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Abstract—The inhibition of MAQ in vivo by pargyline in mice has been studied to evaluate the useful-
ness of n-octylamine - HCI[1-''C), a substrate of MAO that is rapidly metabolized to ''CO,, as a
probe of MAOQ activity in vivo. In pargyline-pretreated mice, the rate of decline in tissue levels of
[*!C]n-octylamine after intravenous administration was decreased to an extent that varied with the
particular tissue and the time after pargyline pretreatment. Likewise, pargyline-treated mice showed
a reduced excretion of ''CO, after ['!C]n-octylamine administration but not after octanoic acid[1-!!C]
or octanol[1-''C] injection. The duration of inhibition of ''CO, excretion after pargyline treatment
paralleled reasonably well the inhibition of MAO measured directly in intestine and liver, but the
mhibition of MAO in the lung, kidney and brain persisted longer. Direct measurement of mitochondrial
MAO activity using ['*CJoctylamine showed the following: intestine > liver > lung > brain ) kidney.
At 94 hr after pargyline administration, ''CQ, excretion was close to the control value yet the MAO
activity of brain, lung and kidney was less than half of the control value. Thus, the rate-determining
step in the overall rate of ' 'CO, excretion appears not to be the MAO-catalyzed step but the reactions

occurring after deamination.

Previous studies [1-4] have suggested the potential
utility of suitably labeled aliphatic amines as mono-
amine oxidase (MAO) [monoamine: O, oxidoreduc-
tase (deaminating); EC 1.4.3.4] substrates in vivo.
Unlike the biogenic amines, whose metabolites are
usually excreted via the kidney, aliphatic amines iso-
topically labeled in the a-carbon position undergo in-
itial metabolism by MAO to the corresponding alde-
hyde, then conversion to the labeled carboxylic acid
via aldehyde dehydrogenase and, ultimately, oxi-
dation to labeled CO, via the various f-oxidation
reactions [5].

Carbon-11 is a short-lived (¢,,, = 20.4 min) isotope
of carbon which decays by positron emission, result-
ing in the production of two 511-keV annihilation
photons. The distribution of radioactivity in vivo after
the injection of a carbon-11-labeled tracer can be
externally visualized and the relative change in the
tissue radioactivity determined as these photons tra-
verse the body barrier. Previous work [2] had shown
that n-octylamine - HCI[ 1-**C] ([ 'CJOA) was a suit-
able substrate in vivo for MAO in mice showing both
a high tissue uptake and a rapid metabolism to
"*CO,. Subsequent studies in rabbits [3], dogs and
humans {4] have demonstrated, non-invasively, the
dynamic process in vivo of amine uptake and metabo-
lism by lung and other tissues utilizing [''Cloctyla-
mine. However, the correlation between the exhala-
tion of labeled CO, and the MAO activity of the

* Research carried out at Brookhaven National Labora-
tory under contract with the U.S. Energy Research and
Development Administration and supported by its Divi-
sion of Biomedical and Environmental Research.

intact organism has not been adequately character-
ized. We have studied the MAO initiated metabolism
of n-octylamine - HCI{1-!C] to 'CO, in some detail
to determine the extent to which !!CO, excretion can
be correlated with MAO activity in several major
organs of the mouse after a single dose of the irrevers-
ible MAO inhibitor, pargyline.

MATERIALS AND METHODS

n-Octylamine - HCI[1-**C] was synthesized as
detailed previously [2], dissolved in 0.9%, saline and
injected intravenously into a lateral tail vein of
8-week-old male Swiss albino mice (BNL strain)
which had been pretreated by the intraperitoneal in-
jection of 10 or 32 mg/kg of pargyline or saline. The
expiration of ''CQ, was monitored [2] for 20 min,
the mice were sacrificed by cervical fracture, and the
lungs, liver, brain, kidneys and small intestine were
removed, blotted to minimize adhering blood,
weighed and counted for radioactivity in an auto-
mated Nal well-counter and the data corrected for
isotopic decay [2].

