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Abstract—Both monoamine oxidase (MAQ) A and B activities were almost exclusively found associated
with mitochondrial fractions in mouse lung, and these activities could be partially separated on linear
sucrose gradients. The peak MAO B activity measured by the deamination of S-phenylethylamine
(PEA) was consistently found in a population of mitochondria sedimenting in a denser region of
the gradient than peak MAO A activity for 5-hydroxytryptamine (5-HT). Clorgyline strongly inhibited
deamination of 5-HT across the mitochondrial fractions, while deamination of PEA remained high.
Pargyline blocked PEA deamination, while considerable activity remained for 5-HT. These results
provide evidence for the possible existence of heterogeneous subpopulations of lung mitochondria
differing in sedimentation behavior and containing monoamine oxidase with different substrate speci-

ficity and inhibitor sensitivity.

The mammalian lung has the capacity to remove
several amines [1-4] from the pulmonary vascular
space and rapidly deaminate them via monoamine
oxidase (MAQ) [monoamine: O, oxidoreductase
(deaminating); EC 1.4.34]. MAO exists not as a
homogeneous enzyme but rather in several forms with
different substrate specificity [5], inhibitor sensi-
tivity [6], thermal stability [7], antigenic proper-
ties [8], and electrophoretic mobility [9]. The type A
form of mitochondrial MAO, which deaminates
5-hydroxytryptamine (5-HT) and norepinephrine, is
selectively inhibited by harmaline and clorgyline [10].
Type B MAO preferentially deaminates f-phenylethy-
lamine (PEA) and benzylamine and in most species
is selectively inhibited by pargyline and deprenyl [10].
Evidence for the existence of these multiple forms of
MAQO in the lung derive chiefly from studies with
whole organ homogenates [11], lung mitochondria
isolated by differential centrifugation [12], and intact
perfused lung [13-15].

Mitochondria from different tissues are not homo-
geneous organelles, but rather exist as heterogeneous
populations with different distribution in sucrose den-
sity gradients [16-19] and enzymatic activi-
ties [5, 19, 20-25]. In view of these recent findings and
the seemingly important function of the lung in the
removal and deamination of various amine substrates,
it was of interest to investigate the possibility that
the muitiple forms of MAO observed previously may
be associated with different mitochondrial popula-
tions in the lung.

MATERIALS AND METHODS

Adult male Swiss albino mice (BNL strain) were
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injected intraperitoneally 1 hr prior to sacrifice with
10 mg/kg of pargyline, 10 mg/kg of clorgyline or 0.9%,
saline. The animals were sacrificed by cervical frac-
ture, the thorax was rapidly opened, and the lungs
were perfused via the heart with cold 0.25 M sucrose
in 0.1 M potassium phosphate buffer, pH 74, to
remove excess blood from the vascular space. The
lungs were dissected free from trachea, bronchi and
external blood vessels, minced finely and homo-
genized in 4 vol. of the above buffer with a Potter—
Elvehjem homogenizer (10-12 strokes) at 0°. The
homogenate was centrifuged twice at 600 g for 10 min
each, the pellets were discarded, and the supernatants
were layered on 4.5 ml, 0.25 to 1.73 M continuous suc-
rose gradients in 0.1 M potassium phosphate buffer,
pH 7.4, prepared by a previous method [26]. The
gradients used were either exponential or linear. In
some experiments, mitochondria were first isolated by
centrifugation at 12,100 g for 10 min at 4° and washed
two times by resuspension in 0.25M sucrose-0.1 M
phosphate buffer before being layered onto sucrose
gradients. The gradients were centrifuged at
32,500 rev/min in a SW65Ti rotor for 60 min or 17 hr
at 4°. Fractions were collected by bottom puncture
and stored at —20". No detectable loss of MAO acti-
vity was noted up to several weeks.

