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Developmental changes in monoamine oxidase (MAO) activity in the mouse brain
were investigated with the substrates B-phenylethylamine (PEA), tryptamine, and
S-hydroxytryptamine (5-HT). In the newborn brain, MAO activity towards PEA
was found to be much lower than the adult and to be inhibited by clorgyline in a
double-sigmoidal fashion. The inhibition curve shifted to a single-sigmoidal pattern
with age. MAO activity towards 5-HT as substrate was inhibited by 90% and in
a single-sigmoidal manner by clorgyline throughout the postnatal life. Lineweaver-
Burk plots with PEA as substrate presented two linear lines (apparent Kp,: 28.6
and 4.1 pM) for the newborn and one line (apparent K,: 11.4 uM) for the adult,
respectively. The plot with high K, value for the newborn brain disappeared in
a clorgyline-treated preparation. These findings suggest that age-dependent al-
terations in the ratio of MAO-A/MAO-B activity affect the substrate specificity
of the enzyme.

INTRODUCTION

Mitochondrial monoamine oxidase (MAQO) [monoamine: O, oxidored-
uctase (deaminating); EC 1.4.3.4] exists in two functional forms, MAO-
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A and MAO-B, which differ in substrate specificities and inhibitor sen-
sitivities. The A-form is sensitive and the B-form is resistant to low con-
centrations of clorgyline (1). It has been generally accepted that 5-HT is
a preferential substrate for MAO-A, PEA and benzylamine for MAO-B,
and tryptamine and tyramine for both forms of the enzyme. However,
the conflicting reports on the differential substrate specificities have re-
cently appeared (2). It has been found, for example, that PEA is deam-
inated by MAO-A alone in rat heart (3, 4) and 5-HT is metabolized by
both forms of MAO in a variety of tissues such as vervet monkey brain
(5), beef heart (6), and mouse and rabbit liver (7). However, there is no
clear evidence to account for such ‘‘unusual’’ substrate specificities, al-
though some explanations have been forwarded (8, 9).

A number of studies have demonstrated age-dependent changes in
MAO activity in rat (10-13), mouse (14-17), and human brain (18, 19).
Most of these report an age-dependent relative increase of MAO-B. In
this communication, we describe developmental changes in the activity
and substrate specificities of MAOs in the mouse brain. The results sug-
gest that the relative proportions of MAO-A and MAO-B may be essential
to the substrate selectivity, at least in the mouse brain.

EXPERIMENTAL PROCEDURE

Materials. C3H mice, aged from one day postpartum (newborn) to 6 months, were used.
Following decapitation the brain, excluding cerebellum, was dissected and immediately fro-
zen until assayed. The crude mitochondrial pellets (P;) were prepared by a slight modification
of previously described method (11). All steps were carried out on ice or at 4°C. Briefly,
the brain tissue was homogenized in 10 volumes of ice cold 0.32 M sucrose with Polytron
(Kinematica, Switzerland) and centrifuged at 1,000 g for 10 min. The supernatant was re-
centrifuged at 19,000 g for 40 min to obtain the P; fraction. Prior to assaying, the samples
were resuspended in 0.1 M phosphate buffer (pH 7.5) to adjust to a protein concentration
of 1 mg/ml. The enzyme preparation was sonicated for 5 sec with an ultrasonic generator
(Kaijo Denki Co., Japan). Protein concentration was determined by the method of Lowry
et al. (20).

MAO assay. Radioactive substrates [1-'*C] B-phenylethylamine hydrochloride and
[2-MC]tryptamine bisuccinate were obtained from New England Nuclear (Boston, U.S.A.);
[2-1*C]5-hydroxytryptamine creatinine sulphate was from the Radiochemical Center
(Amersham, U.K.). Clorgyline hydrochloride was a gift from May & Baker Ltd.
(Dagenham, U.K.). All other reagents were standard laboratory reagents of analytical
grade wherever possible.

The enzyme activity was determined radiochemically by the methods of Wurtman and
Axelrod (21) and McCaman et al. (22) with slight modifications. The methodological aspects
have been described in detail elsewhere (23). 5-HT, PEA, and tryptamine were used as
substrates for MAO-A, MAQO-B, and both, respectively. Unless otherwise stated, the final
concentrations of substrates after diluting with non-labeled substrates were 1 mM for 5-HT,
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FiG. 1. Developmental changes of mouse brain MAO deaminating S-HT. Each point is the
mean *+ SEM of determinations made in 4 mice. Some SEMs were smaller than the point
indicators. MAO activity was determined using 1 mM 5-HT in the absence (®) and presence
(M) of 1077 M clorgyline. A; Percent activity remaining following clorgyline inhibition.

