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Abstract-The two MAO types in rat brain can be selectively inhibited by administering intraperitoneal 
injections of clorgyline or pargyline in suitable doses. Brain mitochondria prepared from such animals 
exhibit type B or type A MAO activity. respectively. In vitro clorgyline and deprenyl dose-response 
curves confirmed the purity of the enzyme preparations. Specific activities and K,, values of such 
preparations were determined for tyramine. serotonin and benzylamine. Type B and type A MAO 
were found to oxidize serotonin and benzylamine, respectively, although they had low affinities. 
Serotonin oxidation bv mitochondria oreuared from clorgyline treated animals showed type B charac- 
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teristics also in its heat inactivation time course. 

The two forms of monoamine oxidase (MAO, EC 
1.4.3.4), type A and type B, differ in their affinity 
for various substrates and inhibitors. Serotonin (S- 
HT) and norepinephrine (NE) are substrates for type 
A MAO which is sensitive to low doses of the inhibi- 
tors clorgyline, Lilly 51641, harmine, harmaline, 
PCO, etc., while benzylamine and P-phenylethyl- 
amine are specific substrates for type B MAO, which 
is preferentially inhibited by low concentrations of 
the inhibitors deprenyl. pargyline. etc. Tyramine, 
tryptamine and dopamine are substrates for both 
forms of the enzyme [l-9]. Various tissues of rat and 
other animals were shown to contain varied ratios 
of A/B [l&13] which, however, do not always fit 
perfectly into the above scheme of classification. The 
inhibition with certain selective inhibitors of MAO 
activity in several rabbit organs (I 11, rat heart [14] 
beef brain [15], pig, monkey and human brain, and 
cat, dog and rabbit liver 116, 171 showed anomalous 
patterns. The initial outline of substrate specificity 
and inhibitor sensitivity cannot always be extrapo- 
lated to various tissues and species [17] and these 
selectivities are relative rather than absolute 
characteristics. 

Although 5-HT has been considered a specific 
substrate for type A MAO [ 1,9, 121, there have been 
reports of 5-HT oxidizing activity resembling type 
B MAO in various systems such as human platelets 
[18], beef brain [15], pig brain and liver [19]. With 
beef heart MAO, Mantle et al. [20] observed double- 
sigmoid inhibition patterns with clorgyline, deprenyl 
and PC0 using 5-HT as substrate and concluded that 
in the above system the classification of MAO into 
type A and type B is of limited value. Even in the 
rat tissues which were originally employed for these 
studies. Ekstedt [21] observed some slight 5-HT 
oxidation (2 per cent) by rat liver MAO after it was 
treated with clorgyline in vitro. Green and Youdim 
[22] proposed from pharmacological studies that 
although 5-HT is the natural substrate for type A, 
in rat brain probably some .5-HT oxidation is per- 
formed by type B MAO when type A MAO is 
inhibited. Evidence is presented in the present com- 

munication that in rat brain type B MAO can indeed 
execute 5-HT oxidation, although at a much slower 
rate than type A MAO. 

MATERIALS AND METHODS 

Male albino rats (15G175 g) were killed by decap- 
itation and the brains were removed and hom- 
ogenized in chilled 0.32 M sucrose to give a 10% 
suspension (w/v). The crude mitochondrial fraction 
was prepared according to Brody and Bain [23] and 
the PZ pellet was freed of the fluffy layer by layering 
8 ml of a crude mitochondrial suspension (33% with 
respect to original tissue weight) in 0.32 M sucrose 
over 16ml of 0.8 M sucrose and centrifuging at 
50,000 g for 30 min in the SW25 rotor of the Spinco 
ultracentrifuge model L. The fluffy layer at the 
interphase was discarded and the turbid 0.8 M 
sucrose layer collected, diluted with sufficient dis- 
tilled water to make the sucrose concentration iso- 
tonic and then centrifuged at 144,000g for 15 min. 
The pellets obtained are pooled and suspended in 
0.32 M sucrose. 

