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Abstract:

1-Methyl-1,2,3,4-tetrahydroisoquinoline (1MeTIQ) is an endogenous compound with neuroprotective and antidopaminergic activi-

ties. Our previous research has shown that 1MeTIQ prevents morphine addiction and abates the expression of the reinstatement of

cocaine self-administration. The current study investigated the mechanism of action of 1MeTIQ that is responsible for its consider-

able anticraving potential. Accordingly, we performed behavioral tests that measured the influence of 1MeTIQ on the locomotor ac-

tivity of rats (Wistar) after a single cocaine (15 mg/kg, ip) dose and during cocaine sensitization (15 mg/kg, ip). In a neurochemical

study, we examined the influence of 1MeTIQ on dopamine release in the rat striatum after a single cocaine administration and during

cocaine sensitization using an in vivo microdialysis methodology. The data showed that 1MeTIQ (50 mg/kg, ip) only slightly inhib-

ited cocaine-induced hyperactivity but completely antagonized the expression of locomotor cocaine sensitization. The in vivo micro-

dialysis study demonstrated that the administration of 1MeTIQ before the acute cocaine injection intensified the cocaine-induced

increase in dopamine release and produced a huge and long-lasting elevation of the extraneuronal concentration of dopamine (by ap-

proximately 1400%, p < 0.01) in the rat striatum. A significant increase in 3-methoxytyramine (3-MT) (by approximately 400%,

p < 0.01) was also observed. During the expression of cocaine sensitization, the administration of 1MeTIQ before the reminder dose

of cocaine produced an additional elevation of dopamine release but considerably more strongly increased the concentration of

3-MT in the synaptic cleft (by about 800%, p < 0.01). In light of these data and of our earlier in vitro and in vivo experiments showing

a physiological role of 3-MT in the inhibitory regulation of excessive stimulation, we suggest that locomotor hyperactivity is de-

pendent not only on dopamine concentration in the extracellular space, but also on the ratio of [DA/3-MT]. 1MeTIQ administered

before the reminder dose of cocaine to cocaine-experienced rats plainly normalized the [DA/3-MT] ratio, which was increased by

cocaine, and this effect may be responsible for its anti-addictive action. The results strongly support the view that 1MeTIQ may have

a more general anti-abuse potential, and the extraneuronal metabolite of dopamine, 3-MT, may play a crucial role in its anti-craving

effects.
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Introduction

Drug addiction is one of the most difficult medical

and social problems in industrialized countries, and

no effective pharmacotherapy is currently available.

Cocaine is one of the most dangerous compounds be-

cause it produces a very strong and long-lasting de-

pendence. It was reported that even a single cocaine

administration induces profound and persistent neuro-

chemical changes [29, 62]. Cocaine, being a potent

inhibitor of monoamine transporters [84], blocks do-

pamine, noradrenaline and serotonin reuptake with

approximately equal potency [31, 48, 50, 69] and acts

nearly directly on the reward centers of the brain. Co-

caine addiction is characterized by a high risk of re-

lapse [13, 24]. The abuse-evoking psychostimulant

cocaine produces several behavioral effects, including

locomotor hyperactivity and sensitization, following

acute and repeated intermittent administration, re-

spectively. Sensitization is a phenomenon character-

ized by an increase in behavioral responses (e.g., loco-

motor hyperactivation, stereotypy, and positive rein-

forcing effects) to the re-administered psychostimu-

lant (challenge dose) after the discontinuation of

repeated treatment [43, 64, 71]. The phenomenon is

of interest because it might be caused by the same

mechanisms that are responsible for the psychoses or

craving for the drugs of abuse in humans abusing co-

caine or other psychostimulants [71, 73]. Both clinical

and preclinical studies indicate that the behavioral re-

sponses to cocaine, including discriminative stimulus

and rewarding effects and the instatement of co-

caine-seeking behavior, depend on the drug’s ability

to block the dopamine transporter, thereby increasing

dopamine extracellular concentrations within the

mesolimbic system to indirectly activate dopamine D�

and D� receptors [17, 26, 30]. Regardless of the me-

chanism of action of drugs of abuse, the essential role

of the mesolimbic dopaminergic system in addiction

is firmly established [26, 28, 57, 58, 67, 77]. There-

fore, several antidopaminergic drugs have been tested

as potential anti-abuse agents [11, 75]. Although neu-

roleptics are not useful in this respect, partial agonists

of the dopamine D� and D� receptors have raised

some hopes [12, 51, 54, 66]. Therefore, the investiga-

tion of antidopaminergic drugs with profiles of action

different from that of classic neuroleptics seems justi-

fied. In light of these data, 1-methyl-1,2,3,4-tetra-

hydroisoquinoline (1MeTIQ) is an interesting candi-

date. It is an endogenous compound [47] with neuro-

protective properties [4, 10, 37, 49], and how it was

also previously demonstrated with antidopaminergic

activity, it antagonizes the effects of apomorphine

[6, 7, 9] by acting as an atypical partial antagonist of

dopaminergic receptors [3]. Its neuroprotective effect

is explained by the action of 1MeTIQ both on the do-

paminergic [4, 10] and glutaminergic systems [5].