MAO activity was measured radiometrically by a
method similar to that described previously [27, 28].
5-Hydroxytryptamine binoxolate[2-'*C] (48.5 mCi/
m-mole) and f-phenylethylamine[ 1-'*Chydrochlor-
ide (9.86 mCi/m-mole), both purchased from New
England Nuclear (Boston. MA). were checked for im-
puritics by thin-layer chromatography and used as
specific substrates for type A and B MAO respect-
ively [5]. The reaction mixtures typically contained
25-50 ul of gradient fraction (10-120 ug protein),
33.7 uM '*#C-substrate in a total volume of 300 ul of
0.1 M potassium phosphate buffer, pH 7.4. The reac-
tion mixtures (without substrates) were warmed at 37°
for 10 min, the substrate was added, and the reactions
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were allowed to proceed for 25 min at 37°. The reac-
tions were stopped with 200 ul of 2 N HCI, 3 ml ethyl
acetate was added, and the deaminated metabolites
were extracted by vigorous shaking for several min.
The phases were separated by centrifugation at 1000 ¢
for 5min, and a 1-ml aliquot of the organic phase
was counted in 10 ml Aquasol in a liquid scintillation
counter. Samples were corrected for quenching by in-
ternal standardization. Blank reaction tubes contain-
ing boiled enzyme or no enzyme were handled identi-
cally to the samples. All enzyme determinations were
carried out in duplicate. Greater than 85 per cent
of the activity applied to the gradient was recovered
in the fractions collected.

Cytochrome oxidase was measured [29] and pro-
tein was estimated in duplicate using bovine serum
albumin as a standard [30]. Sucrose concentrations
were measured with an Abbé refractometer.

RESULTS

In preliminary experiments, the subcellular locali-
zation of monoamine oxidase in lung homogenates
was measured on exponential sucrose gradients
designed to separate the mitochondrial fraction from
the microsomal and soluble fractions (Fig. 1). The
peaks for both A and B forms of monoamine oxidase
and cytochrome oxidase, specific markers for outer
and inner mitochondrial membranes [31], respect-
ively, were coincident and occupied the denser regions
of the gradient, suggesting minimal organelle damage
during preparation. Some activity for these enzymes
near the top (microsomal/soluble region) of the gra-
dient may represent mitochondrial fragments and/or
microsomal MAO activity. This activity could be
eliminated by prior isolation and washing of the mito-
chondria. However, the majority of both mitochon-
drial MAO and cytochrome oxidase activities cosedi-
mented during centrifugation on exponential gra-
dients.
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Fig. 1. Distribution of MAO A. B, cytochrome oxidase

and protein from whole lung homogenates separated on

exponential sucrose gradients. Enzymatic activities are

plotted as per cent total activity recovered from gradients

(> 85 per cent in all cases) and are the average of duplicate
determinations.
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Fig. 2. (a) Mitochondrial protein distribution in linear suc-
rose gradients for mitochondria isolated from animals pre-
treated with pargyline or clorgyline (10 mg/kg). (b) Cyto-
chrome oxidase distribution in mitochondrial fractions
from animals pre-treated with pargyline or clorgyline.

When linear gradients were used, the mitochondrial
protein peaks (Fig. 2a) and cytochrome oxidase activi-
ties (Fig. 2b) became somewhat heterogeneous but
correlated well between animals pre-treated with par-
gyline or clorgyline. The MAO activities did not,
however, follow this pattern (Fig. 3). The MAO acti-
vity for 5-HT in mitochondria isolated from animals
treated with pargyline (Fig. 3a) remained high and
consistently peaked in a less dense region of the gra-
dient, whereas the activity in the same density frac-
tions from animals treated with clorgyline was
strongly inhibited. The MAO activity toward PEA
was almost completely blocked by prior treatment of
animals with pargyline, but remained high in mito-
chondria isolated from clorgyline-treated animals
(Fig. 3b). Furthermore, a peak of PEA-deaminating
activity was consistently found at significantly higher
sucrose density. The total lung PEA-deaminating acti-
vity was higher than 5-HT-deaminating activity in all
preparations from mouse lung.

