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Abstract-The irreversible inhibition of monoamine oxidase (MAO) inside and outside monoaminergic 
neurones in the rat brain by the suicide inhibitors clorgyline, selegiline (I-deprenyl), pheniprazine, 
phenelzine, iproniazid, pargyline and the d- and I-enantiomers of tranylcypromine was determined. This 
was achieved by incubating crude synaptosomal preparations of hypothalamus and striatum from rats 
treated with the inhibitors 24 hr earlier, with low concentrations of [“‘Clserotonin (0.1 PM), [“‘Cl- 
noradrenaline (0.25 m) and [‘4C]dopamine (0.25 PM) in the absence and presence of selective uptake 
inhibitors (citalopram, maprotiline and amfonelic acid, respectively). It was found that all inhibitors 
inhibited the deamination of serotonin and noradrenaline outside the amine neurons at slightly lower 
doses than that within these neurones. This could at least in part be due to protection of MAO by the 
endogenous amines in these neurones. The deamination of dopamine was rather more strongly inhibited 
inside the neutrons than outside, particularly at higher doses. There was no indication that tranyl- 
cypromine or phenelzine was accumulated in the neurones by the membranous amine uptake mech- 
anisms. The rate of the recovery of the deaminating activities inside and outside the serotonergic and 
noradrenergic neurones in hypothalamus after phenelzine and clorgyline inhibition was the same (50% 
recovery after 12-15 days), which indicates similar rate of synthesis of MAO in different cell types. 

Although the enzyme monoamine oxidase (MAO) 
(EC 1.4.3.4) occurs in all mitochondria-containing 
cells, MAO localized in the monoamine neurones 
has attracted particular attention, since it takes part 
in the regulation of the monoamine levels and 
thereby the neurotransmission in the monoamine 
systems. The antidepressant action of MAO inhibi- 
tors has been explained as the result of an increased 
release of the transmitter amines or, as a conse- 
quence of this increase, down-regulation of post- 
synaptic receptor responses (for review see [l]). 
Since the monoaminergic neurones constitute a very 
small part of all neurones and cells in the brain it has 
been impossible to measure the MAO activity in 
these neurones separate from that in other cells. 
Thus, chemical or electrolytic destruction of dopa- 
minergic neurones did not change the MAO activity 
in striatal preparation when measured with con- 
ventional methods, although the tyrosine hydroxyl- 
ase activity, a marker for dopamine nerve terminals 
in this region, was almost abolished [2]. However, 
when the deaminating activity is measured in a prep- 
aration with intact synaptosomes, and with a low 
concentration of dopamine as substrate, the decrease 
in MAO activity due to the destruction of dopa- 
minergic nerve terminals can be demonstrated [3]. 

The development of selective inhibitors of the 
monoamine re-uptake mechanisms has made it pos- 
sible to measure the deaminating activity in synap- 
tosomes of the various monoaminergic systems sep- 
arately from each other and from synaptosomes of 
other origin [4-6]. This technique utilizes low con- 
centration of the [14C]labelled monoamine which is 
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accumulated in the synaptosomes by the specific 
active uptake mechanism. The difference between 
the deaminating activity in the absence and presence 
of a selective uptake inhibitor is a measure of the 
deamination of the amine within the specific ami- 
nergic synaptosomes. In the present study we have 
examined the irreversible inhibitory actions on MAO 
inside and outside neurones in the rat brain in viva 
by the acetylenic MAO inhibitors clorgyline, which 
inhibits selectively the A-form of MAO [7], selegiline 
(I-deprenyl) which is a selective MAO-B inhibitor 
[8] and pargyline which has some preference on the 
B-form [9], the hydrazine derivatives pheniprazine, 
phenelzine and iproniazid, which are nonselective 
inhibitors and the 1- and d-enantiomers of the cyclo- 
propyl derivative tranylcypromine, a nonselective 
inhibitor. 

We have also examined the rate of resynthesis of 
MAO inside and outside serotonergic and nor- 
adrenergic nerve terminals in the rat hypothalamus 
after irreversible inhibition by phenelzine and 
clorgyline. 

