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Preface

The specific topic “Isoquinolines and Beta-Carbolines as Neurotoxins and
Neuroprotectants: New Perspectives in Parkinson’s Disease Therapy,” was chosen
in light of accumulating neurobiological evidence indicating that, in addition to
exogenous neurotoxins (e.g., 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine [MPTP]),
endogenous compounds may play an important role in the most common neurode-
generative disorders (e.g., Parkinson’s disease). Two groups of amine-related com-
pounds, which appeared chemically like MPTP, were detected in human brain and
cerebrospinal fluid (CSF): B-carbolines (BCs) and tetrahydroisoquinolines (TIQs).
These are heterocyclic compounds formed endogenously from phenylalanine/
tyrosine (TIQs) and tryptophan, tryptamine, and 5-hydroxytryptamine (BCs),
respectively, and exert a wide spectrum of psychopharmacological and behavioral
effects. The TIQs and BCs may bind to their own high-affinity sites on neuronal
membranes associated with or located close to the receptors of neurotransmitters.
Research on TIQs and BCs is stimulated also by their possible role in pathological
conditions, especially parkinsonism and alcoholism. Recently, clinical interest has
been spurred by their role as neuroprotective, and even neurorestorative, anticonvul-
sant, and antiaddictive, substances.

In this book we are going to summarize, for the first time, the results from behav-
ioral, neurochemical, and molecular experiments, which demonstrate a wide spec-
trum of TIQs and BCs effects — from their rather mild neurotoxic actions to the
important neuroprotective and antiaddictive properties.

Additionally, the recent results of experimental studies in vivo have allowed a
much better understanding and simultaneous comparison of the neurochemical and
molecular mechanisms underlying the neuroprotective and neurotoxic actions of
endogenous TIQs and BCs and have pointed to the possibility of their therapeutic
applications in neurodegenerative diseases such as Parkinson’s disease.

Krakow, Poland Lucyna Antkiewicz-Michaluk
Berlin, Germany Hans Rommelspacher






Contents

PartI Isoquinolines as Neurotoxins and Neuroprotectants

1 Two Faces of 1,2,3,4-Tetrahydroisoquinoline Mode
of Action in the Mammalian Brain: Is It an Endogenous
Neurotoxin or a Neuromodulator? ................ccocccovviiiiiinninnciienieeieene, 3
Elzbieta Lorenc-Koci

2 Isoquinolines as Neurotoxins:
Action and Molecular Mechanism ................cccocovininininincnnnn. 31
Agnieszka Wasik and Lucyna Antkiewicz-Michaluk

3 1-Methyl-1,2,3,4-Tetrahydroisoquinoline:
A Potent Neuroprotecting Agent .............ccccoovveevieriiieniienieenie e 45
Jerzy Vetulani and Lucyna Antkiewicz-Michaluk

4 1-Methyl-1,2,3,4-Tetrahydroisoquinoline and Addiction:
Experimental Studies...............cccoocoviiiiiiiiniii e 57
Lucyna Antkiewicz-Michaluk and Jerzy Michaluk

Part II B-Carbolines as Neurotoxins and Neuroprotectants
5 B-Carbolines as NeurotoXins.............c.coeeveeririerereenierereeessereenssenenns 77

Tomas Herraiz

6 B-Carbolines: Occurrence, Biosynthesis,
and Biodegradation.................ccooooiiviiiiniiniieiece e 105
Hans Rommelspacher, Catrin Wernicke, and Jochen Lehmann

7 B-Carbolines and Neuroprotection: Inhibition
of Monoamine OXidase...............cccceoivirininiiininiiicceceeeeeas 115
Hans Rommelspacher

vii



viii Contents

8 B-Carbolines Increase the Performance of the Respiratory
Chain in Mitochondria ...............cccoociiiiiiniiniiic e 125
Hans Rommelspacher, Monika Frenzel,
and Norbert A. Dencher

9 Antioxidant Properties of B-Carbolines.................c.cccocevririrreecrninnnnn. 133
Jochen Lehmann

10 Restoration of Damaged Dopamine Neurons.............c.ccceecvevveennennnen. 145
Hans Rommelspacher and Catrin Wernicke

11 Prospects for New Treatment Options
in Neurodegenerative Diseases..............cccccceerviiiiiiriiieniienieenieeeeneens 165
Hans Rommelspacher



Contributors

Lucyna Antkiewicz-Michaluk Department of Neurochemistry,
Institute of Pharmacology Polish Academy of Sciences,
31-343 Krakow, Poland

Norbert A. Dencher Physical Biochemistry, Department of Chemistry,
Technische Universitdt Darmstadt, Petersenstrasse 22,
Darmstadt 64287, Germany

Monika Frenzel Physical Biochemistry, Department of Chemistry,
Technische Universitidt Darmstadt, Petersenstrasse 22,
Darmstadt 64287, Germany

Tomas Herraiz Instituto de Ciencia y Tecnologia de Alimentos
y Nutricién (ICTAN), Spanish National Research Council (CSIC),
Juan de la Cierva 3, 28006 Madrid, Spain

Jochen Lehmann Chair of Pharmaceutical/Medicinal Chemistry, Institute of
Pharmacy, University of Jena, Philosophenweg 14, Jena 07743, Germany

Elzbieta Lorenc-Koci Department of Neuro-Psychopharmacology,
Institute of Pharmacology Polish Academy of Sciences,
31-343 Krakow, Poland

Jerzy Michaluk Department of Neurochemistry, Institute of Pharmacology
Polish Academy of Sciences, Smetna Street 12, Krakow 31-343, Poland

Hans Rommelspacher Department of Psychiatry, Charité-University Medicine,
Campus Benjamin Franklin, Charitéplatz 1, 10117 Berlin, Germany

Department of Psychiatry, Charité-University Medicine, Campus Mitte,
Charitéplatz 1, 10117 Berlin, Germany

Jerzy Vetulani Department of Brain Biochemistry, Institute of Pharmacology
Polish Academy of Sciences, Smetna Street 12, Krakow 31-343, Poland

ix



X Contributors

Agnieszka Wasik Department of Neurochemistry, Institute of Pharmacology
Polish Academy of Sciences, 31-343 Krakéw, Poland

Catrin Wernicke Department of Psychiatry, Charité-University Medicine,
Campus Mitte, Charitéplatz 1, 10117 Berlin, Germany



Part I
Isoquinolines as Neurotoxins
and Neuroprotectants



Chapter 1

Two Faces of 1,2,3,4-Tetrahydroisoquinoline
Mode of Action in the Mammalian Brain:

Is It an Endogenous Neurotoxin

or a Neuromodulator?

Elzbieta Lorenc-Koci
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Abstract 1,2,3,4-Tetrahydroisoquinoline (TIQ) is the simplest representative of
the family of non-catechol TIQs being present naturally in plants and in a variety of
food products as well as in the brain of humans, primates, and rodents. Concentration
of this compound in the mammalian brain is very low (0.5-10 ng/g), therefore, its
determination required a more sensitive method than that for the measurement of
classical neurotransmitters. The physiological role of TIQ has not been elucidated
so far, but due to similarity of its chemical structure to MPTP, it was proposed to be
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an endogenous neurotoxin involved in the pathogenesis of Parkinson’s disease (PD).
In order to characterize TIQ properties in the brain, this review has summarized
important aspects concerning the possible pathways of its synthesis, distribution,
and metabolism in the mammalian organisms. A special attention has been focused
on behavioral and neurochemical effects produced by TIQ administered, acutely
and chronically, at pharmacological doses to rodents and monkeys. Since TIQ
implication in PD is not clear, evidence indicating that it can induce some parkinso-
nian-like changes in animals and those suggesting that TIQ can act as a modulator
of dopaminergic neurotransmission are thoroughly discussed. Finally, as more
recent studies have indicated that TIQ can act as a neuroprotective agent, also these
experimental data were carefully analyzed. We hope that this review can shed a new
light on TIQ mode of action in the mammalian brain.

Keywords 1,2,3,4-Tetrahydroisoquinolines * Rat brain ¢ Dopamine metabolism
* Nitric oxide ¢ Glutathione * Neurotoxin ® Neuroprotection

1.1 Introduction

Tetrahydroisoquinolines (TIQs) are a big family of compounds widespread in plant
and animal kingdoms (McNaught et al. 1998; Rommelspacher and Susilo 1985;
Zarranz de Ysern and Ordonez 1981). In general, TIQs can be formed as condensa-
tion products of biogenic amines (i.e., phenylethylamines and catecholamines) with
aldehydes or a-keto acids by the so-called Pictet—Spengler reaction (Rommelspacher
and Susilo 1985; Zarranz de Ysern and Ordonez 1981; Nagatsu 1997; McNaught
et al. 1998), although some of them are also synthesized enzymatically (Yamakawa
and Ohta 1997; Yamakawa et al. 1999; Naoi et al. 2004). Depending on the chemi-
cal structure of biogenic amines participating in these reactions, TIQs family can be
divided into compounds with catechol and non-catechol structures.

For the first time, TIQs attracted a considerable attention of neurochemists and
pharmacologists when Davis and Walsh (1970a) demonstrated that the alcohol
metabolite acetaldehyde promoted in vitro conversion of [*C]dopamine into ['*C]
tetrahydropapaveroline (THP). Simultaneously, THP was identified in the urine of
parkinsonian patients on L-DOPA medication (Sourkes 1971; Sandler et al. 1973;
Matsubara et al. 1992) and in the urine and brain of rats treated with L-DOPA
(Turner et al. 1974). Almost at the same time, salsolinol (6,7-dihydroxy-1-methyl-
1,2,3,4-tetrahydroisoquinoline), an adduct of dopamine and acetaldehyde, was
determined in urine of non-pathologic human volunteers, occurring at high concen-
trations in the urine of intoxicated alcoholics (Collins et al. 1979) and in brains of
rats treated with ethanol (Collins and Bigdeli 1975). Moreover, 3',4'-deoxynorlaudano-
solinecarboxylic acid (DNLCA), a TIQ derived from dopamine and phenylpyruvic
acid, was detected in the urine of phenylketonuric children and in the brain of rats
with experimentally induced hyperphenylalaninemia (Lasala and Coscia 1979).
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These findings led researchers to suppose that TIQs may play some role in pathological
conditions especially in alcoholism, parkinsonism, and phenylketonuria (Davis and
Walsh 1970a, b; Nagatsu and Hirata 1987; Lasala and Coscia 1979). However,
despite ongoing efforts, the contribution of TIQ to the pathogenesis of these dis-
eases has not been evidenced as yet. Also, their physiological role in the nervous
system has not been elucidated so far.

This chapter reviews some important aspects concerning the chemistry, distribu-
tion, and pharmacology of 1,2,3,4-TIQ, the simplest representative of the unsubsti-
tuted non-catechol TIQs in the mammalian brain, on the background of other
compounds from this group. Although TIQ has been proposed to be one of the etio-
logical factors of Parkinson’s disease (PD), its implication in the pathogenesis is not
clear. Hence, in this chapter both evidence indicating that TIQ can induce some
parkinsonian-like changes in animals and those suggesting that it can act as a neu-
romodulator are thoroughly discussed.

1.2 Chemical Structure and Origin
of 1,2,3,4-Tetrahydroisoquinoline in the Brain

1,2,3,4-TIQ is the simplest representative of the group of non-catechol TIQs which
occur naturally in plants and in a variety of food products (Makino et al. 1988; Niwa
et al. 1989b) as well as in the brain of humans, primates, and rodents (Kohno et al.
1986; Makino et al. 1988; Niwa et al. 1987, 1989a; Ohta et al. 1987; Yamakawa
et al. 1999). Apart from TIQ, this group also encompasses other TIQ derivatives,
such as 1-methyl-1,2,3,4-tetrahydroisoquinoline (1-MeTIQ), 2-methyl-1,2,3,4-
tetrahydroisoquinoline (2-MeTIQ), 1-methyl-3,4-dihydroisoquinoline (1-MeDIQ),
1-benzyl-1,2,3,4-tetrahydroisoquinoline (1-BnTIQ), 1-(3',4'-dihydroxy-benzyl)-
1,2,3,4-tetrahydroisoquinoline  [1-(3',4’-DHBn)TIQ], 1-phenyl-1,2,3,4-tetrahy-
droisoquinoline (1-PhTIQ), and 1-phenyl-2-methyl-1,2,3,4-tetrahydroisoquinoline
(1Ph-2MeTIQ) (Fig. 1.1). TIQs were detected in plants much earlier, before they
were found in humans and animals (Rommelspacher and Susilo 1985; Zarranz de
Ysern and Ordonez 1981). Finally during the late 1980s, TIQ was identified as an
endogenous compound in the brain of parkinsonian patients and normal human sub-
jects, using the most suitable method of gas chromatography—mass spectrometry
(GC/MS). (Niwa et al. 1987, 1989a). Its concentration determined for the first time
in the frontal cortex of one parkinsonian patient was approximately 10 ng/g vs. less
than 1 ng/g in the control brain (Niwa et al. 1987) (Table 1.1). However, a high TIQ
content in parkinsonian patients was not confirmed by Ohta et al. (1987). What is
more, a tendency for the TIQ concentration to be lower in PD than in the controls
(0.54 ng/g vs. 0.86 ng/g, respectively) was described by other researchers (Yoshida
etal. 1993). Applying the same analytical method, TIQ was determined in the brain
of healthy, nontreated rats in which its level oscillated from 5 to 7 ng/g tissue (Kohno
et al. 1986; Makino et al. 1988). However, when a highly sensitive high-performance
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1) 2) 3) 4)
CH, CH,

CH,
TIQ 1-MeTIQ 2-MeTIQ 1-MeDIQ
5) 6) 7) 8)
COw COW W T
1 CC -
o O ®
1-BnTIQ 1-(3',4'DHBn)TIQ 1-PhTIQ 1Ph-2MeTIQ

Fig. 1.1 Chemical structure of the non-catechol tetrahydroisoquinolines identified in the mam-
malian brains: (1) TIQ, 1,2,3,4-tetrahydroisoquinoline; (2) 1-MeTIQ, 1-methyl-1,2,3 4-tetrahy-
droisoquinoline; (3) 2-MeTIQ, 2-methyl-1,2,3,4-tetrahydroisoquinoline; (4) 1-MeDIQ, 1-methyl-3,
4-dihydroisoquinoline; (5) 1-BnTIQ, 1-benzyl-1,2,3,4-tetrahydroisoquinoline; (6) 1-(3',4’-DHBn)
TIQ, 1-(3',4'-dihydroxybenzyl)-1,2,3,4-tetrahydroisoquinoline; (7) 1-PhTIQ, I-phenyl-1,2,3.4-
tetrahydroisoquinoline; and (8) 1Ph-2MeTIQ, 1-phenyl-2-methyl-1,2,3,4-tetrahydroisoquinoline

liquid chromatography with fluorescent detection (detection limits 8-9 fmol per
injection) was used, TIQ content in the brain of normal rats was assessed to be much
lower reaching an average value of 0.10 ng/g (0.7 pmol/g) tissue (Inoue et al. 2008).
Regarding the presence of TIQ in the nigrostriatal dopaminergic system, it was
indentified in the substantia nigra (SN) and striatum of rats and monkeys (Yoshida
et al. 1990; Ayala et al. 1994; Yamakawa et al. 1999). In either species, in young
animals its content was much higher in the SN than in the striatum (Table 1.1). In
contrast, in old rats a declining tendency in TIQ concentration was observed in the
SN while an increasing trend was characteristic of the striatum (Ayala et al. 1994).

Concentrations of two other non-catechol TIQs, 1-MeTIQ and 1-BnTIQ, identi-
fied by means of chromatographic methods in the brains of humans, monkeys, and
rodents as well as in the cerebrospinal fluid (CSF) of parkinsonian patients and
healthy controls are compiled in Table 1.1. 1-MeTIQ is considered to be a possible
neuroprotective compound (Tasaki et al. 1991; Antkiewicz-Michaluk et al. 2004;
Kotake et al. 2005; Okuda et al. 2006) while 1-BnTIQ is suspected to be neurotoxic
(Kotake et al. 1995, 1998). Interestingly, 1-MeTIQ amount was reduced in parkin-
sonian patients and tended to decrease with aging (Ohta et al. 1987). In old rats, a
50% reduction in 1-MeTIQ content was found in the SN while only a small nonsig-
nificant increase was observed in the striatum (Ayala et al. 1994). Moreover,
1-MeTIQ exists in the form of two stereoisomers because of the asymmetric center
at C-1. The existence of R- and S-enantiomers has been confirmed in mouse
brain applying GC/MS with negative ion chemical ionization (Makino et al. 1990).
The proportion of R- and S-enantiomers in the mouse brain was 0.60 suggesting
that 1-MeTIQ could be synthesized, at least partially, in an enzymatic pathway



1 Two Faces of 1,2,3,4-Tetrahydroisoquinoline Mode of Action...

Table 1.1 Concentrations of TIQ and its derivatives in the brains and cerebrospinal fluid of

humans, monkeys and rodents.

TIQ Origin of Type of Concentration Method of References
deriva- tissue tissue detection
tives
Human
TIQ Control patient Frontal ~ Ing/g GC/ Niwa et al. 1987,
Parkinsonian cortex MD Niwa et al. 1989a,
patient Frontal Ohta et al. 1987
cortex 0.54-10
ng/g
Monkey Striatum ~ 20 pmol/g GC/MS Yamakawa et al. 1999
SN ~ 150 pmol/g
Rat Brain 5-7 nglg GC/MID  Kohno et al. 1986,
Brain 0.7 pmol/g HPLC/FD Makino et al. 1988
(0.10 ng/g) Inoue et al. 2008
Young rats Striatum ~ 0.6 ng/mg GC/MS Ayala et al. 1994
SN ~ 1.7 ng/mg
Old rats Striatum ~ 1.0 ng/mg
SN ~1.3 ng/mg
Mouse Brain 1.1 ng/g GC/MS Makino et al. 1988,
Tasaki et al. 1991
1-MeTIQ Human Brain - - Ohta et al (1987
Monkey Striatum 300 pmol/g GC/MS Yamakawa et al. 1999
SN 470 pmol/g
Rat Brain 1-3 ng/g GC/MID  Kohno et al. 1986
GC/MS Makino et al. 1988
3.4 pmol/g HPLC/FD Inoue et al. 2008
(0.1 ng/g)
Young rats Striatum ~ 0.4ng/mg GC/MS Ayala et al. 1994
SN ~ 1.3 ng/mg
Old rats Striatum ~ 0.5 ng/mg
SN ~ 0.6 ng/mg
Mouse Brain 8.9-10 ng/g GC/MS Kotake et al. 1998,
Tasaki et al. 1991,
Makino et al. 1990
Human
1-BnTIQ  Control patient CSF 0.4 ng/ml GC/MID  Kotake et al. 1995
Parkinsonian CSF 1.17 ng/ml GC/MID
patient
Monkey Striatum ~25 pmol/mg GC/MS Yamakawa et al. 1999
SN ~ 120 pmol/mg
Rat Brain 1.3 pmol/g HPLC/FD  Inoue et al. 2008
0.3 ng/g
Mouse Brain 5.7-7.7nglg GC/MS Kotake et al. 1995, 1998

GC/MID - gas chromatography with multiple ion detection
GC/MS - gas chromatography with mass spectrometry
FD - fluorometric detection

(Makino et al. 1990). If the formation was purely nonenzymatic, then a mixture of
racemic isomers would be formed. Apart from the above-mentioned TIQ deriva-
tives, brains of parkinsonian patients were also shown to contain 1-PhTIQ and
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1Ph-2MeTIQ using gas chromatography—tandem mass spectrometry (Kajita et al.
1995). In turn, in the mouse brain 1-(3',4’-DHBn)TIQ was identified as an endoge-
nous compound by means of the GC/MS method (Kawai et al. 1998, 2000). Since
concentrations of the latter compounds were not determined, they are not presented
in Table 1.1. However, it is believed that they exert toxic effects on dopaminergic
neurons (Kajita et al. 1995; Kawai et al. 1998, 2000).

1.3 Synthesis of Non-catechol
1,2,3,4-Tetrahydroisoquinolines

It is widely accepted that TIQs are formed by a well-known Pictet—-Spengler con-
densation of 2-phenylethylamine (PEA) or catecholamines with aldehydes or a-keto
acids (Deitrich and Erwin 1980; Rommelspacher and Susilo 1985; Zarranz de Ysern
and Ordonez 1981; Nagatsu 1997; McNaught et al. 1998; Kotake et al. 1998). The
reaction is thought to proceed through a Schiff’s base formation and cyclization to
TIQs (Fig. 1.2). In general, the synthesis of catechol-bearing TIQs under physiolog-
ical conditions was demonstrated in plants and animals (Zarranz de Ysern and
Ordonez 1981; Nagatsu 1997; McNaught et al. 1998). However, the formation of
the non-catechol TIQs, such as TIQ and 1-MeTIQ, under physiological conditions
seems to be problematic because it has been reported that PEA which has no elec-
tron-donating substituents (e.g., hydroxyl or alkoxyl groups) on the phenyl ring,
does not cyclize with aldehydes under physiological conditions (Kohno et al. 1986).
On the contrary, dopamine, which has an effective substituent (OH group) at the
appropriate positions in the phenyl ring, can easily cyclize with aldehydes under
physiological conditions. Therefore, if the non-catechol TIQ derivatives are formed
in such conditions, it can be assumed that the condensation reaction of PEA with an
aldehyde is catalyzed enzymatically. Figure 1.3 shows the proposed synthetic reactions
of the non-catechol TIQs. When PEA is condensed with formaldehyde then the
simplest TIQ can be formed (Fig. 1.3, reaction 1). The (R)-1MeTIQ can be synthe-

+

@ R-CHO @ H @
NH, -HO N +N-H

2-phenylethylamine Schiff's base (|:I-I (|:H
(PEA) R R
N
@Q/NH m—H
;
TIQ R

Fig. 1.2 The Pictet—Spengler reaction of B-arylethylamines (2-phenylethylamine, PEA) with
carbonyl compounds
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Lk .
HO— E:E(
Ho— H ,C° COOH
reduction
3,4-dihydroxy- aldehyde 1-MeDIQ
phenylacetic acid de'wdmwme CHO
(DOPAC) foma|dehyde CH,COCOOH
pyruvate ) NH
HO- MAO HO H” ™ CH,
R
NH,

H HO R)MeTIQ
3 4—di|ydmxy- cu ,CHO (R)-
dopamine phenylacetakiehyde acetaldehyde
(DOPAL)
2-phenylethylam|ne
MAO ‘:;‘
143'4'DHBN)TIQ 1-BnTIQ

phenylacetaldehyde

Fig. 1.3 The possible synthetic pathways of the non-catechol tetrahydroisoquinolines: (1) TIQ,
1,2,3,4-tetrahydroisoquinoline; (2) (R)IMeTIQ, (R)-1-methyl-1,2,3,4-tetrahydroisoquinoline;
(3) 1BnTIQ, 1-benzyl-1,2,3,4-tetrahydroisoquinoline; (4) 1-(3',4’-DHBn)TIQ, 1-(3',4'-dihydroxy
benzyl)-1,2,3,4-tetrahydroisoquinoline via the Pictet—Spengler condensation of 2-phenylethylam-
ine (PEA) with aldehydes (formaldehyde, acetaldehyde, phenylacetaldehyde, 3,4-dihydroxyphe-
nylacetaldehyde) or the a-keto acid (pyruvic acid) in the mammalian brain

sized in the condensation reaction of PEA with acetaldehyde or pyruvic acid
(Fig. 1.3, reactions 2 and 2’). In the case of reaction 2', (R)-1MeTIQ formation is
followed by a decarboxylation of the condensation product, 1-carboxyl-1-methyl-
1,2,3,4-tetrahydroisoquinolinic acid and next by a reduction of the second interme-
diate 1-MeDIQ (Nagatsu 1997). In addition, the condensation reaction of PEA with
its own metabolite phenylacetaldehyde or with the dopamine metabolite 3,4-dihy-
droxyphenylacetaldehyde (DOPAL) may lead to the formation of 1-BnTIQ and
1-(3',4’-DHBn)TIQ, respectively (Kotake et al. 1998; Kawai et al. 1998). Both phe-
nylacetaldehyde and DOPAL are generated by monoamine oxidase (MAO) during
an oxidative deamination of PEA and dopamine, respectively (Fig. 1.3, reactions 3
and 4). It has been demonstrated that the formation of 1-BnTIQ was markedly
reduced in the mouse brain treated previously with the MAO-B inhibitor deprenyl
(Kotake et al. 1998), possibly due to the deficit of phenylacetaldehyde.

