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Abstract The ~-methyl-substituted amines d/-:~-methylbenzylamine, dl-z~-methyltryptamine and the two 
stereoisomers of amphetamine were shown to be competitive inhibitors of the oxidation of benzylamine, 
tyramine and serotonin by rat liver monoamine oxidase, All these compounds were more potent inhibi- 
tors of serotonin oxidation than of benzylamine oxidation, with >methyhryptamine showing the 
greatest selectivity and ~-methylbenzylamine the least. The kinetics of the inhibition of tyramine oxi- 
dation were consistent with the presence of two enzyme species with different inhibitor sensitivities 
which were both active towards this substrate. The selectivity of these mhibitors was demonstrated 
with membrane-bound and solubilised preparalions of the enzyme, but it could be abolished by treat- 
ment of the latter preparation with the chaotropic agent sodium perehlorate. The significance of mono- 
amine oxidase inhibition in connexion with the pharmacological action of amphetamine is discussed. 

The pharmacological action of amphetamine is 
believed to be due, at least in part, to its ability to 
increase the concentrations of transmitter amines in 
the synaptic cleft. This effect involves stimulation of 
catecholamine release from the nerve endings [1 5] 
and inhibition of reuptake into the nerve endings 
[6 10]. The relative importance of these two effects 
is uncertain and may vary with the nature of the 
transmitter amine, since differing concentrations of 
amphetamine have been shown to be necessary to 
cause the release of different transmitter amines 
[I l, 12]. 

Although amphetamine is a reversible inhibitor of 
monoamine oxidase [13], it has been generally 
assumed that this does not play a significant role m 
the pharmacological effects of this compound since 
the inhibition is relatively weak [14] and the effects 
of amphetamine differ from those produced by mono- 
amine oxidase inhibitors (see e.g. [15]). Glowinski et 
al. [16] showed that the inhibition of monoamine oxi- 
dase by amphetamine was dependent on the substrate 
used to assay the enzyme, tryptamine oxidation being 
less sensitive to inhibition than the activity towards 
moradrenalin¢. A similar dependence of the inhibitor 
constant upon the substrate used to assay the enzyme 
was noted by Fuller [17], and Green [183 reported 
that the inhibition of tyramine oxidation varied with 
amphetamine concentration in a way that suggested 
that more than one enzyme species was responsible 
for the oxidation of this substrate. None of these 
workers, however, presented the results of a detailed 
kinetic study in which a range of substrate and inhibi- 
tor concentrations was used and in this paper we 
report the results of such a study with the enzyme 
from rat liver, using the two stereoisomers of amphe- 
tamine and the :(-methyl derivatives of benzylamine 
and tryptamme. 
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[l-~4C]-labelled serotonin creatinine sulphate and 
tyramine hydrochloride were obtained flom the 

Radiochemical Centre, Amersham, Bucks, U.K. and 
[ I J 4 C ]  benzylamine hydrochloride was obtained 
from 1CN Pharmaceuticals, lrvine, Calif., U.S.A. d- 
and /-amphetamine sulphate, from Smith, Kline and 
French Laboratories Inc., were a gift fi'om Dr. L. L. 
lversen, and dI-a-methyltryptamine hydrochloride 
was a gift from Dr. R. F. Long of Roche Products 
Ltd, Welwyn Garden City, Hefts, U.K., dl-:~-methyl- 
benzylamine was obtained from Ralph N. Emmanuel 
Ltd, WembIey, Middx, U,K. and was converted to 
its hydrochloride and recrystallised before use. All 
other chemicals were obtained fiom British Drug 
Houses Ltd, Poole, Dorset, U.K. 

Enzyme preparations. Rat liver mitochondrial outer 
membranes and solubilised partly purified prep- 
arations of monoamine oxidase were prepared by the 
methods previously reported [19.2(1] and treatment 
of the solubilised preparation with the chaotropic 
agent sodium perchlorate followed the procedure pre- 
viously described [19]. Beef liver aldehyde dehydro- 
genase was prepared by a moditication [19] of the 
procedure of Deitrich el aL [21]. 