MATERIALS ANDMETHODS 

Materials. Dopamine [7-14C]hydrochloride 
(57 mCi/mmole), I-noradrenaline [8-‘4C]hydrogen 
tartrate (57 mCi/mmole) and S-hydroxytryptamine 
[side chain-2-14C]creatinine sulphate (61 mCi/ 
mmole) were purchased from Amersham Interna- 
tional plc, U.K. Clorgyline hydrochloride was syn- 
thesized by L. Florvall, Astra LLkemedel AB. Sele- 
giline (I-deprenyl) hydrochloride was kindly donated 
by Professor J. Knoll, Semmelweis University, Buda- 
pest, Hungary, the d- and I-enantiomers of tran- 

1381 



1382 I. FAGERVALI. and S. B. Ross 

ylcypromine by Dr C. Kaiser, Smith, Kline & French 
Laboratories, Philadelphia, U.S.A., and phen- 
iprazine hydrochloride by Dr K. Wetterlind, AB 
Draco, Lund, Sweden. Pargyline hydrochloride was 
bought from Saber Laboratories, U.S.A. and 
phenelzine hydrochloride from Sigma Chemical 
Company, St Louis, U.S.A. Amfonelic acid was 
bought from Research Biochemical Incorporated, 
Wayland, Mass., U.S.A. Citalopram hydrobromide 
and maprotiline hydrochloride were gifts from Lund- 
beck and Co A/S Copenhagen, Denmark and Ciba 
Geigy AG, Basel, Switzerland, respectively. 

Male Sprague-Dawley rats weighing 160-200 g 
were used. They were housed in groups of four 
and were freely supplied with food and water. The 
injections were performed subcutaneously with solu- 
tions of the compounds in 0.9% NaCl in a volume 
of 1 ml/kg body weight. The animals were killed by 
decapitation 24 hr after the injection. 

Tissue preparation. Hypothalamus or striatum 
from each rat was rapidly dissected out, weighed and 
homogenized in an all-glass homogenizer with 20 vol. 
of ice-chilled 0.25 M sucrose. The homogenates were 
centrifuged at 800 g for 10 min and the synaptosome- 
rich supernatants were used in the assay. 

Monoamine oxidase activity. The monoamine oxi- 
dase activity inside and outside the aminergic synap- 
tosomes was determined as described previously [5] 
but with some modifications. In the serotonin experi- 
ments 50~1 of the synaptosomal preparation from 
hypothalamus corresponding to 2.5 mg wet wt tissue 
was added to a glass-stoppered centrifuge tube con- 
taining 925 ~1 of Krebs-Henseleit’s buffer, pH 7.4, 
equilibrated with 93.5% Oz and 6.5% COZ and con- 
taining 5.4 mM glucose, 1.1 mM ascorbic acid, 
0.13 mM EDTA Naz, 1 &f maprotiline and 0.3 ,&I 
amfonelic acid. Each preparation was examined in 
duplicate without citalopram and in duplicate with 
0.12 PM citalopram. After IO min incubation in a 
water bath at 37” 25 ~1 of [14C]serotonin (0.1 #I final 
concentration) was added and the incubation was 
continued for 10min. The reaction was stopped by 
addition of 1 ml of 1 M HCl. The [14C]5-hydroxy- 
indoleacetic acid (5HIAA) formed was extracted 
into 6ml of ethyl acetate by vigorous shaking for 
2 x 1 min in a multi-tube vortexer (model 2601. Sci- 
entific Manufacturing Industries, Emeryville, CA). 
After centrifugation 4 ml of the organic layer was 
taken into 10 ml Econofluor (NEN) and 1 ml ethanol 
and the radio-activity was measured in a Packard Tri 
Garb scintillation counter. The rate of the deam- 
ination is expressed as nmole [14C]5-HIAA formed 
per g wet wt tissue per 10 min incubation. 

