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Abstract--In the human brain, monoamme-derived 6,7-dihydroxy-l,2,3,4-tetrahydroisoquinolines and 
1,2,3,4-tetrahydrolsoquinohnes have been identified and their enzymatic methylation into N(2)-methy- 
hsoquinolines has been also confirmed. N-methylated 6,7-dihydroxyisoquinolincs were found to be oxidized 
into 6,7-dihydroxy-N-methylisoquinolimum ions. The effects of the isoquinolinium ions on type A and B 
monoamine oxidase were exarmned, using enzyme samples isolated from human brmn synaptosomal 
mitochondna. 1,2-Dimethyl-6,7-dihydroxyisoqmnolinium ion (N-methylsalsolinium ion) and 2-methyl- 
6,7-dihydroxymoquinolinium 1on (N-methylnorsalsolinium ion), were found to be potent inhibitors of type 
A monoamine oxidase. The mlubition was competitive to the substrate, while the isoquinolinium ions were 
much weaker inhibitors of type B and the inhibition was non-competitive to the subetrate. Isoquinolinium 
ions vathout catechol structure, N(2).methylisoquinohnium ion and 1,2-dlmethyhsoquinolinium ion also 
inhibited both type A and B monoamine oxidase. 1,2-Dimethylisoquinolinium was the most potent inhibitor 
among examined isoqmnolines, followed by the N-methylsalsolinium ion. The actwity-structure relation- 
ship of the isoquinolines with and without catechol structure was examined in terms of potency and 
selectivity of the inhibition to type A and B monoanune oxidase. Catecbol structure was found to i n ~  
the selectivaty of inhibiuon to type A, as shown by comparison of N-methyBalsolimum ion with 1,2- 
dimethylisoquinolimum ton. N-Methylsalsolinium ion inhibited type A MAO more selectively than 1,2- 
dimethylisoqmnohnium ion, which mhibited type A and type B with almost the same values of the inhibitor 
constant. The selective inhibition of type A monoamine oxidase by catechol isoquinolinium ions may have 
an important role m the brain function, smce the substrates of type A monoamine oxidase are major 
neurotransrmtters tn the brain, such as serotonin and norepinephnne. The mlubition of munoamine oxidase 
by isoquinolimum tons may perturb the levels and function of the monoamines in the brain under 
phystological and pathological condittons. 

Monoamine oxidase [monoarmne: oxygen oxido- 
reductase (deaminating), EC 1.4.3.4, MAO] is the 
major catabolic enzyme of catecholarnines and indo- 

*Author to whom all correspondence should be addressed. 
Abbreviatwns. MAO, monoamin¢ oxadase; MAO-A and 

-B, type A and B monoamine oxadase ; Sal, saisolinol (l- 
methyl- 6,7- dihydroxy- 1,2,3,4- tetrahydromoquinoline) ; 
Norsal, norsalsolinol (6,7-dihydroxy-l,2,3,4-tetrahydro- 
moquinoline) ; TIQ, 1,2,3,4-tetrahydoisoquinoline, 
NMTIQ, N(2)-methyl-l,2,3,4-tetrahydroisoqmnohne ; 
NMIQ +, N-methylisoquinolimum ion; NMSal, N(2)- 
methyl salsolinol; NMNorsal, N-methylnot~alsolinol; 
NMSal +, N-methylsalsohmum ion, NMNorsal +, N- 
methylnorsaisolinium ion; 1,2-DiMelQ +, 1,2-dtmethyl- 
isoquinolinium ion; 1-MeTIQ, l-methyi-l,2,3,4-tetrahy- 
droisoqmnohne. 

leamines in the brain. It is classified into type A and 
B, according to its sensitivity to the specific inhibitors 
and its substrate specificity (Johnston, 1968). Sero- 
tonin (5-hydroxytryptamine) and norepinephrine are 
the substrates of type A monoamine oxidase (MAO- 
A) and dopamine is the substrate of both type A 
and B. fl-Phenylethylamine and benzylamine are the 
substrates of type B (MAO-B). It is now established 
that these two types are composed of genetically 
different protein molecules (Bach et ai., 1988). MAO 
activity is one of the major factors regulating the 
monoamine levels in the brain and inhibitors of MAO, 
such as deprenyl, an irreversible MAO-B inhibitor, 
are now applied for treatment of some neurological 
diseases or psychiatric diseases, such as Parkinson's 
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d,sease (Blrkmayer et a l ,  1977) and depre>smn (Mann 
and Gershon, 1980) On the other hand, datd haxe 
been accumulated to indicate that there are mdnv 
naturally-occurring M A O  mhlbltors m the brain Iso- 
qumohne alkalozds (Bembenek et a / ,  1990) and 
qumohnes and qumaldmes (Nao~ and Nagatsu, 1986, 
1988) One of  these lsoqumohne.~. 1-methyl-0,7-d~hy- 
droxy-l,2,3,4-tetrah~dro~soqumohne (,,,alsohnol, Sal) 
was detected 1\~) the first t~me m the urine of the 
patmnts administrated with L-DOPA (Sandier ct a l ,  
1973) and then also m the human brain (Sjoeqmst el 