In order to prepare rat brain mitochondrial frac- 
tion with one type of MAO selectively inhibited, rats 
were first given i.p. injections of clorgyline (2 mg/kg) 
for one day or pargyline (2 mgikg) for 3 days. The 
animals were killed the next day and mitochondrial 
fractions prepared as described above. These frac- 
tions were satisfactorily pure type B and type A 
MAO. The purity of the preparations was checked 
by measuring the inhibition of tyramine oxidation 
in these enzyme preparations by lo-‘M clorgyline 
in vitro. Whereas the enzyme activity in tissue prep- 
arations from clorgyline-treated animals was entirely 
unaffected by the above concentration of clorgyline, 
enzyme activity from the pargyline-treated animals 
was completely inhibited. The use of the selective 
inhibitor in vivo as opposed to in vitro has the 
advantage of not retaining much unreacted drug in 
the tissue preparation. The two enzyme preparations 
were identical except for their catalytic properties- 
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the preparations retained both MAO types but only 
one remained in the active state. 

For in vitro inhibition studies the enzyme was 
preincubated with clorgyline or deprenyl for 15 min 
prior to addition of the substrate. Preliminary experi- 
ments indicated that this preincubation period was 
sufficient for the inhibition by these inhibitors to 
reach completion and further increase in the prein- 
cubation period did not significantly increase the 
degree of inhibition. MAO activity was assayed by 
the method of Green and Haughton [24]. as 
described earlier [2S]. When benzylamine was used, 
the enzyme activity was measured spectrophoto- 
metrically [2h]. Preliminary experiments indicated 
that under the present experimental conditions, the 
enzyme activity is linear with respect to time and 
amount of enzyme employed. Protein was measured 
according to the method of Lowry rt al. 1271. using 
serum albumin as standard. The substrate amines 
were obtained from Sigma Chemical Co.. St. Louis. 
MO, U.S.A. and all other chemicals were of ana- 
lytical grade. Clorgyline. deprenyl and pargyline 
were kindly supplied by May & Baker Ltd.. Dag- 
enham, U.K.. Prof. J. Knoll, Budapest and Abbott 
Laboratories. North Chicago. U.S.A.. respectively. 

RESULTS AND DISCUSSION 

In vitro clorgyline dose-response curves of S-HT 
and tyramine oxidation by crude mitochondria of rat 
brain are shown in Fig. 1. Curves b and c show 
inhibition patterns of brain mitochondrial MAO of 
untreated rats by clorgyline, in the presence of S-HT 
and tyramine, respectively. 5-HT deamination is not 
entirely inhibited at 10mXM clorgyline concentration. 
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Fig. 1. Inhibition in vitro of monoamine oxidase activity 
in crude mitochondrial fraction of rat brain by clorgylinc. 
Tyramine oxidation in control rats (M): S-HT oxi- 
dation in control rats (M), in pargyline treated rats 
(A-A), in clorgyline treated rats (A-A). The rats 
were given i.p. injections of pargyline (2 mgikg) for 3 days 
or clorgyline (2 mgikg) for I day while the control rats wcrc 
given only normal saline. Crude mitochondrial fraction of 
brain of these animals were prepared as described in the 
text. The final concentrations of the substrate amines were 
0.01 M. Points represent means of S-6 determinations: bars 

include all determinations. 