In the noradrenaline experiments 200 ~1 of the 
hypothalamic synaptosomal preparation was used. 
The incubation medium (l.Oml final volume) con- 
tained 0.25 PM [14C]noradrenaline and 0.12 ,uM 
citalopram in order to hinder uptake of nor- 
adrenaline into serotonergic synaptosomes 
(amfonelic acid is not possible to use, since it also 
inhibits the uptake of noradrenaline IS]). Each 
synaptosomal preparation was assayed in the absence 
and presence of 3 PM maprotiline, a selective nor- 
adrenaline uptake inhibitor. The incubation and 
extraction were performed as described for the sero- 
tonin experiments. The extraction recovery of the 

product 

!:;:;?‘d 

: formed ([14C]-DOPEG) was 33% 2 0.8 
[S]. More than 80% of the radioactivity 
was [14C]DOPEG, as shown from the par- 

tition between ethyl acetate and water at pH 8.6, and 
chromatography on alumina. 

In the dopamine experiments the incubation 
medium contained 50 ~1 of the striatal preparation, 
0.25 PM [14C]DA, 0.12pM citalopram and 3 PM 
maprotiline. The assay was performed in duplicate 
in the absence and presence of 0.3 I.IM amfonelic 
acid, The incubation and extraction procedures were 
the same as for the serotonin experiments. Under 
the conditions used the deamination was linear for 
at least 10min for all three substrates. 

The deamination of i4C-amine in the presence of 
the selective uptake inhibitor was assumed to be 
occurring outside aminergic synaptosomes. The dif- 
ference between the activities obtained in the 
absence and presence of the uptake inhibitor was 
regarded to be that occurring within the aminergic 
synaptosomes. The uptake inhibitors had no MAO 
inhibitory effect at the concentrations used. The Ki 
values for the inhibition of the amine uptake by the 
compounds used are given in Table 1. 

Table I. Inhibitor constants (Ki) for the uptake inhibitors 
used* 

Citalopram 
Maprotiline 
Amfonelic acid 

K (PM) 
WIT NA DA 

0.004 5.0 >lO 
17 0.03 >lO 
3.5 0.04 0.03 

* The constants were estimated from ICY values at 0.05 
,uM of the labelled amines and the apparent-&, values 0.05, 
0.1 and 0.1 m for respective SHT, NA and DA according 
to the formula for competitive inhibition: 

RESULTS 

Dose-response courses for irreversible MAO 
inhibitors 

The irreversible inhibition of MAO in the rat 
brain was determined 24 hr after the subcutaneous 
injection of the compounds. 

Clorgyline. At low doses clorgyline produced sig- 
nificantly less inhibition of MAO within serotonergic 
and noradrenergic nerve terminals in the hypo- 
thalamus than outside these neurones (Fig. 1A). This 
difference between the inhibition outside and inside 
the aminergic nerve terminals was not so apparent 
in the striatum. At high doses the inhibition within 
dopamine and noradrenaline terminals exceeded 
that outside these terminals. The inhibition courses 
outside the terminals appear to be biphasic for all 
three substrates with the second phase appearing 
above 80% inhibition. However, the main part of 
the inhibition for all three substrates occurred at 
MAO-A inhibitory doses of clorgyline with RnSO 
values between 0.1 and 0.2 mg/kg S.C. 

Selegiline. The selective MAO-B inhibitor sele- 
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Fig. 1. Dose-response curves for the inhibition by clorgyline (A) and selegiline (B) of the deamination 
of serotonin (S-HT) and noradrenaline (NA) by hypothalamic preparations and dopamine (DA) by 
striatal preparations. The compounds were injected 24 hr before the sacrifice of the rats. Each dose was 
given to four rats. Deamination of the substrates inside (0) and outside (0) the aminergic neurones 
was determined as described in Materials and Methods. The asterisks denote significant difference 

between neuronal and extraneuronal inhibition (P < 0.05, Mann-Whitney U-test). 