a l ,  1982) Sal ~s synthesized m the brain by non- 
enzymatic condensatmn of  dopamme w~th pyruwc 
acid, followed by decarboxylatmn and reductmn, 
whmh gives rise ( R )  enantmmer (Strohn-Benedett~ 
el a l ,  1989. Dostert c/ a / ,  t990) Another  tetra- 
hydrmsoqumohne,  6.7-d~hydroxy-l,2, t 4-tetrahydro- 
isoqmnohne (norsalsohnol, Normal) was also 
detected m rat brain (Barker et a l ,  1981) An ~o- 
qumohne without catechol structure, t,2,3,4-tetrah- 
ydro~soqumohne (TIQ), occurs m the human brain 
(N~wa et a l ,  1987) and was reported to ehc~t par- 
kmsomsm m monkeys (Nagatsu and Yosh~da, 1988) 
N(2)-Methylatlon of  this ~soqumohne into ?v-methyl- 
1 ,2 ,3 ,4 - t e t rahydro~soqu lnohne  (NMTIQ)  was con- 
firmed m the brain (Nao~ et a l ,  1989a) and the ~-  
methylated zsoqulnohne was oxidized into N-methy- 
hsoqumohnium mn {NMIQ ~ ) (Nam ('t a / ,  1989b) 
Recently we found that 6,7-dlhydroxy-l,2,3,4-tetra- 
hydro~soqulnohnes also are methylated at the N(2) pos- 
Ihon N-methylatmn of(  R)Sal  mto 1,2-&methyl-6,7- 
dlhydroxy- 1,2.3,4-tetrahydro~soqumoh ne (NMSal) 
was confirmed by m t ~t o nucrodmlys~s of the rat brain 
(Maruyama et a l ,  1992) NMSal  and N-methyl-6,7- 
dlhydroxy- 1,2,3,4-tetrahydro~soq umohne (N-methyl- 
norsalsohnol, NMNorsa l )  were ~dent~fied m the 
human bram by gas chromatography-mass spec- 
trometry (N~wa et a l ,  1991 ) More recently, oxadatton 
of  NMSal  and NMNorsa l  into N-meth~lsalsollmum 
1on (NMSal  +) and N-methylnorsal~ohmum ~on 
(NMNorsa l  +) were confirmed (Nao~ el a / ,  19941 
These results indicate that m the brain there are many 
endogenous lsoqmnohnes, whmh may lnhlb~t M A O  
act~wty and perturb the m rno  metabohsm ot 

monoamme neurotransmltters In fact, the mh~bRlon 
of  type A monoamme oxndase by the reduced forms 
of  salsollnols was confirmed (McCrodden et a l ,  1988, 
Bembenek et a l ,  1990) Using human synaptosomal 
ml tochondna  as M A O  samples, mh~bitmn of  MAO-  
A and MAO-B actlwty by Norsal and NMNorsa l  was 
reported The lnductmn of a methyl group into the 
N(C2) posmon proved to increase the affimty to M A O  
(Mlnamz el a l ,  1993) Prevmusly, the oxidative prod- 

uct of  NMTIQ,  N M I Q ' ,  x~as lound to inh~blt MA()- 
A more potently than FIQ (Ndo~ ~.: ,;/ 1¢~7. I ~ , ~ )  
whmh ~uggests that other l~oqumohnlum I(m~ wIIh ,3) 
w~thout catechol structure may be potent mh~Nto),, 
of  M A O  

In this paper, the effects ol N-methyhsoqumohnmm 
Ions, w~th or wzthout catechol structure, t>n MAO 
act~wty were systematically studmd using the enz ,me 
samples prepared from human brain >ynaptosomal 
mntochondna The effects of  the chemical stl ucture of  
~soqtunohnes on the selecmlty and potency of  mh> 
bmon of type A and B MAO were examined among 
N-methyhsoqulnohmuna urns and compared ~ltl~ 
tetrahydro~soqulnohnes, >e-methyl- 1,2 3,4-tetrah)- 
drolsoqumohnes wRh or w~thout catechol .qructure 
Possible m~olvement of  M A O  inhibit)on b) the nat- 
urally-occurrmg lsoqumohnes to the le~ els and func- 
non of  the brain monoammes ~s &scussed 

