
MOLECULAR PHARMACOLOGY, 11, 28-35

Copyright © 1975 by Academic Press. Inc.
All rights of reproduction in any form reserved.

Some Structural Requirements for Inhibition of Type

A and B Forms of Rabbit Monoamine Oxidase by Tricyclic

Psychoactive Drugs

JEROME A. ROTH AND C. N. GILLIS

Departments of Anesthesiology and Pharmacology, Yale University School of Medicine,

New Haven, Connecticut 06510

(Received July 17, 1974)

SUMMARY

ROTH, JEROME A. & GILLIS, C. N. (1975). Some structural requirements for inhibition

of type A and B forms of rabbit monoamine oxidase by tnicyclic psychoactive drugs.

Mol. Pharmacol., 11, 28-35.

We have determined the ability of several structurally related tnicyclic antidepressant

and tranquilizing drugs to inhibit both the type A form of monoamine oxidase (measured
by 5-hydroxytryptamine deamination) and the type B form of the enzyme [measured by

fl-phenylethylamine (PEA) deaminat ion] of rabbit brain mitochondnia. These studies
indicate that both forms of the enzyme are inhibited by all tnicyclic antidepressant drugs

tested and that the B form of the oxidase is more susceptible to inhibition than the A
form. Tnicyclic drugs which have a double bond between the ring moiety and the
aliphatic side chain were the most effective inhibitors of the B form of monoamine

oxidase. Thus amitniptyline inhibited PEA deamination to the greatest extent, followed
in decreasing order of effectiveness by chlorprothixene, imipramine, and chlorpromazine.
Furthermore, chlorination in position 3 and hydroxylation in position 2 of imipramine

and N-demethylation of amitniptyline did not alter the ability of the parent compound to
inhibit the deamination of PEA. Chlorpromazine also inhibited PEA deamination,
whereas the pharmacologically inactive tnicyclic drug chlonpromazine sulfoxide failed to

inhibit this oxidative reaction.

INTRODUCTION

Mitochondrial monoamine oxidase
[monoamine:O2 oxidoreductase (deami-

nating), EC 1.4.3.4] is a mixture of at least
two different and distinguishable forms
which possess different substrate and in-
hibitor specificities (1, 2). The type A or
neuronal form of the enzyme, which deami-
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nates 5-hydroxytryptamine, nonepineph-

nine, and tyramine, is most sensitive to

inhibition by hanmine and clongyline (3);
the type B or extraneuronal form, which
deaminates benzylamine, fl-phenylethyla-

mine, and tyramine, is inhibited selec-
tively in some species by pargyline and
Depnenyl (4). All these inhibitors, except
harmine and related alkaloids, are cova-

lently and irreversibly bound to the oxidase
(5-7).

In a recent report from this laboratory
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1 The abbreviations used are: PEA. fl-phenyl-

ethylamine; 5-HT, 5-hydroxytryptamine.

the tnicyclic antidepressant drug imipra-

mine was shown to inhibit reversibly the

type A and B forms of rabbit brain and
lung mitochondnial monoamine oxidase

(8). The type B form of the oxidase was

more susceptible to inhibition by imipra-

mine than was the type A form; further-

more, the mono- and didesmethyl deriva-
tives of imipramine inhibited the type B
form of rabbit monoamine oxidase as effec-
tively as the parent drug.

The ability of tnicyclic psychoactive
drugs, including imipramine, to inhibit
flavoproteins such as monoamine oxidase

is not unique. The antipsychotic drugs

chlonpnomazine and chlorprothixene have

been shown previously to be effective in-
hibitors of 1-amino acid oxidase (9) as well

as mitochondnial monoamine oxidase
(10-12). Chlorpromazine has also been

found to inhibit succinic dehydrogenase
(13). Therefore Gabay and Harris (9) sug-

gested that the mechanism of action of

tnicyclic antipsychotic drugs was due to the
ability to inhibit enzymes requiring as
their prosthetic group flavin adenine dinu-
cleotide. Although those authors investi-
gated the structural requirements neces-

sary for phenothiazine derivatives to in-

hibit D-amino acid oxidase, little is known
about the structural features either of these

drugs or of structurally related tnicyclic
antidepressant substances required for in-

hibition of mitochondnial monoamine oxi-
dase. The purpose of this paper is to
describe experiments designed to deter-
mine the structural features of tnicyclic
psychoactive drugs which promote inhibi-

tion of the type A and B forms of monoa-

mine oxidase in rabbit mitochondnia.