For a long time, an enzymatic biosynthesis of (R)-1MeTIQ, from PEA and pyru-
vate was only a strong suggestion (Makino et al. 1990; Nagatsu 1997), but finally it
was confirmed when Yamakawa and Ohta (1997) identified in the rat brain an
enzyme involved in this reaction (Fig. 1.4). The 1-MeTIQ synthesizing enzyme was
predominantly localized in the mitochondrial-synaptosomal fraction. The activity
of this enzyme measured in rat brain homogenate was 750 pmol/h/mg protein
(Yamakawa and Ohta 1997). A low activity of 1-MeTIQ synthesizing enzyme was
observed in the nuclear fraction, and no activity was detected in the cytosol fraction.
In the monkey brain, the 1-MeTIQ synthetic activity was higher in the thalamus,
cerebrum, and striatum than in the substantia nigra, medulla oblongata, and cerebellum
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Fig. 1.4 Enzymatic biosynthesis of 1MeTIQ in the mitochondrial-synaptosomal fraction of the
rat brain (according to Yamakawa and Ohta 1997)

(Yamakawa et al. 1999). As the content of 1-MeTIQ was the highest in the substan-
tia nigra, striatum, and cerebrum while in the cerebellum, medulla oblongata, and
thalamus it was distinctly lower, the authors suggested that 1-MeTIQ which was
synthesized elsewhere in the brain was transported to these brain regions.

It has been demonstrated in the mitochondrial-synaptosomal fraction of rat brain
that some non-catechol TIQ derivatives, like TIQ, 2-MeTIQ, 1-BnTIQ, and
1-MeDIQ inhibited the biosynthesis of 1-MeTIQ (Yamakawa and Ohta 1997, 1999).
Also 1-MeTIQ itself can inhibit an activity of the synthesizing enzyme. The inhibi-
tory activity of R-enantiomer of 1-MeTIQ was stronger than that of S-enantiomer
(Yamakawa and Ohta 1999). In contrast, catechol-TIQ derivatives, like salsolinol
and norlaudanosoline weakly inhibited or did not inhibit 1-MeTIQ biosynthesis,
respectively (Yamakawa and Ohta 1997, 1999). As the 1-MeTIQ biosynthetic activ-
ity was inhibited by non-catechol TIQ derivatives, but was not inhibited by catechol
TIQ derivatives, authors of the study postulated that this enzyme was specific for
TIQs unsubstituted in the aromatic ring (Yamakawa and Ohta 1997). The activity of
the 1-MeTIQ synthesizing enzyme was also inhibited by parkinsonism-
inducing substances, like 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
and its active metabolite, 1-methyl-4-phenylpyridinium (MPP*), haloperidol, and
B-carboline (Yamakawa and Ohta 1999). The preservation of the TIQ-generating
enzymatic system in the mammalian brain in the course of evolution suggests that it
may play an important physiological function.

TIQ identified in the mammalian brain may be also of dietary origin, as it has
been detected in different food products, such as cheese (5.2 ng/g), boiled eggs
(1.8-2.2 ng/g), banana (2.2 ng/g), broiled beef (1.3 ng/g), milk (3.3 ng/g), and various
alcoholic beverages including whisky (0.73 ng/g), wine (0.59 ng/g), and beer
(0.36 ng/g) (Makino et al. 1988; Niwa et al. 1989b).

14 1,2,3,4-Tetrahydroisoquinoline as a Potential Neurotoxin
with a Proparkinsonian Mode of Action

The concept of a TIQ contribution to the pathogenesis of idiopathic Parkinson’s
disease (PD) sprung from the observation that its chemical structure was similar to
MPTP, a selective neurotoxin of dopaminergic neurons which evoked a syndrome
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resembling the clinical picture of the disease in humans and animals (Langston
et al. 1983; Chiueh et al. 1985). Since MPTP is a synthetic compound, it cannot
be considered as an etiological factor for PD, but TIQ which is both an endog-
enous and an environmental substance seemed to be a good candidate to produce
parkinsonism. In principle, the selective toxicity of MPTP is grounded on its oxi-
dative MAO-B-dependent transformation to the quaternary ion MPP* (Bradbury
et al. 1986; Trevor et al. 1988). Then MPP* ion being a substrate for dopamine
transporter (DAT) (Javitch et al. 1985) is selectively accumulated in the dop-
aminergic neurons finally leading to an inhibition of the oxidative phosphoryla-
tion at complex I of the mitochondrial respiratory chain and to the reduction of
ATP production (Trevor et al. 1987; Singer et al. 1988). It is worth underlining
that the presence of N-methyl group is essential for the manifestation of MPTP
toxicity, since analogues of MPTP and MPP* lacking the N-methyl group are
devoid of such an effect (Bradbury et al. 1985). Hence, it was assumed that TIQ,
like MPTP, could acquire the neurotoxicity after N-methylation and oxidation. In
fact, N-methylation of TIQ to 2-MeTIQ by N-methyltransferase was confirmed
in vitro, in experiments with the use of the human brain homogenates (Naoi et al.
1989b) and in vivo in the brain of TIQ-treated monkeys (Niwa et al. 1990). The
reaction required S-adenosyl-L-methionine (SAM) as a methyl donor and the
value of the Michaelis constant, K _, and the maximal velocity, Voo in terms of
SAM were 5.11 pM and 7.31 pmol/min/mg protein, respectively. The value of
K _and V__ in terms of TIQ were 20.9 pM and 7.98 pmol/min/mg protein,
respectively (Naoi et al. 1989b). Afterwards, it was demonstrated in the human
brain synaptosomal mitochondria that 2-MeTIQ could be oxidized by both types,
MAO-A and -B into 2-methylisoquinolinium (2-MelQ*) ion, an analogue of MPP*
(Naoi et al. 1989a). MAO type A had a higher activity for 2-MeTIQ than type B.
The K_and V__ values of the oxidation by MAO type A and B were 571 uM and
0.29 pmol/min/mg protein, and 463 uM and 0.16 pmol/min/mg protein, respec-
tively (Naoi et al. 1989a). In comparison, the V__ value of MAO type A for
MPTP was 19.4 pmol/min/mg protein in human brain synaptosomal mitochon-
dria (Naoi et al. 1987). The above-mentioned effects clearly indicated that
2-MeTIQ oxidation was distinctly slower than that of MPTP. Further testing of
2-MelQ* ion mode of action showed in the rat clonal pheochromocytoma PC12h
cell line that this compound was transported into cells by a DA-specific uptake
system, similarly like MPP* (Naoi et al. 1989c). Moreover, 2-MeTIQ and
2-MelQ* ion were reported to selectively inhibit complex I activity of the mito-
chondrial electron transport system in isolated mitochondria prepared from the
mouse brain (Suzuki et al. 1992a). Finally, the selective neurotoxicity of 2-MelQ*
toward dopaminergic neurons was demonstrated in the ventral mesencephalic cul-
ture (Niijima et al. 1991; Nishi et al. 1994).

All the above-described findings provided grounds for the studies whose aim
was to check whether TIQ was able to induce behavioral and neurochemical changes
of parkinsonian type in animals.
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1.5 Behavioral and Neurochemical Changes
of Parkinsonian Type Induced by Non-catechol
1,2,3,4-Tetrahydroisoquinolines in Animals

The major clinical signs of an extrapyramidal syndrome in PD, such as akinesia,
and muscle rigidity appear when the level of dopamine (DA) in the caudate-putamen
is decreased by 85% and almost 90% of dopaminergic neurons in the substantia
nigra (SN) are destroyed (Kish et al. 1988). These symptoms also appear in the
MPTP-treated monkeys suffering from more than 80% reduction in the striatal dop-
amine and from a greater than 80% decrease of dopaminergic cell bodies in the SN
(Chiueh et al. 1985).

In the first experiment performed in marmosets treated subcutaneously with
TIQ at a high pharmacological dose of 50 mg/kg/day for a period of 16 days, it
was demonstrated that the most pronounced motor deficits and muscle rigidity
were revealed after the last chronic dose of this compound (Nagatsu and Yoshida
1988). At that time point, in two examined TIQ-treated marmosets, an almost
70% decrease in the level of dopamine (DA) was observed in the substantia nigra
(SN) but only in one marmoset some moderate decrease in its content was found
in the striatum (Nagatsu and Yoshida 1988). In squirrel monkeys, TIQ adminis-
tered at a moderate pharmacological dose of 20 mg/kg/day for up to 104 days,
produced motor symptoms similar to parkinsonism conspicuous even 7 days after
discontinuation of chronic treatment (Yoshida et al. 1990). At that time point, in
these monkeys only a 23% decline in the nigral level of DA and no changes in its
striatal level were found (Yoshida et al. 1990). In turn, rats chronically injected
with TIQ at a dose of 50 mg/kg/day for 19 days exhibited distinct muscle rigidity,
observable already 1 h after the first TIQ dose, when there were no changes in the
striatal level of DA (Lorenc-Koci et al. 2000). This symptom was still present at
72 h after the last chronic dose of TIQ, but then its expression was less pro-
nounced. At the latter time point, in rats withdrawn from chronic TIQ treatment,
hardly a 23% decline in the striatal level of DA was found (Lorenc-Koci et al.
2000). Finally, in C57BL mice injected with the maximal tolerated doses of TIQ
(60 up to 150 mg/kg/day) for a period of 26 days, no reduction in the content of
DA and its metabolites was reported in the striatum 5 weeks after discontinuation
of TIQ treatment (Perry et al. 1988). The only behavioral alteration observed in
these C57BL mice was sedation occurring for a short period of time after TIQ
injections at a dose of 80 mg/kg or higher (Perry et al. 1988). As results from the
above representative studies, TIQ administered chronically at a wide range of
doses to monkeys and rodents evoked in these animals moderate small or no
changes in DA concentrations in the striatum and SN. In contrast to the effects
reported in TIQ-treated animals, even a single dose of MPTP was able to produce
in humans a drastic loss of striatal DA and a damage of dopaminergic neurons in
the SN (Langston et al. 1983).
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Investigations focusing on the potential toxic action of TIQ on the dopaminergic
neurons in the SN were performed in C57BL mice treated with TIQ at a dose of 50 mg/
kg for 70 days. In these mice, the numbers of tyrosine hydroxylase immunoreactive
(TH-ir) neurons in the SN and ventral tegmental area were reduced by 56% when
measured 24 h after the last chronic dose of TIQ (Ogawa et al. 1989). Such long-lasting
TIQ treatment did not produce, however, the death of DA neurons because cresyl vio-
let (CV) staining revealed that the numbers of CV-stained neurons in the examined
structures were almost the same as those of the control mice. So, it was concluded that
DA neurons were preserved but they were dysfunctional in terms of their ability to
produce TH protein (Ogawa et al. 1989). Our study carried out on rats receiving TIQ
at a dose of 100 mg/kg/day chronically for a period of 19 days demonstrated that the
number of TH-ir neurons in the SN was also reduced but only by 22% in comparison
to control group (Lorenc-Koci et al. 2000). However, because in this study the histo-
logical analysis of CV-stained neurons was not performed, it was not possible to
resolve whether TH-ir neurons were preserved or not. Moreover, since 2-MeTIQ was
recognized as a more toxic derivative than TIQ itself, the effect of this compound on
dopaminergic neurons in the SN was examined in C57BL/6J mice. 2-MeTIQ was
administered at a wide range of doses (2, 4, 16, 32, and 64 mg/kg) for 120 days. In all
groups, 2-MeTIQ evoked a significant decrease in the numbers of TH-ir neurons in the
SN, although the effects were more pronounced at higher doses of this compound.
However, despite some atrophic changes observed in the nerve cells of the central part
of the substantia nigra pars compacta (SNc) and pars lateralis neither neuronal loss
accompanied by gliosis nor neuronal inclusions were observed (Fukuda 1994).

All the above-reported effects clearly indicate that the appearance of character-
istic symptoms of parkinsonian type in the TIQ-treated animals do not result from
the loss of striatal DA and death of dopaminergic cells in the SN, as it happens in
PD. Since these symptoms were the most distinctly manifested directly after sub-
cutaneous or intraperitoneal administration of TIQ, when its concentration in the
mammalian brain was very high (Yoshida et al. 1990; Lorenc-Koci et al. 2004a), it
was assumed that the occurrence of these symptoms was related to a specific TIQ
action on dopaminergic neurotransmission. The latter assumption was in line with
studies showing that exogenous TIQ easily crossed the blood—brain barrier (Niwa
et al. 1988; Yoshida et al. 1990; Kikuchi et al. 1991; Lorenc-Koci et al. 2004a) and
interacted with the brain DA receptors (Antkiewicz-Michaluk et al. 2000a). Further,
it was demonstrated that TIQ displaced [*H] apomorphine from its binding sites
within dopamine D, and D, receptors with effectiveness similar to DA and in
behavior tests inhibited the apomorphine-stimulated locomotor activity
(Antkiewicz-Michaluk et al. 2000a). The ability of TIQ to interfere with the ago-
nist binding sites within DA receptors inhibiting their function suggests that this
compound can attenuate the dopaminergic neurotransmission at sites other than
those to which classical neuroleptics bind. So, it is likely that the neuroleptic-like
activity of TIQ was responsible for some motor deficits observed in acutely and
chronically TIQ-treated animals.
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1.6 Catabolism of 1,2,3,4-Tetrahydroisoquinoline
in the Brain and Peripheral Tissue

Although PD occurs sporadically, it is believed that both environmental and genetic
factors, acting either alone or in concert, contribute to the onset of the disease.
Genetic susceptibility to endogenous or exogenous neurotoxins may be related to
the altered activity of some enzymes which regulate their metabolism (Riedl et al.
1998). The lack of a metabolic pathway or a deficit in its function may influence
toxicity. Among different enzymes which are involved in the metabolism of xenobi-
otics, cytochrome P 450 (CYP) isoenzyme CYP2D6 was postulated to be a risk
factor for PD (Barbeau et al. 1985; Bon et al. 1999; Checkoway et al. 1998; Riedl
et al. 1998).

Isoenzymes of the human CYP2D subfamily are encoded by one active CYP2D6
gene and two pseudogenes, while six genes, CYP2DI-5 and CYP2DIS8, have been
identified in rats (Kimura et al. 1989; Matsunaga et al. 1990). It is still unclear which of
these six known rat CYP2D subfamily members are homologous to human CYP2D6.
For a long time it was assumed that CYP2D1 corresponded well with human CYP2D6
(Barham et al. 1994; Miksys et al. 2000; Tyndale et al. 1999), but recently it was dem-
onstrated that debrisoquine a classical substrate for CYP2D6 was also metabolized in
rats to 4-hydroxydebrisoquine by hepatic CYP2D2 (Hiroi et al. 2002). In humans,
CYP2D6 has high debrisoquine 4-hydroxylation activity while in rats this activity was
much more specific for CYP2D2 (Schulz-Utermoehl et al. 1999).

MPTP which evokes parkinsonism in humans is metabolized to N-demethyl
product by microsomal CYP2D isoenzymes (Coleman et al. 1996; Gilham et al.
1997). Since MPTP lacking N-methyl group does not exert toxic effects, the
N-demethylation reaction of MPTP is considered to be detoxification (Coleman
et al. 1996; Weissman et al. 1985). On the other hand, female Dark Agouti rats, a
model of human poor metabolizer phenotype (PM) with respect to CYP2D6, are
more sensitive to neurotoxic effect of MPTP than females of other strains (Jiménez-
Jiménez et al. 1991).

The hypothesis put forward by Ohta et al. (1990) linked a potential toxicity of TIQ
with its defective catabolism in the liver by isoenzymes belonging to the CYP2D
subfamily. According to this hypothesis, the main metabolic pathway of TIQ elimi-
nation from the body is the reaction of 4-hydroxylation catalyzed by hepatic CYP2D.
The authors reported that after TIQ administration to Dark Agouti rats, plasma and
brain levels of this compound were much higher in females of that strain recognized
as poor debrisoquine metabolizers than in males considered as extensive debriso-
quine metabolizers. Conversely, urinary excretion of a major oxidative metabolite of
TIQ, 4-hydroxytetrahydroisoquinoline (4-OH-TIQ) was high in Dark Agouti males
while being significantly reduced in females of that strain. Hence, it was concluded
that suppression of TIQ metabolism in the liver of poor debrisoquine metabolizers
resulted in the increased level of TIQ in the brain. Assuming TIQ toxicity for dop-
aminergic neurons, it was postulated that a long-lasting accumulation of this com-
pound in the brains of human poor debrisoquine metabolizers may be one of the
mechanisms responsible for the onset of PD (Ohta et al. 1990).
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To check the accuracy of this hypothesis, the effects of TIQ treatment on the
disposition of this compound in the brain was examined in rats being models of poor
CYP2D metabolizers (Lorenc-Koci et al. 2004a). Since the inhibition of CYP2D
isoenzymes by a specific inhibitor, quinine (Kobayashi et al. 1989), in male Wistar
rats mimics the defect of genes encoding CYP2D isoenzymes; the quinine-pretreated
Wistars, used in these studies, were considered to correspond to phenotypic poor
CYP2D metabolizers. On the other hand, male Dark Agouti rats in which the expres-
sion of CYP2D?2 isoenzyme was six to eight times lower than that in male Wistars
(Schulz-Utermoehl et al. 1999), were used as genotypic poor CYP2D metabolizers
(Lorenc-Koci et al. 2004a). Male Wistar rats with normal function of these isoen-
zymes were the control for phenotypic and genotypic poor CYP2D metabolizers
(Lorenc-Koci et al. 2004a). TIQ was administered i.p. to male Wistar rats at doses
of 20, 40, and 100 mg/kg, alone and in combination with quinine (20, 40, 80 mg/kg
i.p.), acutely or chronically. Only acute experiments were performed in Dark Agouti
rats receiving TIQ at doses of 20 and 40 mg/kg. Concentrations of TIQ and its main
metabolite 4-OH-TIQ in plasma and brain samples were determined using HPLC
with UV detection, described previously by Suzuki et al. (1992b). Both in Wistar
and Dark Agouti rats 2 h after administration of a single dose of TIQ (20, 40,
100 mg/kg), the level of this compound in the brain depending of the used dose was
in the range from 86 to 682 nmol/g, while in the plasma it was several-fold lower
ranging from 24 to 120 nmol/ml. Concentrations of its metabolite, 4-OH-TIQ, were
very low in both compartments of male Wistars treated with TIQ alone (in plasma
about 1 nmol/ml; in brain 2.46-3.97 nmol/g) while in those receiving TIQ in com-
bination with quinine or in Dark Agouti males, 4-OH-TIQ was absent or found in a
trace amount (Lorenc-Koci et al. 2004a). These data clearly indicated that TIQ was
not easily metabolized via 4-hydroxylation and this reaction in the liver had no
influence on its concentration in the brain. Hence, it was concluded that factors
other than CYP2D mediated catabolism contributed to the disposition of TIQ in the
rat brain.

It was originally believed that membrane-bound carriers localized in the brain
barriers were solely responsible for the transport of endogenous substances into and
out of the brain, and that drug transport across the brain barriers was largely depen-
dent on the physiochemical characteristic of the drug, such as lipophilicity, molecular
weight, and ionic state (Spector 1990; Tamai and Tsuji 2000). TIQ is a basic com-
pound with pK_ value of 9.75, moderate lipophilicity with a logP value 1.47 (P is an
octanol/water coefficient for a nonionized drug, logP was calculated using a special
computer program), and low molecular weight (169.99). These physicochemical
properties of TIQ should allow for its passive diffusion through the blood-brain
barrier. However, a low level of TIQ (about 50 nmol/g) in the brain of Wistar rats
receiving this compound (40 mg/kg) jointly with 80 mg/kg of quinine in comparison
to its high level (244.94 nmol/g) in rats receiving TIQ alone, suggested that there
was a competition between TIQ and quinine for the same carrier (Lorenc-Koci et al.
20044a). Quinine is a substrate for organic cation transporter (OCT) system (Lee et al.
2001), therefore, it was supposed that also TIQ could be transported by this
system.
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In order to confirm OCT contribution to the transport of TIQ from the periphery
into the brain, an experiment with its specific inhibitors was performed in Wistar
rats. Three distinct types of the OCT system have been identified (OCT1, OCT2,
OCT3) in the rat brain. Acute administration of progesterone (20 mg/kg) and
B-estradiol (0.2 and 1 mg/kg), that are inhibitors of OCT1/OCT2 and OCT3 respec-
tively, to Wistar rats 30 min before TIQ, significantly decreased the concentration of
TIQ measured 2 h later in the brain tissue. The effect was more pronounced in rats
pretreated with B-estradiol than in those pretreated with progesterone (Lorenc-Koci
et al. 2004a). The obtained results are in line with the abundant expression of OCT3
and slightly weaker expression of OCT2 in the rat brain (Amphoux et al. 2006;
Shang et al. 2003; Wu et al. 1998). From these experiments, it was concluded that
exogenous TIQ was actively transported from the blood into the brain by OCT
system, mainly by OCT3 (Lorenc-Koci et al. 2004a).

