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Abstract-A new kinetic formulation for the interaction between reversible and irreversible enzyme 
inhibitors has been used as a basis for determining enzyme active centre occupancy by reversible enzyme 
inhibitors in viva. This formulation has been validated in vitro by comparing the monoamine oxidase 
active centre occupancy by (+)-amphetamine calculated from its ability to reduce inhibition by phenelzine 
with that calculated from its direct inhibitory action on the enzyme. From studies on the protection 
afforded against inhibition of mouse brain monoamine oxidase by phenelzine in viva. I;o values of 5. 
0.5 and 0.1 mg.kg-’ have been obtained for the inhibition of this enzyme by (+)-amphetamine, p- 
methoxyamphetamine and harmaline. The protection afforded by amphetamine and p-methoxyam- 
phetamine against inhibition by pheniprazine, clorgyline and tranylcypromine has also been studied. 

The extent to which monoamine oxidase 
[amine : oxygen oxidoreductase (deaminating) 
(flavin containing) EC 1.4.3.41 (MAO) is inhibited 
in viva by irreversible inhibitors, such as the hydra- 
zines or propargylamines, is readily measurable. 
Animals are injected with the inhibitor, and after a 
suitable time the appropriate tissue is excised and 
homogenized, and substrate is then added to the 
homogenate for enzyme assay in vitro. However, if 
this procedure is adopted with reversible inhibitors, 
such as the amphetamines or harmala alkaloids, it 
will underestimate the true degree of inhibition [l]. 
With reversible inhibitors, this type of experiment 
does not measure the degree of inhibition in the 
original tissue but the degree of inhibition produced 
by the concentration of inhibitor ultimately reached 
in the in vitro assay mixture. This concentration will 
normally be much lower than that which was orig- 
inally present in the tissue owing to the extensive 
dilution which occurs during preparation of the hom- 
ogenate and during the subsequent addition of sub- 
strate and other reagents required for the assay. 

An alternative way of showing that reversible 
inhibitors combine with the active centres of MAO 
in vivo depends on demonstrating that they can 
reduce the long-lasting inhibition produced by an 
irreversible inhibitor if they are injected shortly 
before it [2,3]. This technique has been used suc- 
cessfully with a variety of reversible and irreversible 
inhibitors [l-11], but it has not previously been 
exploited to provide quantitative information on the 
extent of inhibition which would be produced by the 
reversible inhibitor when given on its own. In this 
paper, we present a new kinetic formulation of the 
interaction between reversible and irreversible 
inhibitors. This formulation enables the level of 
active centre occupancy by the reversible inhibitor 

to be calculated from the extent to which it decreases 
the level of inhibition by the irreversible inhibitor 
without requiring any knowledge of the local con- 
centration of the irreversible inhibitor. The validity 
of this kinetic formulation has been verified under 
in vitro conditions by showing that the level of MAO 
active centre occupancy by (+)-amphetamine cal- 
culated from the extent to which it diminishes the 
level of inhibition by phenelzine, pheniprazine or 
tranylcypromine is in good agreement with that cal- 
culated from the extent to which it inhibits MAO 
when measured directly. The technique has then 
been used to determine the potencies of (+)-amphet- 
amine, p-methoxyamphetamine and harmaline as 
inhibitors of mouse brain MAO in vivo from the 
extent to which they protect the enzyme against 
inhibition by phenelzine. The relevance to this tech- 
nique of the choice of irreversible inhibitor and of 
the relative persistence in the tissues of both the 
reversible and the irreversible inhibitor is also 
considered. 

MATERIALS AND METHODS 

Chemicals. [ 1-14C] Serotonin creatinine sulphate 
(5HT) was obtained from the Radiochemical 
Centre, Amersham, U.K. p-Methoxyamphetamine 
hydrochloride was synthesized from p-methoxyben- 
zaldehyde [ll]. Other MAO inhibitors were 
obtained as gifts or by purchase as follows: (+)- 
amphetamine sulphate, tranylcypromine sulphate 
and pheniprazine hydrochloride (Smith. Kline & 
French), clorgyline hydrochloride (May & Baker), 
harmaline hydrochloride (Sigma Chem. Co.), par- 
gyline hydrochloride (Abbott), and phenelzine 
hydrogen sulphate (Fluka AG). Inhibitor doses are 
expressed throughout in terms of the salt, not the 
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free base. All other chemicals were obtained from 
British Drug Houses Ltd.. Poole. U.K.. or Koch- 
Light Laboratories, Colnbrook. U.K. 

Animals nnd enzyme preparations. Brain mito- 
chondria from male Holtzman rats (20&---250 g) were 
isolated by differentjal centrifugation [ 121. Male 
CBA strain mice were used in all the i?z \?~o experi- 
ments. They were killed by cervical dislocation and 
the brains were immediately homogenized in q vol. 
ice-cold 0.1 M sodium phosphate buffer (pH 7.4) 
using an Ultra Turrax TP 1X/:! homogenizer. 

MAO assmy. MAO activity in rat brain tnitochon- 
dria or in mouse brain homogenate was assayed 
using minor modifications [ II] ot’ the radiochemtcai 
method of Otsuka and Kobayashi 1131 with 5-I 1T as 
substrate. 