MATERIALS AND METHODS

Male albino rabbits weighing approxi-
mately 2 kg were used in all experiments.

Preparation of brain mitochondnia and the

assay used to determine monoamine oxi-

dase activity have been described previ-
ously (8). In brief, reaction mixtures con-

taining either 1.8 jiM ‘4C-labeled f3-
phenylethylamine, 5-hydroxytryptamine,

or tyramine were incubated with rabbit
brain mitochondnial monoamine oxidase at

37#{176}for different lengths of time. To this

mixture were added varied amounts of

tnicyclic psychoactive drugs to be tested for

their effect on type A or B monoamine
oxidase. Reactions were terminated by the

addition of either 2 ml of 0.4 M perchlonic

acid or 0.2 ml of 0.25 M ZnSO4 and 0.2 ml of

a saturated Ba(OH), solution. The result-

ing precipitates were removed by centnifu-
gation, and the [‘4C ]deaminated products
formed were separated from the reaction
mixtures by cation-exchange (Bio-Rex 70)

chromatography. The radioactivity in the
water effluents containing the deaminated
products was measured in a liquid scintil-

lation spectrometer (Packard Tni-Carb,

model 3320).

[2- ‘4C ]Tyramine HC1 (42 mCi/mmole)
and [2- ‘4C ]5-hydroxytryptamine creati-

nine sulfate (58 mCi/mmole) were pur-
chased from Amersham/Searle, and [2-

‘4C ]$-phenylethylamine HC1 (7 mCi!
mmole) was obtained from New England
Nuclear Corporation. Harmaline HC1 was

obtained from Aldrich Chemical Com-
pany. The structures and sources of the

other tnicyclic psychoactive drugs used in

this study are shown in Table 1.

RESULTS

The effect of amitniptyline on the deami-
nation of the mixed type A and B monoam-

ine oxidase substrate tyramine is illus-
trated in Fig. 1. These results indicate that
inhibition of tyramine deamination is bi-
phasic, with an initial phase being inhib-
ited 50% at approximately 2 jiM amitripty-

line and a second phase inhibited 50%
around 100 jiM amitriptyline. Although

amitniptyline, like imipramine, inhibits

both forms of the mitochondnial oxidase,

this inhibitor is more selective for one of

the two forms of the enzyme.
To ascertain which of the two forms of

monoamine oxidase is more susceptible to
inhibition by amitniptyline, studies were
conducted using PEA1 as a specific type B
substrate and 5-HT as a specific type A
substrate. Results of these experiments

(Fig. 2) indicate that PEA deamination is
inhibited at lower concentrations of ami-



R,---CH,- (‘H, -H4

Name R, R,-R, R4 R, Source

Imipramine#{176} CH,-CH, N-CH, N(CH,), H Ciba-Geigy

Chlorimipramine#{176} CH,-CH, N-CH, N(CH3), Cl Ciba-Geigy

2-Hydroxydesmethylimipramine’ CH,-CH, N-CH, NH(CH,) H Ciba-Geigy

Iminodibenzyl CHZ-CH, N-H H Aldrich

Amitriptylmneo CH,-CH, C=CH N(CH,)2 H Merck Sharp & Dohme

Nortriptylinea CH,-CH, C=CH NH(CH,) H Eli Lilly

Protriptylmnea CH=CH CH==CH2 NH(CH3) H Merck Sharp & Dohme

Cyclobenzaprine#{176} CH=CH C==CH N(CH,), H Hoffmann-La Roche

Chlorpromazine#{176} S N-CH, N(CH3), Cl Smith Kline & French

Chlorpromazine sulfoxide#{176} S-O N-CH2 N(CH3), Cl Regis Chemical Company

Chlorprothixenec S C=CH N(CH,)2 Cl Hoffmann-La Roche
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TABLE 1

Structures of tricyclic psychoactive drugs

#{176}HC1 salt.
Fumarate salt.

Free base.