EXPERIMENTAL PROCEDURES 

A,s,~a)' /or M A O  a~ ttz ltt 

Synaptosomes were prepared from human brain cortex 
(frontal lobe), according to the method by Gray and Whit- 
taker (1962) MAO actlwt) was measured fluonmetrmally 
using kynuramme as a substrate by Kraml's method (1965) 
To &fferentmte type A and B acuwty, the MAO samples 
were premcubated at 37 C for [0 mln with 1 #M deprenyl 
or clorgyhne, respectively KmeUcs of the type Aand B MAO 
were stu&ed with 8 &fferent concentratmns of the substrate 
with 100 or l0 ttM lsoqumohnes The type ofmhzbmon and 
the value of the inhibitor constant. K,, were determined by 
plotting the data according to Lmeweaver and Burk The 
protein concentratmn was measured according to Bradford 
(1976), using bovine 7-globuhn as ~tandard 

L~oqumohne~' and other ~ hemtcal~ 

Salsohnol, and thew N-methylated compounds were syn- 
thesized according to Teltel e: al (1972) l-Meth)l-l,2,3,4- 
tetrahydrmsoqmnohne (I-MeTIQ) and 1,2-dnmethyhso- 
qulnohmum ion (1,2-DIMeIQ-) were prepared as reported 
previously (Barrows and Lmdwall, 1942) Kynuramme 
was purchased from S~gma Clorgyhne and deprenyl were 
kindly donated by May and Baker and Dr Knoll, Depart- 
ment of Pharmacology, Semmelwets Umverslty (Budapest, 
Hungaryl, respectively 

RESULTS 

Figure 1 shows the chemical structures of  N-methy- 
hsoqmnohnmm tons with and without catechol struc- 
ture and thmr metabohc precursor lsoquinohnes used 
m these experiments 

The K,. and Vmd, values of  M A O - A  and B samples 
are presented in Tables I and 2 In the enzyme sample, 
MAO-B activity was much higher than type A ,  2 67 
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Fig 1. Chenucal structures of N-methyl-6,7-dihydroxy-isoquinolinium ions, N-methyhsoquinohmum ions 
and their precursors, 6,7-dihydroxy-l,2,3,4-tetrahydroisoquinolines and 1,2,3,4-tetrahydromoquinolines 

used for the experiments. 

and 0.29 nmol/min/ mg protein, respectively. The 
effects of  isoquinolines on MAO-A were examined 
and the activity-substrate concentration relationship 
is shown by Lineweaver-Burk's plot. Figure 2 shows 
that type A MAO was inhibited by (R)Sal and N- 
methylated derivatives. Inhibition was competitive to 
a substrate, and NMSal + was the most potent inhibi- 
tor among salsolinols. The K, value of  NMSal + was 
obtained as 9.21 +6.36 #M, which was much lower 

than the K, values of  ( R)Sal  and N M (  R)Sal ,  as sum- 
man zed  in Table I. The inhibition was proved to 
be reversible. By passing through a Sephadex G-25 
column, the reduct ion o f  M A O  activity by 100 gM 
NMSal  + could be fully recovered. As summarized in 
Table 1, another  catechol isoquinolinium ion, 
N M N o r s a l  +, was found to be a much less potent  
inhibitor  to M A O - A  than NMSal  +. 

The effects o f  Sals on the activity of  type B M A O  

Table 1. KmeUcs of type A monoamme oxtdase and the effects of xsoqmnohnes 

K,, value Vm~ value K, values* 
Isoqmnohnes ~uM) (nmol/mm/mg protem) (#M) 

Control 32 0±2.2 0 285 ±0 015 
NMSal + 404 1 ± 86 7 0 144 ± 0.083 9 21 ± 6 36 
(R)Sal 78 5___ 18.0 0.173 ±0 035 75 95:21 0 
NM(R)Sal 69 95:8 58 0 277±0.030 86 4±23 3 
NMNorsal + 87 5 ± 29 6 0 141 ± 0 043 44 4 + 7 9 
NMIQ+ 40 5 ±4.9* 
1,2-DiMelQ + 16.2±2 31 0 076±0 007 2 78± 1 35 
TIQ 85.3 2:9 44 0.264± 0 026 55 45:14 4 
NMTIQ 105 9+ 13 7 0,272±0 026 41 25:25 5 
l-MetlQ 141.2± 52.8 0 182±0.064 30 1 5:17 8 