Protection experimerzts in vitro. Appropriate con- 
centrationsof (+)-amphetamine (dissolved in 0.33 ml 
of 0.1 M phosphate buffer. pf-I 7.4) were added to 
rat brain mitochondria suspended. in phosphate 
buffer (0.96 ml equivalent to50 mg tissue) and IO mM 
EDTA (0.2 ml) and shaken in air at 37”. After 5 
min, the irreversible inhibitor (0.2 ml) was added. 
and the mixture was shaken for a further 15 min. 
Unlabelled S-I-IT ( 10 mM. 0.2 ml) was then added. 
followed immediately by [‘“Cl 5-HT (0.73 tnM, 
0.1 ml). After a further 30 min. the reaction was 
stopped by adding 2 M citric acid (0.3 ml). The 
remaining steps in the assay were then as 13reviou4y 
described [Il. 131. In the direct inhibition experi- 
ments by (+)-amphetamine at low sub<tratc con- 
centrations, the irreversible inhibitor and the unla- 
belted S-HT were replaced by buffer and the 
concentration of mitochondria was reduced 13~ a 
factor of 10. 

Protection experimerlts in viva. These were carried 
out as described in detail elsewhere [IO. 1 I]. In brief. 
pairs of mice were injected sLtbcut~tiieou~l~ with the 
reversible inhibitor 15 min before suhcutaneou\ 
injection of the irreversible inhibitor. The!, were 
then killed 24 hr later for assay of their brain MAO 
activity with [“C] 5-I1T as substrate. 

KINETIC THEOK\ 

Kinetic analyses of the protective effect of various 
kinds of reversible ligand against irreversible enzyme 
inhihition have been presented by several workers 
[14-161. However. these analyses have been confined 
to the in t&o situation in which the concentration 
of the irreversible inhihitor remain\ conslant. The 
novelty of the approach given below lies in the 
demonstration that the protection can be exl31-cswd 

quantitatively in such a manner as to be independent 
of the irreversible inhibitor. and consequently it can 
be applied to reversible inhibit(3rs it7 I+IW as well as 
in vitro. 

Inhihition of enzymes by irreversible inhibitors 
normally results from the formation of a stable 
covalent bond between the inhibitor and the active 
centre of the enzyme by a reaction which can be 
most simply represented as E + I + X. The degree 
of inhibition is determined by the fraction of the 
enzyme converted into the irreversibly modified form 
X. 

If the concentr~tti(~ns of E, I and X are reprcscntcd 

by e, i and x. then the rate formation of X i\ g~vcn 

by 

d.r:cl t = koi II) 

The concentration of the free inhibitor tvili nor- 
mally be a time-dependent function nt the ;tdmitl- 
istered dose or initial concentration (i,,). but pro\ ided 
the inhibitor is present in large excess over the 
enzyme, it will be independent of the conccntr:ttion 
of free enzyme. 

Thus d.vldt = kr [f‘(i.,. t,]. (7) 

If the concentration of cnzymc is ~,,at time 0, and 
e,at time t. then equation 2 can be k3arfly integratcti 
to give: 

Ill (C,jP:) = k ^’ /Ii... t)d/. 
I’ 

(3) 
-,, 

If a competitive reversible iilllibit(3r (P) is prcssent 
at the satne time as the irreversible inhibitor. its 
effect would bc to render that fraction of the cnzynlc 
active centres which it occupies (n) inacce5sihle to 
the irreversible inhibitor. Thus the equation for the 
rate of formation of X becomes: 

dsidt = k( I - R) c [f(i,,. I)]. (4) 

which may also be parfly integrated to give: 

-, 
In (c,j,,),, = k( 1 ~ a) i 

f(i ,_ f) dr. (5) 
_ 

In equation 5, In (~,,ie,)~, is the valut (31 In (v,,/(P:) 
for the irreversihlc inllibit~3r acting in the presence 
of the reversible inhibitor. The control enzyme 
activity (e,!) in this case is the activity in the presence 
of the reversible inhibitor alone under the samt‘ asxa! 
conditions. Since the integral terms in equations .? 
and 5 are the same. they may bc ~lirn~t3~ttcd without 
them having to be evaluated, thus giving: 

n - I - [Ill (fJ,/c;),,: In (<‘,,‘fg]. (h t 

The degree of enzyme i~~~~ibiti~3~~ produced by :I 
competitive, reversible inhibitor vat% nith the auh- 
strate concentration. but provided this is suflicicntl> 
low ((S] N K,,,). the level of inhibition will be almost 
the same as the active ccntre occupant: n. ;IC ca- 
culated above. Thii is likely to be the sttuation for 
MAO ir? ,xi,,o where the concentrations of ft.cc 
endogenous substrates. such a\ S-HT or noradrcn- 
aline. are extremely low. 

The foll(3~ving example. taken from Tahlc 5, i&t\- 
trates the use of equation 6 to calculate R. Prctrca- 
ment of mice with 0.07 mg. kp ’ of harmalinc IOW 
ered the level of inhibition of twain MAO produced 
by 4 mg. kg-’ of phenelzine from 77 to 59 per tent. 
Thus. c = I ~ {in (10~~~~1) ! In (100~27fj 2 O.lO. i.c. 
harmaline alone at this dose would product 40 pet 
cent inhibition of brain MAO. 