which inhibits type A MAO completely in the same 
system. Some l&l5 per cent of the above enzyme 
activity remains at the plateau clorgyline doses which 
is inhibited along with type B MAO. The curve 
shows another brief break at the region of IO-“’ to 
10mYM inhibitor concentration, which is somewhat 
in the middle of type A inhibition. It is noteworthy. 
however, that the type A portion of the tyramine- 
MAO inhibition curve does not show any corre- 
sponding break. Lyles and Greenawalt [2X] observed 
a similar break in the clorgyline inhibition CLII-ve with 
S-HT as substrate in roughly the same inhibitor COII- 
centration region when low enzyme concentrations 
were employed. This was abolished when cnzvme 
concentrations were raised. In the present studies. 
however, relatively high enzyme concentrations were 
employed and a five-fold decrease in enzyme con- 
centration did not alter the pattern. Prolonging the 
preincubation period from IS to 30 min did not affect 
this break either. Whether this brief plateau region 
indicates the presence of two sub-groups of type A 
having slightly different inhibitor sensitivities-i\ not 
clear. The suggestion that type A MAO may not be 
homogenous has been made also for another system 
[29]. Thus the clorgyline inhibition curve of crude 
mitochondrial5HT oxidation shows a triple-sigmoid 
pattern, although the ratio of the three drops in 
activity is not as inflexible as the A/B ratio of tyra- 
mine oxidation in the same preparation. Probably 
the contributions of the different types towards 5- 
HT oxidation change slightly from preparation to 
preparation and under varying enzyme concentra- 
tions. It may be recalled that Collins (IT rll. [Xl] 
reported a trlphasic clorgyline inhibition curve with 
human brain MAO using dopamine as substrate. 
The clorgyline dose-response curves of 5-HT osi- 
dation by selectively inhibited mitochondrial prcp- 
arations (Fig. I, curves a and d) confirm the purity 
of the preparations. With mitochondrial prep- 
arations from pargyline-treated animals. 5-HT oxi- 
dation is completely inhibited by 10mXM concentra- 
tions of clorgyline. which is specific for complete 
inhibition of type A MAO of rat brain 1251. thus 
showing that the preparation contains only type A 
MAO activity. The brief break at 10 I” to 10 “M 
concentrations of clorgyline also remains unaltered 
in this preparation. The inhibition of 5-FlT dearni- 
nation by the mitochondrial preparation from clor- 
gyline-treated animals occurs at the higher ctorgyline 
concentration region-thus showing type R charac- 
teristics. Such characteristics of the preparations arc 
also manifested in Fig. 2. where dose-reqmnse 
curves of deprenyl in presence of 5-fIT art‘ illus- 
trated. Curve 2b shows results from brain mito- 
chondria of untreated rats. The Iattcr part of this 
curve resembles curve 2c, which shows the inhibition 
pattern of mitochondrial preparation obtaincri from 
pargyline-treated rats. With brain mitochondria of 
untreated rats, low concentrations of deprenyl spc- 
cific for inhibition of type B MAO cause a slight but 
distinct inhibition of 5-HT oxidation which accounts 
for about 15 per cent of the total enzyme activity, 
corroborating the previous observations i\ith clor- 
gyline. Contrary to the suggestion of Green and 
Youdim [22] that. in rat brain. type B MAO may 
oxidize 5-HT when type A MAO i> complctel! 
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Fig. 2. Inhibiton in vitro of 5-HT oxidation by deprenyl in 
crude mitochondrial fraction of rat brain. Control rats 
(m---W); clorgyline treated rats (n---n) and pargyline 
treated rats (CL-XI). Other details are as in Fig. 1. Points 
represent means of 5-6 determinations; bars include all 

determinations. 

inhibited, the present results indicate that type B 
MAO oxidizes 5-HTslightly even when type A MAO 
is fully active. Curve 2a represents the inhibition 
pattern of brain mitochondrial MAO prepared from 
rats given i.p. injection of clorgyline to inhibit selec- 
tively type A MAO. This reveals type B character- 
istics in being completely inhibited by lO_‘M 
deprenyl, which is specific for complete inhibition 
of type B MAO. The results presented in Table 1 
describe the specific activities and K,, values of 
selectively inhibited rat brain mitochondrial MAO 
preparations. It is evident from the table that the 
specific activity of such preparations with type A 
MAO activity is very low with benzylamine, while 
the same is true for serotonin when mitochondrial 
preparations with type B MAO activity are 
employed. 

From the above studies of clorgyline inhibition in 
viva and in vitro it appears that some l&15 per cent 

of 5-HT oxidation in crude mitochondrial prep- 
aration is carried out by type B MAO. About 45 per 
cent of total MAO activity in crude mitochondria of 
rat brain is type B [ll], which carried out about lC- 
15 per cent of the total 5-HT oxidation. It may be 
mentioned here that with a rat liver preparation 
Ekstedt [21] observed 2 per cent of total 5-HT deam- 
ination after selectively inhibiting the preparation 
with clorgyline in vitro and may possibly have 
inhibited a little more MAO than just type A. How- 
ever, this may be a reflection of tissue variation in 
the same species, which is not uncommon [lo, 111. 
The observed difference between the present results 
and those of Ekstedt [21] may also be due to the 
higher substrate concentration employed in this 
study. It is known, however, that rat liver contains 
a somewhat higher proportion of type B MAO than 
rat brain [lo, 111. 