FIG. 1. Effect of amitriptyline on deamination of

tyramine

Reaction mixtures containing 3.6 nmoles of

[‘#{176}CJtyramine, 0.45 mg of protein, and varying

amounts of amitriptyline in a total of 2 ml of 0.05 si

potassium phosphate buffer, pH 7.4, were incubated
at 37#{176}for 30 mm. In the absence of amitriptyline 0.68

nmole of deaminated product was formed.

tniptyline than that of 5-HT. Under the
conditions used approximately 50% inhibi-

tion of PEA and 5-HT deamination is

achieved at drug concentrations of 3 and 90
jiM, respectively. Thus inhibition of the

type A form of monoamine oxidase requires
around 30 times more amitniptyline than is
required to inhibit the type B form of the

oxidase.

FIG. 2. Effect of amitriptyline on deamination of

phenylethylamine and 5-hydroxytryptamine

Reaction mixtures containing 3.6 nmoles of

[‘#{176}C]PEA or [‘#{176}Cj5-HT, 0.45 mg of protein, and

varying amounts of amitriptyline in a total of 2 ml of

0.05 M potassium phosphate buffer, pH 7.4, were

incubated at 37#{176}for 8 or 40 mm, respectively. In the

absence of amitriptyline, 1.94 and 0.38 nmoles of the

deaminated products of PEA and 5-HT, respectively,

were formed.

A comparison of several drugs structur-
ally related to amitniptyline with respect to

their ability to inhibit deaminat ion of PEA
is illustrated in Fig. 3. Both amitniptyline
and chiorprothixene are considerably more
effective inhibitors of PEA deamination
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FIG. 3. Effect of structurally related tricyclic

drugs on ph enylethylam me deamination

Reaction mixtures containing 3.6 nmoles of

[‘#{176}CIPEA, varying amounts of mitochondrial protein

(0.43-0.75 mg), and amitriptyline (�-�), chlor-

prothixene (D-D). imipramine (O-.--O), or
chiorpromazine (v-------v) in a total of 2 ml of 0.05 H

potassium phosphate buffer, pH 7.4, were incubated

at 37#{176}for 5-10 mm.

than either imipramine or chlorpromazine.
Thus 50% inhibition of PEA deamination
was produced by 3 jiM amitniptyline, 7 jiM

chlonpnothixene, 25 jiM imipramine, and 40
jiM chlonpromazine. In contrast, when

5-HT is used as substrate (Fig. 4), the

abilities of these drugs, with the exception
of chlorpromazine, to inhibit deamination
of 5-HT are very similar. Approximately
20% inhibition of 5-HT deamination is
observed at drug concentrations of 30 jiM,

and 90% inhibition is achieved at drug

concentrations around 400 jiM. The ability
of chlorpromazine to inhibit 5-HT deami-
nation is considerably more variable than

that of the other drugs tested. Since per-
Centage inhibition may not accurately re-

flect the binding affinities of these drugs
for the different forms of monoamine oxi-

dase K was also determined from Dixon
and Lineweaver-Burk plots. These data

(Table 2) clearly indicate that these drugs

possess greater affinity for the B form of
the oxidase than for the A form, and thus
correspond with the results for percentage
inhibition of PEA and 5-HT deamination
shown in Figs. 3 and 4. The nature of

amitniptyline and chlonprothixene binding
to the B form of the oxidase was also
examined, and these results are illustrated
by the Lineweaver-Burk plots shown in
Fig. 5. Amitniptyline displays a mixed type

of inhibition, and thus inhibits the oxidase
in a manner similar to that previously

shown for imipramine (8). On the other
hand, chlorprothixene inhibits PEA dea-

mination competitively.
In order to determine the structural

features of amitniptyline and chlonpnothix-
ene which enhance their ability to inhibit
PEA deamination (Fig. 3), several struc-

turally related derivatives of these drugs,
which varied in positions R,, R2, and R3
(see Table 1), were examined. As shown in

Table 3, protniptyline, an antidepressant
drug which possesses a double bond in

position R, (Table 1) and a completely

saturated side chain, is less effective than
amitniptyline in inhibiting PEA deamina-

tion, whereas the psychoactive drug cy-

clobenzapnine, which contains a double

FIG. 4. Effects of structurally related tricyclic

drugs on 5-hvdroxytryptamine deam ination

Reaction mixtures containing 3.6 nmoles of

[14C ]5-HT, varying amounts of mitochondrial protein

(0.45-0.85 mg), and amitriptyline (�-�s), chlor-

prothixene (D-O), or imipramine (O-O), in a

total of 2 ml of 0.05 M potassium phosphate buffer, pH

7.4, were incubated at 37#{176}for 15-40 mm.