Assoy methods. The activity of monoamine oxidase 
was followed at 30 by using the radiochemical 
method of Otsuka and Kobayashi [22], the coupled 
spectrophotometric assay with aldehyde dehydrogen- 
ase [19] or by monitoring the oxygen uptake using 
an oxygen electrode I Rank Bros, Bottisham, Cam- 
bridge, U.K.}. Assays were carried out either in 0.1 M 
sodium phosphate buffer or 50 mM Tris HCI buffer 
at pH 7.2 with no other additions to the assay except 
for enzyme, substrate and inhibitor. No difference 
could be detected between the activities in these two 
buffers. 

R E S U L T S  

Assay of the activity of the monoamine oxidase in 
rat liver mitochondrial outer membranes and the 
solubilised preparation using the oxygen electrode 
confirmed that none of the y.-methyl derivatives could 
function as subslrates for the enzyme. In addition the 
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Fig. 1. Double-reciprocal plots of the inhibition of benzyl- 
amine oxidation by /-amphetamine using rat liver mito- 
chondrial outer membranes as the enzyme source, Exper- 
imental details were as described in the text and the follow- 
ing/-amphetamine concentrations were used: 0 (•l, 0,1 (A), 

0,25 (2] I, 0.5 (Ai, 0,75 (m/ and 1.0 (O) mM. 

possibility of activity towards c¢-methylbenzylamine 
was investigated spectrophotometrical ly at 240rim 
since the acetophenone that would be produced by 
the oxidation of this compound  absorbs strongly at 
this wavelength [24]. There was no evidence for the 
product ion of any material absorbing at 240 nm when 
either the solubilised or the membrane -bound  enzyme 
was incubated with :¢-methylbenzylamine at 10 mM, 
I mM or 0.1 mM for periods of up to 60 rain. 

The enzyme preparat ions were shown to be in- 
hibited competitively by all the ~-methyl-amines with 
tyramine, benzylamine and serotonin as the assay sub- 
strated. In all cases inhibitor  studies were carried out  
using both  the radiochemical assay [22] and the 
coupled assay [19] and the results obtained from 
these two methods were found to be in agreement 
within experimental error. Figs. 1-3 show double-reci- 
procal plots fc, r the inhibition of the activity it] rat 
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Fig. 2. Double-reciprocal plots of the inhibition of sero- 
tonin oxidation by /-amphetamine using rat liver mito- 
chondrial outer membranes as the enzyme source. Exper- 
imental details were described in the text and the following 
/-amphetamine concentrations were used: 0(•),  0.1 (A), 

0,25 (~), 0.5 l&), 0.75 (D) and 1.O tO)mM. 
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Fig. 3. Double reciprocal plols of the inhibition ol' tyra- 
mine oxidation by/-amphetamine using rat liver mitochon- 
drial OtllCr membranes as the enzyme source. Experimental 
details were as described in the text and the following 
/-amphetamine concentrations were used: 0(O), 0.1 (&t, 

0.2(QI, 0.5(C;), 0.75 (At and 1,O(l)mM. 

liver mitochondria l  outer membranes  by /-ampheta- 
mine using the three different substrates. Secondary 
plots of the slopes of these double-reciprocal plots 
against the concentra t ion of the inhibitor were linear 
with all the inhibitors when benzylamine or serotonin 
was the substrate (see e.g. Fig. 4) but with the solubi- 
lised and membrane -bound  enzyme preparat ions the 
inhibi tor  constant  (K~) was lower when serotonin was 
used as the substrate. 

Secondary plots for the inhibition of tyramine oxi- 
dation by each of the :c-methyl derivatives were hy- 
perbolic (see e.g. Fig. 5i when either the solubilised 
or the membrane-bound  preparat ion of the enzyme 
was used. This behaviour  could be due to the pres- 
ence of more than one enzyme species with different 
inhibitor sensitivities which were both  active towards 
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F i g .  4.  S e c o n d a r y  p l o t s  f o r  t h e  i n h i b i t i o n  o f  t h e  n ]ono -  
amine oxidase activity towards benzylamine and serotonin 
by /-amphetamine, The slopes of the lines in F'igs. I and 
2 are plotted against the concentration of #amphetamine. 