Figure 3 depicts the degree of heat inactivation of 
MAO of brain mitochondrial preparations of 
untreated rats and rats given clorgyline and pargy- 
line, following preincubation at 5.5” for different time 
intervals. The enzyme activity was finally assayed in 
the presence of tyramine and 5-HT. It has been 
shown in recent communications (311 that the heat 
inactivation curves of MAO using different sub- 
strates show only a little difference due to thermal 
treatm’ent at SO”. We feel that rather than using 
specific substrates to represent the different MAO 
types, using tyramine (a very good substrate for both 
forms) with the two selectively inhibited MAO prep- 
arations, as used in the present study, will give a 
olearer picture of heat sensitivity of the two MAO 
types. The earlier reports of difference in thermal 
stability between MAO types [2, 11, 131 were fol- 
lowed by other communications in which it was 
argued that the above difference is largely dependent 
on purification, dilution factors. etc. [32] and treat- 
ment of the purified enzyme preparations with chao- 
tropic agents which abolish the A-B difference in 
inhibitor sensitivities also abolish completely their 
difference in thermal stability [33]. The preparations 
were not subjected to any elaborate fractionation 
procedure or dilution. Thus those preparative factors 
were eliminated. As is evident, tyramine oxidation 
by the two types show a great deal of difference in 

Table 1. Specific activities and K, values of type A and type B MAO of selectively inhibited rat 
brain mitochondrial preparations* 

Mitochondria with Mitochondria with 
type A MAO activity type B MAO activity 

Specific activity 
(nmoles productihrimg 

Specific activity 

Substrate protein) (2) 
(nmoles productihrimg 

protein) 2) 

Tyramine 182.8 4.0 x 10-j 169.7 2.0 x 10-1 
Serotonin 196.4 3.3 x lo-& 35.4 2.5 x lo-) 
Benzylamine 34.1 1.0 x lo-’ 172.0 1.4 x lo-” 

* The rats were given i.p. injections of clorgyline or pargyline. Brain mitochondrial fractions were 
prepared as described in the text and the resulting mitochondrial samples contained either type A 
or type B MAO activity. For determination of specific activity, 0.01 M of serotonin and tyramine 
and 0.005 M benzylamine were used. The mitochondrial preparation obtained from brains of untreated 
rats showed the following specific activities against the substrates given in parentheses: 397.j 
(tyramine); 257.1 (serotonin); 185.2 (benzvlamine). 
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Fig. 3. Heat inactivation time course of MAO types 
in rat brain mitochondria. Mitochondria from untreated 
rats: tyramine oxidation (M); 5-HT oxidation 
(O--0). Mitochondria with tvpe A MAO activity 
(pargyline treated rats): tyramine oxidation (U-0): 5 
HT oxidation (m---m). Mitochondria with tvne B MAO _ . 
activity (clot&line treated rats): tyramine oxidation 
(n---n); SHToxidation (A--A). The mitochondrial 
preparations were preincubated at 5s” for different time 
intervals as specified in the figure before enzyme activity 
was assayed. Points represent means of S-6 determinations: 
bars include all determinations. Other details are as in 

Fig. 1. 

their heat inactivation time course at 55” which is 
particularly remarkable after 10 min preincubation 
when 80 per cent inactivation of type B MAO occurs 
as against 10 per cent of type A. The 5-HT deami- 
nating activity of the clorgyline-treated preparation 
shows type B characteristics in being more than 75 
per cent inactivated within the first 10 min of prein- 
cubation at 5.5”. The fact that the two MAO forms 
can be selectively inhibited in viva [34. 351 indicates 
that in situ the two forms possibly exist in different 
lipid microenvironments 133. 361. The difference in 
heat sensitivity of the MAO types of selectively 
inhibited mitochondrial preparations as shown here 
is possibly a reflection of the difference in the lipid 
microenvironments of the MAO types. 

REFERENCES 

I. J. P. Johnston, Biochem. Phurmac. 17. 1285 (1968). 
2. H. Y. T. Yang and N. H. Neff, J. Pharmrrc. ew,!~. Thu. 

187, 365 (1973). 
3. R. W. Fuller, Riochem. Pharmac. 17. 2097 (lY68). 
4. R. F. Long. Acra nrurol. stand. 38, S-l. 27 (1962). 
5. V. 2. Gorkin. N. V. Komisarova. M. I. Larman and 

6. 