TABLE 2

Binding constants for several tricyclic psychoactive

drugs to type A and B monoamine oxidase

Inhibitor K

Ty peA Ty peB

M M

Imipramine

Amitriptyline

Chlorprothixene

3 x

2 x

8 x

b0#{176}

b0#{176}

10

4 x

5 x

6 x

10#{176}

b0�

10�
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FIG. 5. Lineweaver-Burk plot for inhibition of

phenylethylamine deamination by amitriptyline and

chlorprothixene

Varying amounts of l’#{176}CiPEA were incubated in

the absence (O-O) or presence (D-O) of 5 pM

amitriptyline or chlorprothixene at 37#{176}for 10 mm.

Protein concentration was 0.18 mgJ2 ml of reaction

mixture.

bond in position R, and R,-R3, inhibits this
reaction only slightly less than that of
amitniptyline.

The reduced ability of protniptyline
(Table 2), in comparison with amitnipty-
line, to inhibit PEA deamination could be

caused either by the double bond in the

cyloheptene ring (position R1), by lack of
the double bond in position R,-R3, or by

lack of an N-methyl group in position R4.
The observation that cyclobenzapnine and
nontniptyline are more effective inhibitors
of PEA deamination than protniptyline
(Table 3) suggests that the lack of the
double bond in position R2-R3 or protnipty-
line and in imipramine and chlorproma-
zine decreases the ability of these drugs to

inhibit the type B form of rabbit monoa-
mine oxidase. Thus it is the double bond
leading to the side chain of amitriptyline,

nontniptyline, chiorprothixene, and cy-

clobenzapnine which facilitates the interac-
tion of these drugs with the B form of the
enzyme.

The antipsychotic drugs examined,
chlorpromazine and chlorprothixene, con-

tam chlorine in position R5, whereas all the
antidepressant drugs tested lack this sub-

stituent. Accordingly, the effect of the

chlorine atom in position R, on the ability
of imipramine to inhibit PEA deamination
was also measured. The results (Table 4)
indicate that chlorine substitution in R, of

the iminodibenzyl moiety of imipramine

does not alter the inhibitory properties of
the parent antidepressant drug. Also ex-

amined for its ability to inhibit PEA deam-
ination was the naturally occurring an-

tidepressant metabolite of imipramine, 2-
hydroxydesmethylimipramine. As shown

in Table 4, this metabolite was also an
effective inhibitor of the type B form of
mitochondnial monoamine oxidase.

Also examined for their ability to inhibit
PEA deamination were the naturally oc-

curring mixed-function oxidase metabo-
lites of chlorpromazine, 7-hydroxychlor-
promazine and chlorpromazine sulfoxide.

The results (Table 5) indicate that the
psychoactive 7-hydnoxy derivative of chlor-

promazine inhibits PEA deamination
whereas the pharmacologically inactive

metabolite, chlorpromazine sulfoxide, does

not inhibit this reaction. Also presented in
Table 5 are the effects of iminodibenzyl
and org GB 94, a new tetracyclic an-

TABLE 3

Effects of dibenzocycloheptene psychoactive drugs on

phenylethylamine deamination

Reaction mixtures contained 3.6 nmoles of PEA,

tricyclic psychoactive drug, and 0.38-0.45 mg of

protein in a total of 2 ml of buffer. The means ±

standard deviations for percentage inhibition for ex-

periments 1 and 2 are based on three and four

separate determinations, respectively.

Inhibitor Inhibitor Inhibition
concentration

M %

Experiment 1

Amitriptyline 5.0 x 10#{176} 89.7 ± 0.9

Nortriptyline 5.0 x 10-s 84.9 ± 0.4

Protriptyline 5.0 x 10� 59.3 ± 1.0

Experiment 2

Amitriptyline 1.0 x 10� 74.4 ± 2.7

Nortriptyline 1.0 x 10� 62.4 ± 4.5

Protriptyline 1.0 x 10� 28.0 ± 4.1

Cyclobenzaprine 1.0 x 10-s 58.8 ± 1.9
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TABLE 4

Effects of iminodibenzyl antidepressant derivatives

on phenylethylamine deamination

Reaction mixtures contained 3.6 nmoles of PEA or

5-HT, 0.38 mg of protein, and 0.1 pmole of the

iminodibenzyl derivative in a total of 2 ml of buffer.