The cited study also revealed that 4-OH-TIQ was formed not only by hepatic
CYP2D isoenzymes but also by their brain isoforms. In Wistar rats with normal
function of CYP2D isoenzymes, 2 h after the last chronic dose of TIQ (50 mg/kg,
two times per day for 14 days), concentrations of this metabolite in the plasma and
brain were 2.54 nmol/ml and 11.51 nmol/g, respectively, while concomitant con-
centrations of TIQ in these compartments were 84.73 nmol/ml and 556.30 nmol/g,
respectively. Much higher concentration of 4-OH-TIQ in the brain than in plasma
suggested that TIQ was able to induce brain CYP2D isoenzymes. Therefore, it
seems that the reaction of 4-hydroxylation although meaningless for elimination of
a large amount of exogenous TIQ, may be important for the elimination of TIQ
formed endogenously in the brain under physiological conditions.

Concentrations of TIQ and its metabolite were also determined in the dopamin-
ergic structures of normal Wistar rats treated acutely and chronically with TIQ. At
2 h after administration a single dose of TIQ (50 mg/kg), concentration of this com-
pound was almost equal in the striatum and the SN (about 200 nmol/g). However,
2 h after the last chronic dose (50 mg/kg, two times per day for 14 days) the level of
TIQ in the SN (415 nmol/g) was about twofold higher than that in the striatum
(222 nmol/g). The concentrations of 4-OH-TIQ in the striatum and the SN were
2.23 and 14.98 nmol/g, respectively. TIQ content in either structure distinctly
declined 24 h after cessation of chronic treatment (47.69 nmol/g in the striatum and
37.32 nmol/g in the SN), which meant that this compound was relatively easily
eliminated from the brain of Wistar rats. The calculated half-life of TIQ in the brain
was f,,=3.58 h while its value in plasma was ¢, ,=2.38 h. In turn, in Wistar rats
receiving the same dose of TIQ chronically in combination with quinine (40 mg/kg,
two times per day for 14 days) the TIQ level was high in both structures, but its
distribution was altered (430 nmol/g in the striatum and 229.90 nmol/g in the SN).
4-OH-TIQ was not detected in the structures under study. Moreover, 24 h after with-
drawal from the combined chronic treatment, TIQ concentrations in the striatum
and SN (125.80 and 78.05 nmol/g, respectively) were markedly higher than those in
Wistars receiving TIQ alone (47.69 and 37.32 nmol/g, respectively). The latter
effects indicated that the rate of TIQ elimination from the examined structure was
distinctly slower in Wistar rats treated with quinine than in those receiving TIQ
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alone. Since quinine is an inhibitor of P-glycoprotein (P-gp) which is involved in the
extrusion of xenobiotics from the brain (Lee et al. 2001; Silverman 1999), it was
thought that P-gp could have contributed to the elimination of TIQ from the rat
brain. Indeed, in Wistar rats receiving TIQ, in combination with verapamil, the most
specific inhibitor of P-gp, the TIQ concentration measured in the brain tissue 6 h
later, was markedly higher than in rats treated with TIQ alone. This experiment
confirmed that P-gp contributed to the elimination of TIQ from the rat brain. Hence,
it was concluded that the genetic defect of P-gp, but not CYP2D2/CYP2D6 as pos-
tulated previously (Ohta et al. 1990), could favor, if any, the accumulation of TIQ in
the mammalian brain (Lorenc-Koci et al. 2004a).

The above-presented study touches a very important problem in the pathogenesis
of PD, namely the genetic background underlying the accumulation of specific neuro-
toxins with proparkinsonian mode of action in the brain dopaminergic structures. The
above-reported study suggests that a defective function of P-gp may be a risk factor
for PD. This assumption is in agreement with a more recent study by Furuno et al.
(2002) who showed that the frequency of 3435T/T genotype, which is associated with
a decreased P-gp expression and function, was higher in parkinsonian patients
suffering from both early- and late-onset disease than in control. The decreased func-
tion of P-gp was also confirmed directly in the brain of parkinsonian patients using
[(11)C]-verapamil positron emission tomography (Kortekaas et al. 2005).

1.7 Effect of 1,2,3,4-Tetrahydroisoquinoline
Administration on Dopamine Metabolism

The loss of striatal dopamine (DA) in a consequence of degeneration of the nigros-
triatal dopaminergic neurons is the most characteristic neurochemical feature of
Parkinson’s disease. Therefore, early studies, which attempted to demonstrate that
TIQ evoked neurochemical changes of parkinsonian type in animals, focused just
on determination of the striatal level of DA at different time points after cessation of
chronic TIQ treatment (Nagatsu and Yoshida 1988; Yoshida et al. 1990; Perry et al.
1988). However, a direct effect of this compound on DA catabolism was not ana-
lyzed in those studies.

It is well known that catabolism of DA to its final metabolite homovanillic
acid (HVA) runs both intra- and extraneuronally. DA present in neuronal cyto-
plasma is N-oxidized by mitochondrial outer membrane enzyme MAO to form
3,4-dihydroxyphenylacetic acid (DOPAC), which is then extraneuronally
O-methylated by catechol-O-methyltransferase (COMT) to form HVA. DA released
into the synaptic cleft may be then taken up by DAT localized on DA terminals or
extraneuronally O-methylated by COMT to form 3-methoxytyramine (3-MT) which
is then N-oxidized by glial MAO, to a final metabolite HVA. The formation of
DOPAC is accompanied by production of a potent, non-radical oxidant hydrogen
peroxide. Its decomposition in the presence of ion-II may be a significant source of
the most deleterious radicals that is hydroxyl radicals (Chiueh et al. 1993). Moreover,
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hydrogen peroxide can oxidize glutathione (GSH) and other cellular thiols
(thioredoxins, cysteine) which are involved in the maintenance of the redox state of
cells (Jones 2008; Kemp et al. 2008). Excessive generation of hydrogen peroxide
may disrupt the cellular function of these thiols finally leading to pathological
changes. Therefore, the oxidative MAO-dependent pathway of DA catabolism may
play an important role in the progressive and selective loss of the dopaminergic
neurons in the SN during the development of PD. On the other hand, the enhanced
catabolism of DA through COMT-dependent O-methylation leading to 3-MT accu-
mulation may constitute an oxidative defense mechanism (Miller et al. 1996).

Due to a short half-life of TIQ in the rat brain (¢,,=3.58 h), a detailed analysis of
DA metabolism in the striatal and nigral homogenates originating from TIQ-treated
rats, was performed 2 h after the first and last chronic dose of this compound
(50 mg/kg i.p, two times a day for 14 days) (Lorenc-Koci et al. 2004b). This analy-
sis revealed that TIQ administered at a single dose of 50 mg/kg significantly
increased the DA level in the striatum and injected chronically, also in the SN. An
increasing tendency in DA content was still observed in the striatum 2 h after the
last chronic dose of TIQ. As to DA metabolites, TIQ strongly depressed the level of
the intraneuronal DA metabolite DOPAC and enhanced that of the extraneuronal
3-MT in the striatum and the SN after either treatments. The level of the final DA
metabolite HVA was enhanced only in the striatum after acute treatment, but it was
unchanged after chronic treatment in both structures.

The decreased level of DOPAC indicated that the enzymatic activity of both
MAO-A and -B that metabolize DA in the rat brain and the DA reuptake system
were inhibited by TIQ administration. In turn, the increased level of 3-MT showed
that the COMT-dependent pathway of DA catabolism was activated. Moreover, a
rapid accumulation of 3-MT indirectly indicated that TIQ was able to release DA in
the striatum and SN. The above conclusions drawn from the analysis of DA catabo-
lism were in line with the previous studies which demonstrated that TIQ was an
inhibitor both for MAO-A and -B (Maruyama et al. 1993; Patsenka and Antkiewicz-
Michaluk 2004) and a substrate for DA re-uptake system (McNaught et al. 1996).
The enhanced release of DA (by 280% of basal level) in the striatum of rats receiv-
ing a single dose of TIQ (100 mg/kg) was directly confirmed by means of microdi-
alysis method (Lorenc-Koci et al. 2000). In the latter study, it was evidenced that
apart from DA, TIQ also released serotonin (5-HT). Extracellular levels of DA and
5-HT metabolites, DOPAC, HVA, and 5-hydroxyindoleacetic acid (HIAA) in the rat
striatum were decreased by 40-60% of the basal values. The ability of TIQ to shift
DA catabolism from N-oxidation towards O-methylation suggests that it can modu-
late DA catabolism in a manner similar to MAO inhibitors which are considered as
neuroprotective compounds (Magyar et al. 1998; Stern 1998). Such a mode of TIQ
action in the rat brain seems to oppose the view that this compound is an endoge-
nous neurotoxin.

Itis commonly known that DA is formed from L-tyrosine by two enzymes tyrosine
hydroxylase (TH) and aromatic L-amino acid decarboxylase. In PD, activity of TH,
the initial and rate-limiting enzyme in the biosynthesis of DA, was markedly reduced
both in the striatum and in the SN, due to degeneration of nigrostriatal dopaminergic
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neurons. TIQ administration affected not only DA catabolism but also its synthesis.
In early studies, the measurement of TH activity based on DOPA accumulation was
performed in marmosets and monkeys chronically treated with TIQ (Nagatsu and
Yoshida 1988; Yoshida et al. 1990). In marmosets, it was demonstrated that TIQ
decreased TH activity both in the striatum and SN (Nagatsu and Yoshida 1988).
However, in the TIQ-treated monkeys, enzymatic activity of TH was unchanged in
the striatum though it was markedly reduced in the SN (Yoshida et al. 1990).
Histological analysis of TH-ir and CV-stained neurons performed in the mouse SN
(Ogawa et al. 1989) suggested that chronic TIQ treatment might lead to the diminu-
tion of TH protein production. Therefore, in our study, the level of TH protein was
determined by a Western blot method in the striatum and SN of rats chronically
treated with TIQ (Lorenc-Koci et al. 2004b). In that study, it was demonstrated that
2 h after the last chronic dose of TIQ, the TH protein level in the striatum was mark-
edly decreased (by 40 % of the control level) though DA content in that structure
indicated an increasing tendency. In the SN, although the level of TH protein was
unchanged, a marked increase in DA content was observed (Lorenc-Koci et al.
2004b). The TH protein level does not reflect activity of this enzyme, however, a high
concentration of DA in the rat striatum and concomitantly decreased level of TH sug-
gested that activity of the remaining part of the enzyme had to be elevated.

TH is an oxidatively labile enzyme whose level of activity is determined by the
redox status of its cysteine sulfhydryl groups. Oxidants of —SH groups like per-
oxynitrite and catechol-quinones reduce TH activity to an extent that is proportional
to cysteine modification (Kuhn et al. 1999a, b). Recently, it has been demonstrated
that this enzyme was regulated by S-glutathionylation. This redox-sensitive post-
translational modification relies upon the reaction in which glutathione disulfide
(GSSG) reacts with protein sulfhydryl groups forming protein—glutathione mixed
disulfides (Giustarini et al. 2004). When six of seven cysteinyl groups in TH are
S-glutathionylated, the activity of this enzyme is lowered by 70-80% (Borges et al.
2002). S-Glutathionylated proteins which are accumulated under oxidative/nitrosa-
tive stress conditions can be readily reduced to free —SH groups by glutaredoxin, an
enzyme that requires optimal cellular GSH level for its efficient function (Kenchappa
and Ravindranath 2003).

Recently, it has been demonstrated that TIQ administration significantly increased
the level of reduced GSH in the whole rat brain as well as in its dopaminergic struc-
tures, i.e., the striatum and SN (Lorenc-Koci et al. 2005a). In TIQ-treated rats
GSH:GSSG ratios in the striatum and SN were significantly higher than in controls,
indicating that oxidation/reduction (redox) state of GSH/GSSG couple was shifted
in favor of reduction reactions. In such conditions, TH activity could rise in conse-
quence leading to the increased synthesis of DA. In fact, 2 h after the first TIQ dose,
a 21% increase in DA content was observed in the rat striatum (Lorenc-Koci et al.
2004b). Then, in chronically TIQ-treated rats, 2 h after the last dose, the striatal
concentration of DA was still slightly higher than in control ones though TH level
was markedly decreased (Lorenc-Koci et al. 2004b). It seems likely that in these rats
due to a long-term maintaining of a high redox state of GSH/GSSG couple and con-
nected with this high activity of TH, a compensatory decline of TH protein level



20 E. Lorenc-Koci

could occur in order to prevent an excessive production of DA. On the other hand,
3 days after termination of chronic TIQ treatment when the redox state of GSH/
GSSG couple returned to control level and TH protein content was still below phys-
iological level, a small 23% decline of DA content in the rat striatum was still present
(Lorenc-Koci et al. 2000; Antkiewicz-Michaluk et al. 2000b).

These results indicate that TIQ raising cellular GSH content can affect the
activity of TH and possibly other GSH-related enzymes. Hence, the above-reported
effects suggest that TIQ through the influence on the redox state of GSH/GSSG
couple can modulate DA synthesis in the nigrostriatal dopaminergic system.

1.8 Influence of 1,2,3,4-Tetrahydroisoquinoline
on the Levels of Glutathione and Nitric Oxide
in the Brain: Neuroprotective Effects in Cell Culture
and in Animal Models

Apart from a dramatic loss of DA in the nigrostriatal dopaminergic system in PD,
a marked decrease in the concentration of the reduced GSH, the most abundant
antioxidant in the mammalian brain, has been reported in the SN (Perry et al. 1982;
Sofic et al. 1992; Sian et al. 1994a; Fitzmaurice et al. 2003). The decrease in GSH
content is regarded to be an early biochemical marker of PD because it precedes the
appearance of the most characteristic biochemical changes visible in the advanced
stage of the disease, such as a decline of DA concentration in the striatum, reduction
of mitochondrial complex I activity, and alteration of ion metabolism (Pearce et al.
1997; Riederer et al. 1989). The reason for the decline of GSH level in PD has not
been elucidated so far. However, it does not seem to result from the decreased syn-
thesis of this antioxidant as the activity of y-glutamylcysteine synthetase, the rate
limiting enzyme in the GSH biosynthesis was not altered in the brain of parkinso-
nian patients (Sian et al. 1994b). On the other hand, a marked increase of y-glutamy]l
transpeptidase (y-GT) activity, a membrane-bound enzyme responsible for extracel-
lular degradation of GSH, was demonstrated in the SN of PD patients (Sian et al.
1994Db). It is assumed that the increase of y-GT is a compensatory change in response
to the loss of GSH in the SN, since cysteine released during the extracellular GSH
degradation after uptake into the cell can be reused for de novo GSH biosynthesis.

As mentioned in Sect. 1.7, TIQ administered both acutely and chronically
increased GSH level in the whole rat brain as well as in the dopaminergic structures
(SN, striatum, and cortex). Moreover, it markedly inhibited the y-GT enzymatic
activity in the studied structures (Lorenc-Koci et al. 2001, 2005a). These results
clearly showed that the effects of TIQ on the GSH level and y-GT activity were in
contradiction to the changes observed in PD. TIQ mode of action contrasted also
with MPTP activity which reduced GSH content in the nigrostriatal dopaminergic
system in mice (Ferraro et al. 1986; Yong et al. 1986; Oishi et al. 1993). Moreover,
it was demonstrated that GSH depletion did not cause per se any damage to the
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nigrostriatal pathway (Toffa et al. 1997); however, it increased the susceptibility of
DA neurons to the toxicity of MPTP and 6-OHDA (Pileblad et al. 1989; Wiillner
et al. 1996). In contrast to MPTP, it seems that TIQ rising GSH level in the dop-
aminergic structures increases the antioxidant capacities of DA neurons and in this
way protects them against toxic insults. In line with the latter assumption, to check
potential neuroprotective properties of TIQ, the compound in question was admin-
istered to rats unilaterally lesioned with disodium malonate (Lorenc-Koci et al.
2005b). Malonate, a reversible inhibitor of the mitochondrial enzyme succinate
dehydrogenase (SDH), is frequently used as a model neurotoxin to induce lesion of
the nigrostriatal dopaminergic system in animals due to particular sensitivity of DA
neurons to energy impairment. In our study, the administration of malonate into the
rat medial forebrain bundle (MFB) resulted in a 54% decrease in DA concentration
and a 24-44% reduction of [*’H]JGBR12,935 binding to the DAT 7 days after surgery
(Lorenc-Koci et al. 2005b). TIQ administration (50 mg/kg), 4 h before malonate
infusion and next once daily for 7 days, prevented the decrease in DA content and
in [*H]GBR12,935 binding to DAT. These results indicate that TIQ may act as a
neuroprotective agent in the nigrostriatal dopaminergic system. However, the mech-
anisms by which TIQ exerts neuroprotective effect in this model are unknown. It
seems that at least in part this effect may be attributed to antioxidant properties of
GSH the level of which was significantly increased in the rat striatum after TIQ
administration (Lorenc-Koci et al. 2001, 2005a). Furthermore, TIQ-mediated inhi-
bition of MAO-dependent pathway of DA catabolism may also play an important
role in the protection of striatal DA terminals from malonate destructive insults
(Lorenc-Koci et al. 2000, 2005a).

There are also other experimental data that seem to indicate neuroprotective
properties of TIQ. In particular, it was demonstrated in DAT cDNA transfected cell
lines that TIQ prevented toxicity of MPP* and 2-MelQ* ion (Storch et al. 2002).
Moreover, in an abiotic system TIQ inhibited hydroxyl radical generation and in the
rat SN it decreased production of free radicals (Antkiewicz-Michaluk et al. 2006;
Lorenc-Koci et al. 2001). In mouse embryonic primary cultures, TIQ reduced glu-
tamate toxicity measured as caspase-3 activity and lactate dehydrogenase release
(Antkiewicz-Michaluk et al. 2006).

Recently, there has been a great controversy regarding a possible contribution of
nitric oxide (NO) to the neurodegeneration of DA neurons in PD. Some studies have
suggested that NO is a toxic molecule mediating death of DA neurons (LaVoie and
Hastings 1999; Przedborski et al. 1996), whereas others have demonstrated its pro-
tective capacity against the oxidative stress (Kagan et al. 2001; Sharpe et al. 2003;
Wink et al. 1996). Our study demonstrated that TIQ administered acutely and
chronically (50 mg/kg i.p, two times per day for 14 days) significantly increased the
tissue concentration of NO, measured as the level of nitrites, in the striatum, SN,
and cortex, and in the whole rat brain (Lorenc-Koci et al. 2005a). Treatment with
TIQ also increased the level of S-nitrosothiols, mainly S-nitrosoglutathione (GSNO)
formed in the reaction between NO and GSH, in the whole rat brain and in the
cortex though it reduced their level in the striatum. Blockade of the constitutive NO
synthase by L-NAME in the presence of TIQ caused reduction in the GSH and
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S-nitrosothiol levels (Lorenc-Koci et al. 2005a). The latter effect strongly suggested
that NO affected biosynthesis of GSH and S-nitrosothiols in the rat brain. In the
previous study (Lorenc-Koci et al. 2001), it was postulated that an increase in the
GSH content after TIQ injection was a consequence of y-GT inhibition and referred
mainly to the extracellular pool of this peptide. However, the lack of elevation in the
GSH content, by combined administration of L-NAME and TIQ, excludes such
explanation. Hence, it has been postulated that TIQ acting via NO can increase GSH
synthesis. However, a detailed mechanism of this modulation requires further
experiments.

NO plays an important role as a cellular signaling molecule, vasodilator, anti-
infectious agent, and as the most recently recognized, as an antioxidant (Kagan
et al. 2001; Sharpe et al. 2003). A functional study demonstrated that TIQ at a
dose of 50 mg/kg produced a strong and long-lasting (from 1 until 24 h after single
dose) hypotensive effect, having decreased both systolic and diastolic blood pres-
sure in rats (Michaluk et al. 2002). Authors of that paper have thought that this
effect resulted from high affinity of TIQ for a,-adrenergic receptors, but we sup-
pose that both NO and GSH, the levels of which were markedly increased by TIQ
treatment, could evoke this effect. Interestingly, soluble guanylyl cyclase, the
target enzyme for NO-mediated signal transduction, is regulated by GSH, and
under reduced oxygen tension, GSH- and NO-induced activation of this enzyme is
additive (Niroomand et al. 1989, 1991). Since in TIQ treated rats the increase of
NO was observed in the presence of high GSH concentration, it is likely that both
these molecules act as antioxidants. Moreover, an increase of S-nitrosothiol level,
mainly GSNO which is a 100-fold more potent antioxidant than GSH (Chiueh and
Rauhala 1999), suggests that TIQ administration enhanced the antioxidant capacity
of the rat brain.

The above-discussed results concerning the effect of TIQ on the levels of NO,
GSH, and S-nitrosothiols seems to abrogate the hypothesis that TIQ may be a par-
kinsonism-inducing compound.

1.9 Conclusions

The experimental data assembled in the present review allow for a more precise
characterization of the activity of the exogenous TIQ in the mammalian brain, espe-
cially in the nigrostriatal dopaminergic system. Based on these studies, the following
conclusions may be drawn:

1. Exogenous TIQ indicated a high affinity for the brain tissue. Its concentration in
the rat brain was several-fold higher than that in plasma both after acute and
chronic treatment. In the nigrostriatal dopaminergic system, TIQ concentration
after chronic treatment was twofold higher in the SN than that in the striatum.
A half-life of TIQ in the rat brain was 7,,=3 h 58 min while the respective value
in the plasma was 7,,=2 h 38 min.
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. Exogenous TIQ was metabolized to a minimal extent via 4-hydroxylation catalyzed
in the rat liver by CYP isoenzymes belonging to CYP2D subfamily. Hence, this
reaction in the liver has no influence on TIQ accumulation in the brain and on its
elimination from the rat organism.