To minimize the effect of $m:tll errors in the 
measurement of the enzyme activity on the caIctt- 
lated value of (t, Y, must not be cxccssicciy smaii 

compared with c,,. and (c,),, should not be too close 
to (P,,),,, Optitnum results would be achieved b! 
choosing experimental conditions where 0; W:~S n(rt 
less than 70 per cent of i’,,. and (c,),, wit\ not p’itfft 

than X0 per cent of ((a,)!.. 
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An obvious requirement for the success of the 
method is accurate assessment of the residual frac- 
tion of uninhibited enzyme at time t. When the two 
types of inhibitor are incubated with the enzyme in 
vitro, this can be achieved simply by addition of a 
high concentration of substrate ([S]D&) at time f. 
This will prevent any further combination of the 
irreversible inhibitor with the enzyme and enable 
the residual uninhibited enzyme to be assayed 
directly. However. in in viva experiments if any free 
irreversible inhibitor remains in a tissue at the time 
an animal is killed it can continue to react with any 
available uninhibited enzyme up until the time that 
the tissue is homogenized and substrate is added. 
Thus the measured level of inhibition may be greater 
by an unknown amount than that which was actually 
present in the tissue at the time the animal was 
killed. In order to apply equation (6) meaningfully 
irr viva it is necessary that all free irreversible inhib- 
itor should have disappeared from the tissue con- 
cerned before the animal is killed, and that a constant 
level of MAO inhibition should have been reached. 
This can be achieved by not killing the animals until 
24 hr after administration of the irreversible inhibi- 
tor. As shown later (Table 2), the level of inhibition 
by this time is normally approximately constant. 
However, this introduces a further problem in that 
the derivation of equation 6 is based on the assump- 
tion that the concentration of the reversible inhibitor 
remains constant, which will clearly not be true over 
such a long period of time. It follows that the degree 
of inhibition calculated for the reversible inhibitor 
from this type of experiment in vivo is not a measure 
of how much inhibition is present at some precisely 
defined time after injection, but a value which 
reflects the average level of inhibition during the 
period when both reversible and irreversible inhibi- 
tors are present together in the tissue. If the irre- 
versible inhibitor is cleared only slowly from the 
tissue, this period will include the time during which 
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Dose of InhibItor, mg.kg-’ 

Fig. 1. Effects of 15 min pretreatment with 5 mg. kg-’ of 
(+)-amphetamine sulphate (broken lines) or with 
0.9% NaCl (continuous lines) on inhibition of 5-HT oxi- 
dation by mouse brain MAO 24 hr after subcutaneous 
injection of clorgyline (circles), pheniprazine (triangles) or 
phenelzine (squares). All values are the means (’ S.E.M.) 

from assays on at least four pairs of mice. 

the concentration of the reversible inhibitor is also 
declining. The measured protection, and the calcu- 
lated level of inhibition by the reversible inhibitor, 
will thus be less than that which would be found with 
a more labile irreversibie inhibitor. The selection of 
an irreversible inhibitor with a short biological haif- 
life is thus crucial if the protection method is to give 
a valid estimate of the inhibitory potency of the 
reversible inhibitor at the time when its concentra- 
tion in the tissue is at its highest level. Provided the 
irreversible inhibitor is sufficiently labile, the con- 
centration of the reversible inhibitor should remain 
approximately constant if it is given long enough 
before the irreversible inhibitor to reach its maxi- 
mum concentration in the tissue during the short 
period over which the irreversible inhibitor exerts 
its effect. A simulation study on the importance of 
the relative persistence in the tissues of the two types 
of inhibitor as a factor determining the level of 
protection is described in the Appendix. 

One other possible complication arises from the 
likelihood that very potent irreversible inhibitors do 
not combine with the enzyme active centre to form 
the irreversibly modified form X directly, but do so 
via formation of a transient Michaelis type complex, 
e.g. 

E+I=EI+X. 

Kitz and Wilson [14] showed that the protective 
effect of tetraethylammonium ions on the irrevers- 
ible inhibition of acetylcholinesterase in virro by the 
methanesulphonate ester of 3-trimethylaminophenol 
could be interpreted on this basis. Provided the 
irreversible inhibitor concentration is appreciably 
lower than the dissociation constant of the EI com- 
plex, the derivation of equation 6 given above is still 
valid. However, if the irreversible inhibitor concen- 
tration is of the same order as (or greater than) this 
dissociation constant, the level of protection by the 
reversible inhibitor would be reduced due to part of 
the free enzyme being sequestered in the form EI. 
In these circumstances, application of equation 6 
would underestimate the level of active centre occu- 
pancy calculated for the reversible inhibitor when 
present on its own, but the mathematics would 
become intractable if the irreversible inhibitor con- 
centration is not constant. As shown by Kitz and 
Wilson [14], the existence of such an intermediate 
EI complex leads the relationship between In (e,/e,) 
and inhibitor concentration to become hyperbolic at 
high inhibitor concentrations. From our in viva data 
(Table 4 and Fig. 1) there is some indication that 
this may happen with tranylcypromine but not with 
phenelzine, pheniprazine or clorgyline. 

RESULTS 

Experiments in vitro. In these experiments the 
irreversible inhibitors were incubated with rat brain 
mitochondria at 37” for IS min in the presence or 
absence of various concentrations of (+)-ampheta- 
mine. The residual MAO activity was then assayed 
with 1 mM 5HT as substrate. The concentration of 
the irreversible inhibitor was selected so as to pro- 
duce 7&80 per cent inhibition in the absence of 
(~)-amphetamine. Table 1 (second column) shows 
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Table 1. The effect of (+)-amphetamine on inhibition 01 rat brain I~~IIocI~~)I~~III;II Mi\O lhb (1.5 rtl\l 
phenelzine in t~irro and calculated MAO active ccntrL’ c~~p;~nc! 

