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SHORT COMMUNICATIONS 

Inhibition of monoamine oxidase by clorgyline and deprenyl in circumventricular 
structures of rat brain 

Since Johnston [l] and Knoll and Magyar [2] reported 
snecific monoamine oxidase (MAO) (EC 1.4.3.4) inhibi- 
tors, such as clorgyline. a preferential ‘inhibitor for MAO- 
A, and deprenyl, aprefcrential inhibitor for MAO-B. these 
two types of MAO have been found in many tissues from 
various species [3-51. Some tissues, however, contain only 
one type, e.g. human placenta [6] contains only MAO-A 
and platelets [7,8] contain only MAO-B, and the propor- 
tions of the two types of MAO have been shown to vary 
widely from tissue to tissue [3,4]. Recently, Williams et al. 
[9], from studies using a histochemical technique [lo], 
suggested the possible existence of an additional type of 
MAO, MAO-C, distinct from MAO-A and MAO-B. in 
circumventricular structures of rat brain. This suggestion 
was based on the finding that. with serotonin (5-hydroxy- 
trvptamine) as substrate, the enzyme activity could not be 
inhibited completely by concentrations of clorgyline usually 
sufficient to inhibit both MAO-A and MAO-B 191. 

Previously [11], we reported histochemical results sug- 
gesting that evidence for the existence of MAO-C in rat 
brain was due to too short a preincubation time with clor- 
gyline and too low a preincubation temperature. In the 
present work. we carried out biochemical studies, using 
three different types of substrate, on the possible existence 
of MAO-C, and on inhibition of MAO in circumventricular 
structures of rat brain by selective inhibitors. since the 
previous histochcmical technique cannot be used with sub- 
strates other than serotonin. 

(-)Deprenyl and clorgyline were gifts from Dr. K. 
Magyar, Department of Pharmacology. Semmelweis Uni- 
versity of Medicine, Budapest, Hungary, and from May 
& Baker Ltd.. Dagenham. U.K.. respectively. Radio- 
chemical substrates, [2-“Cl-5-hydroxvtryptaminc binoxa- 
ate (serotonin, 44 mCi/mmole), II-“Cltyramine hydro- 
chloride (56 mCi/mmole). and [I-’ Cl-p-phenylcthylamine 
hydrochloride (PEA, 50.08 mCi/mmole), were purchased 
from New England Nuclear. Boston. MA. U.S.A. All other 
chemicals used were of the highest commercial grade avail- 
able. 

Male Wistar rats. weighing about 2OOg, were decapi- 
tated; their brains were quickly removed. and the circum- 
ventricular structures were carefully isolated using the atlas 
of Konig and Klippel 1121. The tissues from several rats 
were pooled and homogenized in a small volume of IO mM 
phosphate buffer (pH 7.6). containing 320 mM sucrose. in 
a glass homogenizer. Protein was determined by the modi- 
fied biuret method [13]. with bovine serum albumin ab a 
standard. MAO activity was determined radiochemically 
by the method described earlier [l4] using [“Cltyramine 
(0.5 mM). [“Clserotonin (0.5 mM) and [“C]PEA (0.3 mM, 
unless otherwise stated) as substrates. 

The inhibitory effects of clorgyline and deprenyl on MAO 
in homogenates of circumventricular structures of rat brain 
were studied. On preincubation with the inhibitor for 5 min 
at room temperature (about 20”). as in the work of Williams 
et al. [9]. the MAO activity toward serotonin was found 
to be most sensitive to clorgyline. while activity toward 
tyramine and more particularly toward PEA was less sen- 
sitive to this inhibitor. MAO activity toward serotonin was 