In vitro studies show that 1MeTIQ significantly inhib-

its monoamine oxidase (MAO�) and MAO� activity

[61]. Consequently, 1MeTIQ inhibits the MAO-de-

pendent oxidative deamination of dopamine (i.e., the

route by which reactive oxygen species (H�O�,
�OH)

are generated) and shifts dopamine catabolism towards

COMT-dependent O-methylation, which lead to an in-

crease in the concentration of the extraneuronal dopa-

mine metabolite, 3-methoxytyramine (3-MT) [6].

The pharmacotherapy of cocaine addiction is the

focus of several preclinical studies. Recently, we de-

monstrated that 1MeTIQ completely inhibited the ex-

pression of the reinstatement of cocaine self-adminis-

tration and the accompanying neurochemical changes

induced by a single priming cocaine dose [3]. We also

found that 1MeTIQ prevented morphine addiction

[81].

The question arises regarding a possible mecha-

nism of action of 1MeTIQ that could be responsible

for its considerable anti-craving potential. To solve

this question, in the present study, we investigated

whether 1MeTIQ influenced some characteristic ef-

fects of cocaine addiction, such as locomotor sensiti-

zation and dopamine release in the rat striatum.

The aim of this study was to examine the role of

extracellular concentrations of both dopamine and its

metabolite, 3-MT, in cocaine-induced locomotor sen-

sitization in rat using an in vivo microdialysis study.

Materials and Methods

Animals and treatment

Behavioral tests were performed on male Wistar rats

of initial body weight 220–240 g (about 7 weeks old)

housed under standard laboratory conditions with

8 rats to a large animal cage. Different animals were

used for the microdialysis study. The rats (280–300 g
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at 9 weeks old) were used for the microdialysis study

after surgery and were housed for a couple of days in-

dividually. All animals had free access to standard labo-

ratory food and tap water and were maintained at room

temperature (22°C) with a natural day-night cycle.

The rats were administered cocaine at a dose of

15 mg/kg intraperitoneally (ip) once or for 5 consecu-

tive days and later, after 10 days of withdrawal, co-

caine was administered in the same dose (15 mg/kg,

ip) to estimate the expression of cocaine sensitization.

1MeTIQ (50 mg/kg, ip) was administered once at

30 min (locomotor activity) or 40 min (microdialysis

study) before the priming dose of cocaine. Control

rats were treated with an appropriate solvent. The ex-

periments were performed between 9.00 and 16.00 h.

All procedures were performed in accordance with

the National Institutes of Health Guide for the Care

and Use of Laboratory Animals and were granted an

approval from the Bioethics Commission as compli-

ant with Polish law. All of the experimental proce-

dures were approved by the Local Bioethics Commis-

sion of the Institute of Pharmacology, Polish Acad-

emy of Sciences in Kraków.

Drugs

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

synthesized by Dr. Jan Boksa, Department of Drug

Chemistry, Institute of Pharmacology, Polish Acad-

emy of Sciences, Kraków, Poland). The purity of the

compound was verified by measurement of the melt-

ing point, and homogeneity was assessed on a chro-

matographic column. The dose of 1MeTIQ was cho-

sen based upon its activity in in vivo functional stud-

ies [4, 78]. Cocaine hydrochloride (Sigma-Aldrich,

USA) and 1MeTIQ were dissolved in a sterile 0.9%

NaCl solution.

Locomotor activity

The locomotor activity was examined by actometers

(Opto-Varimex activity monitors, Columbus Instru-

ments, USA) linked on-line to a compatible IBM-PC.

Each cage (43 × 44 × 25 cm) was surrounded with

a 15 × 15 array of photocell beams located 3 cm from

the floor surface as reported previously [20]. Interrup-

tions of these photocell beams were counted as

a measure of horizontal locomotor activity defined as

the distance traveled (in cm). Horizontal locomotor

activity was recorded for 120 min and analyzed using

Auto-Track Software Program (Columbus Instru-

ments, USA).

The rats received cocaine in a dose of 15 mg/kg, ip

acutely or for 5 consecutive days; the control group

was treated with saline. After 10 days of withdrawal,

the animals received a repeated dose of cocaine

(15 mg/kg, ip) (expression of cocaine-sensitization),

or in the mixed group, 1MeTIQ (50 mg/kg, ip) was

given once 30 min before cocaine. The animals were

transferred to the experimental cages immediately af-

ter cocaine injection. Horizontal locomotor activity

was assessed for 120 min. Five to six animals per

group were used.

In vivo microdialysis study and analytical

procedure

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

and xylazine (10 mg/kg) and secured in a stereotaxic

frame (Stoelting, USA). Vertical microdialysis guides

(Intracerebral Guide Cannula with stylet; BAS Bio-

analytical, USA) were implanted in the striatum with

the following stereotaxic coordinates: A/P +1.0, L/M

+2.5 mm and V/D –3.5 mm from the bregma point

and dura, respectively [G. Paxinos and C.H. Watson].