. Exogenous TIQ was actively transported from the blood into the brain by OCT
system, mainly by OCT3, and quickly eliminated from it by P-gp. Inhibition of
P-gp activity slowed down TIQ elimination from the rat brain, suggesting that
the accumulation of this compound in the brain, postulated previously to be a
risk factor of PD, could be coupled rather with a genetic defect of P-gp than with
that of CYP2D.

. TIQ increased the level of the reduced GSH and GSH:GSSG ratio in the whole
rat brain and in the dopaminergic structures what meant that the redox state of
GSH/GSSG couple was shifted in a favor of the reduction reactions. In the reduc-
tive environment, there is no danger of excessive disulfide formation, so in such
a condition TH cannot be inactivated by S-glutathionylation. This effect suggests
that TIQ affecting the redox state of GSH/GSSG couple may increase the activity
of TH and in this way it can modulate DA synthesis.

. TIQ increased DA release in the striatum and SN which was directly confirmed
using a microdialysis method and indirectly by the enhanced level of extracel-
lular DA metabolite 3-MT.

. TIQ inhibited the oxidative MAO-dependent DA catabolism and activated the
COMT-dependent pathway. Such effects of TIQ on the course of both these
reactions suggest that the compound in question may possess neuroprotective
properties.

. TIQ displaced [*H] apomorphine from its binding sites within dopamine D, and
D, receptors with effectiveness similar to DA and in a behavioral test inhibited
the apomorphine-stimulated locomotor activity. The latter effect suggests that
TIQ can attenuate dopaminergic neurotransmission at sites other than classical
neuroleptics. Neuroleptic-like activity of TIQ could be responsible for some
motor deficits observed in acutely and chronically TIQ-treated animals.

. TIQ increased the antioxidant capacity of brain cells as it simultaneously
enhanced the levels of GSH, NO, and S-nitrosothiols, mainly GSNO, and all
these compounds possess neuroprotective properties. In the unilaterally malonate-
lesioned rats, TIQ prevented the loss of DA and decline of [*H]JGBR12,935
binding to DAT. Moreover, in mouse embryonic primary cultures, TIQ reduced
glutamate toxicity measured by caspase-3 activity.

. Despite its structural similarity with MPTP, TIQ does not seem to be a toxic
compound. Effects of TIQ on the synthesis, release, and catabolism of DA and
on the binding of [*H] apomorphine to dopamine D, and D, receptors suggest
that this compound can modulate dopaminergic neurotransmission. Moreover,
TIQ influence on GSH, NO, and S-nitrosothiol levels and its activity in the
malonate and glutamate models of toxicity indicate that this compound can act
not only as a modulator of dopaminergic neurotransmission but also as a neuro-
protective agent.
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Abstract Derivatives from the isoquinoline group were found in many plants, food
as well as in the mammalian brain. The interest with these substances appeared
about 20 years back, after the exploration of their chemical structures similar to the
well-known exogenous neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP). Tetrahydroisoquinolines such as 1-benzyl-1,2,3,4-tetrahydroisoquinoline
(1BnTIQ) and I-methyl-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline (salsolinol)
show the neurotoxic activity to the dopamine neurons and this way it has been pro-
posed as endogenous factors leading risks to Parkinson’s disease. In animals,
research indicates that chronic administration of 1BnTIQ as well as salsolinol
induced parkinsonian-like symptoms. Both compounds produce disturbances in the
function of dopaminergic neurons, intensify oxidative stress, and inhibit mitochon-
drial complex I and/or II activity. In consequence, this mechanism of action leads to
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cell death via apoptosis. This review briefly describes the properties of 1BnTIQ and
salsolinol in mammalian brain. This chapter presents the chemical structures of both
compounds and possible pathways of their synthesis in the brain. A special focus
was put on neurochemical effects of acute and chronic administration of 1BnTIQ
and salsolinol on dopamine release as well as their metabolism in rat brain.
Additionally, the effects of dopamine metabolism have been shown as a source of
free radical generation in the brain.

Keywords 1-Benzyl-1,2,3,4-tetrahydroisoquinoline ¢ Salsolinol ¢ Rat brain
* Oxidative stress * Neurotoxins * Dopamine metabolism ¢ In vivo dopamine release
* Parkinson’s disease

Abbreviations

BBB Blood-brain barrier
1BnTIQ 1-Benzyl-1,2,3,4-tetrahydroisoquinoline
COMT Catechol-O-methyltransferase

CSF Cerebrospinal fluid

DA Dopamine

DAT Dopamine transporter

DOPAC  3,4-Dihydroxyphenylacetic acid
H,0, Hydrogen peroxide

HVA Homovanilic acid

L-DOPA  3,4-Dihydroxy-L-phenylalanine
MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine

MAO Enzyme monoamine oxidase
PEA Phenylethylamine

PD Parkinson’s disease

ROS Reactive oxygen species

TH Tyrosine hydroxylase

TIQ 1,2,3,4-Tetrahydroisoquinoline

2.1 Introduction

Isoquinoline derivatives, e.g. tetrahydroisoquinolines, are widely distributed in the
environment, being present in many plants and foods such as cheese, milk, red
wine, bananas, etc. The exogenously administered tetrahydroisoquinolines easily
cross the blood—brain barrier (BBB) and migrate into the brain, producing behav-
ioral and biochemical effects in monoamine systems (Antkiewicz-Michaluk et al.
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2000a, b, 2001; Kikuchi et al. 1991; Michaluk et al. 2002). These compounds
belong to the isoquinoline group and their structure closely resembles the well-
known exogenous toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP).
The neurotoxic role of MPTP depends crucially on its metabolite MPP*, formed in
glial cells in a reaction catalyzed by the MAO, enzyme. The assumption that
tetrahydroisoquinolines may be neurotoxic is based on their ability to form tetra-
hydroisoquinoline ions, analogous to MPP* (Maruyama et al. 1997; Naoi et al.
1994, 1989a, b), in fact an experimental parkinsonism was induced by TIQ in
monkeys (Nagatsu and Yoshida 1988) and by a salsolinol derivative in rats (Naoi
etal. 1996). While MPTP acts rapidly and produces irreversible neurotoxic changes
after a single injection and its effects are strictly limited to the nigrostriatal dop-
amine system (Burns et al. 1985), tetrahydroisoquinolines produce no immediate
neurotoxic effects; after acute administration, they produce marginal biochemical
effects. Furthermore, tetrahydroisoquinolines do not potentiate the action of dop-
amine receptor antagonists but very effectively counteract the action of dopamine
receptor agonists. In addition, tetrahydroisoquinolines bind to the agonistic sites of
dopamine receptors.

2.2 The Chemical Structure of the Endogenous
Neurotoxins: 1-Benzyl-1,2,3,4-Tetrahydroisoquinoline
and 1-Methyl-6,7-Dihydroxy-1,2,3,4-
Tetrahydroisoquinoline (Salsolinol) (Fig. 2.1)

2.3 The Synthesis of 1BnTIQ and Salsolinol in the Brain

1BnTIQ can be formed in vivo by mammalian brain enzymes from PEA and pheny-
lacetaldehyde (metabolite of PEA) generated by MAO-B.

The biosynthetic pathway of 1BnTIQ (Fig. 2.2).

In vivo 1-methyl-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline (salsolinol) can
be formed in the mammalian brain by three different mechanisms: (1) via the

Fig. 2.1 Chemical structures NH
of 1BnTIQ and salsolinol

based on Naoi et al. 2004, HO

Wasik et al. 2009 1BnTIQ Salsolinol
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NH, MACR (¢}
- H - NH

Phenylethylamine Phenyleacetaldehyde 1BnTIQ

Fig. 2.2 Synthetic route of 1BnTIQ based on Kotake et al. 1995
the Pictet-Spengler reaction

MeO MeO MeO

RCHO HCI
m o m - NH
N
MeO NH MeO a MeO
R R

Fig. 2.3 The Pictet—Spengler reaction based on Whaley and Govindachari 1951

CHj3
HO:©/\/NH2 j)\ Salsolinol synthase HO NH
Ho fomeTH
HO
Dopamine Acetaldehyd Salsolinol
CHj3
HO o HO \H
HomHz ’ HSC\H/U\ o HO
0]
Dopamine Pyruvic acid Salsolinol

Fig. 2.4 Salsolinol synthesis based on Naoi et al. 2004

nonenzymatic Pictet—Spengler condensation of dopamine and aldehydes producing
salsolinol in two racemic isomers (R or S); (2) by the nonenzymatic condensation of
dopamine and pyruvate yielding 1-carboxyl-tetrahydroisoquinoline, followed by
decarboxylation and reduction, which produce (R)-salsolinol; (3) by the selective
synthesis of (R)-salsolinol from dopamine and acetaldehyde.

The original Pictet—Spengler reaction was a reaction of B-phenylethylamine with
the dimethyl acetal of formaldehyde and hydrochloric acid, which yielded tetrahy-
droisoquinoline (Figs. 2.3 and 2.4).
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2.4 The Oxidation of Dopamine

There are many natural sources of oxidative stress e.g., environmental toxins (her-
bicides, pesticides, heavy metals), heat shock, UV radiation, and inflammation.
Reactive oxygen species (ROS) are products of normal cellular metabolism. Also,
dopamine can generate ROS via enzymatic and nonenzymatic pathways (Cohen
et al. 1997; Berman and Hastings 1999; Gluck et al. 2002). During a dopamine
catabolism process, ROS are formed which are very dangerous to living cells.
A high concentration of ROS leads to damage to a number of biomolecules, such as
DNA, proteins, and lipids. In consequence, cell death is induced via apoptosis.
Complexes I, II, and III of the mitochondrial respiration, pyruvate dehydrogenase,
and o-ketoglutarate complexes are highly sensitive to the blocked effect of ROS
(Vinogradov et al. 1976; Bunik et al. 1990; Bulteau et al. 2003; Bunik 2003). Gluck
et al. (2002) reported that dopamine at low concentrations inhibited mitochondrial
respiration, predominately by a MAO-dependent mechanism involving H,O, and
downstream hydroxyl radical formation. The production of superoxide anion occurs
mostly within cell mitochondria (Cadenas and Sies 1998). In neurons, dopamine is
nonenzymatically oxidized by the molecular oxygen to form hydrogen peroxide
(H,0,) and the corresponding O-quinone (Oq). Then, this Oq undergoes intramo-
lecular cyclization which is immediately followed by a cascade of oxidative reac-
tions resulting in the formation of neuromelanin — a black pigment characteristic of
dopaminergic neurons (Graham 1978; Graham et al. 1978). Additionally, dopamine
can also be enzymatically deaminated by monoamine oxidase (MAO) to form H,O,
and 3,4-dihydroxyphenylacetaldehyde. This process is shown by the following
formula:

DA +0, +H,0—*% > DOPAC + NH, +H,0,

Subsequently, 3,4-dihydroxyphenylacetaldehyde is oxidized by aldehyde dehy-
drogenase to form 3,4-dihydroxyphenylacetic acid (DOPAC), which is methylated
by catechol-O-methyltransferase (COMT) to yield homovanilic acid (HVA), which
is a final dopamine metabolite. Therefore, both autoxidation and MAO-mediated
metabolism of dopamine lead to the production of H,0O,. This compound can be
subject to the Fenton reaction, which consists in reducing H,O, in the presence of
ferrous iron (Fe?*). Further, in consequence come into the being the hydroxyl radical
("OH), which is considered the most damaging free radical to living cells.

Fe’* +H,0, —» Fe’* + OH™ + OH

The formation of a free radical during both the biosynthesis and the turnover of
dopamine leads to a loss of many dopaminergic neurons (Fornstedt et al. 1990). It is
evident that the subsequent excessive autoxidation and catabolism of dopamine are
involved in the development of many neurodegenerative and age-related disorders
(e.g., Parkinson’s disease). Furthermore, these phenomena are enhanced by the
presence of neuromelanin in dopaminergic neurons due to its reported ability to
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HO Fe** 2H" O Fe** o
L_L Fe =7 .
HO NHg* o NHg" NHg*

Fig. 2.5 Dopamine autoxidation based on Hermida-Ameijeiras et al. 2004

accumulate iron (Enoch et al. 1994); consequently, neuromelanin can act by promoting
the Fenton reaction. Hermida-Ameijeiras et al. (2004) reported that the continuous
production of “OH during the dopamine incubation with mitochondrial preparations
obtained from rat brain was maintained under the physiological conditions of pH
and temperature. That production was reduced when MAO activity was blocked by
the preincubation of mitochondrial preparations with the MAO inhibitor, pargyline.
Thus, on the one hand the dopamine protects against both the hazardous Fenton
reaction and the propagation of lipid peroxidation but, on the other, it generates "OH
and promotes protein oxidation. Furthermore, these properties are differently
enhanced by the presence of Fe?* and Fe**. The hydroxyl ion OH-, also produced in
the Fenton reaction, is considerably less toxic (10') than the hydroxyl radical. Iron
plays an important role in this reaction. It may originate from neuromelanin or fer-
ritin. It should be emphasized that in the course of Parkinson’s disease, neuromelanin-
containing dopaminergic neurons are those which die, which suggests that Fe?*,
essential for the Fenton reaction to occur, can be released from this compound by
unknown toxic factors (Antkiewicz-Michaluk 2002; Ben-Shachar et al. 1991a, b).
Thus, dopamine metabolism leads to the formation of the toxic hydroxyl radical,
which poses a serious threat to nervous cells causing their damage and death in the
process of apoptosis.

The process of dopamine autoxidation in the presence of Fe** is shown by the
following formula (Fig. 2.5).

2.5 The Effect of Acute and Chronic Treatment
with 1BnTIQ and Salsolinol on Dopamine
Metabolism in Rat Brain

1-Benzyl-1,2,3,4-tetrahydroisoquinoline (1BnTIQ) is an endogenous neurotoxin
which has been proposed as one of the etiological factors of idiopathic Parkinson’s
disease (PD) (Kotake et al. 1995). The level of 1BnTIQ in the CSF of patients with
idiopathic PD was found to be three times higher than that in CSF of neurological
control subjects (Kotake et al. 1995). Chronic administration of 1BnTIQ induced
parkinsonian-like symptoms in rodents and primates (Kotake et al. 1995; 1996). In
vitro studies showed that 1BnTIQ is toxic to human SH-SY5Y neuroblastoma cells
and cultured primary neurons (Kotake et al. 2003; Shavali and Ebadi 2003; Shavali
et al. 2004). Some evidence demonstrated that 1BnTIQ dose-dependently elevated
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the level of the pro-apoptotic protein Bax and decreased the concentration of the
anti-apoptotic protein Bcl-xL. Additionally, 1BnTIQ produced an increase in the
formation of active caspase-3 protein fragments (Shavali and Ebadi 2003). 1BnTIQ
induced cell death via apoptosis. A morphological analysis of SH-SYS5Y cells
treated with 1BnTIQ showed nuclear defects and the presence of apoptotic-like
bodies and nuclear fragments (Shavali et al. 2004). Dopaminergic cells deteriorated
and slowly died, their number being gradually reduced. The neurotoxicity of
1BnTIQ was correlated with the overall exposure (concentration multiplied by time
of exposure). The prolonged exposure of dopaminergic neurons to a low concentra-
tion of 1BnTIQ initially induced a decrease in the dopamine level, after which the
shrinkage of the cell body led to cell death (Kotake et al. 2003). Different TIQ
derivatives inhibited mitochondrial respiration and electron transfer complexes.
1BnTIQ was found to be a more potent inhibitor than MPTP and MPP+ (Morikawa
etal. 1996, 1998). 1BnTIQ also blocked the dopamine transporter (DAT) leading to
inhibition of dopamine uptake. Okada et al. (1998) reported that 1BnTIQ can be
taken up via DAT into dopaminergic neurons similarly to MPP* in vivo. Otherwise,
those agents can only bind to the DAT like cocaine. However, since salsolinol
(structurally similar to THP) seems to be taken up into rat striatal slices (Hirata et al.
1990) and PC 12h cells (Maruyama et al. 1993) 1BnTIQ can also be accumulated in
DAT-HEK. 1BnTIQ, which is synthesized endogenously in the body and/or is
obtained exogenously in the diet, can be taken up by neurons via DAT; furthermore,
it accumulates in dopaminergic neurons and exerts some pathological effects lead-
ing to parkinsonism, and it disturbs the efficacy of L-DOPA chemotherapy in par-
kinsonian patients. Kotake et al. (2003) showed that the exposure to 1BnTIQ for
24 h or 7 days caused a dose-dependent decrease in dopamine content in mesen-
cephalic slices. Kohta et al. (2010) found that 1BnTIQ bound to tubulin 8 in mid-
brain neurons and reduced the formation of high-molecular-weight polyubiquitinated
tubulin . The latter findings suggest that 1BnTIQ may impair tubulin 3 ubiquitina-
tion, similarly to mutant parkin in AR-JP. Even low concentrations of 1BnTIQ can
decrease the polyubiquitination of tubulin {3 if present for a long time (Kohta et al.
2010). The overexpression of tubulin {3 is toxic (Burke et al. 1989) and causes dis-
turbances in the functioning of dopaminergic neurons. 1BnTIQ acts by inhibiting
the enzymes involved in dopamine biosynthesis. Ex vivo biochemical studies
showed that a single dose of 1BnTIQ (50 mg/kg) produced a dramatic fall in the
dopamine level in rat brain (approx. 40%) and increased the concentration of its
metabolites, DOPAC and HVA. Additionally, I1BnTIQ markedly reduced the level
of extraneuronal dopamine metabolite, 3-MT. 1BnTIQ evoked strong (nearly three-
fold) activation of the oxidative MAO-dependent catabolic pathway (Wasik et al.
2009). Dopamine oxidation is directly connected with the production of free radi-
cals, oxidative stress, as well as with cell death and neurodegeneration (Schapira
etal. 1990; Adams and Odunze 1991; Miller et al. 1996; Chan 1998; Dykens 1999).
Atthe same time, 1 BnTIQ significantly inhibits the COMT-dependent O-methylation
pathway. Striatum and nucleus accumbens represent brain regions where the depres-
sion of dopamine produced by 1BnTIQ is most powerfully expressed, this effect
being specific to dopaminergic neurons. The biochemical effects of the chronic
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administration of 1BnTIQ are considerably weaker. This pattern of changes suggests
that during chronic 1BnTIQ administration some tolerance to its dopamine-
depressing effect develops, while the impairment of dopamine synthesis ensues
(Wasik et al. 2009). After chronic (14 doses) 1BnTIQ administration the decrease in
dopamine level was weaker (approx. 20%). However, in the mixed group in which
rats received L-DOPA with the last dose of 1BnTIQ, the effects of L-DOPA were
significantly reduced. Such an effect was observed 2 h after the last 1BnTIQ
injection, as well as after its 24-h withdrawal. Hence, dopamine production was
disturbed after chronic 1BnTIQ administration, the effect being long lasting
(Antkiewicz-Michaluk et al. 2010).

It is common by known that enantiomer (R)-salsolinol is synthesized in human
and mammalian brain, whereas enantiomer (S) penetrates into the organism with
foods. A low concentration of salsolinol was detected in normal human cerebrospi-
nal fluid (Moser and Kompf 1992), brain, and urine (Dostert et al. 1989). In con-
trast, both parkinsonian patients treated with L-DOPA and chronic alcoholics
showed a significant elevation in the concentration of salsolinol in CSF and urine
(Cohen and Collins 1970; Collins et al. 1979; Moser and Kompf 1992; Sandler et al.
1973). Salsolinol is a dopamine metabolite and its toxicity is closely connected with
catecholaminergic nerve terminals. Salsolinol is structurally similar to MPTP which
produces a parkinsonian-like syndrome in human and nonhuman primates. It was
suggested that under special conditions salsolinol may act as a false neurotransmit-
ter, causing — among other effects — neurodegeneration. It was found that tetrahy-
droisoquinoline may produce parkinsonism-like symptoms in primates (Nagatsu
and Yoshida 1988). Salsolinol acts as inhibitor both of tyrosine hydroxylase (TH)
and MAO. Patsenka and Antkiewicz-Michaluk (2004) have reported that different
TIQs inhibited MAO activity in a dose-dependent manner. Salsolinol inhibited
MAQ, activity most effectively in rat frontal cortex, and less efficiently in other rat
and mouse brain structures. Moreover, from different TIQs only salsolinol was
effective as an inhibitor of TH activity. This compound is regarded as an inhibitor of
catecholamine uptake in rat brain synaptosomes and it causes the release of cate-
cholamines stored in rat brain (Heikkila et al. 1971). Storch et al. (2000) concluded
that salsolinol was toxic to dopaminergic neuroblastoma SH-SYS5Y cells by blocking
the cellular energy supply via inhibition of mitochondrial complex II activity. The
latter authors found that incubation of human SH-SY5Y dopaminergic neuroblas-
toma cells with salsolinol resulted in a rapid, dose- and time-dependent decrease in
the intracellular level of ATP and ATP/ADP ratio of intact cells. In vitro studies
showed that salsolinol induced specific changes in cellular energy metabolism, sim-
ilar to those caused by MPP*, which consistently preceded cell death (Storch et al.
2000). As reported by Morikawa et al. (1998) salsolinol inhibited mitochondrial
complex II activity. It caused a rapid loss of intracellular ATP and maximal turnover
of glycolysis without compensating fast energy depletion. Additionally, the block-
ade of complex II did not change the level of NADH. Selective binding of salsolinol
was confirmed not only in dopaminergic structures such as e.g., the striatum, but
also in the pituitary gland, cortex, and hypothalamus (Homicsko et al. 2003).
Salsolinol also inhibited vesicular monoamine transporters in dopaminergic terminals.
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The latter findings suggest that salsolinol may regulate the function of dopamine
neurons as a neurotransmitter and may act as a mediator in the neuroendocrine system,
through its specific binding sites and via intervention in the dopamine system (Naoi
et al. 2004). Salsolinol antagonized behavioral action of L-DOPA and apomorphine,
adopamine agonist (Ginos and Doroski 1979; Antkiewicz-Michaluk et al. 2000a, b).
Binding studies demonstrated that salsolinol displaced [*H]apomorphine, but not
dopamine D, ([*H]SCH23,390) and D, ([*H]spiperone) receptor antagonists, from
their binding sites, its effectiveness being comparable to that of dopamine
(Antkiewicz-Michaluk et al. 2000a, b). The above data suggest that salsolinol may
suppress dopaminergic transmission by acting on the agonistic sites of dopaminergic
receptors, which are different from neuroleptic binding sites. Salsolinol showed an
antidopaminergic profile since it induced only a weak effect on spontaneous loco-
motor activity; moreover, it produced effective antagonism to behavioral and bio-
chemical effects of apomorphine and induced muscle rigidity (Antkiewicz-Michaluk
et al. 2000a, b; Lorenc-Koci et al. 2000; Vetulani et al. 2001). Ex vivo biochemical
studies demonstrated that a single dose of salsolinol (100 mg/kg) produced no
changes in dopamine concentration as well as its metabolites in different rat brain
structures. On the other hand, administration of salsolinol jointly with L-DOPA
enhanced its effect. In fact, the level of dopamine and all its metabolites was signifi-
cantly higher compared to a group treated with L-DOPA (data not shown). Chronic
(14 doses) salsolinol administration did not produce any changes in dopamine con-
centration and in the level of its metabolites. However, in a mixed group of rats
which were given, the last dose of salsolinol jointly with L-DOPA, the effect of
L-DOPA was significantly reduced. Similar to experiment with 1BnTIQ, the latter
effect was observed 2 h after the last salsolinol injection as well as after its 24-h
withdrawal. Hence, it has been demonstrated that chronic injection of salsolinol
produces long-lasting disturbances in dopamine production in the brain (Antkiewicz-
Michaluk et al. 2010).