Portions of the above organs were extracted with
510 vol. methanol~chloroform (2:1) in a ground-
glass homogenizer, and the insoluble material was fil-
tered onto glass wool. The soluble fraction (extraction
efficiencies were 61-99 per cent of the activity in the
intact tissue) was evaporated to dryness under
reduced pressure and the residue dissolved in 2-3 mi
of 0.05M phosphate buffer, pH 6.0, and applied to
a 1 x 3cm BioRex 70 column (Na* form). The de-
aminated metabolites were separated from the
unchanged amine by washing with 75 ml water, and
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aliquots of this fraction containing the deaminated
metabolites were counted for radioactivity [2]. The
amine fraction remaining on the resin was also
counted for radicactivity. Overall recoveries after the
initial extraction through the separation procedures
were 80-97 per cent.

Mitochondria were prepared from lung, liver, brain,
kidney and small intestine. Organs were minced finely
and homogenized in 3-5 vol. of 0.25 M sucrose-0.1 M
potassium phosphate buffer, pH 7.4, at 0° in a Potter—
Elvehjem homogenizer. The-homogenate was centri-
fuged at 600 g twice, the pellets were discarded, and
the supernatant was centrifuged at 12,100 g at 4° for
10 min. The mitochondrial peliet was resuspended in
sucrose-phosphate buffer and re-centrifuged as above.
The pellet was finally suspended in 0.05 M phosphate
buffer, pH 7.4, and stored frozen at —20°. MAO ac-
tivity was stable for several weeks using this pro-
cedure.

MAOQ activity was determined by an adaptation of
an earlier method [6] by incubating an aliquot of
the mitochondrial fraction from each tissue
(120-310 ug protein) with 86.7uM  n-octyla-
mine - HCI[1-'*C] (10 mCi/m-mole, syathesized in
our laboratory) in a total volume of 300 ul of 0.1 M
potassium phosphate buffer at 37° for 25 min. Reac-
tions were linear with regard to protein concentration
and time under these conditions. Reactions were
stopped by the addition of 200 ul of 0.25M zinc sul-
fate followed by 200 ul of 0.25M barium hydroxide
solution. Distilled water (I ml) was added, and the
mixture was agitated well on a vortex shaker and
centrifuged at 1000 g for 5 min to remove the precipi-
tate. A 0.5-ml aliquot of the supernatant was applied
toal x 2cm column of Bio-Rex 70 (Na* form) equi-
librated with 0.4 M potassium phosphate buffer, pH
6.0. The deaminated metabolites were washed from
the resin with 2.5ml of distilled water and counted
in 10ml Agquasol {New England Nuclear, Boston,
MA) in a liquid scintillation spectrometer. Protein
was determined [7] using bovine serum albumin as
a standard.

RESULTS

After the injection of [!'CJoctylamine, the clear-
ance of this compound from the blood and the distri-
bution to the various organs in the mouse are quite
rapid [2]. The lung and kidney typically contained
the highest concentration of activity/g tissue (Fig. 1)
and accounted for 7.12 + 0.18 and 11.79 + 0.47 per
cent/organ, respectively, of the total injected dose at
1 min.

The liver contained 8.07 + 0.55 per cent/organ and
the brain 1.98 + 0.15 per cent/organ of the injected
dose although the radioactivity/g tissue in these two
tissues was similar (~ 5 per cent/g of tissue) {data not
shown). Pretreatment with pargyline (32 mg/kg)
resulted either in a decreased net clearance of the
total radioactivity as found with the lung (and heart)
or a net accumulation of radioactivity with time as
shown by the kidney (and liver, brain, spleen and
muscle). The total radioactivity in these organs from
animals treated 1 hr previously with 32 mg/kg of par-
gyvline at 1, 5 and !5min after the administration of
[''Cloctylamine was often significantly higher than
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Fig. 1. Clearance of radioactivity in mouse lung and kid-
ney after the iv. injection of [*'Cloctylamine in control
(@——®) or pargyline treated (32mg/kg) (O——0O) ani-
mals. Each point represents the mean + S.D. of two to
eight animals.

control in several organs particularly at 5 and 15min
post injection (Fig. 2).