found not to be inhibited completely by lo-.’ M clorgyline 
(about 10 per cent of the activity remained). in accordance 
with our previous observations using a histochemical tech- 
nique [ll]. With tyramine and PEA as substrates. about 
20 and 35 per cent of the activity remained after preincu- 
bation with lO_‘M clorgyline. Plots of the degrees of 
inhibition of tyramine and PEA oxidation against the con- 
centration of clorgyline gave double-sigmoidal curves, 
indicating that tyramine and PEA may be oxidized by at 
least two types of MAO. When the substrate PEA was 
used at a low concentration (0.01 mM). however, the plot 
for inhibition by clorgyline gave a single-sigmoidal curve 
and activity was less sensitive to this inhibitor, indicating 
oxidation by MAO-B only. The pIso values with clorgyline 
toward serotonin, tyramine and PEA were IO-’ M. 5.4 x 
10mh M and I.6 x lo-” M, respectively. The opposite inhi- 
bition patterns were obtained on repeating the experiments 
with deprenyl as inhibitor. Preincubation with lO?M 
deprenyl caused 95. 84 and 6X per cent inhibition of the 
activities toward PEA, tyramine and serotonin. respec- 
tively. The p15,, values toward these substrates were 
2.5 x tom7 M, 2.1 X 10-s M and 4 X lo-” M, respectively, 
under these experimental conditions. After preincubation 
of the preparation with either of these inhibitors at 37” for 
30 min. the inhibition curves with all three substrates shifted 
to lower concentrations of the inhibitors. Furthermore, this 
long preincubation at higher temperature resulted in com- 
plete inhibition of the enzyme activity by both clorgyline 
and deprenyl at IO? M, irrespective of whether serotonin. 
tyramine or PEA was used as substrate (Fig. 1). These 
results are in accord with our previous histochcmical 
observations [ 111. The difference in the modes of inhibition 
under these two different conditions of preincubation is 
consistent with the current view that propargyl-type inhibi- 
tors bind covalently and irreversibly to a flavin moiety in 
the active site of the enzyme [15-18). after a reverstble 
phase of inhibition [19-211. 

The presence of MAO-A in the preparation was con- 
firmed by selective inhibition of MAd-B with deprenyl 
(5 x lO_ M) after which about 60 and 30 per cent of the 
activity toward tyramine and PEA remained. On subse- 
quent increase in the clorgyline concentration, all the 
remaining activity toward tyramine and PEA was highly 
sensitive to clorgyline. and single-sigmoidal inhibition 
curves shifted to lower concentrations of clorgyhne were 
obtained (Fig. 2). Similar results were obtained when 
deprenyl was used as inhibitor on a preparation preincu- 
bated with lo-’ M clorgyline. Both results indicate that the 
remaining activity in each preparation was due to a single 
MAO. presumably MAO-A in the former case and MAO- 
B in the latter. The present results indicate that both 
substrates are oxidized only by MAO-A and MAO-B. The 
results are consistent with our previous finding that PEA 
is oxidized bv both MAO-A and MAO-B in rat brain, the 
relative activities of the two types depending mainly on the 
PEA concentration used [22]. 

After preincubation of various amounts of the hom- 
ogenate with clorgyline at room temperature for 5 min. 
straight lines passing through the origin were obtained with 
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Fig. 1. Inhibition of MAO activity toward serotonin, tyra- 
mine and Pphenylethylamine by various concentrations of 
clorgyline and deprenyl. The enzyme preparation (1 mg 
protein) from circumventricular structures of rat brain was 
preincubated at 37” and pH 7.6 for 30 min with various 
concentrations of (a) clorgyline. or (b) deprenyl. After 
preincubation. the remaining activity was estimated by the 
radiometric method described in the text at 37” and pH 7.6. 
using 0.5 mM serotonin (-X-), 0.5 mM tyramine 
(-U-) or 0.3 mM /3-phenylethylamine (-A-) as sub- 
strate. Each point represents the mean of the activities in 
duplicate samples from two groups of five to six rats and 
is expressed as the percent inhibition of the uninhibited 
control. Values are plotted against the negative logarithm 
of the molar concentration of the inhibitor (a) clorgyline, 
or (b) deprenyl. The specific control MAO activities with 
0.5 mM serotonin, 0.5 mM tyramine and 0.3 mM /L%phenyl- 
ethylamine were 0.68, 1.28 and 0.22 nmoles product 
formed.mgprorein-‘.min-t at 37” and pH 7.6, respectively. 

serotonin and PEA as substrates (Fig. 3A). Thus. by the 
criteria of Ackermann and Potter 1231, clorgyline is a 
reversible inhibitor of the oxidations of these two suhstrates 
under these experimental conditions. On the other hand. 
on prcincubation for 30 min at 37”, the lines obtained with 
clorgyline, serotonin, and PEA as substrates all intersected 
the abscissa to the right of the origin (Fig. 3B). Together 
with findings in experiments on ‘washing’ the preparations 
with the buffer, these results indicate that the inhibition 
by clorgyline was reversible on preincubation at room tem- 
perature for 5 min. but irreversible on preincubation at 37” 
for 30 min. On prcincubation with 10-s M deprenyl at room 
temperature for 5 min. the line for enzyme inhibition passed 
through the origin with serotonin or PEA as substrate. On 
preincubation with 5 x 10Yy M and 2 x IO-* M deprenyl for 
30 min at 37”. the lines obtained with scrotonin and PEA 
also passed through the origin, indicating reversible inhi- 
bitions. but that with serotonin and deprenyl at a higher 
concentration (lOYh M) intersected the abscissa to the right 

- log M (clorgyline) 