2.6 The Effect of 1BnTIQ and Salsolinol on In Vivo
Dopamine Release in Rat Striatum

An in vivo microdialysis study demonstrated that 1BnTIQ given systemic markedly
reduced dopamine release into the synaptic cleft of freely moving rats, and pro-
duced a long-lasting decrease in extracellular dopamine in rat striatum (about 30%).
In contrast, the concentration of all the dopamine metabolites was significantly ele-
vated after acute 1BnTIQ administration (approx. 100%) (Wasik et al. 2009). The
above findings suggest that 1BnTIQ may show injury properties to vesicular trans-
porter in dopaminergic neurons, leading to a pathological release of dopamine into
the cytosol. In contrast, an acute dose of salsolinol produced only a slight reduction
of dopamine level. The latter findings indicate that both acute and repeated adminis-
tration of 1BnTIQ results in the development of abnormalities in the function of dop-
amine neurons (Wasik et al. 2009). Such disturbances are particularly observed in
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animals treated with 1BnTIQ concomitant with L-DOPA, because chronic administration
of 1BnTIQ in contrast to its acute injection significantly reduces the increase in
dopamine release, produced by L-DOPA; furthermore, it completely antagonizes
the L-DOPA-induced rise in DOPAC and 3-MT levels in rat striatum (Antkiewicz-
Michaluk et al. 2010). In the light of all these data we suggest that therapy with
L-DOPA may not be efficient in PD patients with an elevated endogenous 1BnTIQ
level in the brain.

2.7 Conclusions

It is reported that both isoquinoline derivatives (1BnTIQ and salsolinol) are endog-
enous neurotoxins synthesized in human and mammalian brain. The action of both
these compounds is closely connected with dopaminergic neurons. Their exogenous
administration elevates dopamine oxidation which leads to an increase in the forma-
tion of ROS in dopaminergic neurons. In consequence, these substances inhibit the
mitochondrial complex I or/and II and induce cell death via apoptosis. Chronic
administration of 1BnTIQ as well as salsolinol produced parkinsonian-like symp-
toms both in rodents and rhesus. Both acute and chronic administration of 1BnTIQ
and salsolinol leads to the development of the abnormalities in the functioning of
dopamine neurons. The accumulated evidence suggests that isoquinoline deriva-
tives may be one of the etiological factors of idiopathic PD and additionally a
therapy with L-DOPA may not be efficient in PD patients with a high endogenous
level of 1BnTIQ and/or salsolinol in the brain.
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Abstract 1-Methyl-1,2,3,4-tetrahydroisoquinoline (1MeTIQ), unlike several other
tetrahydroisoquinolines, displays neuroprotective properties. To elucidate this action
we compared the effects of IMeTIQ with 1,2,3,4-tetrahydroisoquinoline (TIQ), a
compound sharing many activities with 1MeTIQ (e.g., reducing free radicals formed
during dopamine catabolism) but offering no clear neuroprotection. We found that
the compounds similarly inhibit free radical generation in an abiotic system, as well
as indices of neurotoxicity, caspase-3 activity, and lactate dehydrogenase release
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induced by glutamate in mouse embryonic primary cell cultures. 1MeTIQ also
prevents the glutamate-induced cell death and *Ca?* influx, whereas TIQ did not. In
vivo microdialysis study has shown that 1MeTIQ prevents kainate-induced release
of excitatory amino acids from the rat frontal cortex. Additionally, IMeTIQ protects
against rotenone-induced mortality, oxidative stress as well as dopaminergic neuro-
degeneration in the extrapyramidal structures produced by intracerebral injection of
rotenone. The results suggest that IMeTIQ offers a unique and complex mechanism
of neuroprotection in which free radicals scavenging properties and inhibition of
glutamate-induced excitotoxicity may play a very important role, and indicates the
potential of IMeTIQ as a therapeutic agent in various neurodegenerative illnesses of
the central nervous system.

Keywords 1-Methyl-1,2,3,4-tetrahydroisoquinoline ¢ Rat brain ¢ Dopamine
metabolism * MAO inhibition ® Rotenone ¢ Glutamate ¢ Oxidative stress ® Free radi-
cals ¢ Neuroprotection * Parkinson’s disease

3.1 Introduction

Tetrahydroisoquinolines, compounds of which 1-methyl-1,2,3,4-tetrahydroquinoline
(1IMeTIQ) is a representative, form an interesting group among several classes of
brain chemicals. Numerous tertrahydroisoqunoline compounds were found to be
present in the brain tissue (Zarranz de Ysern and Ordonez 1981; Niwa et al. 1987),
some of them being endogenous, others taken up with foods, still others being at the
same time endo- and exogenous (Niwa et al. 1989; Deng et al. 1997; Duncan and
Smythe 1982). Although tetrahydroisoquinolines are present in normal brains only in
minute quantities (Weiner 1981), they may be generated or accumulated in critical
sites of the brain, for example, in the vicinity of dopamine neurons, and exerting
various biological activities may importantly interfere with specific brain structures
and functions. The compounds of this class have some biological activities essentially
similar [e.g., antagonism of receptors and/or attenuation of neurotransmitter release in
dopaminergic (Antkiewicz-Michaluk et al. 2000, 2001; Ginos and Doroski 1979)] and
glutamatergic structures (Lorenc-Koci et al. 2009; Ueda et al. 1999; Ludwig et al.
2006), while they differ profoundly among themselves in their neurotoxicity. Some of
them, for example, N-methyl, 1,2,3,4-tetrahydroisoquinoline (N-MeTIQ) are highly
neurotoxic (Maruyama et al. 1993), others, like 1MeTIQ, possess neuroprotective
properties (Tasaki et al. 1991). The neuroprotective action of some of them may be
related to their inhibitory action on monoamine oxidase activity and/or on their action
as free radical scavengers (Maruyama et al. 1995). Some derivatives were even
reported to protect against NMDA-induced neural damage (Ohkubo et al. 1996).

Nevertheless, the fact that neurotoxic tetrahydroisoquinolines are preserved in
the brain in the course of evolution together with nonneurotoxic species suggests
that both groups play a physiological role in the brain, and we proposed that they
may be natural regulators of the dopaminergic system, preventing its excessive pha-
sic activity without affecting the tonic one (Vetulani et al. 2003a).
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Even before their discovery in the brain, tetrahydroisoquinolines aroused the
interest of pharmacologists. The early studies on 1,2,3,4-tetrahydroisoquinoline
(TIQ) and its derivatives revealed their neuroleptic-like properties (Ginos and
Doroski 1979) and our more recent results suggest that TIQ and its derivatives are
antagonists of agonistic conformation of dopamine D2 receptor (Antkiewicz-
Michaluk et al. 2000; Vetulani et al. 2001; Vetulani et al. 2003a). This explains why
TIQ and its congeners effectively block dopaminergic stimulation without affecting
much the basal locomotor activity. The finding that TIQ potentiated morphine-
induced running fit in mice (Vetulani et al. 2001) corroborated the assumption that
tetrahydroisoquinolines do not block dopamine receptors in a manner similar to that
of classical neuroleptics and focused our attention on a possible interaction of these
compounds with other actions of morphine. This line of research led to the
discovery of potentiation of morphine and oxotremorine-induced analgesia by sim-
ple tetrahydroisoquinolines, including 1MeTIQ (Vetulani et al. 2003b), prevention
of morphine abstinence syndrome (Wasik et al. 2007) and attenuation of cocaine
sensitization (Wasik et al. 2010) and prevention of cocaine-induced relapse to self-
administration (Filip et al. 2007).

Pharmacologically tetrahydroisoquinolines aroused also an interest as potential
NMDA receptor antagonists (Ortwine et al. 1992). Some of them were described as
effective antagonists of the PCP site (Rogawski et al. 1989). However, most of tet-
rahydroisoquinolines, do not substitute for PCP (Nicholson and Balster 2003).

Among several endogenous tetrahydroisoquinolines 1MeTIQ has a special posi-
tion, as very early it was described in the brain (Kohno et al. 1986; Makino et al.
1990; Niwa et al. 1987; Ohta et al. 1987), and shortly after recognized as a potential
antiparkinsonian agent on the base of reversal of bradykinesia induced by MPTP,
TIQ, or 1BnTIQ (Tasaki et al. 1991; Kotake et al. 1995).

3.2 Synthesis of 1MeTIQ in the Brain

1-MeTIQ was identified in normal rat brains in 1986 (Kohno et al. 1986), and sub-
sequently found to be present in foods rich in 2-phenylethylamine, from which it
may enter the brain (Makino et al. 1988), but it is also synthesized in the brain
(Niwa et al. 1990; Tasaki et al. 1993). Its cerebral concentration in normal rat brains
was recently determined as 3.4+ 1.5 (0.50+0.22 ng/g), exceeding threefold to five-
fold the concentrations of other simple tetrahydroisoquinolines (Inoue et al. 2008).
Having an asymmetric carbon atom, 1MeTIQ may appearing the form of R and S
stereoisomers, and the product found in brain and in foods is a racemate (Makino
et al. 1990) and the stereoisomers differ in some respect in their biological action
(Abe et al. 2001).

1MeTIQ is enzymatically formed in the brain from 2-phenethylamine and pyru-
vate. The enzyme involved, 1MeTIQase, was localized in the mitochondrial—
synaptosomal fraction of rat brain, isolated and purified. 1MeTIQase may be
important in the pathogenesis of Parkinson’s disease. (Yamakawa and Ohta 1997).
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Its activity is spread throughout the brain, the highest activity being observed in the
dopaminergic areas that are implicated in the etiology of Parkinson’s disease (stria-
tum and substantia nigra) and in the cortex. During aging the activity of 1-MeTIQse
falls (by approximately 50%) in the areas of its highest activity (Absi et al. 2002).

Most of the studies on 1MeTIQ were carried out on rodents’ brains, but the
results on monkeys, showing that the regional distribution of contents of 1MeTIQ,
and other simple tetrahydroisoquinolines and activity of 1MeTIQase presented a
similar pattern of distribution (Yamakawa et al. 1999).

1MeTIQ synthesis is inhibited by agents that induce experimental Parkinsonism
(Tasaki et al. 1991; Yamakawa and Ohta 1999; Igarashi et al. 1999), its concentra-
tion in the substantia nigra declines in aged rats (up to 50%) and in Parkinsonian
patients (Ayala et al. 1994). All those data indicate that the change of the 1-MeTIQ
content in the brain plays an important role in the pathogenesis of toxin-induced
Parkinsonism, and that the degeneration of the dopaminergic neurons may proceed
as a result of the loss of neuroprotection offered by 1-MeTIQ.

When injected systematically 1MeTIQ easily passes through the blood—brain
barrier, and accumulates in the brain (Kikuchi et al. 1991). As mentioned earlier,
1MeTIQ may appear in stereoisomeric forms, R and S, which have different bio-
logical properties. It appears that (R)-1-MeTIQ, and not (S)-enantiomer, plays a
crucial role as a neuroprotective antiparkinsonian agent (Abe et al. 2001).

3.3 Scavenging of Free Radicals by 1MeTIQ

To find out whether 1MeTIQ may protect against oxidative stress we investigated its
capacity to inhibit hydroxyl radical generation in vitro. Oxidative stress leads to the
production of reactive oxygen species (Harman 1981), such as superoxide anion
radical (O2-) and hydroxyl radical (OH) that are known to damage all cellular
biomacromolecules (lipids, sugars, proteins, and polynucleotides), and this damage
can lead to equally damaging secondary products (Sayre et al. 2008), Owing to that
the oxidative stress was since long regarded as a universal mechanism of inducing
cell death (Dykens 1999). In the brain the main source of toxic hydroxyl radical
formation and H,O, generation is the oxidative deamination of monoamines by the
action of MAO (for review see Singer and Ramsay 1995). Thus, the excessive dop-
amine catabolism by MAO augments the formation of free radicals in the brain.
After having demonstrated that 1MeTIQ and other simple tetrahydroisoquinolines
inhibit MAOA and MAOB activities from mouse and rat brains, thus having poten-
tially antioxidant properties, (Patsenka and Antkiewicz-Michaluk 2004), a direct
study on the free radical scavenging capacity of 1MeTIQ was carried out. To mea-
sure the antioxidant capacity of free radical scavengers the Fenton reaction is suit-
able, as it generates the hydroxyl radicals in a manner similar to their in vivo
generation. In this “inorganic” model 1MeTIQ inhibited the free radical formation
and completely abolished the dopamine-enhanced efficiency of Fenton reaction
(Antkiewicz-Michaluk et al. 2006).
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Those results demonstrate that regardless of its interaction with biological struc-
tures, IMeTIQ has intrinsic antioxidant properties.

3.4 Neuroprotection of 1MeTIQ in Relation
to Dopaminergic Mechanisms

3.4.1 Effect of Acute and Chronic IMeTIQ Administration
on Dopamine Metabolism in the Brain: Inhibition
of MAO-Dependent Dopamine Oxidation
Pathway In Vivo

Several tetrahydroisoquinolines and their congeners interfere with monoamine oxi-
dases (MAO). Many isoquinolines were found to selectively inhibit either MAO A
or (less frequently) MAO B. Stereoselective competitive inhibition of MAO A was
found with the (R) enantiomer of all the stereoisomers tested (Bembenek et al.
1990). In those early experiments 1MeTIQ was not tested, but 2-Me-1,2,3,4-
tetrahydroisoquinoline was much more potent than unsubstituted 1,2,3,4-tetrahy-
droisoquinoline, and both preferably inhibited MAOB. Later on the inhibitory effect
of 1IMeTIQ and 1-methyl-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline were found
to inhibit the activity of MAOB, indicating that they may be neuroprotective agents
in the brain, and their involvement in the pathogenesis of Parkinson’s disease was
discussed (Naoi and Maruyama 1993). Afterward Thull et al. (1995) investigated 45
isoquinoline derivatives and found most of them reversible inhibitors of MAOA and
B, often selective to the A form. Their studies brought to the forefront the question
of the physiological significance of endogenous MAO inhibitors and suggested a
role for endogenous tetrahydroisoquinolines in the control of neurotransmitter func-
tion, and prevention of neurotoxicity related to MAO activity in the brain. More
recently the effectiveness of 1MeTIQ as an inhibitor of MAOA and MAOB was
compared with that of 1,2,3,4-tetrahydroisocarboline, and 1MeTIQ was found
roughly equipotent with its unsubstituted congener as MAOA inhibitor, while less
effective in regard to MAOB (Patsenka and Antkiewicz-Michaluk 2004).

The data from ex vivo neurochemical experiments have shown stereospecificity
of 1MeTIQ enantiomers in respect of their effects on dopamine catabolism. While
both the enantiomers increased the concentrations of dopamine and its extraneu-
ronal metabolite, 3-MT in rat striatum, they differently affected dopamine catabo-
lism. Thus, (R)-1MeTIQ significantly increased both the level of the final DA
metabolite, HVA (by about 70%), and the rate of DA metabolism (by 50%), while
(S)-1MeTIQ significantly depressed the DOPAC and HVA levels (by 60 and 40%,
respectively), and attenuated the rate of DA metabolism (by about 60%) (Antkiewicz-
Michaluk et al. 2011). These data suggest that the (S)- enantiomer may offer greater
protection against neurotoxicity.
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3.4.2 Lack of Noxious Effect of IMeTIQ Administration
on Dopamine Neurons

As tetrahydroisoquinolines show structural resemblance to 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), a potent neurotoxin capable of producing persis-
tent parkinsonism in humans (Langston et al. 1983) which could be employed for
producing experimental Parkinson’s disease in laboratory animals (Jenner and
Marsden 1986), initially they all were assumed to cause damage to dopamine neurons
In fact the early studies reported that they generally are neurodegenerating agents
(Suzuki et al. 1990), the most neurotoxic being 1,2,3,4-tetrahydroisoquinoline (TIQ),
1-benzyl-TIQ, and (R)-1,2-dimethyl-5,6-dihydroxy-TIQ (R)-N-methyl-salsolinol
(Nagatsu 1997). This finding contrasted with an earlier report which found no neuro-
toxicity of TIQ on nigrostriatal dopamine neurons (Perry et al. 1988). The most recent
studies, in which the actions of 1MeTIQ and TIQ were directly compared, suggested
that TIQ in fact produces some damage to dopaminergic neurons, which is reflected
by a mild but significant decrease in the striatal dopamine concentration in rats that
were chronically administered with TIQ. In contrast, IMeTIQ never caused a decline
in the dopamine levels in brain structures, although both tetrahydroisoquinolines simi-
larly affected dopamine catabolism (Antkiewicz-Michaluk et al. 2000).

3.4.3 Action of IMeTIQ on Dopamine Nerve Terminals

Interaction with presynaptic dopamine receptors was investigated by studying
1MeTIQ-induced displacement of dopamine receptor ligands from their binding
sites. In general tetrahydroisoquinolines do not displace antagonistic ligands bound
to dopamine D2 receptors (Antkiewicz-Michaluk et al. 2000; Vetulani et al. 2003a),
the exception being [''C]raclopride.

Depression of binding of [''C]raclopride may be interpreted as the sign of
increased synaptic dopamine concentrations, which competes with raclopride at D2
receptor sites (Laruelle 2000). Tetrahydroisoquinolines were shown to displace
[!'C]raclopride, and (S)-enantiomer of 1MeTIQ and TIQ were most potent in this
respect. The effect of TIQ continued for 7 h and was followed by an increase until
10 days after the single and subchronic administration of TIQ. These findings sug-
gest that TIQ analogs profoundly stimulated dopamine release which resulted in the
competitive inhibition of the binding of [''C]raclopride to dopamine D2 receptors,
but did not induce degeneration of the receptors (Ishiwata et al. 2001).

Another D2 receptor ligand displaced by TIQ was the D2 receptor agonist, [*H]
apomorphine (Antkiewicz-Michaluk et al. 2000; Vetulani et al. 2003a). In con-
trast to antagonists, an agonist radioligand binds preferentially to the high-affinity
state and is expected to have greater sensitivity to DA, which is the endogenous
agonist. Studies on the effects of amphetamine on displacement of D2 receptor
ligands, an agonist [''C](R)-2-CH,O-N-n-propylnorapomorphine and agonist,
['!C]raclopride demonstrated that the agonist is more sensitive than antagonist to
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displacement by endogenous dopamine (Seneca et al. 2006). Thus, the experiments
with [*H]apomorphine displacement confirm that tetrahydroisoquinoliones may
release dopamine from dopaminergic terminals. However, owing to their MAO-
inhibiting properties they do not cause neurodegeneration of dopaminergic neurons.

In stereoselective study, it has been documented that the neuroprotective action of
IMeTIQ against neurotoxicity is closely related with the presence of (R)-1MeTIQ
enantiomer as well as raceme, the mixture of (R)- and (S)-enantiomers (Abe et al.
2001). In biochemical studies assessing activity of 1-MeTIQ synthesizing enzyme
(1MeTIQ-ase), it has been reported that the parkinsonism-inducing substances such
as MPTP and B-carbolines considerably inhibited the activity of 1MeTIQ-ase
(Yamakawa and Ohta 1999). It is also well established by behavioral and biochemical
study that (R,S)-1MeTIQ demonstrates neuroprotective activity by antagonizing the
behavioral and biochemical effects of dopaminergic neurodegeneration induced by
numerous experimental neurotoxins such as MPTP, 1BnTIQ, rotenone (Antkiewicz-
Michaluk et al. 2003, 2004; Kotake et al. 1995, 2005; Tasaki et al. 1991).

3.5 Neuroprotection of 1MeTIQ Against Rotenone,
a Dopaminergic Neurotoxin

It was recently shown by Betarbet et al. (2000) that rotenone, an environmental
toxin may be used to produce a more realistic MPP* animal model of Parkinson’s
disease. Rotenone, a natural compound, is a classical, lipophilic inhibitor of mito-
chondrial complex I (Gutman et al. 1970; Horgan et al. 1968), and selectively toxic
to dopaminergic neurons (Marey-Semper et al. 1993). Injected directly into brain
structures, rotenone acts similarly to MPTP (Heikkila et al. 1985).

Rotenone is the only neurotoxin known today that induces the formation of Lewy
bodies, which are the most characteristic histopathological feature of Parkinson’s
disease (Betarbet et al. 2000). A defect of mitochondrial function due to complex I
inhibition was postulated to be the cause of rotenone-induced neurodegeneration
(Jenner 2001; Greenamyre et al. 2001). Rotenone also causes dopamine release, as
evidenced by microdialysis and neurochemical data (Santiago et al. 1995; Thiffault
et al. 2000), and this may also contribute to the degeneration of dopaminergic neu-
rons. We have found that rotenone administered peripherally in a single dose did not
produce evident behavioral or biochemical effects. In contrast, repeated administra-
tion of rotenone (12 mg/kg s.c.) causing abnormalities in general behavior, pro-
duced considerable mortality and dramatic increases in dopamine metabolism,
which may be ascribed to an increase in the oxidative pathway, and strongly
depressed the concentration of the extracellular dopamine metabolite, 3-MT. These
behavioral and biochemical changes were effectively counteracted by administra-
tion of 1MeTIQ before each dose of rotenone (Antkiewicz-Michaluk et al. 2003).
Additionally, intracerebral-administered rotenone (2 pg into the medial forebrain
bundle, MFB) produced a considerable decrease in dopamine and dopamine metab-
olites content in the striatum and substantia nigra, without affecting the serotonin
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system (Antkiewicz-Michaluk et al. 2004). Those changes were observed 21 days
after the intracerebral injection of rotenone, which suggest a durable neurotoxic
effect. Peripheral administration of 1MeTIQ (50 mg/kg i.p.) before and then daily
for 21 days significantly reduced the fall of striatal dopamine concentration
(Antkiewicz-Michaluk et al. 2004).