Pretreatment of animals 1hr previously with
32mg/kg of pargyline inhibited the excretion of
11CO, from [*'Cloctylamine quite markedly with 8.8
per cent of the injected radioactivity being excreted
as "CO, in drug-treated animals compared to 48.1
per cent excreted in 20 min by control animals (Table
1). Since some recent reports [8,9] have shown that
high doses (> 50 mg/kg) or pargyline inhibit aldehyde
dehydrogenase, we explored this possibility to insure
that the decrease in '*CO, excretion was not the
result of inhibition of enzymes other than MAO
{(Table 1). Pargyline only inhibited the excretion of
11CO, with ['CJoctylamine as the substrate and did
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Fig. 2. Distribution of total radioactivity after the i.v. in-
jection of [!!CJoctylamine expressed at per cent of control
in animals pretreated with pargyline (32 mg/kg) | hr pre-
viously. Each point represents the mean + S.D. of three
{experimental) and five (control) mice and is significant
(student’s t-test) at P < 0.01 except where noted.
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Table 1. The effect of pargyline on the cumulative excretion of ''CO, from octylamine, octanoic acid and octanol*

Cumulative ''CO,
as % Injected Dose,

minutes
(mg/kg)
Substrate (n) Pargyline 10 15 20
11 C-octylamine 5 0 198 + 04 331 +£ 05 418 + 0.5 48.1 + 1.1
4 32 1.3+ 06 34 + 09 54+ 11 8.8 + L.1
¢ octanoic acid 6 0 30.6 +£ 09 435+ 13 512+ 10 56.5 + 1.2
4 32 266 + 14 407 + 13 514 + 25 554 +1.2
1C_octanol 6 0 246 +1.2 B85 +14 477+ 14 539+ 13
5 32 293 + 09 420 + 09 50.7 + 1.1 565+ 1.2

* Groups of mice were pre-treated with saline or 32 mg/kg pargyline 1 hr prior to the injection of '!C-octylamine,
! C-octanoic acid or !'C-octanol and the cumulative 'CO, excretion measured for 20 minutes.
Values for octylamine are highly significant (p < 0.001) and are not significant for the other substrates except 35

minute octanoic acid (p < 0.05).

not significantly inhibit the 20-min '!CO, excretion
from ['!'CJoctanoic acid or [''CJoctanol ([!!CJoc-
tanoic acid was slightly slower for the first 5 min but
was at the control level by 10min). Since [!'CJoc-
tanol shares [!!CJoctanal as a common intermediate
with [''CJoctylamine, we conclude that, if aldehyde
dehydrogenase was inhibited, it could not be demon-
strated by a decreased *'CO; excretion.

Thus, the f-oxidation enzymes also appear not to
be greatly influenced by pargyline using -either
[''Cloctanol or [!!Cloctanoic acid as model sub-
strates. To further insure that the observed effects
were not due to a possible non-specific action of par-
gyline, we utilized a lower dose (10 mg/kg) in all the
further experiments, below levels which have been
found to cause non-specific responses.

The return of the ability to oxidize ['!'CJoctyla-
mine to ''CO, is quite rapid after the single adminis-
tration of 10 mg/kg of pargyline (Fig. 3). This return
is characterized by a phase of rapid recovery between
1 and 22 hr followed by a slower rate of return of
cumulative !CO, excretion toward control values
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Fig. 3. Cumulative ''CO, excretion expressed as per cent

of injected dose excreted at 5 (@——@), 10 (A——A), 15

(O——0), and 20 (A——A) min after the i.v. injection of

[''Cloctylamine at 1-94 hr after pargyline (10 mg/kg) pre-

treatment. Control values are plotted at the far right for

comparison. The number of animals used for each point
is in parentheses.

seen at later times. By 94 hr after the administration
of pargyline, the cumulative ''CO, excretion was
88.4, 89.5, 924 and 94.4 per cent of control values
at 5, 10, 15 and 20 min respectively.

The retention of radioactivity by several organs in
MAO-inhibited animals after the injection of
[*!Cloctylamine can be attributed to the accumu-
fation of the unchanged amine and/or a decreased
rate of metabolism based on the analysis of the distri-
bution of the total radioactivity in the organs studied
between amine and deaminated metabolite fractions
(Fig. 4). Considerably greater activity as the un-
changed amine was present at 20 min in all the organs
studied at 1 and 4 hr after pargyline pretreatment.
The retention of the unchanged amine decreased
rapidly with increasing time after pargyline adminis-
tration and varied with the different tissues studied.
The per cent per organ as unchanged amine in the
liver returned to control levels the most rapidly, in
~ 13 hr, the intestine and kidney by 46 hr. The lung
and the brain showed the slowest rate of return
toward the control value.