Each value represents mean ± SD. 
* Inhiblbon was competxtive to the substrate, except ****, which was non-compemtve 
TNaol et al , 1987 
~: Inhibition was non-competmve, and the apparent V ~  value was obtained with l0/~M DIMelQ ÷ 
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Fig 2 The effects of NMSal + and the related lsoqmnohnes 
on MAO-A activity prepared from human brain syn- 
aptosomal mltochondna. The enzyme act~wty of MAO-A 
(0 87 mg protein) was measured m the absence and presence 
of ~soqumohnes. The reciprocal of the reactmn velocity was 
plotted against that of the substrate concentratmm according 
to Lmeweaver and Burk Each value represents mean of the 
data obtained by duphcate measurements ~ ,  control, ©, 
acnwty measured with 100/~M (R)Sal, Ill w~th 100 /zM 

NM( R)Sal, and 0 ,  with 100 pM NMSal ~ 

l/v (rain rag protein / nmol) 

10 
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2 
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Fzg, 3 The effects of NMSaP and related lsoqumohnes on 
MAO-B actw~ty prepared from human brain synaptosomal 
mltochondna. The enzyme acnwty of MAO-B (0 87 mg pro- 
tern) was measured m the absence and presence of ~soqm- 
nohnes The reciprocal of the reactmn velocity was plotted 
against that of the substrate concentratmm according to 
Lmeweaver and Burk Each value represents the mean of the 
deta obtained by duphcate measurements ~ ,  control, O. 
actiwty measured with 100 pM (R)Sal, II, with 100 gM 

NM{R)Sal, and D, w~th 100 pM NMSaI 

are presented m Fig. 3 and NMSal +, (R)Sal  and 
NM(R)Sa l  inlub~ted MAO-B activity m non-com- 
pention to the substrate. The K~ values o fNM(  R )Sal ÷ 
and NM( R)Sal with MAO-B were much higher than 
those with MAO-A, as summarized m Table 1 The 
K, value of  ( R)Sal to MAO-B was almost the same 
as that to MAO-A NMNorsal ÷ &d not inhibit MAO- 
B actiwty at concentrations up to 1 mM. 

To clarify the chemlcal structure-activity relation- 
ship, lsoquinolines without catechol structure were 
examined for their effects on MAO-A and -B activity 
The 1,2-Dimethylisoqumohmum ion (I,2-DiMelQ + ) 
and N-methyhsoquinolinium ion (-NMIQ +) are com- 
parable to N-methylsalsohmum ion and N-methyl- 

norsalsohmum ion (Fig. 1). 1,2-DiMeIQ ÷ was a very 
potent inhibitor of type A, w~th a K, value of 2.78 #M 
The mhibmon was non-competmve to the substrate, 
as shown m Fig. 4 Type B MAO was mhlNted by 
these lsoqumohmum ions in a non-competitwe way 
to the substrate (Fig. 5) The K~ values to MAO-A of 
tetrahydrolsoqumoline (TIQ) and 1- and 2-meth- 
ylated tetrahydroisoqumohne (1-MeTIQ and 
NMTIQ) were almost the same. By comparison w~th 
lsoquinolines with and without catechol structure, the 
presence of  catechol structure increased the K, values 
to MAO-A;  (R)Sal  vs 1-MeTIQ Also concerning 
MAO-B TIQ and the denvanves were found to have 
much lower K, values than catechol lsoqmnohnes 

Table 2 Kmehcs of type B monoamme oxldase and the effects of lsoqumohnes 

K., value I;,,,~ value /~ values 
lsoqumohnes (pM) Inmol/mm/mg protein) I#M) 

Control 53 3+_6 0 2 67+_0 16 
NMSal + g5 1 -+ 19 3 2 11 -+0 43 77 8 +_ 14 4 
(R)Sal 86 9+_22 6 2 14_+0 50 68 3±  14 4 
NM(RISal  67 4-+7 12 3 00-+0 19 433 3-+262 7 
NMSal + 56 9-+ 10 6 2 59_+0 41 not mh~Nted 
NMIQ + 284 6 ± 9  51t 
1,2-DIMelQ + 45 9+  1 44 1 81 _+0 05 8 87_+2 56+ + 
TIQ 111 0-+372 I 17+_036 568-+252 
NMTIQ 116 I_+47 4 I 85_+0 15 24 8 +8  27 
l-MetlQ 77 8_+ 16 8 2 16_+0 41 1 t6 4_+ 13 0* 

Inhibition was non-competitive or *competitive to the substrate The ~,alues are mean and SD of duphcate 
measurements of two Independent experiments 

* Nam et al, 1987 
++ The enzyme acridity was measured with 10 #M DJMelQ ~ 
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Fig. 4. The effects of 1,2-dimethyhsoquinohnium on type 
A MAO prepared from human brain synaptosomes. The 
enzyme activity was measured in the absence and presence 
of 10/~M isoquinolihum ion. C), control; O, activity mea- 

sured with 10 #M DiMeIQ +. 