Average values for product formed are based on exper-

iments run in duplicate.

Inhibitor Deaminated Inhibition
product formed

Expt. Expt.
1 2

%

None 0.436 0.185

Imipramine 0.137 0.061 67.9 ± 1.3

Chlorimipramine 0.172 0.068 61.9 ± 2.3

2-Hydroxydesmethyl- 0.180 58.7 ± 2.4

imipramine

TABLE 5

Effects of psychoactive drugs on phenylethylamine

deamination

Reaction mixture contained 3.6 nmoles of PEA,

0.36 mg of protein, and varying amounts of the

psychoactive drugs in a total of 2 ml of buffer, and

were incubated at 37#{176}for 5 mm.

Inhibitor Inhibitor Inhibition

concen-
tration

M %

Chlorpromazine 5 x 10#{176} 45.6 ± 2.7

Chlorpromazine 1 x 10#{176} 61.0 ± 5.3

7-Hydroxychlorpromazine 5 x 10#{176} 40.1

Chlorpromazinesulfoxide 5 x b0� <1

Iminodibenzyl 1 x 10#{176} 49.9 ± 5.8

Org GB 94 1 x 10#{176} 78.7 ± 3.5

tidepressant drug, on PEA deamination.
At a drug concentration of 100 jiM, org GB

94 inhibits this reaction almost 80%,
whereas the parent compound of imipra-
mine, iminodibenzyl, inhibits PEA deami-

nation aroung 50%.

DISCUSSION

The tnicyclic psychoactive drugs exam-
ined in this study can be divided into two

general classes, based on their ability to
inhibit the deamination of PEA by type B
monoamine oxidase. The first class, in-
cluding amitniptyline, nortniptyline, chlor-

prothixene, and cyclobenzaprine, inhibits

this reaction 50% at approximately 5 jiM.

The second class of compounds, including
imipramine, several imipramine ana-
logues, protniptyline, and chlorpromazine,
inhibits PEA deamination approximately

50% at drug concentration of 30 jiM. From
the results presented in this paper it can be

seen that differences in the abilities of

these drugs to inhibit the type B form of
rabbit monoamine oxidase can be attrib-

uted to the presence of the double bond in

the side chain (position R2-R3). In this
regard it is interesting that Taylor et al.
(14) found removal of the ethylenic moiety

from styrylquinolinium derivatives to re-

duce their ability to inhibit dopamine
deamination. They suggested that the dou-
ble bond may enhance the ability of these

compounds to inhibit monoamine oxidase
by promoting production of a charge-trans-

fer complex with the FAD prosthetic group
of the oxidase. Belleau and Moran (15)
previously suggested that the double bond
(sp’) character of the a and f3 carbon atoms

in the cyclopnopane ring of tranylcypro-
mine, a monoamine oxidase inhibitor, may

also promote formation of a charge-transfer
complex with the flavin cofactor of the
enzyme. Thus the double bond in the side
chain of the tnicyclic psychoactive drugs

examined may similarly facilitate forma-

tion of a charge-transfer complex with the
isoalloxazine moiety of FAD of the type B
form of rabbit monoamine oxidase.

The extent to which a charge-transfer
complex may contribute to the inhibitory
action of the tnicyclic drugs used in these
studies is not known. It has been demon-
strated that flavins are capable of forming

charge-transfer complexes with a wide va-
riety of polycyclic aromatic substances
(16-19). Belleau and Moran (15) spe�u-
lated that the harmine alkaloids, potent
inhibitors of monoamine oxidase, may also

form a charge-transfer complex with the
flavin moiety of the enzyme. The ring

structures of these alkaloids are not very

different from those of the psychoactive
agents used in this study. It has been
shown by Karreman et al. (20) and Yagi
and Ozawa (21) that chlorpromazine does
indeed form charge-transfer complexes
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with riboflavin and FAD, respectively. In

this regard, molecular orbital calculations
have indicated that chlorpromazine is an

extremely good electron donor (22). Borg
and Cotzias (23) showed that chlorproma-

zine in the presence of trace elements such
as manganese can readily lose an electron
and produce the free radical cation. Imi-
pramine was also shown by Borg (24) to
form a free radical under similar condi-
tions. However, chlorpnomazine sulfixide,

a phenothiazine derivative which does not
inhibit monoamine oxidase (see Table 5),

also does not produce the cationic chromo-

phone (25). These data suggest that it may
be the electron-donating properties of the

tricyclic moieties of these drugs which
influence their ability to inhibit flavo-
proteins such as monoamine oxidase.