giline inhibited the main part of the deamination of 
all three substrates at high, MAO-A inhibitory doses 
(EDDY around lOmg/kg SC.) (Fig. 1B). The inhi- 
bition was significantly higher outside than inside the 
noradrenergic and serotonergie nerve terminals in 
the hypothalamus. The inhibition outside and inside 
dopaminergic nerve terminals in the striatum did not 
show this difference, although there was a tendency 
for slightly higher inhibition outside the nerve ter- 
minals at low doses and vice versa at higher doses of 
selegiline. A small part of the inhibition (10-20%) 
outside the amine&c neurones occurred at doses 
lower than 1 mg/kg which is in the dose-response 
range for the inhibition of MAO-B. At these low 
doses a small fraction (-10%) of MAO within the 
dopamine nerve terminals was inhibited whereas no 
low-dose inhibition within serotonergic and nor- 
adrenergic terminals was observed. 

~pr~niazid, pargyline, phenefzine and phenipra- 
zinc. These non-selective MAO-inhibitors were, in 
the lower dose ranges, stightly more potent in inhibit- 
ing MAO outside the serotonergic and noradrenergic 
nerve terminals in the h~othalamus than inside 
these terminals (Figs 2 and 3). The opposite relation- 
ship was observed for the inhibition of the deam- 
ination of dopamine in striatum. The possibility that 
the preference for dopaminergic MAO was due to 
accumulation of the compounds by the dopamine 
uptake mechanism was examined for phenelzine. 
The dopamine uptake inhibitor amfonelic acid [lo] 
was injected at the dose of 2 mg/kg S.C. 15 min prior 
to phenelzine. This pretreatment of the animals did 
not change the irreversible inhibitory effect of 
phenelzine (data not shown). 

Enantiomers of tranylcypromine 

The d-enantiomer of tranylcypromine was 4-8 
times more potent than the I-form in inhibiting MAO 

in the rat brain (Fig. 4) which is in accordance with 
previous findings [8]. The inhibition outside the ser- 
otonergic and noradrenergic nerve terminals was 
slightly higher than that inside these terminals. Both 
enantiomers were about twice as potent in inhibiting 
MAO inside the dopaminergic nerve terminals than 
outside these terminals. 

The possibility that tran~lcypromine is accumu- 
lated into the dopaminer~c nerve terminals via the 
dopamine pump, thereby causing higher MAO inhi- 

0.2 0.5 1 2 
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Fig. 2. Dose-response curves for the inhibition by phen- 
iprazine (A) and phenelzine (B) of the deamination of 
serotonin (SHT), noradrenaline (NA) and dopamine 
(DA) in synaptosomal preparations of rat hypothalamus 
and striatum inside (0) and outside (Cl) the aminergic 
neurones as described in the legend of Fig. 1 and in Mat- 

erials and Methods. 
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Fig. 3. Dose-response curves for the inhibition by pargyline (A) and iproniazid (B) of the deamination 
of serotonin (SHT), noradrenaline (NA) and dopamine (DA) in synaptosomal preparations of rat 
hypothalamus and striatum inside (0) and outside (IL!) the aminergic neurones as described in the legend 

of Fig. 1 and in Materials and Methods. 

bition inside than outside these terminals, was exam- 
ined experimentally. The dopamine uptake inhibitor 
amfonelic acid, 2 mg/kg SC., was injected 15 min 
before tr~ylcypromine and the monoamine deam- 
inating activity was determined 24 hr later. The pre- 
treatment did not change the MAO inhibition by the 
enantiome~ within the dopaminergic terminals (data 
not shown). A similar experiment was performed 
with regard to MAO inhibition within serotonergic 
nerve terminals in the hypoth~amus. In this case 
norzimeldine (20 mg/kg i.p.), a selective inhibitor of 
the neuronai serotonin uptake, was injected 15 min 
before tranylc~romine and MAO activity was 
assayed 24 hr later. The deaminating activities 

decreased similarly in the norzimeldine-treated and 
the control animals by tranylcypromine (data not 
shown). 