The above data suggest that 1MeTIQ is able to counteract the damaging action of
dopaminergic neurotoxin, rotenone, and seems to be a potential neuroprotective agent.

3.6 Neuroprotection of 1IMeTIQ Against Glutamate-Evoked
Neurotoxicity

Recently, it was demonstrated that 1MeTIQ shares many activities with TIQ, and
found that the compounds similarly inhibit free-radical generation in an abiotic sys-
tem, as well as indices of neurotoxicity (caspase-3 activity and lactate dehydrogenase
release) induced by glutamate in mouse embryonic primary cell cultures (Antkiewicz-
Michaluk et al. 2006). However, in granular cell cultures obtained from 7-day-old rats,
IMeTIQ prevented the glutamate-induced cell death and *Ca?* influx, whereas TIQ
did not. Such profile of action of 1MeTIQ suggested specific effects of this compound
on an excitatory amino acids (EAA) receptors. Additionally, it was shown in an in vivo
microdialysis experiment that IMeTIQ prevents kainate-induced release of excitatory
amino acids from the rat frontal cortex (Antkiewicz-Michaluk et al. 2006).

Comparing the chemical structure of 1MeTIQ with other known compounds
containing tetrahydroisoquinoline skeleton and their molecular mechanism of
action, one can find similarities between 1MeTIQ and N-cetyl-1-(4-chlorophenyl)-
6,7-dimethoxy-TIQ; and 1,1-pentamethylene-TIQ the derivatives which are non-
competitive AMPA/kainate receptor antagonists and protect the animals in the
maximal electroshock seizure, pentylenetetrazole, and audiogenic DBA/2 mice
seizure models (Ferreri et al. 2004; Gitto et al. 2003). In fact, IMeTIQ exerts the
anticonvulsant effects increasing the threshold for electroconvulsions and potentia-
tion, the antiseizure action of carbamazepine and valproate against maximal elec-
troshock (Luszczki et al. 2006).

3.7 Conclusion

In the light of all these experiments 1MeTIQ offers a unique and complex mecha-
nism of neuroprotection in which inhibitory effect on MAO connected with free
radicals scavenging properties, and antagonism to the glutaminianergic system may
play a very important role.
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Abstract Drug abuse disorder is induced by a variety of substances and results
from their interaction with the brain reward system. It is characterized by a high
frequency of relapse, usually associated with craving. In this Chapter it is demon-
strated that 1-methyl-1,2,3,4-tetrahydroisoquinoline, an endogenous compound
with antidopaminergic and neuroprotective activity prevented the development of
morphine dependence and morphine-induced abstinent syndrome as well as cocaine-
induced reinstatement in cocaine-dependent, self-administering rats. The changes
in catecholamine metabolism persist for a considerable period after cessation of
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cocaine self-administration suggesting a long-lasting functional impairment of
dopamine and noradrenaline systems. In contrast, the changes in the serotonergic
system are transient showing the lack of involvement of serotonin in long-term
consequences of exposure to cocaine. The depression of dopaminergic activity in
the limbic structures may be responsible for craving. The fact that IMeTIQ elevates
the concentration of dopamine preferentially in the limbic structures (nucleus
accumbens) in cocaine-dependent rats may be responsible for its inhibition of
reinstatement. The results strongly support the view that 1-methyl-1,2,3,4-
tetrahydroisoquinoline has considerable potential as a drug for combating substance
abuse disease through the attenuation of craving, and suggested a possibility of
clinical application of 1MeTIQ at least in morphine and cocaine addiction.

Keywords 1-Methyl-1,2,3,4-tetrahydroisoquinoline * Addiction ®* Animal models
* Cocaine ¢ Self-administration * Morphine dependence  Rat brain * Monoamine
metabolism ¢ MAO inhibition

Abbreviations

AMPA Alpha-amino-3-hydroxy-5-methylisoxazole-4-propionate
COMT  Catechol-O-methyltransferase

DA Dopamine

DOPAC  3,4-Dihydroxyphenylacetic acid

5-HT Serotonin

5-HIAA  5-Hydroxyindoleacetic acid

HVA Homovanillic acid

MAO Monoamine oxidase

IMeTIQ 1-Methyl-1,2,3,4-tetrahydroisoquinoline
MHPG  3-Methoxy-4-hydroxyphenylglycol
3-MT 3-Methoxytyramine

NA Noradrenaline

4.1 Addiction: A General View

Addiction is a complex disease process of the brain which results from recurring
drug intoxication and is modulated by genetic, developmental, experiential, and
environmental factors. Drug addiction is one of the most difficult medical and social
problems in industrialized countries; furthermore no effective pharmacotherapy has
been available so far. Until recently, it was believed that addiction was associated
with neuroplasticity in the corticostriatal brain circuitry, which is important for adap-
tive behavior and predominantly involved reward processes mediated by limbic cir-
cuits, whereas results from recent neuroimaging studies have implicated additional
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Table 4.1 The pharmacological actions and reinforcing properties of different drugs of abuse

Drugs Actions
Cocaine Inhibitor of monoamine Reinforcing activity by an increase of the
reuptake transporters extraneuronal concentration of DA, NA,
5-HT (Koob and Nestler 1997; Edwards
and Koob 2010; Kuhar et al. 1991)
Opiates Agonist at 1, 8, and Activation of p and § receptors mediate the
K receptors reinforcing action of opiates (Mansour
et al. 1995)
Amphetamine Stimulates DA and Reinforcing activity (Elverfors and Nissbrandt
NA release 1992)
Nicotine Agonist at nicotinic Reinforcing activity (Biala and Budzynska
acetylcholine receptor 2008; Risinger and Roger 1995; Biata 2003)
Ethanol Facilitates GABA | receptor ~ Reinforcing activity (Biata and Budzynska
function and inhibits 2010; Hoshaw and Lewis 2001)
NMDA receptor
Hallucinogens  Partial agonist 5-HT,, Reinforcing activity (Fantegrossi 2007)
receptors
Phencyclidine NMDA receptor Reinforcing properties (Rodefer and Carroll
(PCP) antagonist 1999)

brain areas, especially the frontal cortex (Goldstein and Volkow 2002). The World
Heath Report 2002 stated that 8.9% of the total burden of the disease was caused by
the use of psychoactive substances (WHO, Neuroscience of psychoactive substance
use and dependence, World Health Organization, Geneva (2004). Drug addiction is
often defined by the pharmacological terms: tolerance, sensitization, dependence,
and withdrawal. Tolerance refers to the phenomenon where repeated administration
of a drug at the same dose causes a diminishing effect or a need for an increasing
drug dose to produce the same effect. Sensitization refers to the opposite condition,
where repeated administration of the same drug dose produces an escalating effect.
Interestingly, the same drug can simultaneously evoke tolerance and sensitization to
its numerous diverse effects (e.g., in the case of morphine, tolerance to its analgesic
effect and sensitization to its locomotor effect). Dependence is defined as a need for
continual drug exposure to avoid a withdrawal syndrome, which is characterized by
physical or motivational disturbances when the drug is withdrawn.

The neurobiological changes that accompany drug addiction have not been
understood so far; however, drugs of abuse are unique in terms of their reinforcing
properties (Table 4.1). Dopaminergic mechanisms are a traditional target in the
field of addiction, since the acute rewarding effects of addictive drugs are mediated
by enhancing dopamine transmission; moreover, dopamine release reinforces
reward learning (Berridge and Robinson 1998; Kelley 2004a). Both natural rewards
and drugs of abuse appear to use the same systems within the brain to influence and
reinforce behavior; furthermore, it is well known that these systems are involved in
learning and memory, particularly in connecting motivations and memories with
behaviors. A question arises about the neurobiological substrate of reward. The
nucleus accumbens (NAc) as a ventral striatum is considered to be crucial point of
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integration of information by receiving emotional and cognitive inputs, and by
projecting to motor output regions (Mogenson et al. 1980; Kelley 2004b). The
NAc, along with the hippocampus, frontal cortex (FCx), and basolateral amygdala
receives dopamine input from the ventral tegmental area (VTA); furthermore, as it
has been shown by many authors, the majority of dopamine neurons that innervate
the forebrain are located in the midbrain, specifically in the VTA and substantia
nigra (SN) (Fallon and Loughlin 1995; Pitkanen 2000). The SN innervates the
dorsal striatum (caudate-putamen), whereas the VTA provides an input to the rest
of the forebrain, including the ventral striatum (NAc), FCx, amygdala, and hip-
pocampus. Early theories on drugs of abuse and natural rewards suggested that
activation of dopamine neurons in VTA, and the release of dopamine in target
structures signaled reward, especially in the NAc (Di Chiara 2002; Ungless 2004).
However, aversive stimuli also increase dopamine release in a variety of brain
structures, which indicates a role of dopamine beyond reward (Inglis and
Moghaddam 1999). However, it is noteworthy that some evidence points to dif-
ferential of dopamine responses to aversive vs. rewarding stimuli (Schultz 2002).
Special interest is the fact that common effects produced by different drugs of
abuse with a diverse pharmacological action including alcohol, cocaine and heroin,
lead to an increase in the release of dopamine in the NAc which is critical for drugs
to reinforce behavior (Table 4.1). Some recent studies have also shown that gluta-
mate system and its release is an important factor in drug addiction, and that imbal-
ance in glutamate homeostasis engenders changes in neuroplasticity, which impair
communication between the prefrontal cortex and the NAc (Kalivas 1995; Ma
et al. 2006; Nagy 2004; Popik et al. 1998).

4.1.1 Animal Models of Drug Addiction

As the basic mechanisms underlying addiction are similar in animals and humans,
the animal models may be used for studying the mechanisms of substance abuse
disease (Markou et al. 1993; Ranaldi and Roberts 1996). One major model is drug-
induced locomotor sensitization. In rodents, acute administration of many drugs of
abuse increase the animal locomotor activity, and after chronic treatment produce
even bigger increases in locomotor activity. Sensitization is a phenomenon charac-
terized by enhancement of behavioral responses (locomotor hyperactivity, stereo-
typy, positive reinforcing effects) to the readministered psychostimulant (challenge
dose) after discontinuation of its repeated treatment (Kalivas et al. 1988; Pierce
and Kalivas 1997; Robinson and Berridge 1993). The above described phenome-
non seems interesting, since it may be caused by the same mechanisms that are
responsible for psychoses or craving for drugs of abuse in humans addicted to
cocaine or other psychostimulants (Robinson and Berridge 1993).

Another, frequently used model is conditioned place preference (CPP). Animals
are administered a drug of abuse before being placed in one chamber of a two-
chamber apparatus. Then, they are given a control injection before being put into the
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other chamber. By repeating this procedure, the animals learn to associate one
chamber with the drug of abuse. They are tested by being allowed to freely explore
the entire apparatus; the animals that have learned the drug-chamber association
spend more time in the drug-associated chamber. This model is particularly useful
for investigating contextual learning which take place during drug consumption
(Hoffman 1989; Popik and Wrébel 2002).

The best animal model of addiction is self-administration. In this paradigm, ani-
mals are trained to perform a response (usually, pressing a lever) in order to receive
a small amount of the drug. In contrast to sensitization and CPP, when experiment-
ers administer a drug of abuse, the advantage of the latter model is like in the case
of a human who must perform certain actions to obtain and consume a drug of
abuse — that an animal has to exhibit a particular behavior in order to receive the
drug. Self-administration is called a “gold-standard” of addiction.

Drugs of abuse, especially their repeated administration, alter the functioning of
a number of structures in the brain, of which the NAc and FCx are particularly
important due to their apparent role in addiction.

4.2 Cocaine Addiction

Cocaine, a potent inhibitor of monoamine transporters (Woolverton and Johnson
1992), belongs to the most powerful addictive substances and its abuse poses a high
risk of relapse (Carroll et al. 1994). It has been reported that even a single injection
produces persistent neurochemical changes (Guan et al. 1995); moreover, a long-
lasting changes changes have also been observed after withdrawal from the chronic
administration of cocaine (Kuhar and Pilotte 1996). The factors or molecular pro-
cesses that are responsible for relapses of cocaine abuse have not been fully under-
stood so far. An overwhelming desire to take drugs (craving) is regarded as a main
cause of relapse (Koob and LeMoal 2001).

In addiction studies, one of the critical issues is the use of an appropriate animal
model for the behavior under study. The animal model that seems to be the most ade-
quate for studying the craving and relapse phenomena is an extinction/reinstatement
task in self-administration procedures. In this paradigm, the animals learn to self-
administer a solution of a drug (e.g., cocaine) by pressing “the active lever” installed in
the experimental cage. Cocaine self-administration serves as a reward, but the response
may be strengthened by pairing it with the conditioned stimulus (e.g., light+tone).
When after establishing a stable response rate the drug solution is replaced with saline,
the responding rate decreases and the animal enters the extinction phase. Administration
of a priming dose of cocaine during this phase results in reinstatement, expressed as the
resumption of pressing the active lever. Furthermore, the presentation of the condi-
tioned stimulus alone is sufficient to cause reinstatement of drug-seeking behavior
measures as an increase in the number of lever presses in the absence of cocaine; how-
ever, such an effect is weaker than in the case of drug reinstatement (Cervo et al. 2003;
Antkiewicz-Michaluk et al. 2006a, 2007).
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In rats self-administering cocaine, the rate of monoamines (dopamine, noradren-
aline, and serotonin) metabolism as well as their turnover was depressed (Antkiewicz-
Michaluk et al. 2006a, b, 2007). Activation of a receptor (e.g., dopamine,
noradrenaline, serotonin) by cocaine which is a potent inhibitor of monoamine
transporters during the stabilized self-administration (when cocaine is present in the
brain) would result in a feedback inhibition of neurotransmitter release (owing to
activation of autoreceptors) and, consequently, the depression of neurotransmitter
metabolism without significant changes in neurotransmitter concentration in the
neuron (Antkiewicz-Michaluk et al. 2006a, b; Karoum et al. 1990; Trulson and
Ulissey 1987). In the extinction period catecholaminergic neurons show signs of
long-lasting impairment, while the extracellular concentration of dopamine is
reduced in the limbic areas of the central nervous system (Kuhar and Pilotte
1996; Cervo et al. 2003; Antkiewicz-Michaluk et al. 2006a, b). Interestingly, the
stimulus associated with cocaine availability (e.g., light+tone) activates the
catecholaminergic system after the extinction procedure and causes reinstatement
of self-administration.

4.3 1-Methyl-1,2,3,4-Tetrahydroisoquinoline (1MeTIQ)
and Cocaine Addiction

4.3.1 IMeTIQ: A Partial Dopamine Agonist
and Neuroprotectant in the Mammalian Brain

1,2,3,4-Tetrahydroisoquinoline (TIQ) and its close methyl-derivative, 1-methyl-
1,2,3,4-tetrahydroisoquinoline (1MeTIQ) are both present in the food and mamma-
lian brain which are believed to play a physiological role as natural regulators of the
dopaminergic neurotransmitter system (Antkiewicz-Michaluk et al. 2000, 2001).
One of the most evident physiological roles proposed is antidopaminergic activity,
which may control the effect of temporary, excessive dopaminergic stimulation
(Antkiewicz-Michaluk and Vetulani 2001; Vetulani et al. 2003a, b). It was initially
believed that tetrahydroisoquinolines, structurally resemble 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), were neurotoxic; however, it was later discov-
ered that some of them exerted a neuroprotective effect. The action of different
compounds of this group ranges from neurotoxicity to neuroprotection, as exempli-
fied by the neurotoxin 1-benzyl-1,2,3,4-tetrahydroisoquinoline (1BnTIQ), and the
neuroprotectants, TIQ and its close methyl derivative, IMeTIQ (Abe et al. 2005;
Antkiewicz-Michaluk et al. 2006a, b; McNaught et al. 2001; Nagatsu 1997; Wasik
et al. 2009). Importantly, various TIQs differ in their effect on dopamine catabolic
pathways: the monoamine oxidase (MAO)-dependent and the catechol-O-methyl-
transferase (COMT)-dependent one. The neurotoxic, 1BnTIQ shifts dopamine
catabolism toward oxidative desamination, whereas neuroprotectants studied
(TIQ and 1MeTIQ) strongly inhibit the MAO-dependent pathway and shift the
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Fig. 4.1 Chemical structure
of 1-methyl-1,2,3,4-
tetrahydroisoquinoline
(1MeTIQ)
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COMT-dependent catabolism toward O-methylation (Antkiewicz-Michaluk et al.
2001). In fact, in vitro studies have shown that both compounds are inhibitors of
monoamine oxidase A and B in rat brain structures (Patsenka and Antkiewicz-
Michaluk 2004). Since oxidative desamination generates free hydroxyl radicals,
differences in the biochemical effects of tetrahydroisoquinolines could account for
their diverse neurotoxic/neuroprotective profiles of action (Patsenka et al. 2004).
The most evident neuroprotection in CNS was described for 1MeTIQ (Tasaki et al.
1991; Antkiewicz-Michaluk et al. 2003, 2004, 2006a, b; see Chap. 3), a compound
which has an interesting pharmacological profile and may play a role of a natural
agent protecting the brain against Parkinson’s disease (Fig. 4.1).

1MeTIQ which is present in the brain, is a mixture of (R)- and (S)-enantiomers
enzymatically synthesized from 2-phenylethylamine (PEA) and pyruvate by the
1MeTIQ-synthesizing enzyme, a membrane-bound protein localized in the mito-
chondrial synaptosomal fraction (Yamakawa and Ohta 1997, 1999; Yamakawa et al.
1999). 1MeTIQ was shown to act as an antidopaminergic agent, but in contrast to
typical neuroleptics, it did not induce catalepsy in animals (Antkiewicz-Michaluk
et al. 2000). In functional studies 1MeTIQ inhibited the apomorphine-induced
hyperactivity at doses at which it had no effect on spontaneous locomotor activity
of rats (Antkiewicz-Michaluk et al. 2001). In addition, 1MeTIQ also displaced ago-
nists, but not antagonists, of the dopamine receptor from their binding sites with an
affinity comparable to that of dopamine (Antkiewicz-Michaluk et al. 2007). This
observation suggests that the compound shows affinity for the agonistic (active), but
not antagonistic, conformation of dopamine receptors. Summing up, I MeTIQ exerts
effects characteristic of dopamine partial agonists. Regardless of the mechanism of
action of drugs of abuse, the essential role of the mesolimbic dopaminergic system
in addiction has been well established (Goldstein and Volkow 2002; Grimm et al.
2003; Moore et al. 1998a, b); to this end, several antidopaminergic drugs were tested
as potential antiabuse agents (Berger et al. 1996; Smelson et al. 2004).

Although, neuroleptics were previously found not to be useful in this respect,
partial agonists of the dopamine D, and D, receptor aroused some hopes (Campiani
etal. 2003; Le Foll et al. 2005; Mach et al. 2004). Furthermore, a dopamine reuptake
inhibitor could be expected to partially substitute for cocaine and other drugs of
abuse, hence self-administration would be diminished and craving minimized (Ritz
et al. 1987; Wilcox et al. 2000; Carroll 2003; Carroll et al. 2004). This type of sub-
stitution pharmacotherapy has been found to be highly effective in the treatment of
nicotine and heroin addiction (methadone). Hence, studies of partial agonists with
an antidopaminergic profile of action different from that of classic neuroleptics
seem justified. In the light of the above data, 1MeTIQ is an interesting candidate for
future clinical studies.
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A vast body of evidence indicates that, apart from the dopaminergic system also
glutamatergic system is involved in the addiction to drugs of abuse (see Table 4.1).
Hence of special interest are the observations that IMeTIQ antagonizes the kainate-
induced release of glutamate and aspartate in rat frontal cortex and shows
neuroprotection against the excitotoxicity produced by glutamate in culture cells
(Antkiewicz-Michaluk et al. 2006a, b). Additionally, IMeTIQ antagonizes the
MK-801-produced behavioral and neurochemical effects (Pietraszek et al. 2009)
and shares tolerance to excitotoxicity in rat with some well-established uncompeti-
tive NMDA receptor antagonists (Kuszczyk et al. 2010). The latest results reveal a
new mechanism of the 1MeTIQ-evoked neuroprotection based on the induction of
neuronal tolerance to excitotoxicity.

4.3.2 Effect of IMeTIQ on the Cocaine-Induced Locomotor
Sensitization, Self-Administration, and the Expression
of Cocaine Reinstatement

In rodents, acute administration of the drug of abuse: cocaine, amphetamine
(psychostimulants), and opiates increases the locomotor activity of animals.
Repeated administration of the drug of abuse induces neurobiological changes, such
that later (e.g., after 10 days of withdrawal) acute administration of the drug pro-
duces even greater increase in locomotor activity, called sensitization. Both behav-
ioral sensitization, self-administration, and drug-reinstatement of seeking behavior
are the major models of drug addiction (Pierce and Kalivas 1997). The compounds
which antagonize locomotor sensitization and self-administration in animals may
demonstrate anti-addictive properties in a clinic (Narayanan et al. 1996).

The exogenously applied 1MeTIQ, an endogenous substance constantly present
in the brain significantly antagonized the cocaine-induced locomotor sensitization,
cocaine self-administration and cocaine-induced reinstatement of seeking behavior
(Filip et al. 2007; Wasik et al. 2010). The phenomenon is of interest, since it might
be caused by the same mechanisms as those responsible for psychoses or craving
for drugs of abuse in humans abusing cocaine or other psychostimulants (Robinson
and Berridge 1993; Segal et al. 1981). Both clinical and preclinical studies indicate
that the behavioral response to cocaine including the discriminative stimulus and
rewarding effects as well as reinstatement of cocaine seeking behavior depend on
the drug ability to block the dopamine transporter (Di Chiara 1995; Heidbreder and
Hagan 2005). Since, 1MeTIQ produced parallel decreases in cocaine self-
administration and cocaine-induced relapse, the compound may suppress the moti-
vation for drug seeking by decreasing the reinforcing effects of cocaine, and
generally by attenuation the reinforcing effect of drugs of abuse.