When the data were plotted as specific activities
to compensate for differences in the mitochondrial
protein distribution across the gradient, both types
of MAO activities were heterogeneous (Fig. 4). The
absolute pattern varied with the number of fractions
collected and with different preparations; however,
the peak MAO B activity was consistently at a denser
region of the gradient than peak MAO A activity.
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Fig. 3. (a) MAO A activity in mitochondria on linear gra-

dients using ['*C]5-HT as substrate from animals treated

with pargyline or clorgyline (10 mg/kg). (b) MAO B activity

measured with ['*C]PEA in mitochondria from animals
treated with pargyline or clorgyline.
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The partial separation of activities was more pro-
nounced in some preparations and became sharper
in samples centrifuged 17 hr under conditions that
allow for separation by buoyant density (Fig. 5). Thus,
the 1-hr separation of activities may reflect a com-
bination of differences in size, shape and density.

DISCUSSION

These results are the first report of the possible
existence of heterogeneous subpopulations of lung
mitochondria having a differing sedimentation pat-
tern, MAO inhibitor sensitivity and MAO substrate
specificity. Partial separation of MAO A and MAO
B activities has been previously demonstrated in rat
brain preparations [5]. As in the present results, the
highest activity toward the MAO B substrate, PEA,
was located in denser regions of the gradient than
peak MAO A activity. However, brain tissue provides
several problems during homogenization in isotonic
sucrose in that the pre-synaptic mitochondria are lar-
gely enclosed in particles (synaptosomes) of varying
size. This size variation depends on the amount of
associated membrane material whereas the free mito-
chondria, believed to be of glial origins, lack this as-
sociation [21]. Thus, the observed differences in the
sedimentation pattern of brain mitochondria may re-
flect primarily differences in contaminating mem-
branous material.
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Fig. 4. Mitochondrial MAQ distribution on linear sucrose
gradients plotted according to specific activities in saline
control or drug-treated animals.

Much of the difficulty in demonstrating multiple
MAO species has resulted from the use of “purified”
MAQ preparations [31,32] and arises from differ-
ences in the techniques used for solubilization and
purification. Although high sucrose concentrations
used in density gradient techniques can alter mito-
chondrial structures [33], intact mitochondria may
provide a more useful system for study. Such an
approach has met with some success in separating
brain mitochondria having different MAO activi-
ties [21, 33].

The presently observed differences in the MAO ac-
tivities of lung mitochondria in sucrose gradients
might result from membrane contaminants, but it
seems unlikely that such contaminants could simul-
taneously and consistently confer substrate and in-
hibitor specificities and also determine the character-
istic sedimentation patterns. This is particularly true
in light of recent evidence that both the substrate and
inhibitor selectivities reported here were also found
in intact perfused rat and rabbit lungs [13-15]. The
finding [15] that the deamination of 5-HT and PEA
by lung was not significantly influenced by 200-fold
molar excess of the competing substrate strongly sup-
ports the evidence for separate forms of lung mito-
chondrial MAO. The present findings are consistent
with these reports and suggest that these enzymatic
activities may be associated with distinct subpopula-
tions of lung mitochondria.

The cellular origin of the mitochondria used in
these studies is not known since the lung contains
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Fig. 5. MAO A and B activities of lung mitochondria cen-
trifuged for 1 or 17 hr at 32,500 rev/min (SW65Ti rotor)
on linear gradients.

some 42 cell types [34], but autoradiographic studies
have implicated the capillary endothelial cells as the
sites of amine degradation in lung [35-37]. These
studies have used labeled MAO substrates and MAO
inhibitors to slow the metabolism of these highly dif-
fusible molecules. In view of the present findings on
inhibitor selectivity and the previous reports demon-
strating the use of specific irreversible MAO inhibi-
tors as MAO titrants, studies are currently in progress
with labeled inhibitors to determine the cellular ori-
gins of the MAO activities responsible for the dea-
mination of 5-HT and PEA.
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