MAO activity (per cent of control) <‘alcul;ltcd ,‘Cl cent hl~~a\ul~il ,KI cent 

(+)-Amphetamine 
Amphetamine Amphctaminc actiw ccrltrc inhihlti~ln h\ 

+ phenelzine (cl,) alone (?,,) cKxvp;““\ I>\ 
( t )-am,‘t”~;;ll,llll~ 

( t l~;,,,,,,l,c~l;,,,;,,,~~ 
(PM) (S-WI‘. I mbl) (i-l t I’. I I .i !Al) 

* Data for measured inhibition by phcnelzinc or (i )-~~mphctami~~~ arc prc\cntcd a\ mc;~n\ ( 1 S I .\I.) 
from four assays and are based on the activity of control wmplc\ contalnin g nclthcr Inhibilot l’hc 
phenelzine and enzyme were allowed to interact for t5 min at 37” bclotc hlA0 ;~\\a! \\lth I 1n3l i-t 1’1 
as substrate. The per cent active centrc occupancy by (+)-arnphct~~mille (fourth colurn~~) WA\ dcri\cci 
from the mean values of e, and e,, (second and third columns) by substlturlon Into quaticjll h (\c.c tilnctlc 
Theory). The final column gives the per cent inhibition by ( + )-amphetan~~nc ;IIonc IIIC;I~IIIC~ dlrcctly ;II 

very low substrate concentration ( I I .5 pM S-HT). 

the inhibition produced by 0.5 ,uM phenelzinc in the 
presence of 2.5-20 LAM (+)-amphetamine. In the 
presence of 1 mM 5-HT. (+)-amphetamine alone at 
these concentrations had only a weak inhibitor) 
effect on MAO (shown in the third column of Table 
1). The percentage of the MAO active centres 
occupied by (-+)-amphetamine in the absence of 
substrate was then calculated from these results using 
equation 6 (see fourth column of Table I and Kinetic 
Theory). This may be compared with the level of 
MAO inhibition produced by (+)-amphetamine 
when measured at a concentration of 5-HT (11.5 /IM) 
very much lower than the K,,,vatue (around 100 J(M). 
and which is shown in the final column of Table I. 

Similar protection was afforded by (+)-amphet- 
amine against inhibition of rat brain mitochondrial 
MAO by pheniprazine or tranytcypromine. Thus, in 
the presence of 10 FM (+)-amphetamine. the lcvcl 
of inhibition by 0.5 PM pheniprazine was reduced 
from 77 ? 1 to 49 5 1 per cent (based on controls 
containing neither inhibitor), and that by 0.8 @I 
tranylcypromine was reduced from 77 t I to 57 -’ 
1 per cent. The level of active centre occupancy by 

10 PM (+)-amphetamine calculated from these 
results is 65 and SO per cent, respectively. in fair 
agreement with the results for IO /IM (+)-amphet- 
amine and phenelzine shown in Table 1. Both the 
calculated active centre occupancy, and the meas- 
ured level of inhibition by (+)-amphetamine at either 

1 mM or 1 I .5 ,uM 5-l IT concentratic~n ;II’C con\islent 
with a K,value for (7 )-~~ml’het~urnine ofaround 7 !rhl. 

Exprrin~rlt.\ in viva. The cstcnt of klAO inhib- 
tion produced in mouse brain at v;tr~ou\ time\ 
after the subcutaneous injection of live irre\erGblc 
inhibitors is shown in Table 7. U’ith the two hvdr:l- 
zines, maximum inhibition \\a\ rcachccl within 30 
min, after which time the MAO le~l remained 
approximately constant for 24 hr. hut with the two 
propargylamines the level of inhibition continuctl to 
increase slowly for several hour\ atter injecti~>n. Al 
low dose (1 rni. kg ~‘) tr”nylcypr~)I”inc a~~pcat-cd to 
behave like the hydraLines. hut at ;I higher dog 
(5 mg. kg-‘) thcrc aptx;~~-cd to be ~mc’ recovcr~ ot 
MAO activity after 24 hr. 

Figure 1 show5 do\c-response cur\ch f01- the 

inhibition of brain MAO 34 III- after injection 01’ 
various doses ot clorgvtine. phcnipr;Gnc or phe- 
nelzine into mice treat&i IS min beforehand \\ itli 
5 mg’kg ’ of ( +)-~lmphct~umine \ulphatc OI (1.0’; 
NaCI. Figure 2 hhows similar c‘uI-\~c~ c)btaincd usin: 
ctorgyline or phenelrine as the irrc\crsibte inhibitor 
and p-methoxyamphet~lmine ;I\ the I-C’\ er-ziblc inhib 
itor. The MAO activities in the brain\ ot niicc‘ 3-1 111 

after injection of amphctaminc 01. p-iii~tti~~yarn- 

phetamine atune wcrc the wnlc a those in the brain\ 
of control mice,gj\ c’n O.Vc; Na(‘l onI>. Ttlc aptxiwnt 

percentage inhtbttion of VA0 b! ( a )-;lrnphet~~IiilIiL~ 

or p-methoxy;~Ill~~hetaniine calculated 1~ ;tpplving 

Table 2. Time course of brain MAO inhibition in mice Injccred \III~cIII;III~o~I\I\ \\~th II IL‘- 

wrsibtc inhihitol-5. 