Effect of reserpine on the irreversible inhibition of 
MAO in the hy~othaZa~~ 

The difference between MAO inhibition inside 
and outside serotonergic and noradrenergic nerve 
terminals in the hypothalamus observed at low doses 
of the inhibitors may be due to a protective effect on 
MAO of the amines in these terminals against the 
irreversibly acting inhibitors. In order to examine 
this possibility the amines in the hypothaIamus were 
depleted by a subcutaneous injection of reserpine, 

NA DA 
roo1 + f 

100 
NA 

1 
100 
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Fig. 4. Dose-response curves for the inhibition by d-tranylcypromine (A) and I-tranylcypromine (B) of 
the deamination of serotonin (5-HT), noradrenaline (NA) and dopamine (DA) in synaptosomal 
preparations of rat hypothalamus and striatum inside (0) and outside (0) the aminergic neurones as 

described in the legend of Fig. 1 and in Materials and Methods. 
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5 mg/kg, 18 hr before the injection of the MAO 
inhibitors. Table 2 shows that the difference between 
the MAO inhibition outside and inside the ser- 
otonergic terminals also persisted after reserpine 
administration. However, for two of the inhibitors, 
clorgyline and phen~prazine, the difference between 
the degree of inhibition outside and inside the nor- 
adrenergic neurones disappeared after reserpine 
treatment. This change was due to an increased 
inhibition within the noradrenergic neurones 
whereas the inhibition outside these neurones was 
unchanged. Table 2 also shows that the rate of deam- 
ination of serotonin and noradrenaline was higher 
within the synaptosomes from the reserpine-pre- 
treated control animals than within those from the 
non-pretreated animals, obviously due to the inhi- 
bition of the vesicular uptake of the amines within 
the synaptosomes. 

The recovery of the deaminating activity after 
an irreversible MAO inhibitor is the result of the 
resynthesis of the enzyme. The half-life of MAO can 
be estimated from the time course of the dis- 
appearance of the inhibition (11,12]. It was of inter- 
est to examine if there is any difference in the half- 
life of MAO in the specific aminergic neurones com- 
pared to that in other cells. Rats were therefore 
treated SubcutaneousIy with ph~neI~ne (4 mg/kg) 
or clorgyhne (0.5 mg/kg) and the deaminating activi- 
ties of crude synaptosomal preparations of hypo- 
thalamus were compared with that from saline- 
treated rats at various times after the administration. 
As shown in Fig. .S, there was no apparent difference 
in the disappearance of the MAO ~hibition inside 
or outside serotonergic and ~oradrener~c nerve ter- 
minals in the hypothaiam~s. The half-life of NAO 
estimated from the time courses was 12-X5 days. 
kfowever, the recovery of the enzyme activity did 
not appear to follow first-order kinetics as expected, 
since the rate of recovery tended to decrease with 
time. 

The present study was undertaken in order to 
examine the effect of irreversibly acting MAO inhibi- 
tors on MAO within monoamine neurones in the rat 
brain In order to avoid the reversible effect of the 
drugs the assay was made 24 hr after their adminis- 
tration. The MAO inhibition within the aminergic 
neurones was measured as the difference between 
the deamination of the amine by a synaptosomai 
preparation in the absence and presence of selective 
uptake inhibitors. At the low concentrations the 
li4~~labelled amines employed about 50% of the 
deaminat~on occurred within serotonergic and nor- 
adrenergic syna~tosomes in the hypothalamic prep 
aration whereas about 80% of the dopamine deam- 
ination occurred in the dopaminergic synaptosomes 
in the striatal preparation. Since these synaptosomes 
are only a small fraction of the total number of 
synaptosomes in these preparations a high deam- 
mating rate is due to the accumuIation of the amines 
resulting in high substrate concentration within the 
aminergic synaptosomes. Because of the irreversible 
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Fig. 5. Duration of the irreversible inhibition of MAO inside (0) and outside (0) serotonergic (5-HT) 
and noradrenergic (NA) nerve terminals in rat hypothalamus. The rats were injected with phenelzine 
hydrochloride (4 mg/kg KC.) and clorgyline hydrochloride (0.5 mg/kg s.c.) at the same occasion and 
groups of five rats were killed at various times thereafter. The deaminating activities were determined 
as described in Materials and Methods and the inhibition was calculated in percent of saline-treated 

rats. 