Fig. 2. Effect of clorgyline on MAO activity in untrcatcd 
and deprenyl-treated prcparatiom from circulllventriculill- 
structures of rat brain. For the deprenql-treated prcp- 
aration. the homogcnatc (I mg protein) was lirst prcincu- 
batedwith x 1OY’ Mdeprcn~lat37”andp~I 7.6lor30 min. 
and then the samples were lurthcr prcincubatcd with dif- 
ferent concentrations of clorgyline at 37’ f01- 30 min. The 
untreated preparation was lirst preincubatctl without inhih- 
itor at 37” and pH 7.6 for 30 min, and then the samples 
were further preincubated with various concentrations of 
clorgyline at 37” and pH 7.6 for 30 min. MAO activity wa\ 
estimated as described in the lepcnd IO Fig. 1, with 0.5 mM 
tyramine and 0.3 mM /j-phen~lcthylaminc as substrate. 
Each point represents the mean 01 the activitic\ rn duplicate 
samples from groups of live to \ix rata. and activity is 
expressed as the percent inhibition of the activity in the 
absence of clorgyline (deprenyl-treated prcpnratton) or 
deprenyl (untreated preparation). Kcv: (- -c,- -) 

untreated preparation with tyraminc: (-‘L) tlcprcnyl- 
treated preparation with tyramine: (‘.-x~..) untreated 
preparation with /j-phcnylcthylamine; and (.-x-.) 

deprenyl-treated preparation with P-phcnylcthylamine. 

of the origin (data not shown). indicating irreversible 
inhibition. These results are in accordance with lindings 
that irreversible inhibition of the MAO-A by dcprenyt 
requires a longer incubation time and a higher temperature 
than that by clorgyline 1201. These findings all confirm 
the reports of others that the cxtcnt and trrc\,cr\ihttitv ot 
MAO inhibition by these inhibitors dcpcnd on the [rati;, 01 
the concentrations of inhibitor and enzyme protein [2 I]. 
and that irreversible inactivation i\ more rapid when the 
ratio is high. The MAO activity in the preparation 01 
circumvcntricuiar structure\ of rat brain was not affectccl 
by potassium cyanide or scmicarhazide ( 10 ’ IL1 ). Thi\ 
result: together with the finding that the MAO actrv it): in 
the preparation could he completely inhibited by clorpyltnc 
and deprenyl, excludes the po\sibiltty that the prcparatton 
used in this stud\, contained any other amine ouidarc. \uch 
as a soluble amine oxidase [21]. a blood vessel or connective 
tissue amine oxidase [2S. 261, or a henzylamine oxidant 
[27,28]. Thus, the present biochemical results support the 
conclusion presented earlier from histological studies (I I ] 
that, like preparations of whole rat brain. the circumven- 
tricular structures of rat brain contain only MAO-A and 
MAO-B activities in a ratio of about 3:7. defined as ‘clor- 
gyline-sensitive’ and ‘less clorgyline-sensitive’ activity 
toward tyramine. 
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Fig. 3. Ackermann-Potter plots for MAO in the circumventricular structures of rat brain. The enzyme 
concentration was varied by altering the amount (~1) of the homogenate (20 mgiml of protein) in the 
assay. The enzyme pre aration w’as preincubatcd (A) at room temperature and pH 7.6 for 5 min with 
(a) clorgyline (5 x lO-lph/l (-.!-) or (b) clorgylinc [ IOY’ M (-A-): lO_ M (-A-). or (B) at 37” 
and PH 7.6 for 30 mi: with (a) clorgylinc [S x IO-” M (--O-); 2 x It)-’ M (-A-) or (b) clorgyline 
[lo- M (-A--): lO-- M (-A-)]. After preincubation, MAO activity was estimated by the radiometric 
method described in the text with (a) 0.5 mM serotonin, or(h) (1.3 mM /i-phenylethylamine as substrate. 
Points are mean MAO activities for duplicate samples. The open circles (a) in (a) and (b) represent 

control values without inhibitor. 
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Effect of imipramine on hepatic gamma-glutamyltransferase in female rats. 
Interaction with contraceptives 

The increase of gatnma-glutamvltransfcrase (GGT. EC 
2.3.2.2) in the plasma of treated subjects has been reported 
for numerous drugs. as described in a recent review [I]. 
Besides the measurement of GGT activity in climcal chem- 
istry in cases of liver injuries. particularly in cholcstasis. 
carcinoma, and after alcohol consumption, the use of this 
enzyme as an indicator of induction by certain drugs. 
especially those of the phenobarbit~~l group, has been pro- 
posed 121. Correlations between induction of liver drug- 
metabolizing enzymes and GGT in the liver have not heen 
verified for all inducers. 