5 uM for PEA and 20 pM for tryptamine. The levels for PEA and tryptamine were near
their respective K,,, values estimated previously from a Lineweaver-Burk plot.

Aliquots of the enzyme preparation (0.4 ml) were preincubated at 37°C for 10 min before
the reaction was initiated by the addition of the substrate solution (0.1 ml). To determine
the substrate specificity, the enzyme preparation was preincubated in the presence of dif-
ferent concentrations of clorgyline (37°C for 10 min). After 10 min with substrate, 0.5 ml of
1 N HCl terminated the reaction. Deaminated products were extracted with vigorous shaking
into 4.0 ml ethyl acetate when PEA or 5-HT was the substrate, or 4.0 ml toluene when
tryptamine was the substrate. If 5-HT was served as substrate, a 3.5 ml aliquot of the organic
layer was transferred to a tube containing 1.5 ml of 0.3 N HCI. After centrifugation, a 3.0
ml aliquot of the organic layer was transferred to a scintillation counting vial containing §
ml of scintillation liquid which contained 5 g of PPO and 0.5 g of POPOP in 1 liter of toluene.

The radioactivity was measured in a liquid scintillation counter. MAO activity was de-
termined in duplicate and expressed as nmol product formed/mg protein/min.

RESULTS

MAO activity with 5-HT as substrate gradually increased during the
first month after birth and then slightly decreased (Figure 1). The pro-
portion of MAO activity remaining following inhibition by 10~7 M clor-
gyline was constant throughout postnatal life (Iess than 1095). Thus the
enzyme activity using 5-HT as substrate preferentially indicated MAO-
A activity in any ages. On the other hand, MAO activity with PEA as
substrate developed rapidly during the first month of postnatal life reach-
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Fic. 2. Developmental changes of mouse brain MAO deaminating PEA. Each point is the
mean = SEM of determinations made in 4 mice. Some SEMs were smaller than the point
indicators. MAO activity was determined using 5 uM PEA in the absence (®) and the
presence (M) of 10~7 M clorgyline. A; Percent activity remaining following clorgyline in-
hibition.

ing a plateau by 2 months (Figure 2). MAO activity as measured by PEA
in 2-month-old mice was 9 times higher than that in newborn. The pro-
portion of MAO activity remaining following inhibition by 107 M clor-
gyline was 60% in the newborn, and increased with age up to 85% in the
2-month-old mice. Since the activity remaining following clorgyline in-
hibition is considered to be MAO-B (1), MAO-B activity is 12 times higher
in 2-month-old than in newborn mice.

Developmental changes in sensitivity to clorgyline inhibition were fur-
ther investigated. The inhibition curve of 5-HT deamination represented
a single-sigmoidal pattern in all ages (Figure 3). A similar pattern of clor-
gyline inhibition was obtained using tryptamine as substrate in newborn
and 2-week-old mice. This suggested that MAO is predominantly A-form
(93.3% when estimated by percent clorgyline inhibition of MAO deami-
nating tryptamine) in mouse brain soon after birth. However, the inhi-
bition curve of tryptamine deamination changed to a double-sigmoidal
pattern in 3-month-old mice, reflecting the existence of both forms of
MAO at this stage (MAO-A; 73.2%). On the other hand, MAO activity
towards PEA in the newborn mouse was inhibited by clorgyline in a dou-
ble-sigmoidal fashion, suggesting that PEA was deaminated by both forms
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Fic. 3. The effect of three different ages on the inhibition of MAO activity by clorgyline.
Samples were preincubated with 107° to 107* M clorgyline at 37°C for 10 min before the
addition of substrate. ImM 5-HT (x), 28 uM tryptamine (@; newborn, A; 2-week-old, W;
3-month-old) and 5 pM PEA (O; newborn, A; 2-week-old, [J; 3-month-old) were used as
substrates. The inhibition curves of 5-HT deamination presented the same pattern in all ages
examined.

of MAO at this stage of predominantly MAO-A. However, the inhibition
curve became a single-sigmoidal pattern, typical of MAO-B, by 3 months,
indicating preferential deamination of PEA by MAO-B as the enzyme
activity increased.