On the seventh day after surgery, the microdialysis

probes were placed inside the guides, and the striatum

was perfused with an artificial cerebrospinal fluid

(aCSF) consisting of 140 mM NaCl, 2.7 mM KCl,

1.2 mM CaCl2, 1 mM MgCl2, 0.3 mM NaH2PO4 and

1.7 mM Na2HPO4, pH 7.4, at a flow rate of 1.5 µl/min

with a microinfusion pump (Stoelting, Illinois USA).

Samples were collected from freely moving rats at

20-min intervals after a 3-h wash-out period. 1MeTIQ

was injected in a 50 mg/kg dose ip, and the samples

were collected for 240 min. All samples were imme-

diately frozen on solid CO2 (–70°C) until used in the

biochemical assay.

Dopamine and its metabolites, 3,4-dihydroxyphenyl-

acetic acid (DOPAC), 3-methoxytyramine (3-MT)

and the final metabolite, homovanillic acid (HVA),

were assayed in dialyzates (20 µl) by high-

performance liquid chromatography (HPLC) with elec-

trochemical detection. The chromatograph HP1050

(Hewlett-Packard, Golden, CO, USA) was equipped

with C18 columns. 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. The chro-

matographic data were processed with a ChemStation
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computer program (Hewlett Packard USA) and dopa-

mine and its metabolites were quantified by peak height

comparisons with standards run on the day of analysis.

The data are shown as percents of basal levels. The

mean basal extracellular dopamine concentration in

naive and 10-day withdrawal from cocaine rats were

5.6 ± 0.7 pg/10 µl and 6.1 ± 1.0 pg/10 µl, respectively.

At the end of the experiments, brains were exam-

ined histologically in frozen slices for correct probe

placement. Six animals per group were used in the

microdialysis study.

Calculations and statistics

The results of behavioral tests were compared using

a repeated one-way ANOVA followed by Duncan’s

post-hoc test. The microdialysis study was analyzed

by a two-way ANOVA for repeated measures fol-

lowed by Duncan’s post-hoc test.

Results

BEHAVIORAL TEST

The effect of 1MeTIQ on cocaine-induced

hyperactivity and expression of cocaine

sensitization

We used behavioral tests to measure the influence of

1MeTIQ on the locomotor activity of rats after an

acute cocaine injection and during cocaine sensitiza-

tion. The repeated one-way ANOVA revealed a sig-

nificant effect of treatment (F���� = 9.43, p < 0.01) and

time (F���� = 83.54, p < 0.01) on the rat locomotor ac-

tivity. The effect of time vs. treatment was also sig-

nificant (F����� = 10.34, p < 0.01). Post-hoc analysis

indicated a significant elevation of rat locomotor ac-

tivity after an acute cocaine administration at a dose

of 15 mg/kg, ip (p < 0.01) (Fig. 1). 1MeTIQ (50 mg/kg,

ip), given 30 min before cocaine, only slightly inhib-

ited cocaine-induced hyperactivity (p < 0.05). A sig-

nificant increase in a joined group vs. control group

(p < 0.05) in the locomotor activity was observed

(Fig. 1).

In contrast, cocaine-sensitized rats, which after

a 10-day withdrawal received the challenge dose of

cocaine (15 mg/kg, ip), demonstrated a much stronger

increase in locomotor activity (sensitization) than af-

ter acute cocaine administration (p < 0.01). 1MeTIQ

(50 mg/kg, ip), administered 30 min before the chal-

lenge cocaine injection, completely antagonized the

expression of cocaine sensitization (p < 0.01) (Fig. 1).

BIOCHEMICAL TESTS

Dopamine release in the rat striatum after acute

cocaine administration – effect of 1MeTIQ:

an in vivo microdialysis study

Dopamine

A two-way ANOVA for repeated measures indicated

a significant effect of 1MeTIQ (F���� = 5.52, p < 0.05)

and cocaine (F���� = 6.97, p < 0.05) on dopamine re-

lease. However, the effect of 1MeTIQ vs. cocaine was

not significant (F���� = 4.42, NS). The effect of time

was significant (F�����	 = 4.53, p < 0.01). The statisti-

cal analysis shows that the effect of time vs. 1MeTIQ

(F�����	 = 4.01, p < 0.01) and time vs. cocaine (F�����	 =

4.04, p < 0.01) on dopamine release was significant.

A two-way ANOVA for repeated measures indicated
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Fig. 1. The influence of 1MeTIQ on cocaine (COC)
hyperactivity and the expression of COC-induced
locomotor sensitization in rats. The rats received
acute COC in a dose of 15 mg/kg, ip or, in the case
of COC-sensitization, the same COC dose was ad-
ministered for 5 consecutive days; the control group
was treated with saline. After 10 days of withdrawal,
the rats received a priming dose of COC (15 mg/kg,
ip). 1MeTIQ (50 mg/kg, ip) in the mixed group was
administered 30 min before COC. The number of
animals in each group varied from five to six. The
data are presented as the means (traveled distance
in cm) ± SEM; * p < 0.05, ** p < 0.01 vs. saline; � p <
0.05 vs. acute cocaine group; � p < 0.05, �� p < 0.01
vs. cocaine-sensitized group. Significance was de-
termined using a repeated one-way ANOVA fol-
lowed by Duncan’s post-hoc test