In fact, activation of both the dopaminergic and glutaminergic systems has sig-
nificance in altering the maintenance of cocaine self-administration (Cornish et al.
1999; Pulvirenti et al. 1992), and drug-priming induced reinstatement of cocaine
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seeking (Ito et al. 2002; Kalivas and McFarland 2003). 1MeTIQ’s inhibitory
mechanism on cocaine maintained responding and relapse may include complex
interaction with both dopaminergic and/or glutaminergic transmission (as it was
shown above, in part 3.1.).

4.3.3 Neurochemical Changes Produced by IMeTIQ
in Cocaine-Dependent Rats

Cocaine, is a potent inhibitor of monoamine transporters, belongs to the most pow-
erful addictive substances in humans and its abuse has a high risk of relapse (Gawin
1991). The studies on the involvement of biogenic amines in cocaine addiction have
shown a contribution of dopamine and serotonin to the maintenance of cocaine self-
administration, extinction, and reinstatement of drug-seeking behavior. Dopamine
was the most extensively investigated amine, possibly because of its assumed role
as the main neurotransmitter of reward (Di Chiara et al. 2004). How it was demon-
strated by several authors during cocaine self-administration, the extracellular con-
centrations of dopamine and serotonin in the striatum increase (Di Ciano et al. 1995;
Gratton and Wise 1994; Wasik et al. 2010), but the rate of monoamines metabolism
and the concentrations of their metabolites in brain structures decrease (Antkiewicz-
Michaluk et al. 2006a, b). The functional significance of the observed depression of
the level of monoamine metabolites requires explanation. The determination of
changes in metabolism rate yields information about efficiency of the neurotrans-
mitter system. Depending on the state of receptor and the rate of synthesis of a
neurotransmitter, the changes in metabolite levels in the same direction may have
different consequences. Activation of a receptor (e.g., dopamine receptor) during
stabilized self-administration of cocaine would result in a feedback inhibition of
neurotransmitter release by activation of autoreceptor and, the depression of neu-
rotransmitter metabolites without significant changes in neurotransmitter concen-
tration in the neuron. This is reflected by a decrease in the neurotransmitter
metabolism index. As the stimulation is indirect, through inhibition of neurotrans-
mitter reuptake, the interaction between the neurotransmitter and receptor is
enhanced rather than depressed. On the contrary, during cocaine withdrawal, dop-
amine and noradrenaline concentrations as well as concentration of their metabo-
lites were diminished, suggesting cocaine-induced impairment in the function of
catecholamine neurons, what leads to decrease in the synthesis and release of the
neurotransmitters (Parsons et al. 1995; Weiss et al. 1992; Antkiewicz-Michaluk
et al. 20064, b).

Much less attention was focused on the involvement of noradrenaline in cocaine
reward. It has been reported that multiple cocaine administration depresses the
responsiveness of the alpha2-adrenoceptor, as measured by the decline in the growth
hormone response to clonidine (Baumann et al. 2004). Moreover, Valentino and
Curtis (1991) reported the inhibition of firing of locus coeruleus neurons after long-
term cocaine treatment.
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While catecholamines seem to be involved in cocaine addiction, the role of sero-
tonin seems to be limited. Specific serotonin agonists do not seem to have signifi-
cant reinforcing efficacy (Locke et al. 1996). The clinical findings also indicate the
inefficiency of serotonergic manipulation in combating cocaine dependence (Lima
et al. 2003). Although, serotonin metabolism is inhibited in the presence of cocaine,
in contrast to alterations in catecholaminergic system, the change is transient.

Basically, a chronic cocaine self-administration similar to passive administration
suppresses the metabolism — both synthesis and release of monoamines in several brain
structures (Karoum et al. 1990; Trulson and Ulissey 1987; Antkiewicz-Michaluk et al.
2006a, b). The changes in catecholamine metabolism persist for a considerable period
after cessation of cocaine self-administration suggesting a long-lasting functional
impairment of dopamine and noradrenaline systems. In contrast, the changes in the
serotonergic system are transient showing the lack of involvement of serotonin in long-
term consequences of exposure to cocaine (Antkiewicz-Michaluk et al. 2006a, b).

4.3.4 Neurochemical Effect of IMeTIQ During Cocaine
Reinstatement

The suggestion that 1IMeTIQ is a potential antiabuse agent is due to the fact that the
drugs that reduce cocaine-seeking behavior also reduce cocaine craving (Fuchs
et al. 1998; Baker et al. 2001). The possible antiabuse properties of 1MeTIQ are
particularly interesting, as the compounds of this group are proposed to act as regu-
lators of brain homeostasis (Antkiewicz-Michaluk et al. 2000; Vetulani 2001). The
question arises whether 1MeTIQ can reach the brain in concentrations producing
pharmacological effects. In contrast to catechol tetrahydroisoquinolines (e.g., sal-
solinol), noncatechol tetrahydroisoquinolines as TIQ and 1MeTIQ penetrate to the
brain easily and induce a variety of central effects. The native concentrations of
tetrahydroisoquinolines in the brain are in the nanomolar range, and the highest
concentration was observed in substantia nigra: in the monkey substantia nigra
1MeTIQ reaches up to 500 pmol/g tissue (Yamakawa et al. 1999), and it is depressed
in aged rats (Ayala et al. 1994). No direct measurements of 1MeTIQ concentration
in the brain after parenteral administration of the compound have been carried out,
but its close congener, TIQ after administration of 40 mg/kg to the rat reached the
concentration of 250 nmole/g (Lorenc-Koci et al. 2004).

In cocaine-dependent rats, the intraperitoneal administration of a single rein-
statement evoking cocaine dose causes the inhibition of dopamine metabolism in
the brain structures of rat. This is possible because of the consequence of the dop-
amine transporter blockade, and the feedback response of the nerve ending to an
increase in the concentration of dopamine in the vicinity of the receptor sites. It
should be added that priming dose of cocaine also affects other monoaminergic
neurons, and inhibits also the metabolism of noradrenaline and serotonin. As in the
case of dopamine, a feedback mechanism seems to be involved (Antkiewicz-
Michaluk et al. 2007).
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In cocaine-dependent rats receiving a priming dose of cocaine in the presence of
previously administered 1MeTIQ, the concentration of dopamine in the limbic struc-
tures was significantly higher than in the rats receiving cocaine alone. It might be
assumed that the blockade of reinstatement by 1MeTIQ is related to this effect
(Antkiewicz-Michaluk et al. 2007). There is the long established view that depres-
sion of dopaminergic activity in the limbic structures may be responsible for craving
(Rossetti et al. 1992; Little et al. 1996; Wise et al. 1990). The fact that 1MeTIQ ele-
vates the concentration of dopamine preferentially in the limbic structures (nucleus
accumbens) in cocaine-dependent rats, and at the same time inhibits dopamine
metabolism in structures containing cell bodies (substantia nigra, VTA), may be
responsible for its inhibition of reinstatement (Antkiewicz-Michaluk et al. 2007).

Another neurochemical action of 1MeTIQ, possibly related to its anticraving
effect, is activation of the noradrenergic system in the brain. This effect may be
related to the antagonistic action of 1MeTIQ on alpha2-adrenoceptors. Such an
activity was described previously for other, closely related tetrahydroisoquinolines
(Michaluk et al. 2002; Vetulani et al. 2003a, b). The ability of IMeTIQ to increase
the level of the main metabolite of noradrenaline in CNS, 3-methoxy-4-hydroxy-
phenylglycol (MHPG), as well as its extraneuronal metabolite, normetanephrine
(NM) reflects the antagonistic effect of 1MeTIQ on the alpha2-adrenoceptor
(Antkiewicz-Michaluk, unpublished data). Inhibition of alpha2-adrenoceptors
would result in an increase in noradrenaline release from the nerve endings, and
consequently activating the noradrenergic system.

In the light of the recent experimental data it looks that serotonin plays a less
important role in the phenomenon of cocaine reinstatement. It was shown, that
cocaine depresses serotonin metabolism only transiently, and that the changes do
not persist throughout the withdrawal period in contrast to dopamine and noradren-
aline systems (Antkiewicz-Michaluk et al. 2005).

4.4 1MeTIQ and Morphine Addiction

4.4.1 The Influence of IMeTIQ on the Morphine-Induced
Analgesia, Tolerance, and Abstinence Syndrome

Morphine acts through activation of opioid p-receptors and produces antinociceptive
effect called analgesia. It is well known that activation of opioid p-receptors is closely
related with inhibition of calcium uptake and this process is responsible for opioid-
induced analgesia (Kamikubo et al. 1983; Chapman and Way 1982). It was presented
that 1MeTIQ administered alone have shown a slight antinociceptive effect in the
“hot-place” test in rats but coadministered in morphine strongly potentiated its anal-
gesia (Wasik et al. 2007; Vetulani et al. 2003a, b). Moreover, 1MeTIQ applied before
each morphine injection completely inhibited the development of morphine toler-
ance, as well as prevented the naloxone-induced precipitation of the abstinence
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syndrome (the head-twiches and the body weight loss) in the morphine-dependent
rats (Wasik et al. 2007). The question arises what was the mechanism responsible for
IMeTIQ-induced potentiation of morphine-analgesia, prevention of morphine-
produced tolerance and abstinence syndrome? Some authors postulated that the
activity of monoamine oxidaze (MAQ), the enzyme crucial for monoamine and spe-
cial dopamine catabolism, and the production of free radicals play a very important
role in opiate analgesia, tolerance, and dependence (Garzon et al. 1979; Grassing and
He 2005). In fact, it was shown that deprenyl, an irreversible inhibitor of MAOB and
other antioxidants, such as vitamin C produced an increase in morphine antinocicep-
tion and could prevent the development of morphine tolerance and physical depen-
dence in rodents (Sanchez-Blazquez et al. 2000; Khanna and Sharma 1983). 1MeTIQ,
a neuroprotective substance inhibits MAO and possesses free radicals scavenging
properties (Antkiewicz-Michaluk et al. 2006a, b) how it was mentioned above, and
this mechanism would be responsible for its antinociception and antiaddictive effects.
Additionally, IMeTOQ is also effective in prevention of morphine-induced place
preference and of alcohol intake (Antkiewicz-Michaluk et al. 2005).

Moreover, it was also shown by many authors that morphine did not trigger effec-
tively the processes leading to the development of tolerance and dependence when
administered during Ca?* channel blockade. Blockade of the voltage-dependent L-type
Ca?* channels effectively facilitates the analgesic action of morphine and prevents the
behavioral and neurochemical signs of naloxone-precipitated abstinence syndrome
(Contreras et al. 1988; Del Pozo et al. 1987; Michaluk et al. 1998). Another way for
calcium influx to the cell is NMDA glutamate receptors which may be also involved
in the induction of morphine sensitization (Vanderschuren and Kalivas 2000). It
should be taken into account that 1MeTIQ prevented glutamate-induced cell death
and ¥Ca?* influx in granular cell cultures (Antkiewicz-Michaluk et al. 20064, b). Thus,
IMeTIQ besides the inhibitory influence on the activity of MAO and free radical
scavenging properties possesses also a mild activity at NMDA receptors.

4.5 Conclusions

Drug abuse disorder is induced by a variety of substances and results from their
interaction with the brain reward system. Exogenous administration of 1MeTIQ, an
endogenous compound with antidopaminergic and neuroprotective activity, com-
pletely inhibits the expression of reinstatement of cocaine self-administration, mor-
phine abstinent syndrome and prevents the development of morphine tolerance,
simultaneously potentiating morphine-induced analgesia in the rat. To explain the
mechanism of the antiaddictive effects of 1MeTIQ, its wide spectrum of action in
the CNS should be considered. Functional studies have shown that 1MeTIQ acts as
an antidopaminergic agent but, in contrast to typical neuroleptics, it induces no
sedation or catalepsy in animals. Moreover, IMeTIQ indicates a direct interaction
with the agonistic conformation of dopamine receptors, proposed for dopamine par-
tial agonists. On the other hand, it also displays a moderate effect on the NMDA
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receptor and the glutaminergic system, and offers neuroprotection against the
glutamate-induced excitotoxicity in rat. This ability of IMeTIQ may be of clinical
importance and raises hope for its application in the neurodegeneration disease
(e.g., Parkinson’s disease) and addiction evoked by drugs of abuse.

In summary, the presented results strongly support the view that 1MeTIQ is a
drug which has a considerable potential suitable to combat drug addiction, particu-
larly through attenuation of the abstinence syndrome and craving.
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Abstract Tetrahydro-B-carbolines (THBCs) and -carbolines (BCs) are bioactive
naturally occurring indole alkaloids and structural analogs of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) and 1-methyl-4-phenylpyridinium (MPP*)
Parkinsonian neurotoxins. Humans are daily exposed to these compounds through
the diet, smoking, and plants, and they are also found endogenously in human tis-
sues and brain. BCs can be converted by N-methyltransferases occurring in the
mammalian brain into N-methyl-B-carbolinium cations (BC*s) which are neurotox-
ins. These BC cations have been detected in the human brain and share with MPP*
several toxicological features such as inhibition of mitochondrial complex I, increase
of ROS production and induction of cell apoptosis. As a result, they produce neuro-
toxicity in vitro and in vivo. Among BC cations, the most potent neurotoxins are
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N,N-dimethylated BC cations (2,9-diMe-BC*s) that are produced from sequential
N-methylation of BCs at the N-2 (pyrido) and N-9 (indole) nitrogens. Toxicity of
2,9-diMe-BC*s approaches that of MPP* although it is less selective for dopaminer-
gic cells. THBRCs and BCs are metabolized by several cytochrome P450 enzymes to
hydroxylated derivatives in a detoxification process that may compete with their
bioactivation to neurotoxins by N-methyltransferases. Alternatively, N-methyI THBCs
could be also bioactivated to aromatic BCs by heme peroxidases. These metabolic
features affect the toxicological outcome of these compounds. Taken together,
THRCs and BCs could be potential environmental and endogenous proneurotoxins
that after bioactivation might play a role in the pathogenesis of neurodegenerative
diseases in susceptible individuals. In the future, new studies are needed to clarify if
the physiological levels of THBCs and BCs that reach and accumulate in the human
brain may induce significant neurotoxicity in the sort and/or long-term or in contrast
they may exert alternatively other bioactive actions including neuroprotection.

Keywords Tetrahydro-f3-carbolines ¢ $-Carbolines * MPTP ¢« MPP* « Neurotoxins
e Dopaminergic cell culture ® MAO ¢ N-methyltransferase ¢ Cytochrome P450
* Free radicals * Mitochondrial function ¢ Cell culture

5.1 Introduction

[B-Carboline alkaloids (BCs) (9H-pyrido-(3,4-b)indole) are naturally occurring indole
compounds that exhibit a broad range of biological and pharmacological activities
including antimicrobial, antiviral, antioxidant, and antitumoral actions. They also
exert a variety of psychoactive, physiological and neurological effects such as altera-
tion of brain neurotransmitters, changes in body temperature, convulsion, vascular
relaxation, antidepressant actions, and effects on drug withdrawal and appetite
(Airaksinen and Kari 1981a, ; Rommelspacher et al. 1991a; Herraiz 2008; Robinson
et al. 2003). Simple molecules of BCs have been detected endogenously in mamma-
lian tissues and brain (i.e., called “mammalian” alkaloids) and its presence related
with pathophysiological conditions (Airaksinen and Kari 1981b; Rommelspacher
et al. 1991b; Parker et al. 2004; Buckholtz 1980). Mammalian BCs might function as
neuromodulators via effects on monoamine oxidase (MAQO), monoamine uptake and
interaction with brain serotonin, benzodiazepine, dopamine, and opiate receptors and
imidazoline-binding sites (Airaksinen and Kari 1981a; Rommelspacher et al. 1991a,
1994; Robinson et al. 2003; Buckholtz 1980; Herraiz and Chaparro 2005). Concerning
toxicology, BCs have received attention as co-mutagens, precursors of mutagens and
as neurotoxicants (Herraiz 2008; Totsuka et al. 1998; Hamann et al. 2006; Collins and
Neafsey 1985). Additionally, B-carboline alkaloids occur in foods, tobacco smoke and
medicinal plants such as Peganum harmala and Banisteriopsis caapi (Herraiz 2004a,
b, 2008; Herraiz et al. 2010), suggesting that environmental sources (i.e., diet and
smoking) contribute to the presence of these alkaloids in the human tissues and fluids.
Human exposure to fCs is a current matter of interest because these compounds exert
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many biological and toxicological actions and may accumulate in the brain. The cur-
rent chapter provides an overview on BC alkaloids as putative neurotoxins involved in
neurodegenerative diseases.

5.2 MPTP Neurotoxin and Its B-Carboline Analogs

In the late 1970s, idiopathic Parkinson’s disease (PD) was reported in drug abusers
after self-administration of a meperidine analog contaminated with 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Langston et al. 1983) (Fig. 5.1). MPTP
destroys nigrostriatal dopaminergic cells in the substantia nigra (dopamine deple-
tion) causing irreversible Parkinsonism in humans, non-human primates, and
rodents. This neurotoxin readily crosses the blood—brain barrier and is bioactivated
by astrocytes and glial cells to pyridinium species which are directly acting neuro-
toxins in dopaminergic cells. Bioactivation of MPTP is carried out by the MAO-B
that catalyzes its conversion to 1-methyl-2,3-dihydro-4-phenylpyridinium (MPDP*)
(Heikkila et al. 1984; Herraiz et al. 2006). MPDP* undergoes two electron oxidation
by autooxidation, disproportionation, or oxidation catalyzed by enzymes to give the
directly acting neurotoxicant 1-methyl-4-phenylpyridinium (MPP*). MPP* is selec-
tively uptaken into the nigrostriatal dopaminergic neurons via the high-affinity dop-
amine transporter (DAT). Within dopaminergic cells, MPP* concentrates in the

MAO-B \ +

+
MPTP MPDP

. . oxidation
Cell death by mitochondrial
respiratory inhibition and

apoptosis / \N+ CH
]

/ MPP*
DAT \

+
o 9 \ N—CHy
Dopaminergic cell N
| R,
Ry
BC*s

Fig. 5.1 Bioactivation process of MPTP neurotoxin to MPDP* by MAO-B in the brain. MPDP* is
oxidized to MPP* which is a direct-acting neurotoxicant producing dopaminergic cell death
through mitochondrial respiratory inhibition, ROS generation, and apoptosis. B-Carbolinium cat-
ions (BC*s) are neurotoxic analogs of MPP*. R and R, are H or CH,
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mitochondrial matrix inhibiting electron transport chain at the complex I level and
leading to the cessation of oxidative phosphorylation, ATP depletion, increased pro-
duction of reactive oxygen species (ROS), mitochondrial dysfunction, and neuronal
cell death by apoptosis (Przedborski and Vila 2003). Bioactivation by MAO-B is
essential to generate Parkinsonism in animals exposed to MPTP and neurotoxicity
is blocked by MAO-B inhibitors such as deprenyl (Heikkila et al. 1984), underlying
the utility of inhibitors of this enzyme as potential neuroprotective agents (Herraiz
et al. 2009).

The discovery of MPTP stimulated the hypothesis that PD and perhaps other
neurodegenerative diseases are initiated in genetically predisposed subjects by
unknown environmental or endogenous toxins. PD is the second most frequent neu-
rodegenerative disorder and its predominant neuropathological feature is the degen-
eration of dopaminergic neurons in the substantia nigra. Epidemiological studies
suggest that PD is associated with exposure to environmental factors such as rural
life, pesticides, and industrial solvents (Di Monte et al. 2002). Since the discovery
of MPTP, other chemical toxins such as rotenone, 6-hydroxydopamine and pesti-
cides (paraquat, diquat) have been used to generate experimental Parkinsonism.
Simultaneously, in the 1980s new research appeared suggesting that naturally occur-
ring B-carbolines could be MPTP-like neurotoxins involved in PD (Collins and
Neafsey 1985) (Fig. 5.1). Tetrahydro-p-carbolines (THBCs) show structural resem-
blance to MPTP (including a nitrogen bridge) whereas aromatic 3C cations (f-car-
bolinium) show structural similarity to MPP* (Fig. 5.2). Interestingly, MPP* and C
cations share several functional and toxicological properties. Both are substrates for
DAT and inhibit dopamine uptake (Storch et al. 2004b; Drucker et al. 1990), inhibit
mitochondrial respiration at complex I level (Albores et al. 1990; Collins et al.
1992), increase ROS, are toxic to neuron cell cultures inducing apoptosis (Hamann
et al. 2006), and produce neurotoxicity in mice and rats generating bradykinesia,
reducing dopamine content in the striatum and midbrain and diminishing tyrosine
hydroxylase immunoreactive cells (Matsubara et al. 1998a; Neafsey et al. 1989;
Collins et al. 1996). In contrast to MPTP/MPP*, BCs do occur in nature and have
been detected in the human brain. Therefore, although BC*s are usually less toxic
than MPTP/MPP", they might still contribute to the degeneration of dopaminergic
neurons during chronic exposure in predisposed subjects (Wernicke et al. 2007;
Matsubara et al. 1992b). Recent results indicate that quaternary BC*s containing
both 2N- and 9[indole]-N-methyl groups (e.g., 2,9-diMe-fC*s) (Collins et al. 1992;
Collins et al. 1996) are the most potent carboline-based neurotoxic entities (Hamann
et al. 2006; Collins et al. 1992; Collins et al. 1996; Wernicke et al. 2007). 2,9-diMe-
BCts are potent mitochondrial inhibitors with neurotoxic effects resembling MPP*,
although with lower selectivity to dopaminergic cells (Fig. 5.1). f-Carbolinium cat-
ions (BC*s) would be produced by N-methylation from hydrophobic and blood—
brain barrier-permeable BCs and/or THRCs. A number of factors may affect the
neurotoxicity of BCs, including their toxic potency but also their bioactivation,
metabolism, DAT transport, and the occurrence of exogenous and endogenous Cs.
They are reviewed below.
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Fig. 5.2 THfCs and BCs are structural analogs with an indole nitrogen bridge of MPTP and MPP*
neurotoxins. 2-Me-BC*s and 2,9-diMe-BC*s are functional neurotoxin analogs of MPP*. R =H,
norharman series for BCs and tetrahydronorharman series for THBCs; R =CH,, harman series for
BCs and tetrahydroharman series for THBCs. TaClo neurotoxin is a halogenated THRC. 2,2-diMe-
THRC*s cations are cytotoxic THRCs (Wernicke et al. 2007)



82 T. Herraiz

5.3 Bioactivation and Oxidative Metabolism of B-Carbolines

5.3.1 N-Methylation of B-Carbolines

In order to become neurotoxins, neutral and hydrophobic Cs are converted (i.e.,
bioactivated) into N-methylated BCs analogs of MPP* which are sequestered
within the brain due to its cationic nature. fCs are bioactivated into neurotoxins
by N-methyltransferases (NMTs) and a number of NMT enzymes catalyzing the
N-methylation of BCs in both the N[2]- and N[9]-nitrogens to give -carbolinium
cations (BC*s) have been already reported (Collins and Neafsey 1998; Gearhart
et al. 1997). NMT activities have been detected in human brain (Collins and
Neafsey 1998; Matsubara et al. 1993; Gearhart et al. 2000, 2002a) as well as in
bovine, guinea pig, and rat brain (Matsubara et al. 1992a, b; Gearhart et al. 1997,
Collins et al. 1992). The reaction requires S-adenosyl-L-methionine (SAM) as a
methyl donor and the bioactivation process involves the sequential N-methylation
of BCs, first in the 2- and then in the 9[indole] nitrogen to give the highly
neurotoxicant 2,9-dimethylated BC cations (2,9-diMe-BC*) (Fig. 5.3). The
2-N-methylation activity would have an initial key role in trapping hydrophobic
pyridoindoles within the brain (Collins and Neafsey 1998). Following methyla-
tion at N-2, the BC is partly in the form of anhydrobase which facilitates the
subsequent N-methylation at the indole nitrogen to give 2,9-dimethylated BC cat-
ions. Although N-methylation may occur in both nitrogens of BC, methylation in
the 9[indole] nitrogen appears to be the rate-limiting step in the development of
toxicity (Collins et al. 1992; Matsubara et al. 1998a). Alternatively, a bioactiva-
tion process by NMT may also occur in THBCs (Fig. 5.3). A 2-N-methylation
activity at the tetrahydropyrido ring to form 2f3-N-methylated THBCs was detected
in guinea pig and rat brain (Collins and Neafsey 1998; Matsubara et al. 1992a).
However, in contrast to aromatic BCs, N-methylation at the 9-nitrogen has not
been observed so far for THRCs (Matsubara et al. 1992a). Nevertheless, alterna-
tive routes of bioactivation might occur for THRCs such as an oxidation to aro-
matic BCs (Herraiz et al. 2007).