The effect of the amount of MAO deaminating PEA on the inhibition
curve was investigated. The specific MAO activity towards PEA in the
newborn brain was approximately 4 of that in 3-month-old brain under
similar protein concentrations. Therefore, the enzyme solution from the
3-month-old mouse was diluted 10-fold, and inhibition curves were de-
rived (Figure 4). While the degree of MAO inhibition by clorgyline was’
slightly increased in the diluted preparation, the inhibition pattern re-
mained markedly different from that obtained for the newborn. The rel-



600 KOIDE AND KOBAYASHI

100+ N
/z
5 $
3 80( "
€ §
- L )
e o
&
5 601
a

40

20

5 4
Clorgyline (-log M)

Fic. 4. The effect of the amount of MAO deaminating PEA on the clorgyline inhibition
curve. The enzyme solution from the 3-month-old mouse brain (M) was diluted about 10-
fold (A) with 0.1 M phosphate buffer (pH, 7.5) to obtain the similar activity of MAO deam-
inating PEA as that (®) from the newborn.

protein concentration MAO activity towards PEA
age (mg/ml) (nmol/mg prot/min)
®; one-day-old 1.25 0.15
B; 3-month-old 1.48 1.29
A; 3-month-old 0.15 0.18

ative proportion of MAO-B was the same even if absolute activity was
diminished.

To determine if kinetic properties of the enzyme change during devel-
opment, Lineweaver-Burk plots for PEA deamination were compared in
newborn and 2-month-old mice (Figure 5). The plots for the adult mouse
demonstrated one line, with an apparent K, of 11.4 pM and substrate
inhibition at the concentrations of PEA over 10 pM. On the other hand,
Lineweaver-Burk plots for the newborn mouse presented curves com-
posed of two linear portions. The two apparent K, values were 28.6 pM
and 4.1 p.M with high range (10 to 100 pM) and low range (1.25 to 10 nM)
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FiG. 5. Lineweaver-Burk plots of MAO deaminating PEA from two-month-old (&) and new-
born mouse brain in the absence (@) and presence (O) of 10~7 M clorgyline. The plots from
newborn mouse resulted in two linear portions with the apparent K, values of 28.6 and 4.1
pM and Vimax values of 0.54 and 0.18 nmol/mg prot/min, respectively. The apparent K,
value for the adult mouse was 11.4 pM (Vax 1.90 nmol/mg protein/min).

PEA concentrations, respectively. The linear portion obtained at high
PEA concentrations in the absence of inhibitor, disappeared when 10~
M clorgyline was added. Preincubation with clorgyline and 5-HT had little
effect on the Lineweaver-Burk plots in the adult mouse brain (Figure 6).
This is compatible with the data demonstrating that at this age PEA is
deaminated almost exclusively by MAO-B.

Since, in the newborn mouse brain, PEA appeared to be preferentially
deaminated by MAO-B at low concentrations (1.25 to 10 wM), and by
MAO-A at high concentrations (over 10 pM), the clorgyline inhibition
patterns were compared at two different PEA concentrations (Figure 7).
Plateaus were reached between 3 x 10® M and 107 M clorgyline in all
cases. In the newborn brain 32.5% of PEA deamination was inhibited by
1077 M clorgyline when 5 uM PEA was substrate. This inhibition in-
creased to 50% using 40 M PEA. Similarly, percent inhibition by 107
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FiG. 6. Lineweaver-Burk plots of MAO towards PEA from two-month-old mouse brain in
the absence of inhibitors (@) and in the presence of 10~7 M clorgyline ((J) or 1 mM S-HT
(A). Clorgyline was preincubated with the enzyme for 10 min before addition of PEA. 5-
HT was added to the reaction mixture at the same time with PEA.

M clorgyline increased from 5% to 13% with increased PEA concentration
in the adult brain.

DISCUSSION

In the present study, it was found that the two forms of MAO differ in
postnatal development as reported previously (11, 13, 15). Since MAO
deaminating 5-HT was exclusively inhibited by 1077 M clorgyline
throughout postnatal life, the enzyme activity using this substrate pref-
erentially indicated MAO-A at all ages. Thus, the developmental change
in MAO-A activity of the mouse brain followed a gradual increase during
the first month after birth and then a slight decrease. A similar change in
MAO-A activity with age has been found in the mouse (15, 16) and rat
brain (24, 25). On the other hand, the sensitivity of MAO deaminating
PEA to clorgyline inhibition changed with postnatal development. The
remaining activity following clorgyline inhibition increased with age, in-
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FiG. 7. The inhibition curves of MAO towards PEA at the concentrations of 5 uM and 40
uM by clorgyline. Each plot represents data from the newborn (O; 5 puM PEA, @; 40 pM
PEA) and the adult (A; 5 uM PEA, A; 40 uM PEA) mouse brain.