a significant effect of time vs. treatments (1MeTIQ

and cocaine) (F�����	 = 3.75, p < 0.01). Post-hoc analy-

sis showed that the acute cocaine administration

(15 mg/kg, ip) produced a significant (p < 0.05)

but short increase in dopamine release in the rat stria-

tum (by approximately 400%) (Fig. 2A). 1MeTIQ

(50 mg/kg, ip) did not change dopamine release in the

rat striatum, but when administered together with the

cocaine injection, it fortified the cocaine-induced in-

crease in dopamine release and produced a huge

and long-lasting elevation (by approximately 1400%,

p < 0.01) of the concentration of dopamine in the ex-

traneuronal space (Fig. 2A).

Dopamine metabolites

3-MT

A two-way ANOVA for repeated measures indicated

a significant effect of 1MeTIQ (F���� = 18.41, p < 0.01)

on the concentration of 3-MT. In contrast, the effect of

cocaine (F���� = 0.05, NS) and the interaction of 1MeTIQ

vs. cocaine (F���� = 0.57, NS) were not significant.

The statistical analysis showed that the effect of time

(F����
� = 11.2, p < 0.01) on the level of 3-MT was sig-

nificant. The interactions of time vs. 1MeTIQ (F����
�

= 12.06, p < 0.01) and time vs. treatments (1MeTIQ

and cocaine) (F����
� = 1.92, p < 0.05) were also sig-

nificant. In contrast, the effect of time vs. cocaine

(F����
� = 1.92, NS) was not significant. The post-hoc

Duncan test showed that a single dose of cocaine did

not change the concentration of 3-MT in the rat stria-

tum, but 1MeTIQ produced a significant increase

(p < 0.01) in 3-MT concentration (by approximately

400%). A similar effect was observed in a joined

group when 1MeTIQ was administered together with

a single dose of cocaine (p < 0.01, Fig. 2B).

DOPAC

A two-way ANOVA for repeated measures showed

a significant effect of 1MeTIQ (F���� = 7.00, p < 0.05)

on the concentration of DOPAC. In contrast, the effect

of cocaine (F���� = 0.65, NS) and the interaction of

1MeTIQ vs. cocaine (F���� = 0.20, NS) were not sig-

nificant. Statistical analysis indicated that the effect of

time (F������ = 16.76, p < 0.01) on the level of DOPAC

was significant. The interactions of time vs. 1MeTIQ

(F������ = 3.90, p < 0.01), time vs. cocaine (F������ =

2.03, p < 0.05) and time vs. treatments (1MeTIQ and

cocaine) (F������ = 1.81, p < 0.05) were also signifi-

cant. Post-hoc analysis showed that acute cocaine ad-

ministration (15 mg/kg, ip) induced only a weak and

non-significant decrease in DOPAC levels (Fig. 2C).

1MeTIQ, given either alone or with cocaine, induced

a significant reduction of DOPAC concentration (by

approximately 30% and 40%, respectively) (p < 0.01,

Fig. 2C).

HVA

A two-way ANOVA for repeated measures indicated

a significant effect of 1MeTIQ (F���� = 5.58, p < 0.05)

on the concentration of HVA. In contrast, the effect of

cocaine (F���� = 1.80, NS) and the interaction of

1MeTIQ vs. cocaine (F���� = 0.02, NS) were not sig-

nificant. The statistical analysis showed that the effect

of time (F����
� = 2.99, p < 0.01) and the interaction of

time vs. 1MeTIQ (F����
� = 3.05, p < 0.01) were sig-

nificant on HVA concentration. In contrast, the effects

of time vs. cocaine (F����
� = 1.54, NS) and time vs.

treatments (1MeTIQ and cocaine) (F����
� = 0.47, NS)

were not significant. Post-hoc analysis showed sig-

nificant changes in HVA concentration only after

1MeTIQ administration (Fig. 2D). 1MeTIQ, given

alone, produced a reduction in HVA concentration by

approximately 30% (p < 0.05, Fig. 2D).

The [DA/3-MT] ratio

Treatment did not produce a significant difference in

the ratio of dopamine to its extraneuronal metabolite,

3-MT ([DA/3-MT]) (F��� = 1.92, NS). In contrast,

time induced a significant effect on this ratio (F���
	 =

3.94, p < 0.01), and the effect of time vs. treatment

was also significant (F���
	 = 1.83, p < 0.05). The

acute dose of cocaine produced a significant elevation

of the [DA/3-MT] ratio (p < 0.01), and 1MeTIQ did

not change this effect (Fig. 4A).