1/v (rain mg tmm~/nmol)  
5 

4 

3 

2 

1 

j ~  . . . . . . .  I | , . I 

0.0 0.1 0~ 

118 (pM'I ) 

Fig. 5. The effects of 1,2-dimethylisoqmnolinium ion on type 
B MAO prepared from human brain synaptosomes. The 
enzyme activity was measured in the absence and presence of 
10 ~M isoquinolinium ion. O, control; O, activity measured 

with 10/~M DiMeIQ ÷. 

DISCUSSION 

6,7-Dihydroxy- 1,2,3,4-tetrahydroisoquinolines are 
synthesized from dopamine with pyruvic acid or an 
aldehyde in the brain (Strolin-Bcncdetti et al., 1989; 
Dostert et al., 1990), while most of tetrahydro- 
isoquinolines without catechol structure are taken 
up from foods and transported into the brain (Niwa 
et al., 1989). In the brain, the isoquinolines are N- 
methylated (Naoi et al., 1989a; Maruyama et al., 
1992) and the enzymatic and non-enzymatic oxida- 
tion of N-methylatcd isoquinolines produces iso- 
quinolinium ions. The structures of N-methyl tetra- 

hydroisoquinolines and isoquinolinium ions are 
very similar to 1-methyl-4-phenyl-l,2,3,6-tetrahydro- 
pyridine (MPTP) and 1-mcthyl-4-phenylpyridinium 
ion (MPP+), as shown in Fig. 1. The enzymatic 
oxidation of MPTP into MPP + is considered to 
be the most important reaction to the dopaminergic 
neurotoxicity (Salach et aL, 1984). Also in the case 
of  isoquinolines, the oxidized isoquinohnium ions 
were proved to increase the cytotoxicity to dopa- 
mine neurons (Naoi et al., 1989c and 1994; Maru- 
yama et al., 1993b). More over, the isoquinolinium 
ions were proved to inhibit the enzyme activity of 
tyrosine hydroxylase [L-tyrosine, tetrahydro- 
biopterine : oxygen oxidoreductase (3-hydroxylat- 
ing) EC I. 14. 16. 2] (Hirata et aL, 1986; Naoi et 
al., 1989c) and aromatic L-amino acid decarboxylase 
[aromatic L-amino acid carboxy-lyase, EC 1.4.1.28] 
(Naoi et al., 1989c). 

The inhibition of monoarnine catabolism by iso- 
quinolines may be neuroprotective under some con- 
ditions, as suggested by application of deprenyl. 
Saisolinol level is supposed to be increased by its meta- 
bolic precursors, dopamine, pyruvic acid and alde- 
hydes in the brain, as in the case of L-DOPA treatment 
and alcoholism. The inhibition of  type A MAO 
increases the extracellular levels of monoamine neuro- 
transmitters such as norepinephrine and serotonin. 
Indeed, reduced catabolism of serotonin and dopa- 
mine was confirmed by perfusion of  salsolinols in the 
rat striatum (Maruyama et al., 1993a). By m vivo 
microdialysis in rat brains it was found that the major 
changes were increase in the extraccUular levels of 
dopamine, norepinephrine and serotonin and 
reduction of those of monoamine metabolites (Maru- 
yama et al., 1993c). The in vitro data presented in 
this paper also suggest that the inhibition of  MAO, 
especially of  type A by isoquinolines, contributes to 
the reduction in monoamine catabolism. 1-Methyl- 
1,2,3,4-tetrahydroisoquinoline (1-MeTIQ) was found 
to reduce the behavioral changes elicited by MPTP 
and TIQ (Tasaki et al., 1991). The neuroprotective 
activity of MAO inhibitors may be ascribed to econ- 
omize the monoamine neurotransmitters and reduce 
the production of cytotoxic reactive oxygen species 
by the enzymatic oxidation. As naturally-occurring 
inhibitors of type A MAO, the N-methylated iso- 
quinolinium ions may be one of the factors regulating 
monoamine levels in the brain under physiological 
and pathological conditions. 