dicating that PEA is deaminated by both forms of MAO in early life and
preferentially by MAO-B afterwards. This was confirmed by clorgyline
inhibition curve using 5-HT and PEA as substrates (Figure 3). The in-
hibition curve for tryptamine, known as a common MAO substrate,
changed from a single-sigmoidal to a double-sigmoidal pattern with de-
velopment. Such a shift might be related to an increase in MAO-B after
birth. Mantle et al. (10) also observed a rapid increase in the MAO-B/
MAO-A ratio with age in the rat brain. They found that the ratio ap-
proached the adult value of 32% by the 25th day postnatal.

It has been reported that the inhibition pattern of clorgyline is affected
by protein concentration and preincubation time (26), and also by the
substrate concentration (27). However, these factors can not be respon-
sible for the differences observed at different stages of development, since
the same conditions were used throughout the present study. Other causes
of the age-dependent changes should be considered; changes in: 1) the
total activity of MAO deaminating PEA, 2) the relative proportion of
MAO-B, and 3) the enzyme properties. Since the amount of MAO deam-
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inating PEA did not affect the inhibition curve (Figure 4), it is likely that
the important parameter for sensitivity to clorgyline is not the absolute
amount of MAO-B, but its relative proportion. As to the Kinetic properties
of the enzyme, it has been reported that the activities of both human brain
MAO-B (18) and rat brain MAO-A (25) increased with age. This was due
entirely to increased amount of the respective enzyme forms, without
changes in either the K, or molecular turnover numbers. In this study,
however, the different K, values for PEA deamination were obtained
from mouse brain in different ages as reported for the rat heart (28).
Therefore, we can not rule out that MAO deaminating PEA in the newborn
mouse brain has different properties from that in adult mouse brain.

Lineweaver-Burk plots for PEA deamination in the newborn brain pre-
sented curves composed of two linear portions with two different apparent
K., values (28.6 uM and 4.1 uM) as shown in Figure 5. The high K, (low
affinity) represented deamination by MAO-A and the low K, (high affin-
ity) was considered to be related to MAO-B, since the linear portion
obtained at higher PEA concentrations (10 to 100 uM) disappeared in the
presence of 1077 M clorgyline. Thus the two different lines and K, values
may have indicated involvement of two different enzymes in the newborn
brain. MAO-B has approximately 7 times higher affinity for PEA than
MAO-A. On the other hand, in the adult mouse the plots using PEA as
substrate exhibited one apparent K, of 11.4 uM. Clorgyline had little
effect on this plot. These may explain why PEA was metabolized by both
forms of MAO when B-form activity was extremely low and why it be-
came preferentially metabolized by MAO-B as its activity increased. Dif-
ferent affinities to both forms of MAO has been shown in other tissues
such as rat heart (4), human brain (29), and rat brain (30, 31). Edwards
et al. (28) have obtained similar results of two linear portions of the curve
for PEA deamination by heart mitochondria from 4-week-old rat. Their
K, values were 28 and 8 pM, which are similar to the present data. They
suggested that PEA was deaminated by both forms of MAO in the young
rat heart, being metabolized predominantly by MAO-A with increased
MAO-A activity as the rats aged. Thus, the changes observed in rat heart
MAQO seem to be opposite to those in the mouse brain.

It was found in the present investigation that more PEA is deaminated
by MAO-A as the substrate concentration increases. This concurs with
previous findings (30, 31) that PEA becomes a common substrate for both
forms of MAO at high concentrations (50 to 1000 wM). It seems likely
that substrate specificity of MAO towards PEA is determined by substrate
concentration under certain conditions.

In conclusion, MAO activity towards 5-HT increased with age, while
clorgyline sensitivity and kinetic properties of the enzyme remained con-
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stant. And also, MAO deaminating 5-HT was shown to be exclusively
MAO-A in all ages examined. This situation suggests sufficient MAQO-A
throughout the animal’s life. On the other hand, MAO activity towards
PEA demonstrated marked developmental changes in specific activity,
clorgyline sensitivity, and kinetic properties. The finding that PEA was
deaminated by both forms of MAO in the newborn mouse was the result
of an extremely low MAO-B proportion. An age-related increase in the
relative proportion of MAO-B would explain the deserved developmental
changes. The effect of the MAO-A/MAO-B ratio and the substrate con-
centration should be carefully considered when substrate specificity is
examined.
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