Dopamine release in the rat striatum after

repeated cocaine administration – effect of

1MeTIQ: an in vivo microdialysis study

Dopamine

A two-way ANOVA for repeated measures demon-

strated a non-significant effect of 1MeTIQ on dopa-

mine release to the extracellular space during cocaine

sensitization (F���� = 3.46,NS). However, the effect of
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Fig. 2. In vivo microdialysis study after
the acute administration of cocaine
(COC) (15 mg/kg, ip) – the effect of
1MeTIQ (50 mg/kg, ip). The release of
dopamine (DA) (A) and the concentra-
tions of its metabolites: 3-MT (B),
DOPAC (C) and HVA (D) were ana-
lyzed in the rat striatum. The control
samples were collected from “–60”
to “0” and the next COC dose of
15 mg/kg, ip or 1MeTIQ (50 mg/kg, ip)
was administered. The dialyzate was
collected every 20 min. In the mixed
group, 1MeTIQ was always injected
40 min before COC administration. The
concentration of DA and its metabo-
lites was measured in the dialyzate
every 20 min. The data are the means
(± SEM) n = 6. * p < 0.05, ** p < 0.01 vs.
the basal value; � p < 0.05, �� p < 0.01
vs. the COC group and were deter-
mined using two-way ANOVA for re-
peated measures followed by Dun-
can’s post-hoc test



a priming dose of cocaine was significant (F���� =

9.87, p < 0.01), but the interaction of 1MeTIQ vs.

priming dose of cocaine was not significant (F���� =

1.67, NS). Statistical analysis indicated a significant

effect of time (F�����	 = 4.74, p < 0.01) and time vs.

1MeTIQ (F�����	 = 2.99, p < 0.01) and time vs. a prim-

ing dose of cocaine (F�����	 = 4.52, p < 0.01) on dopa-

mine release during cocaine sensitization. A two-way

ANOVA for repeated measures showed that the inter-

action of time vs. treatments (1MeTIQ and priming

dose of cocaine) was also significant (F�����	 = 2.91,

p < 0.01). Post-hoc analysis showed that, in cocaine-

dependent rats, the reminder dose of cocaine induced

a long-lasting increase in dopamine release (by about

450%, p < 0.01, Fig. 3A) compared to the acute dose

of cocaine (Figs. 2A, 3A). During the expression of

cocaine sensitization, 1MeTIQ, given before the chal-

lenge dose of cocaine, produced an additional and sig-

nificant elevation of dopamine release (by about

400% up to the level 900%, p < 0.01, Fig. 3A).

Dopamine metabolites

3-MT

A two-way ANOVA for repeated measures indicated

a significant effect of 1MeTIQ (F���� = 26.24, p < 0.01)

on 3-MT concentration during cocaine sensitization.

However, the effects of a priming dose of cocaine

(F���� = 1.11, NS) and interaction of 1MeTIQ vs. a prim-

ing dose of cocaine (F���� = 0.90, NS) were not signifi-

cant. The statistical analysis showed that the effects of

time (F������ = 17.19, p < 0.01), time vs. 1MeTIQ

(F������ = 16.76, p < 0.01) and time vs. a priming dose

of cocaine (F������ = 4.15, p < 0.01) were significant.

The effect of time vs. treatments (1MeTIQ and a prim-

ing dose of cocaine) was also significant (F������ = 4.29,

p < 0.01). As shown in Figure 3B, the priming dose of

cocaine did not change the level of 3-MT in the rat

striatum. An acute dose of 1MeTIQ induced an in-

crease in the concentration of 3-MT (approximately

400%, p < 0.01), but 1MeTIQ, given before cocaine,

produced a strong elevation in the level of 3-MT in

the extraneuronal space (by about 800%, p < 0.01,

Fig. 3B).

DOPAC

Statistical analysis indicated a significant effect of

1MeTIQ (F���� = 16.84, p < 0.01) on DOPAC concen-

tration during cocaine sensitization. No significant ef-

fect of a priming dose of cocaine (F���� = 1.74, NS) or

an interaction of 1MeTIQ vs. a priming dose of cocaine

(F���� = 3.84, NS) on DOPAC concentration during co-

caine sensitization was found. A two-way ANOVA for

repeated measures indicated significant effects of

time (F������ = 19.43, p < 0.01), of time vs. 1MeTIQ

(F������ = 7.04, p < 0.01) and of time vs. a priming

dose of cocaine (F������ = 1.86, p < 0.05) on DOPAC

concentration in the extraneuronal space. The interac-

tion of time vs. treatments (1MeTIQ and priming dose

of cocaine) (F������ = 1.73, p < 0.05) was also signifi-

cant. The post-hoc Duncan test showed that, during

cocaine sensitization, a challenge dose of cocaine pro-

duced a significant decrease (by 25%, p < 0.05) in

DOPAC concentration and 1MeTIQ intensified this

effect (up to 40%, p < 0.01) (Fig. 3C).

HVA

A two-way ANOVA for repeated measures demon-

strated a non-significant effect of 1MeTIQ (F���� =

1.52, NS) and a priming dose of cocaine (F���� = 0.55,

NS) on HVA concentration in the synaptic cleft during

cocaine sensitization. The effect of the interaction

1MeTIQ vs. a priming dose of cocaine was also not

significant (F���� = 2.31, NS). Statistical analysis indi-

cated a significant effect of time (F������ = 2.09, p < 0.05)

on HVA level, but the interactions of time vs. 1MeTIQ

(F������ = 1.07, NS) and time vs. a priming dose of co-

caine (F������ = 0.47, NS) were not significant. The ef-

fect of time vs. treatments (1MeTIQ and priming dose

of cocaine) was also not significant (F������ = 1.06, NS).