nature of the inhibition the difference in the substrate 
concentration within the aminergic and the non- 
aminergic synaptosomes does not influence the 
degree of inhibition of the amine deamination. How- 
ever, since the affinity of serotonin for the A-form 
is much higher than that for the B-form in the rat 
brain the failure to identify any significant deam- 
ination of serotonin by MAO-B does not exclude the 
possible existence of this form within the ser- 
otonergic neurones. Noradrenaline has, on the other 
hand, a similar affinity for MAO-A and MAO-B in 
the rat brain [13,14] but the B form contributes with 
only about 20% of the total noradrenaline deam- 
ination in the rat brain [ 151. Our study indicates that 
the B form within the noradrenaline neurones did 
not contribute significantly to the deamination of 
noradrenaline. The same conclusion appears to be 
valid for the dopamine deamination within dopamine 
nerve terminals in the rat striatum, although the 
selegiline experiments indicate that the possibility of 
about 10% inhibition at low, B-inhibitory doses of 
selegiline. However, the corresponding clorgyline 
experiment did not reveal any contribution of the B 
form of MAO within the dopamine nerve terminals. 

A slight contribution of MAO-B to the deam- 
ination of all three substrates by the preparations in 
the presence of the selective uptake inhibitors, e.g. 
outside these neurones, is indicated by the results 
obtained with both clorgyline and selegiline. Thus, 
more than 10% of the deamination was inhibited 
after treatment with low doses of selegiline. The 
dose-response curves for the clorgyline inhibition 
were biphasic. The small (l&20%) second phase 
appeared at very high doses (>8mg/kg KC.) of 
clorgyline, which may indicate a contribution of the 
B form to the deamination of the amines. However, 
another explanation of this second phase may be 

that at these high doses of clorgyline the compound 
remains longer in the brain compared with low doses 
(<l mg/kg SC.). The difference may accordingly be 
due to inhibition of newly synthesized MAO during 
the 24-hr period between the injection and the death 
of the rats. 

The primary aim of this study was to examine if 
the irreversibly acting inhibitors have any preference 
for MAO in the monoamine neurones in the rat 
brain. This was obviously not the case for the hypo- 
thalamic serotonergic and noradrenergic neurones 
in which the inhibition was less than that outside 
these neurones. A possible explanation for these 
findings could be that the transmitter amines partially 
protected MAO within the nerve terminals against 
the irreversible MAO inhibition. In favour of this 
interpretation are the findings that the difference was 
largest at low doses of the inhibitors. However, the 
experiments with amine-depleted animals after res- 
erpine pre-treatment did not give any certain support 
for this hypothesis. Only in two cases (clorgyline and 
pheniprazine within noradrenergic neurones) did the 
inhibition reach the same levels inside and outside 
the aminergic neurones. However, it is possible that 
the concentrations of free cytoplasmic amines were 
high enough and increased during the initial revers- 
ible phase to partially protect MAO also in the 
reserpinized animals. Another explanation to the 
difference in the degree of inhibition outside and 
inside the amine neurones is that the in vivo dis- 
tribution of the inhibitors may be different, the ser- 
otonergic and noradrenergic neurones being less 
accessible for the inhibitors. 

In contrast to the findings in the serotonergic and 
noradrenergic neurones, the inhibitory actions of 
the compounds were larger inside than outside the 
dopaminergic neurones, particularly at higher doses. 
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The possibility that this preference is due to accumu- 
lation of the inhibitors via the membranous dopa- 
mine uptake mechanisms was not supported by the 
experiments in which the dopamine uptake inhibitor 
amfoneIi~ acid was injected before the two inhibitors 
phenelzine and tranylcypromine which are struc- 
turally most closely related to dopamine. No antag- 
onism was observed. 

by the amine pumps and are suicide inhibitors of 
MAO may be developed. Such compounds could 
become interesting pharmacological tools and may 
also have clinical interest. 
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