The decrease in the tissue radioactivity present as
unchanged amine, as the MAO in these organs re-
covered from the effects of pargyline, correlates in a
general pattern with the studies of MAQO activity in
these organs (Fig. 5). The two organs showing the
highest retention of the unchanged amine compared
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Fig. 4. Effect of pargyline (10 mg/kg) on the distribution

of total radioactivity per organ (unshaded) and [''Cln-

octylamine activity (shaded) in mouse tissues 20 min post-

injection. Bars for each tissue are arranged from left to

right representing 1, 4, 13.5, 22, 46, 70 and 94 hr after par-

gyline and control animals, respectively, and are the aver-
age of duplicate determinations.
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Fig. 5. MAO activity (for ['*Cloctylamine) of major
mouse organs at 1-94 hr after pretreatment with pargyline
(10 mg/kg). Points are the average of two determinations.
Per cent of control MAO activity represents:

nmoles product/mg of mitochondrial
protein (pargyline-treated)

nmoles product/mg of mitochondrial
protein (saline controls)

The control MAO activity for each tissue is listed in
Table 2.

to controls, the brain and lung, also had the slowest
return of MAO activity measured in mitochondrial
preparations with ['*CJoctylamine as the substrate.
The two organs with the greatest rate of MAO recov-
ery, the liver and intestine, likewise showed the fastest
return to control for tissue amine levels at 20 min
after the injection of [!!Cloctylamine. This correla-
tion was not true for the kidney in which the amount
of radioactivity as unchanged amine at 20 min
returned to control levels by 46 hr while MAO ac-
tivity in this organ was still strongly inhibited (<50
per cent of control).

These findings may in part reflect the marked dif-
ferences in the rate of deamination of ['*C]Jn-octyla-
mine by the tissues studied (Table 2). The activity
expressed as nmoles product/mg of mitochondrial
protein/hr shows that the liver and intestine have the
highest activity for this substrate. The lung also has
considerable activity, about twice that of brain. The

Table 2. Mitochondrial MAQO activity of mouse tissues for

octylamine
nmole % Highest
Tissue Product/mg protein/hour Activity*
Lung 19.8 67.3
Liver 28.8 98.0
Brain 7.8 26.5
Kidney 1.8 6.1
Intestine 294 100.0

Values are the average of two determinations.

* o/ highest activity is listed for the sake of intercompari-
son between tissues and was determined by setting the in-
testinal MAO specific activity to 100% and expressing the
activity of the other tissues as a proportion of this tissue.
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kidney showed the lowest MAO activity (about 6 per
cent that of liver and intestine) of the organs studied
for this substrate, and thus deamination may play
only a minor role in the clearance of octylamine from
this organ. The per cent of the total radioactivity
present in the kidney as the unchanged amine at
20 min after the injection of [''C]JOA was indepen-
dent of the time after pargyline  administration and
always greater than 83 per cent of the total. Thus,
the relatively slow rate of oxidation of octylamine by
kidney may account for the high levels of unchanged
amine at 20 min in control animals,

DISCUSSION

Monoamine oxidase activity has been extensively
studied with regard to age [10, 11], drug treatment
[12, 13], species [14], disease states [15, 16] and turn-
over rate [17-21]. Most of these studies, however,
have relied upon the use of techniques in wvitro
employing tissue homogenates. We have sought to
develop a method to measure MAQO activity in vivo
employing aliphatic amines labeled in the a-position
with carbon-11.

We have shown previously that aliphatic amines,
particularly n-octylamine, labeled with carbon-11, an
isotope which decays by the emission of a positron
which upon annihilation results in the production of
gamma radiation which can be detected externally,
are of potential value for the non-invasive study of
amine uptake by the lung in animals and in man
[2-4]. The use of such tracers is being pursued with
a view toward the understanding of basic physiologi-
cal processes and how they are perturbed by disease
or injury. The goal of such studies is the application
of radiopharmaceuticals such as [ 'C]n-octylamine to
disease diagnosis in man.

Although the short half-life of carbon-11 (20.4 min)
and the need for a cyclotron limit the use of this
isotope, the labeling of many organic molecules of
biomedical importance has been achieved [22-24]
and the desirability of carbon-11 for studies in vivo,
particularly in humans, is great. The short half-life
results in very low radiation doses to the patient and
the pharmacodynamics of labeled substrates can be
monitored externally with a gamma camera. Further-
more, the exceedingly high specific activities which
can be achieved (2000 Ci/m-mole) greatly exceed
those possible with carbon-14 and permit studies to
be carried out at true tracer levels.