As shown in Fig. 3D, only an acute dose of 1MeTIQ

(given to saline rats) produced a reduction of HVA

concentration (by approximately 30%).

The [DA/3-MT] ratio

Treatment (F���	 = 27.17, p < 0.01) and time (F�����	 =

21.02, p < 0.01) produced a significant effect on the

[DA/3-MT] ratio. The effect of time vs. treatment was

also highly significant (F�����	 = 13.86, p < 0.01) (Fig.

4B).

Histology

The placement of the dialysis probe in the striatum is

presented in Figure 5. Only the data obtained from the
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Fig. 3. In vivo microdialysis study after
a priming dose of cocaine (COC)
(15 mg/kg, ip) in COC-experienced
rats – the effect of 1MeTIQ (50 mg/kg,
ip). The release of dopamine (DA) (A)
and the concentrations of its metabo-
lites: 3-MT (B), DOPAC (C) and HVA
(D) were analyzed in the rat striatum.
The rats received a COC dose of
15 mg/kg, ip for 5 consecutive days
and after 10 days of withdrawal the
animals were used in the experiment.
The control samples were collected
from “–60” to “0” and then a priming
dose of COC (15 mg/kg, ip) was ad-
ministered. In the mixed group, an
acute dose of 1MeTIQ (50 mg/kg, ip)
was injected 40 min before COC and
the dialyzate was collected every
20 min. The data are the means
(± SEM) n = 6. * p < 0.05, ** p < 0.01
vs. the basal value; � p < 0.05, �� p <
0.01 vs. the COC group were deter-
mined by two-way ANOVA for re-
peated measures followed by Dun-
can’s post-hoc test



correct and verified experiments were statistically

analyzed.

Discussion

In addiction research, several models have been de-

veloped for the investigation of the long-term changes

induced by repeated drug administration. In rodents,

the acute administration of drugs of abuse, such as co-

caine, amphetamine (psychostimulants) and opiates,

increases locomotor activity in animals. The repeated

administration of drugs of abuse induces neurobio-

logical changes such that later, e.g., after 10 days of

withdrawal, the acute administration of the drug pro-

duces an even greater increase in locomotor activity.

This increase in drug-induced locomotion is called

sensitization. One of the major animal models of drug

addiction is drug-induced locomotor sensitization

[64]. The compounds that antagonize locomotor sen-

sitization in animals may have anti-addictive proper-

ties in the clinic [59].

The present study demonstrated that 1MeTIQ sig-

nificantly antagonized cocaine-induced locomotor

sensitization. However, the cocaine-induced elevation

of dopamine concentration in the synaptic cleft was

potentiated at the same time. It appears that there is

a dissociation between the behavioral and neuro-

chemical effects of 1MeTIQ. Our earlier experiments

may be partially useful in the understanding of the

mechanisms of action of 1MeTIQ. As shown previ-
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Fig. 4. The influence of 1MeTIQ on the
changes in [DA/3-MT] ratios induced
by the acute administration of cocaine
(COC) (A) or by a priming dose of
COC in COC-experienced rats (B). The
[DA]/[3-MT] ratios were calculated from
dopamine (DA) and 3-MT concentra-
tions as measured in the dialyzate
every 20 min. The data are the means
(± SEM) n = 6. * p < 0.05, ** p < 0.01
vs. the basal value; � p < 0.05, �� p <
0.01 vs. 1MeTIQ plus COC and were
determined by repeated one-way
ANOVA followed by Duncan’s post-
hoc test

Fig. 5. The illustration of dialysis probe placement in the striatum
(according to the atlas of Paxinos and Watson [1986]). Interaural
10.00 mm; bregma 1.00 mm



ously, 1MeTIQ is an endogenous inhibitor of MAO

activity and shifts dopamine catabolism towards the

COMT-dependent O-methylation, thereby increasing

the concentration of the extraneuronal dopamine me-

tabolite, 3-MT [6, 61]. These experiments support the

hypothesis that MAO activity is an important factor

that influences the effects of drugs of abuse [22, 27,

72]. Clinical studies have also shown that selegiline,

a MAO-B inhibitor, significantly reduces craving in

cocaine-dependent addicts [33]. Recently, some

authors have indicated that MAO inhibitors, such as

selegiline, clorgyline, pargyline and phenelzine, re-

duce the discriminative stimulus effects of cocaine

and may be useful for the treatment of cocaine abuse

[19, 23].

In fact, we have demonstrated that 1MeTIQ, in

a dose-dependent manner from 25 to 50 mg/kg (ip),

decreases cocaine self-administration (i.e., decreases

the number of active-lever responses and cocaine in-

fusions) maintained on a fixed ratio 5 schedule [3,

20]. 1MeTIQ failed to alter the cocaine-induced cue-

controlled reinstatement of drug-seeking and discrimi-

native stimulus effects or food self-administration and

the reinstatement of food seeking [20].