Dow Per cc111 inhibillr~n ,IIICI 11mc (111 ) 
Inhibitor (mg.kg-‘) 0.5 I 4 ‘1 

Phenelzine -1 77 77 i,‘) _- 

Pheniprazine 2 00 s s s; h-l 
Clorgyline 0.3 5-1 hS hi hl 
Pargyline 20 3Y 05 XI -7 

Tranylcypromine I 46 J-t 4 I 4’) 
Tranylcyprominc 5 YX Y5 ‘1 I X( I 

* Each result is from a single c\timation on the pooled brain\ Iron1 (\+(I m~cc‘ ;~\w\cd v lth 
[ ‘“C]SMT as substrate. 
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loo- 

0 ’ I I I I 

0. I 03 I 3 10 

Dose of inhIbItor, mg kg-’ 

Fig. 2. Effect of 15 min pretreatment with p-methosyam 
phetamine hydrochloride (broken lines 2.2 mp kg -‘. dot- 
ted line 0.5 mg.kg--‘) or 0.9% NaCl (continuous lines) on 
inhibition of S-HT oxidation by mouse hrain MAO 2-l hl 
after subcutaneous injection of clorgyline (circles) or phe- 
nelzine (squares). All values are the means (2 S.E.M.) 

from assays on at least four pairs of mice. 

equation 6 to the results in Fiss. 1 and 2 is shown 
in Table 3. From the results usmg phenelzine as the 
irreversible inhibitor the doses of (+)-amphetamine 
and p-methoxyamphetamine required to cause 50 
per cent inhibition of mouse brain MAO when given 
alone are approximately 5 and 0.5 mg. kg-‘. 
respectively. 

The effect of pretreatment with p-methoxyam- 
phetamine (2.2 mg . kg-‘) on inhibition of mouse 
brain MAO by tranylcypromine is shown in Table 
4. Although p-methoxyamphetamine afforded con- 
siderable protection against inhibition b\ 
tranylcypromine, the extent of this protection (a&i 
the calculated apparent level of inhibition by p- 
methoxyamphetamine itself) fell sharply as the dose 
of tranylcypromine was raised. (+)-Amphetamine 
at 5 mg. kg-’ marginally lowered the degree of 
inhibition by 1 mg kg-’ of tranylcypromine (from 

44 k 2 to 40 F 3 per cent, corresponding to 12 per 
cent inhibition by (+)-amphetamine itself) but gave 
no measurable protection against inhibition of brain 
MAO in mice given 2 or 1 mg. kg ’ of 
tranylcypromine. 

Table 5 shows the protection afforded by various 
doses of harmaline against inhibition of mouse brain 
MAO irl Cl.0 by 2 or 4 mg. kg’ of phenclrine. 
together with the percentage inhibition by harmaline 
Itself calculated by use of equation 6. With 2 nip 
kg-’ of phenelzine there was more variation in the 

individual assays than with the higher dose. but the 
calculated per cent inhibition by harmaline was 
approximately the same at both doses. These results 
indicate that the dose of harmaline required to cause 
50 per cent inhibition of brain MAO in mice is 
around 0.1 mg kg ’ 

As already mentioned. no reliable direct assess- 
ment can be made of the potency of reversible 
enzvme inhibitors in Go because of the dilution of 
theInhibitor which takes place when the tissue con- 
taining the enzyme is homogenized for enzyme assay. 
The protection technique described in this paper 
overcomes this dilution problem completely in that 
what is actually measured is irreversible inhibition, 
which is unaffected by dilution of the inhibited 
enzyme preparation. 

A further complication which may arise with MAO 
is the existence in many tissues of multiple forms of 
the enzyme with differing substrate and inhibitor 
specificities (see Ref. 17 for a recent review). To 
avoid this problem. all the results reported in this 
paper have been obtained using 5-HT as the only 
substrate. S-HT is almost exclusively oxidized by A- 
type MAO. for which clorgyline (at low concentra- 
tion) is a specific inhibitor. All three reversible 
inhibitors used have been shown [ 11~ 1X. lY] to pos- 
sess much higher affinity in vitro for the A-type 
enzyme than for the B-type. 

The validity of the underlying kinetic theory. 
especially of equation 6. which is used to calculate 

Table 3. Calculated per cent InhIbition of mouse brain MAO in ~,iw h) (+)-amphctaminc 
sulphate or p-methoxyamphctamine hydrochloride as a function of the nature and dose of the 

irreversible inhibitor’ 

Calculatctl per cent inhibition h! 

Irreversible Dow (+ )Amphrtamine /,-Mcthoxvamphetalnine 

inhibitor (mg, kg-‘) 5 mg’kg-’ 0.5 mg. kg-’ 1.2 rng. kg-’ 

Phenelzinc 2 76 70 81 

‘I 50 511 x3 

Pheniprazine 0.5 33 
I 31 
0. 1 17 50 

Clorgyline 0.2 20 53 

0.3 I I 54 

* The percentage inhibition h)- (f )-arnphcta~~~i~~c or /~-r~~ct~~(~~y;lml~hctatnine was calculated 
from the experimental data In Fogs. I and 2 by ~ubatitution into ccluation 6 of the mean valuea 
of the residual MAO activity at the qxcificd doses of irrcvcrsiblc inhibitor 111 mice pretreated 
with the reversible inhibitor or O.c)‘+ NaCI 
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Table -I. Effect of pretreatment with p-methoxyamphct~~mine on inhibition ot mouse hl-air 
MAO it7 t+w hy tranylcyprominc‘ 