• Benzvlamine oxidation. • Serotonin oxidation. 
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Fig. 5. Sect;ndar3 plots for the inhibition of monoamine 
oxidasc actixit5 towards tyramine by /-amphetamine. The 
slopes of the lines m Fig. 3 are plotted against the concen- 
tration of /-amphetamine. The solid line results from a 
theoretical calculation assuming that 601'i, of the enzyme 
activity had a K~ value of 600 #M and the remainder had 
a K~ value of 70 HM, with the K,, values of both enzyme 

species towards tyramine being the same. 

this substrate. Previous studies using selective irre- 
versible inhibitors have indicated that  rat liver mona-  
amine oxidase contains  two species of activity that 
will oxidase tyramine with about  40 per cent of this 
activity being also active towards serotonin but not  
benzylamine and 60 per cent being active towards 
benzxlamine but not serotonin (see e.g. [25 27]). The 
curve in Fig. 5 is a theoretical plot of the results that 
would be expected if the oxidation of tyramine were 
due to the presence of two such species with 60 per 
cent of the activity having the K~ value shown 
towards benzylamine as the substrate and the 
remainder  having the K~ value obtained with sero- 
tonin as the substrate (see Table 1). 

After the solubilised enzyme had been treated with 
the chaotropic  agent sodium perchlorate, the inhibi- 
tion by the ~-methyl amines showed no significant 
selectivity towards any of the substrates tested and 
secondary plots of the inhibit ion data obtained when 
tyramine was the substrate were linear in all cases, 
as shown for the inhibit ion by / -amphetamine in Fig. 
6. 

The Ki values obtained with these inhibitors and 
the three different enzyme preparat ions with benzyl- 
amine, serotonin and tvramine as the substrates are 
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Fig. 6. Inhibition of tyramine oxidation by /-amphetamine 
using the perchlorate-treated enzyme preparation. Exper- 
imental details are given in the text. tA) Double-reciprocal 
plots at the following/-amphetamine concentrations: 0 (©), 
0.1 (A), 0.2 (Q), 0.4 (G), 0.8 (11) and 1.4 (0) mM. (B) Second- 
ary plot of the slopes of the lines in Fig. 6A against the 

concentration of/-amphetamine. 

shown in Fig. 1. It can be seen that, of the inhibitors 
tested, ~-methyltryptamine showed the greatest selec- 
tive potency towards serotonin as a substrate and 
~-methylbenzylamine showed the least. 

DISCt SSION 

Since Long [28] first reported selective inhibition 
of monoamine  oxidase in 1962, a variety of com- 
pounds have been shown to act as selective reversible 

Table I. Inhibition of rat liver monoamine oxidase by :~-methyl-substituted amines 

K i (#M) 

Enzyme preparation Substrate d-Amphetamine /-Amphetamine ~-Methylbenzylamine :~-Methyltryptamine 

Membrane-bound Benzylamine 770 600 650 1250 
Serotonin 20 70 120 0.5 
Tyramine N.L. N.L. N.L N.L. 

Solubilised Benzylaminc 580 760 700 1850 
Serotonin 60 160 300 8 
Tyramine N.L. N.L. N.L. N.L. 

Perchlorate-treated Benzylamine 430 500 250 500 
Serotonin 480 480 340 540 
T~ramine 440 430 330 490 

N.L indicates that secondary plots of the inhibition data were nonqinear. Details of the experimental methods 
used arc given in the text. 
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or irreversible inhibitors of the enzyme {see e.g. 
[17, 26, 27, 29, 38]). The current evidence indicates 
that, in many species, the enzyme can be regarded 
as being composed of two major forms which were 
termed the A and B species by Johnston [29]. The 
specificities of these two forms in rat liver have been 
studied and benzylamine and phenethylamine have 
been shown to be substrates for the B species, sero- 
tonin has been shown to be a substrate for the A 
species and tyramine has been shown to be a sub- 
strate for both species (see e.g. [25-27, 29]). The situa- 
tion with respect to tryptamine is unclear, since it 
has been classifed as a substrate for the B species 
in some studies [26] but as a substrate for both spe- 
cies in others [25, 27]. There is evidence that the 
properties of monoamine oxidase fiom rat liver may 
represent an adequate model for the enzyme from rat 
and human brain, since the proportions of the two 
major enzyme species and their specificities appear 
to be similar in preparations from these sources {com- 
pare the results in [26, 31, 33 and 3411. 