The data presented in this paper show that

1MeTIQ, similarly to selegiline [72], potentiated the

cocaine-induced increase in dopamine release in the

rat striatum and antagonized both locomotor hyperac-

tivity and sensitization induced by a priming dose of

cocaine administered to cocaine-sensitized rats after

a 10-day withdrawal. It should be mentioned that the

priming dose of cocaine produced a greater release of

dopamine to the extracellular space compared to the

single cocaine injection (Figs. 2A, 3A).

The following questions arise from the data. First,

how does one explain the dissociation between the

data obtained in the behavioral test (i.e., the 1MeTIQ-

induced inhibition of locomotor sensitization pro-

duced by the priming dose of cocaine) and the neuro-

chemical data (the 1MeTIQ-induced potentiation of

the increase in extraneuronal dopamine concentration

produced by the priming dose of cocaine)? Second,

what could be the mechanism responsible for this ef-

fect of 1MeTIQ?

The behavioral effect of acute cocaine is closely re-

lated to the increase in dopamine concentration in the

synaptic cleft associated with dopamine transporter

(DAT) inhibition [34, 46, 70, 82] and the activation of

dopamine D1 [86] and D2 receptors [17, 26, 28, 67].

In humans, a significant correlation has been ob-

served between DAT occupancy and the intensity of

the subjective effects produced by intravenous co-

caine [79]; dopamine antagonists attenuate the behav-

ioral effects of cocaine [16, 32, 83]. In fact, the results

from an experimental study with the atypical antipsy-

chotic drug, olanzapine, which has antagonistic prop-

erties at dopamine D1, D2 and D4 receptors, have

shown a dose-dependent decrease in cocaine self-

administration in rats [56] and in nonhuman primates

[35]. However, some authors have also reported an

anti-addictive potential of partial dopamine agonists

[12, 21, 51, 52, 54, 66]. 1MeTIQ possesses both

atypical neuroleptic and partial agonist properties at

dopamine receptors [3, 6, 65]. We suggest that

1MeTIQ acts as an antidopaminergic agent in func-

tional studies and antagonizes apomorphine-induced

locomotor hyperactivity [6, 7]. In contrast to typical

neuroleptics, 1MeTIQ did not induce sedation or cata-

lepsy in animals. Moreover, in in vitro binding assays,

1MeTIQ displaces the dopamine agonist [3H]apomor-

phine with a potency comparable to endogenous do-

pamine but not the dopamine antagonist [3H]spiper-

one. This result indicates a direct interaction of

1MeTIQ with the agonistic (active) conformation of

dopamine receptors proposed for dopamine partial

agonists [3]. This ability may be of clinical impor-

tance. It would suggest a low psychomotor side-effect

liability, including extrapyramidal symptoms, and

may offer the anti-addictive properties demonstrated

for other dopamine partial agonists [21, 51, 52, 54].

Therefore, 1MeTIQ may offer advantages over both

classical neuroleptics, which produce EPS, and clo-

zapine, which causes marked sedation [55].

Some authors have suggested that the enhanced be-

havioral response resulting from chronic cocaine

treatment (behavioral sensitization) is not caused by

an elevation of the extracellular concentration of do-

pamine in the neostriatum or by changes in its recep-

tor sensitivity, such as a subsensitivity of terminal do-

pamine D2 autoreceptors or by a supersensitivity of

postsynaptic D2 receptors; these authors feel that

other neurotransmitter systems (e.g., noradrenergic,

glutaminergic pathways) may be involved [25, 43,

85]. The microdialysis technique has verified the in-

volvement of dopamine in the behavioral sensitization

to cocaine by showing that an increase in the ex-

traneuronal level of dopamine is associated with the

augmented behavioral response to chronic cocaine ad-

ministration [1, 41, 42, 63]. However, different

authors, such as Hurd et al. [36], Segal and Kuczenski
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[74], have shown that rats self-administering cocaine

demonstrate a reduction in extracellular dopamine in

the nucleus accumbens in response to an acute co-

caine challenge.

It is also well known that multiple cocaine admini-

strations produce adaptive changes that lead to co-

caine sensitization and different neurotransmitter sys-

tems may participate in that effect [3, 53]. Cocaine

addiction may be associated with changes in gluta-

mate transmission [14, 68]. De Montis and coworkers

[15] have indicated that dizocilpine (an NMDA an-

tagonist) significantly reduces cocaine sensitization.

Convincing neuropharmacological evidence for the

involvement of glutamate transmission in the devel-

opment and expression of behavioral sensitization to

repeated cocaine administration has accumulated over

the last several years [40, 76]. In fact, we have found

previously that 1MeTIQ also possesses neuroprotec-

tive activity and protects neurons against glutamate-

and kainite-induced excitotoxicity [5]. Such neuro-

protective properties of 1MeTIQ should also be taken

into account in the explanation of its reducing effect

on cocaine sensitization. On that point, it is important

to add that the anti-abuse effect of 1MeTIQ seems to

be more general. 1MeTIQ is also effective in prevent-

ing the development of morphine place preference

[2], tolerance and abstinence syndrome [80] as well as

cocaine reinstatement [3] and alcohol intake [2].