Tranylcypromine 
sulphatc 

(mg.kg ‘) 

Per cent inhibition when pivcn Ii min 
after 

0.V; NaC‘l p-mcthos~;~mphctaminc 
(2.1 mg.kp ‘) 

* Data for inhibition by tran!lcypromine arc mean brain MAO activities (?S.t.M.) for 
assays on four pairs of mice killed 24 hr after injection of tranylcypromine. The per cent 
inhIbItion by p-mcthoxyamphct~~minc \vas calculated from the mean values for inhibition h\ 
tranylcypromine hy use of equation 6 (we Kinetic Theorv). 

the fraction of the enzyme active centres occupied 
by the reversible inhlbltor. has been demonstrated 
under in vitro conditions by the protection experi- 
ments summarized in Table I. The fraction of MAO 
active centres occupied by concentrations of 2.5 
20 PM (+)-amphetamine calculated from the pro- 
tection afforded against irreversible inhibition by 
phenelzine is in good agreement with that obtained 
by direct inhibition experiments at very low substrate 
concentrations ([SINK,,,), where the measured level 
of inhibition should be approximately equal to the 
fraction of enzyme active centres occupied by the 
reversible inhibitor. Similar protection was afforded 
by 10 PM (+)-amphetamine against irreversible 
inhibition by pheniprazine or tranylcypromine in 
vitro to that found with phenelzine. The protection 
experiments. and the direct inhibition experiments 
at both low and high 5-HT concentration. are all 

consistent with a I(, value of about 7 /&I for the 
interaction of (+)-amphetamine with rat brain mito- 
chondrial MAO. 

As explained in the Kinetic Theory section. for 
accurate assessment of the level of reversible inhi- 
bition in vi~so by this method it is essential to choose 
an irreversible inhibitor with a short biological half- 
life. Arylalkylhydrazines are probably the most sat- 
isfactory irreversible inhibitors for this type of 
experiment with MAO. Although the MAO inhi- 
bition which they produce is very long-lasting. the 
compounds themselves disappear rapidly from intact 
tissues in 11il~) [hl. This is confirmed by the results 

in Table 2 which show that inhibition by phenelzine 
and pheniprazine reaches a maximum and constant 
level within 30 min. Inhibition by clorgyline (and 
pargyline) in viva reaches its maximum extent much 
more slowly, implying that some free clorgvline 
remains in the brain for several hours after injection. 
(+)-Amphetamine and p-methoxyamphetamine 
exerted much less protection against inhibition h! 
clorgyline than against inhibition by phcnelzine or 
pheniprazine (Figs. I and 2 and Table 3). [{armala 
alkaloids have previously been showjn [3. 61 to be 
more effective in protecting rat brain MAO it7 rsilx~ 

from inhibition by pheniprazine than by the more 
persistent inhibitors iproniazid and tranylcypromine. 
We obtained no significant protection against inhi- 
bition by tranylcypromine using (i )-amphetamine. 
although appreciable protection was afforded by the 
more potent reversible inhibitor p-methoxyamphe- 
tamine (Table 4). However. the apparent level of 
protection exerted by p-methoxyamphetamine 
decreased markedly as the dose of rranylcypromine 
was raised. Although tranvlcypromine is normally 
classed as an irreversible inhibitor of MAO, recovery 
of the enzyme from inhibition irk VI’C’O is faster than 
with hydrazine or propargylamine inhibitors [20, 211. 
This is reflected by the results in Table 2 which show 
that at the higher dose of tranylcypromine the level 
of MAO inhibition measured after 71 hr was sub- 

stantially less than that measured after shorter times. 
Thus. the level of inhibition measured 31 hr after 
tranylcypromine in the protection cxperimentz may 

Table 5. Effect of 15 min prerreatment with various doses of harmalinc on the inhibition 01 mouse brain 
MAO 24 hr after subcutaneous injection of phenelzine and calculated inhibition produced by harmaline 

alone* 

‘; Inhibition hv phcnclzinc 
‘; Inhibition by harmalinc calculated from 

Harmalinc 

(mg. kg-‘) 
2 mg. kg-’ 

(A) 
-lrng!.kg ’ 

(RI 

* Data for inhihition by phenelzine are mean brain MAO activities (2 S.E.M.) for assny~ on four 
pairs of mice killed 74 hr after injection of phenelzine. Per cent inhibition by harmaline was calculated 
from the mean values for inhihitlon by phcnelzine hy use of equation 6 (wc Kinetic Theory). 
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be lower than the true level of inhibition at the time 
of peak protection by p-methoxyamphetamine. The 
level of inhibition calculated for p-methoxyamphe- 
tamine under these circumstances would conse- 
quently be less than that actually present. As indi- 
cated earlier another possibility is that the existence 
of a transient reversible intermediate complex 
formed between MAO and tranylcypromine 
becomes kinetically significant at higher doses, which 
would also result in a fall in the level of protection. 
As (+)-amphetamine gave greater protection against 
phenelzine than against pheniprazine. phenelzine 
was selected as being the irreversible inhibitor of 
choice out of those which are readily available. We 
have shown elsewhere [ 1 I] that protection by (+)- 
amphetamine or by p-methoxyamphetamine of 
mouse brain MAO against inhibition by phenelzine 
in L’& is maximal if these drugs are given 15-30 min 
before the phenelzine, but declines if this interval 
is shortened or lengthened. Brain levels of (+)- 
amphetamine in rats or mice given the drug intra- 
peritoneally are also at a maximum level between 
IS and 30 min after injection [22. 231. 

