observed in the behavioral test (Figs. 1A, 1B).

Such biochemical and behavioral effects suggest that

both stereoisomers R- and S-1MeTIQ, like racemate,

gently activated dopamine system in the brain. How-

ever, the effect of stereoisomers on the rate of dopa-

mine metabolism and the route of its catabolism dif-

fered. R-Enantiomer activated dopamine system and

significantly increased all dopamine metabolic pa-

rameters in the striatum: the concentration of dopa-

mine and its metabolites (DOPAC, 3-MT and HVA)

and the rate of dopamine metabolism ([HVA]/[DA]).

In contrast to R-enantiomer, S-1MeTIQ behaved as an

MAO inhibitor and decreased the rate of dopamine

metabolism as well as DOPAC and HVA levels but in-

creased the extraneuronal metabolite of dopamine,

3-MT, in the rat striatum and nucleus accumbens

(Tabs. 1, 2). Additionally, the data showed that

S-1MeTIQ behaved similarly to the racemate R,S-

1MeTIQ, however, its biochemical effect was even

stronger. Taken together, it appears that both enanti-

omers activated dopamine system in various ways:

R-1MeTIQ by increasing dopamine metabolism,

S-1MeTIQ by inhibition of dopamine catabolism. It is

also important to mention that in contrast to DOPAC

and HVA levels, both stereospecific enantiomers

affected the concentration of dopamine and its ex-

traneuronal metabolite, 3-MT in the same direction

significantly increasing their levels. As already men-

tioned, a pronounced increase in dopamine O-me-

thylation within the COMT-dependent catabolic path-

way may offer neuroprotection in contrast to dopa-

mine oxidation directly connected with free radical

production [5, 24]. It was also demonstrated by other

authors that increasing the 3-MT level via stimulation

of the dopamine O-methylation process had a protec-

tive function against oxidative stress [24].

On the other hand, both enantiomers, like the race-

mate, decreased DOPAC level in SN and VTA, the

structures containing neuronal cell bodies. As demon-

strated in earlier papers, the racemate, R,S-1MeTIQ

produced the effects of an antidopaminergic agent in

the functional studies [4, 5], but in contrast to typical

neuroleptics, it did not induce catalepsy in animals.

Moreover, it inhibited apomorphine-induced hyperac-

tivity at doses at which it had no effect on spontane-

ous locomotor activity of rats [5]. In addition, the ob-

servation that R,S-1MeTIQ displaces agonists (dopa-

mine, apomorphine) but not antagonists (spiperone)

of dopamine receptor from their binding sites may

shed some light on the mechanism of action of the ra-

cemate [8]. This suggests that the racemate, R,S-

1MeTIQ has an affinity for the agonistic (active) con-

formation of dopamine receptors and expresses the ef-

fects which are characteristic of dopamine partial ago-

nists. It seems that, like the racemate, both enanti-

omers of 1MeTIQ possess affinity for dopamine

autoreceptors D2/3 and act as agonists of these recep-

tors in the structures containing dopamine cell bodies.

The majority of these types of receptors are located in

the SN and VTA. In these brain structures, in opposite

to the striatum and nucleus accumbens, all com-

pounds decreased the rate of dopamine metabolism
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and concentration of its intraneuronal metabolite,

DOPAC, however, the level of the extraneuronal me-

tabolite, 3-MT was increased. Such biochemical ef-

fects suggest that all tested compounds may have also

affinity for the dopamine transporter and, conse-

quently, may inhibit the dopamine reuptake. Thus, the

effect of the racemate, R,S-1MeTIQ which was ob-

served in our earlier studies, seems to be the product

of the effects of its stereoisomers. We also previously

documented that R,S-1MeTIQ inhibited free radical

generation in an abiotic system, and diminished the

indices of glutamate-induced neurotoxicity (caspase-3

activity, lactate dehydrogenase release) in mouse em-

bryonic primary cell cultures [7]. In the light of these

findings, the question arises which stereoisomer of

1MeTIQ could be related to its neuroprotective prop-

erties. Kotake et al. [21] showed that R-1MeTIQ pro-

duced a dose-dependent neuroprotective effect while

S-1MeTIQ was little effective in cultured rat mesen-

cephalic neurons (an in vitro study). On the other

hand, Ishiwata et al. [18] suggested that both enanti-

omers: R- and S-1MeTIQ offered neuroprotection

against several abnormalities of the function of dopa-

mine system in animal models of Parkinson’s disease.

Abe and coworkers [1] demonstrated in C57BL/6N

mice that the racemate and R-1MeTIQ but not S-enan-

tiomer played a crucial role in protection against TIQ-

induced parkinsonism. In contrast, our recent study

showed that not only R-1MeTIQ but also S-enan-

tiomer antagonized the behavioral and neurochemical

abnormalities produced by repeated rotenone admini-

stration on dopamine system in the rat brain [9]. Such

discrepancy concerning neuroprotective effects of

stereoisomers of 1MeTIQ between our study and Abe

et al. [1] may stem from distinct experimental proto-

cols which differed at least in animal species and sub-

stances producing Parkinson’s disease-like symptoms

(rotenone vs. 1,2,3,4-tetrahydroisoquinoline (TIQ)).

In summary of these results, it can be stated that

S-1MeTIQ, similarly to the racemate but in contrast

to R-1MeTIQ, inhibits MAO-dependent dopamine

oxidation in all investigated brain structures. On the

other hand, both stereoisomers, like the racemate,

demonstrated a common mechanism of action in the

microdialysis study and produced a slight increase in

dopamine concentration in the extracellular space.

Additionally, as demonstrated in the present ex vivo

and in vivo study, the enantiomers R- and S-1MeTIQ

like the racemate activated the COMT-dependent

O-methylation pathway in dopamine catabolism,

which led to a significant increase in the level of its

methylated derivative, 3-MT. It is important to men-

tion that increasing the 3-MT concentration by stimu-

lation of the process of dopamine O-methylation has

a protective function against oxidative stress [5, 7,

24]. The results from the present study suggested that

all investigated substances may express a dual effect:

a mild activation and neuroprotection of dopamine

system in the brain. In that light, we think that the ra-

cemate would be the best candidate for use in clinical

practice.
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