An interesting and strongly pronounced biochemi-

cal effect produced by 1MeTIQ administered alone or

in combination with an acute or priming dose of co-

caine was a long-lasting rise in the synaptic concen-

tration of 3-MT, an extraneuronal metabolite of dopa-

mine. Under physiological conditions 3-MT, in con-

trast to other dopamine metabolites, such as DOPAC

and HVA, is present in the synaptic cleft at relatively

low concentrations, comparable to those of the neuro-

transmitter itself, and is a marker of dopamine release

[44, 45]. Additionally, 3-MT may be biologically ac-

tive in contrast to intraneuronal DOPAC and the final

metabolite of dopamine, HVA. This may be particu-

larly true in the striatum, in which the dopaminergic

activity and steady-state of 3-MT tissue concentration

are high (dopamine concentration over 12 µg/g tissue,

3-MT about 400 ng/g tissue) [3, 60]. Recently, our in

vitro and in vivo studies have demonstrated that 3-MT

may play a physiological role as an inhibitory regula-

tor of the excessive stimulation produced by psy-

chostimulants [8]. 3-MT is a receptor active amine

that binds to the rat noradrenergic cortical �1 and stri-

atal dopamine D1 and D2 receptors in the nanomolar

concentration range. Additionally, a bilateral intrastri-

atal injection of 3-MT does not significantly affect lo-

comotor activity in naive rats but strongly antagonizes

amphetamine-induced hypermotility [8].

Our present data from the microdialysis study indi-

cated that 1MeTIQ given with a single dose of co-

caine induced an increase in the concentration of

3-MT by about 400%, but when administered during

cocaine sensitization, it increased this value up to

800% above basal levels (Figs. 2B, 3B). In light of the

fact that 3-MT demonstrates antagonistic properties to

noradrenergic �1 receptors that control the acute and

sensitized locomotor effects of psychostimulants, like

amphetamine [18, 38, 39, 78], those findings may ex-

plain, at least in part, the antagonistic effect of 3-MT

on cocaine sensitization.

In contrast to the results discussed above, the ad-

ministration of 1MeTIQ, both with a single dose of

cocaine and during cocaine sensitization, produced

a similar fall of DOPAC concentrations in agreement

with the biochemical effects produced by MAO in-

hibitors [61]. The level of the final metabolite of do-

pamine, HVA, was decreased after the administration

of 1MeTIQ alone and with a single dose of cocaine

(Fig. 3C). However, 1MeTIQ administration to co-

caine-sensitized rats did not change HVA concentra-

tion (Fig. 3D). The lack of a fall in HVA levels ob-

served in the cocaine-sensitized group after 1MeTIQ

administration could be explained by the huge in-

crease (about 800% above basal level) of 3-MT in that

group (Fig. 3B). 3-MT is a direct substrate of HVA

and regulates its concentration.

Our present data has evidenced for the first time

the important role of 3-MT in the inhibition of co-

caine sensitization produced by 1MeTIQ and addi-

tionally, suggest that 3-MT may also play a crucial

role in the anti-addictive action of 1MeTIQ [3, 20,

81]. Comparing the effect of 1MeTIQ in the behav-

ioral test (Fig. 1) with its action on dopamine release

(Figs. 2A, B; Figs. 3A, B; Figs. 4A, B), we noticed

that the dopamine concentration and the concentration

of its extraneuronal metabolite, 3-MT, played a cru-

cial role in locomotor activity. To find the correct pro-

portion between the concentration of dopamine and

its extraneuronal metabolite 3-MT, we calculated the

ratio [DA/3-MT], which suggested their influence on

animal behavior. In naive rats (i.e., basal level), such

a ratio is close to one, which means that, under

physiological conditions, the concentration of dopa-
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mine in the synaptic cleft was nearer to the concentra-

tion of its direct, extraneuronal metabolite 3-MT

(Figs. 4A, B). The acute administration of cocaine

produced a short-lasting but significant increase in the

[DA/3-MT] ratio, and the administration of 1MeTIQ

did not antagonize this effect (Fig. 4A). In contrast,

the priming dose of cocaine administered to cocaine-

experienced rats produced a long-lasting and much

stronger increase in the [DA/3-MT] ratio, and

1MeTIQ completely antagonized this effect (Fig. 4B).

Taking into account not only the dopamine concentra-

tion in the synaptic cleft but also the [DA/3-MT] ra-

tio, the behavioral data (i.e., the locomotor activity)

presented in this paper are consistent with these bio-

chemical effects of 1MeTIQ. 1MeTIQ only slightly

antagonized the locomotor hyperactivity produced by

the acute cocaine administration, but it completely

prevented cocaine-induced sensitization (Fig. 1). On

the basis of these results and our earlier in vitro and in

vivo experiments with intrastriatal 3-MT administra-

tion [8], we propose that the extraneuronal metabolite

of dopamine, 3-MT, may play a physiological role as

an inhibitory regulator of the excessive stimulation

produced by psychostimulants.

In conclusion, we suggest that 1MeTIQ itself may

have a more general activity against the dependence

from different drugs of abuse, and additionally, the

extraneuronal metabolite of dopamine, 3-MT, may

play a crucial role in its anti-craving effects.
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