The effects of  the chemical structure on the inhibi- 
tory activity were also examined, using the com- 
parable isoquinohnes with and without catechol 
structure. As shown above, the isoquinolinium ions 
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mhibtted type A M A O  more malkedly than type B 
The presence of  methyl groups at the 1 and 2 posmons  
of  l soqumohne increased the mhibltorv potency,  
as m the case of 1,2-d~methyhsoqulnohnmm mn 
(1,2-D1MelQ ~) and 1.2-dimethyl-6,7-d~hydroxy- 
t soqumohntum mn ( N M S a I ' )  The presence of  pos~- 
ttve charge at the 2(N) posmon  increases the inhibi- 
tory actlwty and the reduced form of  isoqmnohnes 

have less potency to mhtb~t type A than the oxtd~/ed 
form in the case of  the reduced lsoqmnohnes,  the 
presence of  a methyl group at I or 2 pos~t~on does not 
seem to affect the affimty to MAO-A The presence 
of  catechol structure increased the selecuwt) of  the 
mh~Ntlon, the catechol l soqumohmum ions mh~btted 
type A MAO bette[ than type B NMSaI '  and 
N M N o r s a V  showed qmte lower alfimty to type B 
NMSaI"  had a l(I ttmes higher K, value to MAO-  
B than MAO-A,  and NMNorsa l  ~ xwtually d~d not 
lnh~btt type B MAO Also Norsal and NMNor~al  
were found to be poor  mh~b~tor,~ of  MAO-B, as 
reported previously (Mmam~ e t a / ,  1993) On the 
other hand, 1,2-D~MelQ ' and the ~educed ~so- 
qumohnes  w~thout catechol, mh~b~t type B MAO 
almost wtth the same. or more, marked potency than 
type A In the case of  tsoqumohnes wtthout catechol 
structure, TIQ and N M T I Q  had almost same affimty 
to M A O - A  and MAO-B,  while the presence of one 
methyl group at CI posmon  of  I -MeTIQ and at C2 
posmon of  N M I Q '  increased the atfimty to type A 
In conclusmn, 1.2-d~methyhsoqumohnmm mn l~ a 
naturally-occurring potent  mh~b~to~ of  type A 
monoam m e  oxtdase. These results suggest that mod~- 
ficaUon of  the structure of  ~soqumohnes b) m ~lltl 

metabohsm may markedly change their bmlogmal 
acuvtty in the brain 

Aeknowled9ementa -Th~s work was supported by a Grant- 
m-A~d for Scmnt~fic Research on Priority Area from the 
Ministry of Educanon, Science and Culture. Japan The 
authors wish to thank Ms Aya Yosh~da for her capable 
techmcal a,,~stance 

REFERENCES 

Bach A W J,  Lan N C,  Johnson D L,, Abell C W, 
BembenekM E , K w a n S  W,SeeburgP H andShthJ  
C (1988) cDNA cloning of human hver monoamme oxi- 
dase A and B molecular bas~s of differences m enzymatic 
properties Proc natn Acad Set U S A 8~, 4943-4938 

Barker S A,  MonU J A,  Tolbert L C,  Brown G B 
and Christian S T (1981) Gas chromatographic/mass 
spectromemc ewdence for the ~denUficatmn of 6,7-d~hy- 
droxy-l,2,3,4-tetrahydrotsoquinohne as a normal con- 
smuent of rat brain Btoehem Pharrnac 30. 2461-2468 

Barrows R S and Lmdwall H G (1942) Condensation 

leacmmbol lsoqumaldeh~dc / t m (  hem ~,,,, 64 2431~ 
2432 

BembenekM E Abell(" P~ (.hnse~ L -'~ R~,/v~,ado~a,,I,a 
M D Oessner W and Brossl A (19911} Inh~blhon ,,I 
monoamme oxldase A and B b) rumple lsoqumohn¢ alka- 
lmds racmmc and optlcall3 m.tlvc 1,2,3,4-temdlydro- 3,4 
dlhydro-, and fully alomatlc I,,oqumohnes t nwd (71~m 
33 147 152 

Blrkmaver W,  Rlederer P,  Ambrol L and ~. otu_hm M B 11 
(1077) Imphcauon of combined ueatment w~th Madopa~ ' 
and L-depteml m Parkmson ,, disease Lanccl [ 439 443 

Bradford M M (1976) A rapid and sensitive method for the 
quantltatmn of microgram quantltms of pl olem using the 
principle of protein dye binding 4Hah'l Bio~ hcm 72, 24S 
254 