Roth and McCormick (26) have shown
that the ability of punine nibonucleoside
derivatives to form an intermolecular com-
plex with riboflavin is decreased by the
presence of chlorine in position 6 of the
nucleoside. In contrast with these observa-

tions, Gabay and Harris (9) found that
chlorine substitution in position R, of the
phenothiazine drugs is essential for inhibi-
tion of D-amino acid oxidase. In contrast,
our results indicate that chlorine does not
influence the ability of imipramine to in-
hibit PEA deamination. Likewise, the

presence of a 2-hydroxy group on the imi-
nodibenzyl moiety of imipramine does not
alter the ability of this antidepressant drug
to inhibit the reaction. Moreover, as previ-
ously shown for imipramine (8), the N-
demet hylated mixed -function oxidase
product of amitniptyline is an effective
inhibitor of the type B form of rabbit

monoamine oxidase. Therefore it may be
concluded that the side chain of the tnicy-

clic drugs is not essential for inhibition of
monoamine oxidase. This conclusion is

clearly substantiated by the data in Table
5, which show that iminodibenzyl, i.e.,

imipramine without the side chain, also
inhibits PEA deamination.

It is interesting that all tnicyclic an-
tidepressant drugs tested in this laboratory
inhibit the B form of rabbit monoamine
oxidase to a greater extent than the A form.
It can also be seen that many of the other

known monoamine oxidase inhibitors

[tranylcypromine (27), Deprenyl (4), and
pargyline (4)] that were on are being pres-

ently used or tested clinically as an-
tidepressant agents also inhibit the B form
of the oxidase to the greatest extent.
Whether these observations are simply for-

tuitous or whether they represent a prop-
erty that is necessary for the clinical action
of antidepressant drugs remains to be de-

termined. It is therefore interesting to find
(see Table 5) that the new antidepressant
tetracyclic compound org GB 94 (28, 29)
also inhibits PEA deamination. Although

not indicated, org GB 94 also is a less
effective inhibitor of the A form of the

oxidase. These properties of org GB 94

become even more significant in view of the

finding that this compound, unlike the
tricyclic antidepressant drugs, does not
effectively prevent the reuptake of 5-HT in

rat brain cortical slices (30).
The relationship between the ability of

the tnicyclic psychoactive drugs to inhibit
rabbit mitochondnial type A or B monoa-

mine oxidase and the clinical effects of

these drugs in man is not apparent from
the results obtained in this study. Chlorpro-
mazine and imipramine are equipotent in-

hibitors of the type B form of rabbit monoa-
mine oxidase, although these drugs report-
edly have opposite clinical effects (31).

Although the clinical indications for use of

these drugs lie at opposite ends of the

spectrum, it has been demonstrated that
pharmacological and biochemical proper-
ties of these psychoactive agents are quali-
tatively similar (32-36). In addition, both

drugs have been shown to have analeptic
and depressant activities in VILO (37, 38).
The distinction between inhibitory and
therapeutic properties of the antidepres-
sant drug amitniptyline and the antipsy-

chotic drug chlonprothixene, however, is
not as clear as in the above case. Chlonpro-
thixene, although primarily used as an

ant ipsychotic agent, has also been reported
to have some antidepressant characteris-
tics (39-41).

Extrapolation of the data presented in

this paper to human type A and B mono-
amine oxidase is difficult. In this regard

Squires (3) has reported that Deprenyl
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exerts very little selective inhibition on the

type B fraction of rabbit monoamine oxi-

dase but is extremely selective for the type

B form of the human enzyme. Accordingly,

a thorough investigation on the effects of

tnicyclic psychoactive drugs on prepara-

tions of human type A and II monoamine

oxidase is needed before the significance of
this inhibitory action can be related to
clinical mode of action.
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