Even with phenelzine, there is one further com- 
plicating factor in that the apparent level of inhibition 
calculated for (+)-amphetamine or p-methoxyam- 
phetamine by use of equation 6 was slightly greater 
when the dose of phenelzine was 2 mg. kg-’ than 
when it was 4mg’kg-‘. This anomaly is not seen 
with pheniprazine or clorgyline and possibly arises 
from MAO itself contributing to the rapid elimina- 
tion of phenelzine from the tissues i,z viva 1241. If 
the level of brain MAO inhibition by the reversible 
inhibitor irz I~~L.O calculated from the extent of pro- 
tection afforded against inhibition by 4 mg . kg-’ phe- 
nelzine can be accepted as a valid estimate of its 
approximate inhibitory potency at the time when its 
effect is maximal, then the doses of (+)-ampheta- 
mine sulphate, p-methoxyamphetamine hydro- 
chloride and harmaline hydrochloride causing 50 
per cent inhibition are approximately 5. 0.5 and 
0.1 mg. kg-‘. respectively. At as little as 1 mg. kg ‘. 
inhibition by harmaline is virtually complete. The 
striking potency of harmaline when assessed in this 
way illustrates the value of this protection technique 
as a method for studying reversible inhibitors in rjivo. 
By this technique. harmaline can be seen to be as 
potent an MAO inhibitor irl viro as clorgyline. This 
accords well with the exceptionally high affinity of 
harmaline for MAO irl l,ilro [25]. Other workers 
have shown that harmaline inhibits rat or mouse 
brain MAO ill VOW by use of conventional tech- 
niques, but they have been obliged to administer 
much higher doses in order to achieve comparable 
apparent levels of inhibition [6. 261. /I-Methoxyam- 
phetamine is not as potent as harmaline but it never- 
theless products marked inhibition of brain MAO 
at pharmacologically active doses [I I]. Although the 
inhibitory effect of (+)-amphetamine is weaker than 
that of the other two compounds, it may still be 
pharmacologically relevant. The behavioural effects 
of (+)-amphetamine in mice may be subdivided 
into two classes depending on the subcutaneous dose 
required to elicit them 1271. Group 1 effects, includ- 
ing exophthalmos and increased locomotor activity, 
had ~~~,,values in the range of I-4 mg. kg-~‘of (+)- 

amphetamine base, and it is unlikely that MAO 
inhibition contributes significantly to these. ~Iow- 
ever, the Group 2 effects. including compulsive 
gnawing and other signs of the characteristic stereo- 
typed behaviour. had ED5,) values of 15 mp. kg-’ or 
above. At these doses, MAO inhibition would be 
expected to be well over 50 per cent. The behavioural 
effects of (+)-amphetamine appear to be mainly 
attributable to biogenic amines released from intra- 
neuronal stores [28]; in so far as high levels of MAO 
inhibition would preserve these ammes from destruc- 
tion. such inhibition may well be an important factor 
in the production of Group 2 behavioural effects. 
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APPENDIX 

In the Kinetic Theory section of this paper it was assumed 
that although the concentration of the irreversible inhibitor 
might be time dependent, the concentration of the reversi- 
ble inhibitor was constant. This clearly cannot be strictly 
true in viva. The following analysis is intended to give some 
insight into the probable validity of equation 6 in circum- 
stances where the concentrations of both the reversible and 
the irreversible inhibitor decline with time. 

The fraction of enzyme active centres ((u) occupied by 
a reversible inhibitor is given by z/(1 + z). where z is its 
concentration expressed in normalized units (i.e. z = p/K,, 
where p is the concentration in molar units and Kp is the 
dissociation constant of the enzyme-inhibitor complex). 
Thus (1 - LY) = l/(1 + z). In Go, both z and the irrevers- 
ible inhibitor concentration (i) will be time-dependent func- 
tions of the initial concentrations or administered doses 
(z, and i,). Let i =f(io. t) and z = g(zO, t). Thus in the 
presence of both inhibitors, the rate of formation of the 
irreversibly modified enzyme (X) is given by 

ctuidt = k ef(i, t)/[l + g (z..t)]. (7) 

Provided both f and g are independent of the enzyme 
concentration (i.e. both types of inhibitor are lost from the 
tissues largely as a result of metabolic or excretory processes 
not involving the enzyme being inhibited). then equation 
7 may be partly integrated to give: 

The concentrations of both inhibitors in the immediate 
vicinity of the enzyme will vary with time in a complex 
manner depending on the relative rates of absorption, 
distribution and metabolism in the animal body. However. 
by making assumptions about the mathematical form of 
the two functions f and g it is possible to use numerical 
integration methods to construct hypothetical dose- 

0 25 4 16 
= 
2 lOOf- 

response curves relating the degree of enzyme inhibition 
to the dose of irreversible inhibitor in the presence of varied 
doses of the reversible inhibitor. The simplest assumption 
aboutfand g is that both inhibitors attain an instantaneous 
initial concentration directly related to the administered 
dose, and that this then declines at a first order rate, i.e. 
i = i, exp( -ktt) and z = z, exp( ~ kg). 