Do.,,tert P ,  Strohn-Benedett~ M, Belottl V Alhev~ C and 
Dordam G (1990) Bmsyntheslb of salsohnol, a teUah- 
ydrolsoqumohne alkalmd, m health5 subtett,, I Vema/ 
T m m m  [Gen Sect ] 81, 215 223 

Gray E and Whittaker V (1962) The lsolanon ol nerve 
endings from brain, an electron-mlcroscopm study of cell 
fragments den,,ed by homogemzatlon and centrffugatmn 
,I 4nat 96, 79 87 

Hlrata "~ , Suglmura H,  [akel | t  and Nagabu I 119961 
The effects of p?ndmmm ~alt.s, structmally related com- 
pounds of l-methyl-4-phenylpyndmmm mn (MPP * ), on 
tytos,ne hydroxylatlon m tat qnatal tJssue ~hces B~am 
Re~ 397. 341 344 

Johnston J P { 1968) Some obserxations upon a new mhlN- 
for of monoamlne ox~dase m brain tissue Bin(hem Phat- 
muc 17, 1285 1297 

Kraml M 11965) A rapid mlcmfluonmetlm determmamm 
ofmonoammeoxldase Btodwm Phwmac 14, t683 1685 

Mann J and Gersl'lon S (1980) L-Deprenyl. a selecnve 
monoamme oxldase type-B mhlbflm m endogenou~ 
depressmn L&, S o  26, 877 882 

Maruyama W Nakahara D Ota M,  Takahashl T,  lak-  
ahaahl A,  Nagatsu T and Nam, M (1992) N-Methylatmn 
ofdopamme-denved 6,7-&hydro,~y- 1,2,3,4-tetrahydrolso- 
qmnohne, (R)salsohnol, m rat brains m vu o mlcrodmlx,~, 
stud) J ~euiochem 59, 395 400 

Maruyama V~ , Nakahara D.  Dostert P ,  Hashtguchl H.  
Ohla S. Hnobe M, Takahashl A., Nagatsu T and Nam 
M (1993a) Selecnve release of serotonm by endogenous 
alkalmds, 1 -methyl-6,7-dxhydroxy- 1,2,3,4-tetrahydro- 
~soqumohnes, (RI- and (S)salsohnol, m the rat stnatum, 
m ~ wo mmrodmlys~s study Nero ose~ Lett 149, 1 l 5 -118 

Maruyama W, Takahash~ T, Mmaml M,  Takahash~ A,  
Dostmt P,  Nagatsu T and Naoi M 11993b) C)totoxtc~tT~ 
ol dopamme-denved 6,7-d~hydro~,_~-1,2 3 4-teh ahydrmso- 
qumollnes 4dr Vemol 60, 224 -230 

Maruyama W, Nakahara D,  Dostert P ,  Takaha~hl A anti 
Nao~ M (1993c) Naturally-occurring ~soqnmohnes per- 
turb monoamme metabohsm in the brmn studmd by m 
two m~crodmlys~s J Neu, al Tran.~m [Gen Se~ t ] 94. 91 
102 

McCrodden J M,  Tlpton K I- Mellom P and Dostert 
P (1988) Inhibmon of hver monoamme oxldase by the 
enatmmers of salsohnol and methysalsohnol denvaUves 
Pharmae Re.s C'otnmun 50(Suppt IV), 113 114 

Mmam~ M,  Maruyama W,  Dostert P ,  Nagatau T and 
Naol M (1993) Inhibition of type A and B monoamme 
O,~ldase by 6,7-dihydroxy- 1,2,3,4-tetrahydrotsoqumohnes 
and thmr N-methylated derlvaUve~ J Neural Ttan~m 92, 
125 135 



N-methyl-dihydroxyisoqmnolimum ions mlublt type A MAO 481 

Nagatsu T. and Yoshida M. (1988) An endogenous substrate 
of brain, tetrahydrolsoquinohne, produces parkinsomsm 
m primates with decreased dopamine, tyrosine hydroxyl- 
ase and bioptenn m the nigrostriatal regions. Neurosct. 
Lett. 87, 178-182. 

Naol M and Nagatsu T. (1986) Quinohne and qmnaldine 
as naturally occurnng mhibttors specafic for type A 
monoamme oxadase. Life Sci. 40, 1075-1082 

Naoi M. and Nagatsu T (1988) Inbabition of type A 
monoamme oxidase by methylqumohnes and structurally 
related compounds. J Neurochem 50, 1105-1110. 