With the possible exception of :z-methyltryptamine. 
the inhibitors used here can be regarded as :~-methyl 
analogues of the B species substrates benzylamine and 
phenethylamine and thus lheir greater potency as in- 
hibitors of the A species is surprising, although Hous- 
lay and Tipton [26] have shown that the substrates 
for one of the enzyme species arc able to bind to 
the other species with K~ values similar to their K,,, 
values when acting as substrates. Substrates tor the 
B enzyme species are, however, mixed inhibitors of 
the A species whereas the analogues used here were 
all competitive inhibitors. The competitive inhibition 
by the amphetamines is in agreement with the results 
of Fuller [17] and Green [18] although neither of 
these workers presented a complete analysis of the 
dependence of inhibition on the inhibitor concen- 
tration and the former author did not use a sufficient 
range of inhibitor concentrations to detect the non- 
linear dependence on inhibitor concentration. Mantle 
el al. [30] tbund non-linear secondary plots for inhi- 
bition of tyramine oxidation by x-methyltryptamine 
but they did not investigate the inhibition of the acti- 
vity towards other substrates. The agreement between 
line experimental points shown in Fig. 5 and the 
theoretical curve drawn by assuming that the activity 
towards tyramine was due to 60 per cent species A 
activity and 40 per cent B activity with the K, values 
shown by these species, when the activity was assayed 
with serotonin and benzylamine respectively, provides 
further evidence that tyramine is a substrate for both 
species and is in agreement with the conclusion 
reached by Mantle el al, [30] who used a somewhat 
different model. 

There is evidence that the apparent multiplicity of 
monoamine oxidase in rat liver and human brain may 
be duc to a single enzyme species existing m different 
membrane lipid environments [ 19, 31 ], and treatment 
of solubilised preparations of the enzyme with chao- 
tropic agents, such as sodmm perchlorate, has been 
shown to abolish the apparent multiplicity of the 
enzyme, including the selective responses to inhibi- 
tots, without loss of activity [19, 31]. In agreement 
with these results treatment of the solubilised prep- 
aration of the enzyme with sodium perchlorate abol- 
ished the sclectixitv of the inhibitors studied here and 

also the evidence that two enzyme spccics were in- 
volved in the activity towards tyramine. A compari- 
son of the Ki values for these inhibitors with the 
membrane-bound and solubilised enzyme prep- 
arations shows that solubilisation itself produces 
changes in tint sensitivity of the cnz311lc which is in 
agreement with previous results that have shown that 
solubilisation produces changes in the kinetic 
mechanism [32] and the inhibitor sensitixity ]33] of 
the enzyme. 

The selectivity of amphetamine inhibition tovvards 
the A species is of interest since this species has bccn 
shown to be responsible for the oxidation of norad- 
renaline as well as serotonin [26, 34]. Since inhibition 
of monoamine oxidase in nerve endings will restlll 
in inhibition of the reuptake process as a consequence 
of rising levels of free intraneuronal amines [35], it 
is tempting to ascribe inhibition of reuptakc to this 
effect. However, little difference has bccn nolcd 
between the inhibitory effect on noradrcnalinc and 
dopamine reuptake in rat brain [12], although lhis 
model would predict u weaker effect on dopaminc 
reuptake since it is a subslrute for both enzyme 
species [.26, 34]. In addition d-amphetamine has been 
reported to be a relativcly weak inhibitor of scrotonin 
uptake [36]. 

The difference between the selectivity o[ the Ix~o 
isomers of amphetamine are in accoM with the 
greater potency shown by the d-isomer in its pharma- 
cological effects. Sandler and Reynolds [37] haxc 
recently suggested that, in view of the structural simi- 
larity between amphetamine and phcnethylamine, onc 
might regard phenethylamine as being a naturally 
occurring amphetamine analogue. Since amphetamine 
overdosage may p,oduce symptoms simihn- to schizo- 
phrenia, they argued that this disease might be associ- 
ated with an abnormal phenethylamine response. l h c  
results of the present study indicate that. in the case 
of monoamine oxidase inhibition, amphetamine does 
not act as a phenethylamine analogue but rather as 
an analogue of substrates for the species A cuzxmc. 

It appears from the results reported here that sub- 
stitution of a methyl group at the >position of sub- 
strafes for monoamine oxidasc produces rc~ersiblc m- 
hibitors which arc selective for the A spccic~. [ h c  
situation with regard to irreversible inhibitors is, hox~- 
ever. less easy to define since pheniprazine and tran~_ I- 
cypromine, which can in at scnse both bc rcmu-dcd 
as amphetamine analogues, show little sclcctixity ] [71 
and the more extensively substituted compound 
Deprenyl is a selective inhibitor of the B species [3S]. 
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