Equation 8 then becomes 

In (ede,), = k i, 
i 

‘exp(-k,t) dti[ 1 + z,,exp (-k,l)l. (0) 
I) 

If kl is given an arbitrary value of 1 time’unitt’, then 
after 10 time units i will be vanishingly small (<0.00005 i,) 

and the residual enzyme activity will have reached a con- 
stant level. Thus by integrating equation Y numerically 
using Simpson’s rule between limits of 0 and 10 time units. 
e,Je, can be evaluated as a function of i, for any specified 
values of z, and kl. Figures 3 a-d show per cent residual 
activity (100 eje,) as a function of i, (plotted on a logarithmic 
scale) for values of z, of 0, 1, 3 and 9 (equivalent to 0, 50. 
75 and 90 per cent active centre occupancy at zero time) 
and with k2 = 0, 0.2, 1 or 5. When kZ = S. the lines are so 
close together that for clarity in Fig. 3d only the lines for 
z, = 0 and z, = 9 are included. The rate constant k has 
been arbitrarily put equal to 110.7 in order that when z, = 
0, approximately 50 per cent inhibition would occur with 
&equal to 1. Alteration in this va!ue shifts the whole set 
of curves uniformly to the right or left. but does not alter 
their relative positions. 

These curves may be compared with the experimental 
plots shown in Figs. I and 2, where sufficient time (24 hr) 
was allowed to elapse between administration of the irre- 
versible inhibitor and killing the animals for all free inhib- 
itor to have disappeared. In both the theoretical and 
experimental plots the effect of the reversible inhibitor is 
to shift the log dose-per cent inhibition curve for the 
irreversible inhibitor to the right in an approximately par- 
allel fashion. This effect has been noted previously [7. IO. 
111. 

Fig. 3. Simulated plots of residual MAO activity as a 
function of the logarithm of the dose of irreversible inhibitor 
(io) in the presence of a labile reversible inhibitor. The 
dose of reversible inhibitor (z,,) is marked against each line. 
The rate constant for disappearance of the irreversible 
inhibitor (k,) = I; that for the disappearance of the reversi- 
ble inhibitor (k,) = 0 (a), 0.2 (b), l(c) or S(d). Set Appcn- 

dix for further details. 
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For any specified dose (i,,) of reversible inhibitor, the 
extent of the shift is very dependent on the magnitude of 
k2 compared with that of k,. If k2 is small (Fig. 3b). the 
shift is almost as great as when k; is zero (Fig. 3a). The 
values of (Y calculated from equatton 6 and the results in 
Fig. 3b are only slightly less than those calculated from Fig. 
3a. Thus if k2 is zero, CY values corresponding to z,, values 
of 1, 3 and 9 are 0.5, 0.75 and 0.90. respectively [if i = 
id(f) the LY value calculated from equation 6 will be inde- 
pendent of the value chosen for ill]. whereas if kz is 0.2. 
these are reduced to 0.45.0.71 and 0.8X. If kz is comparable 
with kl (Fig. 3c), the shift to the right is much reduced. 
For example. the value of z,, must be increased from 1 to 
3 to obtain the same shift to the right as found when hz is 
zero. From the experimental plots in Fig. 2. it can be seen 
that the dose of p-methoxyamphetamine must be increased 
about four times to achieve the same degree of protection 
against inhibition by clorgyline as is found against inhibition 
by phenelzine, suggesting that free clorgyline and I>-meth- 
oxyamphetamine are clcarcd from the brain at similar rates. 
If k2 is much greater than k, (Fig. 3d), only a small shift 
to the right occurs even with a dose (z,, = 9) of reversible 
inhibitor that initially occupies 90 per cent of the enzyme 
active centres. 

These simulated plots thus confirm the necessity for 
choosing a highly labile irreversible inhibitor that is rapidly 
cleared from the tissues concerned if the protection tech- 
nique is to give a valid estimate of the inhibitory potency 

of the reversible inhibitor at the time when it is exerting 
its maximal effect. 

It may also be noted from equation 5 (see Kinetic Theory) 
that if i = &f(r), an alternative method of calculating N is 
from the extent to which the log dose-response curve is 
shifted to the right (i.e. from the extent to which i, must 
be raised to exactly offset the (1 - CY) term in equation 5. 
If a dose of reversible inhibitor causes an /l-fold increase 
in the dose of irreversible inhibitor required to cause any 
specified level of inhibition. then 

CY = (n - 1)/n. (9) 

Thus, the dose of reversible inhibitor which doubles the 
dose of irreversible inhibitor needed to cause 50 per cent 
inhibition (i.e. where n = 2) is also the dose which would 
itself cause 50 per cent inhibition if the reversible inhibitor 
were present on its own. The values of 01 calculated from 
the increase in the dose of phenelzine required to cause JO 
per cent inhibition of brain MAO in mice pretreated with 
5 mg’kg-’ (+)-amphetamine. 0.5 or 2.2 mg. kg-’ p-meth- 
oxyamphetamine or 0.07 mg’ kg-’ harmaline are 0.49,0.47. 
0.74 and 0.39, respectively. These are in fair agreement 
with the corresponding values (0.50. 0.50. 0.83 and 0.39) 
calculated from applying equation 6 to the extent of inhi- 
bition produced by 4mg’kg-’ of phenelzine. Thus. 
although equation 9 is less firmly grounded theoretically 
than equation 6, it appears to give similar values for CY, 
and it is much simpler to use than equation 6. 