Sequential N-methylation of endogenous BCs might be an unique route to give
toxic N-2,N-9-dimethylated B-carbolinium ions in vivo and the presence of these
compounds in the human brain has been hypothesized as a causative factor in the
pathogenesis of PD (Matsubara et al. 1993, 1998a). Higher levels of N-methylated
BC cations were found in cerebrospinal fluid (CSF) of Parkinsonian patients than
in age-matched controls (Matsubara et al. 1995). Hypothetically, an excess or
aberrant N-methylation of BCs might activate neutral BCs into neurotoxins playing a
role in the pathogenesis of PD (Gearhart et al. 1997, 2000; Aoyama et al. 2000;
Matsubara et al. 2002). NMT enzymes with BC N-methylating capacity were signifi-
cantly higher in CSF of younger patients suffering PD compared with control
(Matsubara et al. 2002) and the expression of a nicotinamide N-methyltransferase
with ability to N-methylate BCs was elevated in idiopathic PD (Aoyama et al. 2000;
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Fig. 5.3 Possible metabolic bioactivation of environmental and endogenous THBCs and BCs
through S-Adenosyl-L-methionine (SAM)-dependent N-methylation by N-methyltransferases
(NMT) in mammalian brain to afford neurotoxic 2-Me-BC*s and 2,9-diMe-BC*s (Collins et al.
1992; Matsubara et al. 1992b). R =H, norharman series; R, =CH,, harman series. Harmine series
(R,=0CH,, R =CH,)

Parsons et al. 2003). In addition, other brain enzymes such as phenylethanolamine-
N-methyltransferase convert BCs, such as 9-methylnorharman into 2N-methylated
B-carbolinium cations (Gearhart et al. 2002a) and might play a role in the bioactiva-
tion processes of PCs to neurotoxicants. An increased activity of BC
9-N-methyltransferase was found in the frontal cortex in postmortem human brain
with PD (Gearhart et al. 2000), suggesting a role for this enzyme in PD as it might
lead to increased formation of toxic 2,9-diMe-BC*s available for dopaminergic neu-
ron uptake. In summary, BCs can be sequentially N-methylated by NMT enzymes
into 2-Me-BC*s and 2,9-diMe-BC*s (Fig. 5.3) which are potent mitochondrial toxi-
cant analogs of the Parkinsonian neurotoxin MPP*.
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Fig. 5.4 Metabolic biotransformation (detoxification) of MPTP neurotoxin and its N-methyl-
THRCs analogs by human cytochrome P450 2D6 (Herraiz et al. 2006)

5.3.2 Oxidative Metabolism of MPTP and Its B-Carboline
Analogs

The metabolic outcome of MPTP and BCs greatly affects their neurotoxic actions.
MPTP is metabolized in the liver and extrahepatic tissues by flavin monooxygenase
(FMO) and cytochrome P450 enzymes 2D6 and 1A2 (Coleman et al. 1996) to give
MPTP-N-oxide, PTP (N-demethylation) and p-hydroxyMPTP (p-hydroxylation)
(Herraiz et al. 2006) (Fig. 5.4). The metabolic route by P450 2D6 is a potential route
for detoxification of MPTP neurotoxin in the human liver and brain and may com-
pete with its oxidation by MAO to neurotoxicant pyridinium cations (bioactivation
route) (Herraiz et al. 2006). P450 2D6 is expressed in the liver and brain and partici-
pates in the metabolism of centrally acting drugs and endogenous neurochemicals.
The presence of P450 2D6 in the brain where its expression is high in some regions
(e.g., substantia nigra) may result in altered localization and inactivation of neuro-
toxins (Mann et al. 2008). In humans, P450 2D6 expression is highly polymorphic
with poor, intermediate, extensive, and ultrarapid metabolizers, and it has been epi-
demiologically related with PD in poor metabolizers (Elbaz et al. 2004). Polymorphic
variants of human P450 2D6 (2D6*1 and 2D6*10 allelic variants) highly differ in
the metabolism of MPTP neurotoxin to PTP and p-hydroxyMPTP (Herraiz et al.
2006), whereas overexpression of 2D6 in neuronal cells may be neuroprotective
against MPP* (Matoh et al. 2003; Mann and Tyndale 2010). As occur with MPTP,
THPCs are also metabolized by cytochrome P450 enzymes (Herraiz et al. 2006).
N-Methylated THRCs (e.g., N(2)-methyl-1,2,3 4-tetrahydro-f-carboline), which are
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close analogs of MPTP neurotoxin, are metabolized by P450 2D6 to 6-hydroxy and
7-hydroxy derivatives (Fig. 5.4). Therefore, P450 2D6 participates in the detoxifica-
tion of N-methylTHBCs by an active hydroxylation pathway. The P450 2D6*1
enzymatic variant exhibited much higher biotransformation of 2-Me-THC than the
2D6*10 defective variant, highlighting the importance of P450 2D6 polymorphism
in the oxidation of these protoxins (Herraiz et al. 2006). Taken together, these results
indicate that P450 2D6 play an important role in the metabolic outcome of both
MPTP and BCs, suggesting a possible role for this cytochrome in neuroprotection
against neurotoxins.

In contrast to MPTP, their N-methylated THRCs analogs, 2-methyl-1,2,3,4-tetra-
hydro-B-carboline (2-Me-THBC) and 2,9-dimethyl-1,2,3,4-tetrahydro--carboline
(2,9-diMe-THBC) are not oxidized to toxic BC*s cations with the participation of
MAO enzymes (Herraiz et al. 2007). Neither, cytochrome P450 enzymes were able
to carry out this aromatic oxidation in a significant manner. Interestingly, however,
they were oxidized to 2-methyl-3,4-dihydro-f-carbolinium cations (2-Me-DHBC*,
2,9-diMe-DHBC*) as major metabolites and detectable amounts of 2-methyl-
B-carbolinium cations (2-Me-BC*, 2,9-diMe-BC*) by different heme peroxidases
including human myeloperoxidase and lactoperoxidase (Fig. 5.5). These results



86 T. Herraiz

( \2N 1A1, 1A2 ~
—_— 2
'3 % 2D6, 2C19, 2E1 \ /N

9
H N
Ri H R,
BCs 2E1
-
\ N—o0
/
N
H R,

Fig. 5.6 Metabolic oxidation of neutral aromatic BCs by human cytochrome P450 enzymes.
R, =H, norharman; R, =CH,, harman (Herraiz et al. 2008)

suggest a possible role for this class of oxidoreductases in the toxic bioactivation of
N-methylTHBCs proneurotoxins. It is noticeable that MPDP*, the direct metabolite
of MPTP from MAO oxidation, was enzymatically oxidized to the directly acting
MPP* neurotoxin by the same peroxidases (Herraiz et al. 2007).

Metabolic and kinetic studies using human P450 enzymes and human liver
microsomes (HLM) showed that neutral BCs (norharman and harman) are effi-
ciently oxidized to several ring-hydroxylated and N-oxidation products. This oxi-
dative metabolism was done by P450s 1A2 and 1 A1 but also with the participation
of 2D6, 2E1, 2C19 (Herraiz et al. 2008) (Fig. 5.6). 6-Hydroxy-B-carboline
(6-hydroxynorharman and 6-hydroxyharman) was a major metabolite efficiently
produced by P450 1A1 and 1A2 and to a minor extent by P450 2D6, 2C19 and
2E1. 3-Hydroxy-B-carboline (3-hydroxynorharman and 3-hydroxyharman) was
produced by P450 1A1 and 1A2, whereas 3-carboline-N(2)-oxide (harman-2-oxide
and norharman-2-oxide) was produced by P450 2E1. Although N-demethylation
(detoxification) of N-methylated B-carbolines and MPP* was not significantly cata-
lyzed by P450 2D6 or a mixture of human P450s, several of those B-carbolines
were hydroxylated to hydroxy-f-carbolines (Herraiz et al. 2006). Methoxylated
BCs such as harmine and harmaline were also substrates of P450 2D6 (Yu et al.
2003a, b). These results suggest that individual variations in the levels, localization
and activities of cytochrome P450 may highly change the biotransformation of fC
alkaloids affecting their biological and toxicological actions. Of further toxicologi-
cal interest is the differential expression of polymorphic P450 2D6 in human brain
as well as the induction of P450s such as 1A1 by BCs reported recently (Mann
et al. 2008; El Gendy and El-Kadi 2010). Metabolism of BCs in the liver and
peripheral tissues by P450 enzymes may surely serve a detoxification route because
it may divert those compounds from its N-methylation to neurotoxins. Nevertheless,
it may also offer an alternative bioactivation route to potentially novel neurotoxic
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compounds since those hydroxylated BCs produced during BC metabolism are
toxic to cells (Wernicke et al. 2007; Schott et al. 2006). Further studies are needed
to clarify those questions.

5.4 Neurotoxicity of B-Carbolines

A characteristic feature of neutral aromatic Cs is their selective retention in several
regions of the brain. Higher levels of norharman and harman have been detected in
the human pigmented substantia nigra than in the cortex (Matsubara et al. 1993).
These BCs bind with high affinity to melanin and exhibit long-term retention in
brain pigmented tissues of mice and frogs (a species having neuromelanin)
(C)stergren et al. 2004). Harman and norharman accumulate in the adrenal glands of
rats and throughout the brain with much higher levels appearing in the brain than
plasma (Rommelspacher et al. 1994; Anderson et al. 2006; Fekkes and Bode 1993).
Accumulation of BCs in the brain may increase cell stress and apoptosis and induce
neurotoxicity (Ostergren et al. 2007; Yang et al. 2008). Exposure to neutral BCs
produces neurotoxic features in nonprimate animals (Matsubara et al. 1998a). High
doses of norharman injected in C57BL/6 mice (3 and 10 mg/kg) twice per day for
five consecutive days induced motoric impairment and glial activation in substantia
nigra although the number of tyrosine hydroxylase positive cells were unchanged
(Ostergren et al. 2006). Long-term exposure to norharman in rats (0.1-1 mg/kg)
exacerbates 6-hydroxydopamine-induced Parkinsonism in animals (Haghdoost-
Yazdi et al. 2010). Nevertheless, the concentrations of BCs used in those studies are
generally very high and may lack physiological significance. Apparently, low doses
of neutral BCs may increase dopamine and perhaps exhibit protective properties
(Herraiz and Chaparro 2005; Wernicke et al. 2010; Séllstrom Baum et al. 1996;
Herraiz and Chaparro 2006; Lee et al. 2000), whereas chronic exposure and/or high
doses may trigger neurotoxicicity (Matsubara et al. 1998a; Yang et al. 2008;
Haghdoost-Yazdi et al. 2010; Ergene and Schoener 1993; Storch et al. 2004a).

5.4.1 Dopamine Transporter and B-Carbolines

Neurodegeneration by Parkinsonian neurotoxins such as MPTP implies a high
degree of selectivity for dopaminergic neurons. The DAT which is the uptake sys-
tem for dopamine also transports MPP* in these neurons explaining the selectivity
of this neurotoxicant. Neurotoxic BCs are also transported into dopaminergic cells
through the DAT. In mouse striatal synaptosomes, neutral BCs (norharman and
harman) were unfavorable substrates for DAT, whereas quarternization of these
compounds to give B-carbolinium cations (BC*s) highly increased the affinity for
the transporter (Storch et al. 2004a; Matsubara et al. 1998b). 2[N]-Methylated C
cations (2-Me-BC*s) were transported through DAT although with lower efficiency
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than dopamine or MPP*, and showed enhanced cytotoxicity in DAT-expressing
cells, suggesting a mechanism for their selective toxicity toward dopaminergic neu-
rons (Storch et al. 2004a). Nevertheless, the requirements for cytotoxicity in DAT-
expressing cells suggested a considerable difference between BCs in the transport
efficiency and the toxicity of some BC cations was independent of DAT (Wernicke
et al. 2007). This suggests that other ways of uptake of neurotoxic BC cations
(2-Me-BC*s and 2,9-diMe-BC*s) might be operative in addition to DAT (Hamann
et al. 2006). Once inside the cells, the BC*s are concentrated inside the mitochondria
similar to MPP* in a process driven by the transmembrane electrochemical gradient
(negative inside, positive outside) against their concentration gradient (Ramsay
et al. 1989).

5.4.2 Toxicicity of B-Carbolines In Vitro

THPCs do not cause MPP*-like neuronal damage (Collins and Neafsey 1985; Rollema
et al. 1988; Perry et al. 1986), whereas neutral 3Cs like harman and norharman are
weak toxicants. In contrast, the cationic forms of BCs (e.g., 2-Me-BC*) are highly
cytotoxic against neuronal cells. Table 5.1 compares the toxicological features of neu-
tral BCs (e.g., norharman), MPP* and BC cations (2-Me-BC* and 2,9-diMe-BC*). The
BC cations are potent mitochondrial toxins interfering with energy metabolism.
Differential cytotoxicities of N-methyl-B-carbolinium analogs of MPP* were
investigated in PC12 cells (Cobuzzi et al. 1994). The 2,9-diMe-BC*s (2,9-diMe-nor-
harmanium, 2,9-diMe-harmanium, and 2-Me-harmalinium) approached or surpassed
the toxicity of MPP* and were more cytotoxic than 2-mono-N-methylated BC cations
(Collins et al. 1992; Cobuzzi et al. 1994). Charged B-carbolines (e.g., 2,9-diMe-BC*)
accumulate in the mitochondria and inhibit complex I with similar or higher potency
than MPP* (Albores et al. 1990; Collins et al. 1992; Ramsay et al. 1989). Methylation
in both nitrogens of BC appears to be necessary to convert a BC into a highly potent
mitochondrial toxin and neurotoxicant while methoxylation in the indole ring
(2-Me-harmine cation) increases cytotoxicity (Wernicke et al. 2007; Collins and
Neafsey 1998). The cationic BCs are less selective for dopaminergic neurones than
MPP*because of their lower affinity for DAT, and as a result, dimethylated 3-carbolines
(2,9-diMe-BC*) were 25-fold less effective as neurotoxins than MPP* in rat mesen-
cephalic dopaminergic neurons (Collins and Neafsey 1998).

The neurotoxic mechanism of 2,9-dimethyl-B-carbolinium (2,9-diMe-BC* or
2,9-diMe-norharmanium) was investigated in primary dopaminergic culture of the
mouse mesencephalon (Hamann et al. 2006) and neuroblastome cells (Pavlovic
et al. 2006). 2,9-diMe-BC* was a potent inhibitor of mitochondrial complex I and
highly cytotoxic. It decreased respiratory activity and ATP content and increased
free radical production and caspase-3 activity. Its toxicity pointed to apoptosis as a
primary mode of cell death although necrosis was also observed (Hamann et al.
2006). 2,9-diMe-BC* reached high intracellular concentrations and caused
preferential death of dopaminergic neurones compared to nondopaminergic cells
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Table 5.1 Neurotoxicological features of neutral BCs (e.g., norharman), MPP* and its BC*s
analogs (2-Me-BC* refer to 2-Me-norharmanium cation; 2.9-diMe-BC* refer to 2,9-diMe-

norharmanium cation)

Toxicological feature

MPP* vs. BCs analogs

References

Inhibition of complex I and
mitochondrial respiration
(mitochondrial toxins)

Toxicity and decrease
of neuronal cell viability

DAT transporter efficacy

Toxicity in neuronal cell
expressing-DAT
(dopaminergic-like
neurons)

Apoptosis

Production of reactive
oxygen
species (ROS)

Changes in mitochondrial
transmembrane potential

Inhibition of triosephosphate
isomerase (TPI)

Neurotoxicity in vivo
(animals)

2,9-diMe-BC*>MPP*>
2-Me-BC* (in both
norharman and harman
series)

MPP*+=2,9-diMe-BC* (toxic
at uM levels) >2-Me-BC*>
norharman (toxic at mM
order) =9-Me-norharman
(9-Me-BC)

MPP*>>2.9-diMe-BC* >
norharman (inactive)

MPP*>2.9-diMe-BC* >
2-Me-BC*>
norharman

2,9-diMe-BC* and MPP*
are highly apoptotic.
Norharman is weak
(only at 1 mM)

2,9-diMe-BC*>MPP*>
norharman

MPP*+>2.9-diMe-BC*>
norharman

2,9-diMe-BC*>2-Me-BC*>
norharman. MPP* and
9-Me-BC did not inhibit
this enzyme (1 mM)

MPP*>2.9-diMe-
BC*>2-Me-BC*>pC
(norharman)=9-Me-C
(9-Me-norharman)

Albores et al. (1990),
Collins and Neafsey
(1998), and
Collins et al. (1992)

Hamann et al. (2006),
Pavlovic et al. (20006),
and Bonnet et al. (2004)

Hamann et al. (2006),
Storch et al. 2004a, and
Matsubara et al. (1992b)

Storch et al. (20044a, b),
Collins et al. (1996),
Wernicke et al. (2007),
Pavlovic et al. (20006),
and Bonnet et al. (2004)

Hamann et al. (2006) and
Pavlovic et al. (2006)

Hamann et al. (2006) and
Pavlovic et al. (2006)

Hamann et al. (2006) and
Pavlovic et al. (2006)
Bonnet et al. 2004)

Collins et al. (1992),
Matsubara et al. (1998a),
Neafsey et al. (1989),
Ostergren et al. (2000),
Pavlovic et al. (2000),
and Neafsey et al. 1995)

although cellular uptake via DAT might not play a higher role in its toxicity (Hamann
et al. 2006). The effects of 2,9-diMe-BC* on apoptotic changes and free radical
production resembled those induced by MPP*, whereas the neutral fC norharman
only showed a weak potency at the very high doses, suggesting that N-methylation
is needed for cell apoptosis (Pavlovic et al. 2006) (Table 5.1). 2,9-diMe-BC* and
MPP* can induce permeability transition pores leading to rupture of the outer
mitochondrial membrane and the release of the proapoptotic components, cyto-
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chrome c and apoptosis induction factor (AIF) (Pavlovic et al. 2006). On the other
hand, BC cations (2-Me-norharman cation) may interact with brain proteins being a
target for neurotoxicity (Gearhart et al. 2002b; Bonnet et al. 2004). In this regard,
the triosephosphate isomerase (TPI) is of particular interest (Bonnet et al. 2004).
2,9-diMe-BC* (2,9-diMe-norharmanium) is a potent inhibitor of TPI and it can
interfere with glycolysis reducing neuronal cell viability and contributing to neuro-
toxicity (Bonnet et al. 2004). 2,9-diMe-BC* showed higher inhibitory potency on
TPI than 2-Me-BC* or norharman, whereas MPP* was inactive, indicating that
2,9-dimethylation significantly increased neurotoxicity by this mechanism
(Table 5.1). Finally, although THBCs are less toxic than aromatic BCs or BC cations,
THPCs are converted into toxins when they are permanent cations (e.g., 2,2-diMe-
THPC*s) (Fig. 5.2). Then, toxic THBC cations (THBC*s) might resemble aromatic
BC cations (BC*s) (Wernicke et al. 2007).

5.4.3 Neurotoxicity of B-Carbolines In Vivo

Initial attempts to generate neurotoxicity in animal models using BCs were done with
THBCs suchas 2-Me-THBC (Collins and Neafsey 1985; Perry etal. 1986).2-Me-THBC
is a naturally occurring compound found in plants and mammalian brain (Barker et al.
1981) that might be converted to cationic species in a process similar to MPTP/MPP*
(Fig. 5.2). However, to become a neurotoxin, 2-Me-THC requires a previous dehy-
drogenation step to give 2-Me-BC* cation and therefore very high doses were needed
to induce any apparent neuronal loss after intraperitoneal treatment in mice (Collins
and Neafsey 1998). In contrast, injection of the MPP*-like N-methylnorharmanium
cation (2-Me-BC¥) into the substantia nigra of rats produced nigral cell loss and highly
decreased striatal dopamine and their metabolites, indicating neurotoxici