7. 

8. 

9. 

10. 

11. 

12 

13. 

14. 

1s. 

16. 

17. 
18. 

19. 

20. 

21. 
22. 

23. 

24. 

2s. 

26. 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36. 

I. V. Vcryovkina. Biochem. hi0phy.c. Rev. (‘om/~utz. 
15, 383 (1964). 
T. J. Mantle, K. Wilson and R. F. Long. Hiochem. 
Pharmac. 24. 2031 (1975). 
R. W. Fuller, B. J. Warren and B. B. Molloy, Biochrm. 
Phurmac. 19. 2934 (1970). 
J. Knoll and K. Magyar, Adv. Biuchem. /~s,vc~hophur- 
mat. 5. 393 (1Y72). 
N. H. Neff and H. Y. 7‘. Yang. L<fi, ki. 14. 2061 

(1974). 

D. W. R. Hall. B. W. Logan and G. H. Parsons, 
Biochem. Pharmac. 18. 1447 (1969). 
R. F. Squires. Adv. Biochem. Psychophurmrrc~. 5. 3SS 
(1972). 
K. F. Tipton. M. D. Houalay and T. J. Mantle, (‘ihu 
Fdn S_vmp. 39. 5 (lY76). 
H. Y. T. Yang, C. Goridis and N. H. Neff. J. Neu- 
rochem. 19. 1241 (1972). 
G. A. Lyles and B. A. Callingham. J. Phurm Pharmcrc. 
26, 921 (1973). 
F. M. Achec and S. Gabay. Biochcnr. Phurmuc. 26. 
1637 (1977). 
M. D. Houslay, K. F. Tipton and M. B. H. Youdim. 
Life Sci. 19. 467 (1076). 
D. L. Murphy. Biochrm. Pharmuc. 27. IXXY (1978). 
D. S. Robinson, W. Lovenberg. H. Keiser and A. 
Sjoerdsma. Biochem. Phurmuc. 17. IO9 (196X). 
B. Ekstedt and L. Oreland. Arch, itIt. Pharmcrcor1yn. 
ThPr. 222. 157 (1976). 
7. J. Mantlc. M. D. Houslay. N. J. Garrett and K. F. 
Tipton, J. Pharm. Phnrmuc. 28. 667 (1976). 
B. Ekstedt. Biochem. Phurmac. 25. 1133 (lY7h). 
A. R. Green and M. B. H. Youdim. Br. J. Phurmac~. 
55. 415 (1975). 
T. M. Brody and J. A. Bain. J. hiol. Chem. 195. 6X5 
(1952). 
A. L. Green and T. M. Haughton. Biochem. J. 78. 172 
(1961). 
C. Mitra and S. R. Guha. Riochrm. Phurmcrc. 27, 2455 
(1978). 
W. Turski. E. Turska and M. Gross-Bellard. Enzr’me 
14. 211 (1973). 
0. H. Lowry. N. J. Rosebrough. A. L. Farr and R. 
J, Randall. J. hio/. C‘hem. 193. 265 ( 1% 1). 
G. A. Lyle5 and.1. W. Grecnawalt. Bioc~hem. Phrrrmrrc. 
26, 2269 (1977). 
p. K. Das and S. R. Guha. Biochrm. Pharmuc. in 
press. 
G. G. S. Collins. M. Sandlcr. E. D. Williams and M. 
B. H. Youdim. Nature. Land. 225. X17 (1070). 
S. Gabay. F. M. Achee and G. Mentes. ./. A'c11~o~~I7~112. 
27, 415 (1976). 
F. M. Achce. S. Gabay and K. F. Tipton. Prog. &‘elr- 
robiol. 8. 325 ( lY77). 
M. D. Houslay and K. F. Tipton. Biochem. J. 135. 173 
(1973). 
A. B. Bevan-Jones. C. M. B. Pare. W. J. Nicholson. 
K. Price and R. S. Staccy. Rr. Med. J. I. 17 (lY72). 
H. Y. T. Yang and N. fj. Neff. ./. Phrrrmtrc. up. Thrr. 
189. 733 (1974). 
M. D. Houslay, J. Phurm. Phurmcrc. 29. 664 (lY77). 