We have recently shown that liver GGT is localized 
mainly in plasma membranes [3] and that its passage into 
the plasma after phenobarbital treatment is related to mcm- 
hrane disturbances due to induction and to soluhilizing 
effect of bile salts [4, S]. We have also found elevated GGT 
in the plasma of subjects treated long-term with imipra- 
mine. This elevation was particularly important in WOIIICI~ 

who were also taking oral contraceptives [6]. 
In order to clarify the role 01 memhranc altcratiom in 

the phenomenon of the release of GC;T into the plasma 
after administration of such drugs. this paper reports a 
study of variations of GGT in the rat under the influence 
of imipramine and steroid contraceptives. These two drugs 
are known to have effects on liver membranes and. in some 
cases, their hepatic toxicity can Icad to intrahepatic cho- 
lestasis [7,8]. Furthermore. interactions of imipramine and 
oral contraceptives, which were manifested in some casts 
by mental disturbances. were extensively studied in fernal& 
of different species 191. It is nor yet clearly- established how 
these phenomena could be related to ilit~racti~~n in hepatic 
metabolism of the two drugs. We have studied. therefore. 
the variations of GGT and cytochrome P-450 (cyt. P-450) 
in the liver and plasma of female rats treated with imipra- 
mine, Mestranol-Norethynodrel mixture (MNm). or both 
administered simultaneously. 

The effect of imipramine and MNm (obtained from 
Sigma Chemical Co, Sr. Louis. MO, L1.S.A.) on the hepatic 
GGT activitv was determined in tiver subcelIlIlar fraction5 
of female Sprague-Dawley rats (160-180 g body wt). The 
animals were divided into four groups: a control group 
received daily 0.3 ml of corn oil: the irnipramine group was 
injected with a saline solution of imipraminc (2Omg~ 
kg-‘. day-‘): the contraceptive-treated group was injcctod 
with 0.3 ml of ;I cm-n oil solution containing Mestranol 

(0.07 mg.kg “day ‘) and ~~)reth~nodrel (4 mg.kir ’ 

.day-‘); and the last group received injections of both 
imipramine solution and Mestranol-Norethynodrel mix- 
ture. The drugs were injected intraperitoneafly over a 
period of 15 days. 

The rats were fasted 16 hr before being killed. Plasma 
membranes were prepared from livers as de,crihcd by 
Neville [lo]. When complete subfractionation was per- 
formed, we used the method of Amar-Costesec zf af. [ 111. 

Proteins were assayed by the method of Lowry Y{ iif. 1121 
and GGT accordine to the method of Szasz 1131 ;I[ 37” 

I I 

using L-gamma-glutamyl-3-carboxy&nitroanilide as the 
substrate. The concentration of cyt. P-450 was determined 
in microsomes by the method of Matsubara el cl/. [ 141, 
Serum alkaline phosphatase (ALP, EC 3.1.3.1) was asm~ed 
at 30” by the method of Morgenstern et nf. [IS] and alar& 
amin~~transferase (ALT. EC 2.6.1 .I!) by a kinetic optimized 
method at 30” using a reagent kit from Boehringer. Stat- 
istical differences were compared between control and 
treated groups using comparison of variance5 test. 

Since it is known that GGT is localized in plasma mem- 
branes, in the first part of the experiments we investigated 
its variations under different treatments onlv in this frac- 
tion. But it was very surprising that the acti\:itira found in 
the plasma membranes did not reflect those measured in 
the homogenate when the rats received imipramine either 
alone or associated with MNm (Table 1). Indeed. the ratio 
of specific activity of GGT in plasma membranes ttr that 
in homogenate was 26 in controls and 23 in MNm-treated 
rats, but when imipramine or a v**’ ‘nation of imipraminc 
and MNm were administered, .,,t.. ratio decreased to 4.4 
or 4.6, respectively. These variations were due to the IO\\; 
of GGT in plasma membranes under the effect of imipra- 
mine. Indeed, administration of imipramine did not alter 
significantly total activity in the liver homogenate (607 
mu/g wet liver against 672 mu/g in controls) but resulted 
in an important decrease in the enzyme activity in the 
plasma membranes. In the same way, the combined trcat- 
ment of rats with imipramine and MNm led to a S-fold 
increase of GGT in the liver homo~en~lte but did not change 
the plasma membrane activity. Conversely, there wab a ?- 
fold increase in GGT activity in both homogenate and 
plasma membranes when the rats received MNm only. 
These dataindicate that when imipramine was administered 
either alone or combined with MNm the subcellular di+ 
tribution of GGT was aitered. To understand how thiz 
phenomen~~n occurred, we studied the variations of the 