Naol M., Hlrata Y and Nagatsu T (1987) Inhibition of 
monoarmne oxldase by N-methyhsoquinolinium ion. J 
Neurochem. 48, 709-712. 

Naol M., Matsuura S,  Takahaslu T. and Nagatsu T. (1989a) 
An N-methyltransferase m human brain catalyses N- 
methylation of 1,2,3,4-tetrahydrolsoqumohne into N- 
methyl-l,2,3,4-tetrahydrotsoqumohne, a precursor of a 
dopammergic neurotoxm, N-methyhsoqumohnmm ion 
Bzochem. bwphys Res Commun 161, 1213-1219. 

Naoi M., Matsuura S., Parvez H., Takahashi T ,  Hirata 
Y ,  Minami M. and Nagatsu T. (1989b) Oxldauon of N- 
methyl-l,2,3,4-tetrahydroisoquinohne into N-methyl- 
~soqumohmum 1on by monoamme ox~dase. J Neurochem. 
52, 653-655. 

Naol M ,  Takahashi T ,  Parvez H ,  Kabeya R., Taguchi E ,  
Yamaguchi K ,  H~rata Y ,  Mmaml M and Nagatsu T 
(1989c) N-Methyhsoqumolinmm on as an inhibitor of 
tyrosme hydroxylase, aromatic L-amino acid decar- 
boxylase and monoamme oxldase Neurochem Int. 15, 
315-320. 

Naol M ,  Maruyama W., Dostert P., Nakahara D ,  Tak- 
ahashl T. and Nagatsu T. (1994) Metabohc bloactivatlon 
of endogenous lsoquinohnes as dopammergic neurotoxms 
to ehclt Parkinson's disease In '  Alzheimer's and Par- 
kmson's Dzseases Recent Developments Plenum Pubhsher, 
New York and London, m press. 

Nlwa T ,  Takeda N ,  Kaneda N ,  Hashizume Y and Nagatsu 

T (1987) Presence of tetrahydroisoquinohne and 2- 
methyl-tetrahydroqumoline m parkinsoman and normal 
human brains. Biochem. biophys. Res. Commun 144, 
1084-1089 

Nlwa T., Yostuzuml H., Tatematsu A., Matsuura S. and 
Nagatsu T (1989) Presence of tetrahydroisoqumoline, a 
parkinsomsm-related compound, m foods J. Chromatogr 
493, 345-352. 

Nlwa T., Takeda N., Yoshizurm H., Tatematsu A., Yoshlda 
M ,  Dostert P., Naol M. and Nagatsu T (1991) Presence 
of 2-methyl-6,7-dlhydroxy- 1,2,3,4-tetrahydro-lsoqumo- 
hne and 1,2-dimethyl-6,7-dihydroxy-l,2,3,4-tetrahydro- 
lsoqumohne, novel endogenous amines, in parkmsoman 
and normal human brains Biochem bzophys Res 
Commun 177, 603-609. 

Sandier M., Carter S. B,  Hunter K. R. and Stern G M. 
(1973) Tetrahydrolsoqumoline alkaloids, m wvo metab- 
ohtes of L-DOPA m man Nature 241,439-443 

Salach J. I ,  Singer T. P., Castagnoh N. and Trevor A. (1984) 
Oxidation of the neurotoxic amine 1-methyl-4-phenyl- 
1,2,3,6-tetrahydropyndme (MPTP) by monoamine oxl- 
dases A and B and suicide reactivation of the enzymes by 
MPTP. B~ochem. btophys Res Commun 125, 831-835. 

Strolin-Benedetti M ,  Dostert P. and Carmmau, P. (1989) 
Influence of food intake on the enantiometnc composition 
of unnary salsohnol in man J. Neural Transm. 78, 43-51 

Sjoequist B., Enksson A and Winblad B. (1982) Salsohnol 
and catecholammes m human brain and their relation to 
alcoholism Prog Chn Btol Res 90, 57-67 

Tasaki Y ,  Makmo Y., Ohta S and Hlrobe M (1991) 
1-Methyl- 1,2,3,4-tetrahydro-isoqumohne, decreasing 
m l-methyl-4-phenyl- 1,2,3,6-tetrahydropyndme-treated 
mouse, prevents Parkmsonlsm-like behavior abnor- 
mahties J Neurochem 57, 1940-1943 

Teitel S,  O'Bnen J and Brossl A (1972) Alkaloids m mam- 
mahan tissue. 2 Synthesis of (+ )  and ( - )  substituted-6,7- 
dihydroxy-l,2,3,4-tetrahydrolsoqumohnes J med Chem 
15, 845-846 