Even at the near carrier-free level, octylamine has
shown dramatic differences both in the tissue distribu-
tion and/or clearance of activity from various mouse
organs and the rate of ultimate metabolism to ''CO,
after low (10 mg/kg) doses of the MAO inhibitor, par-
gyline. Because of the relative ease by which ''CO,
excretion (or '*CQ,) can be measured, we have inves-
tigated this parameter to determine how well it re-
flects the MAO activity of several mouse organs. The
recovery in the rate of ''CO, excretion after pargy-
line appears to be independent of lung, brain and
kidney MAO recovery and is qualitatively similar to
MAO activity in liver and intestine, organs to which
an appreciable amount of radioactivity initially distri-
butes. These organs also showed the highest MAO
activity for octylamine of the tissues studied and re-
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covered from the effects of pargyline much faster than
the kidney, brain and the lung. This latter finding
is based both on the biochemical measurement of
MAO activity in these tissues and on the analysis
of the radioactivity present as unchanged amine after
intravenous administration (Fig. 4). However, these
two parameters did not correlate well for the kidney.
At 46 hr after the injection of pargyline, the amount
of radioactivity present as amine was at control levels,
yet the MAO activity in this organ in the same ani-
mals was less than 50 per cent of the control value.
Although the kidney shows a high affinity for octyla-
mine, its ability to deaminate this substrate is very
low. Another study [257 failed to detect any deamina-
tion of a similar aliphatic MAO substrate, iso-amyla-
mine, in preparations of mouse kidney. Thus, the high
levels of octylamine present in the kidney, particularly
at short times after pargyline treatment, may reflect
only the affinity of this organ for the higher levels
of unchanged amine circulating in the blood during
MAO inhibition [2]. These higher blood levels of
octylamine are most likely the result of decreased dea-
mination by the liver and intestine. The lung probably
also contributes to the whole body metabolism of this
substrate, particularly in some other species such as
the rabbit, dog and human [3,4] in which 60-70 per
cent of the injected octylamine is removed from the
circulation during the first pass by the lung, and
within 1 min, 95 per cent of the blood activity n
humans is due to deaminated metabolites.

It is interesting to note the differences in the MAO
turnover in the various organs of the mouse after irre-
versible inhibition. A recent report [26] has also
demonstrated a much slower rate of return of mouse
brain MAO relative to the liver, requiring more than
21 days to achieve control values while liver activity
was at the control level by 7 days. The present study
has confirmed and extended these earlier results. The
lung was similar to the brain in the relatively slow
return of MAQO activity and the kidney also showed
a relatively slow return of MAO activity. We have
observed that the recovery rate of animals 10 weeks
old at the start of the experiment was slower than
that of the 8-week-old animals although 10-week con-
trol animals (injected only with saline) showed no dif-
ference from 8-week-old controls in the cumulative
HCO, excreted (unpublished observations),

Perhaps the most important observation is that at
times (70-94 hr) when the ''CO, excretion is very
close to control values, the MAO activity of at least
the brain, lung and kidney is less than half of control
and, the lung and brain also show significantly higher
tissue levels of amine. Thus, although these organs
may normally contribute in part to the whole body
metabolism of this substrate in control animals, dur-
ing periods when lung and brain MAO activity is
strongly inhibited, the liver and intestine may have
significantly recovered, contributing at almost control
levels to the total '*CO, excreted. That is, the MAQO
activity of the partially recovered liver and intestine
may be sufficient to metabolize [!!Cloctylamine such
that the overall rate of ''CO, excreted is almost at
control levels. This suggests that the rate-determining
step in the excretion of ''CO; from [!'!CJoctylamine
is not dependent upon MAQ activity but on the sub-
sequent metabolic steps. This may in part be due to
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the dilution of the labeled metabolites with endo-
genous pools. Other explanations are also possible
and it is difficult to assign the rate of '*CQ, excretion
to any single process. The overall rate represents the
sum of several coupled and competing processes
which may be altered dramatically by drug treatment.
Nonetheless, it is interesting to note the seeming
specificity of pargyline for MAO inhibition in view
of the finding that the *'CO, from [''CJoctanol and
{'*CJoctanoic acid was not significantly affected by
this drug. We are continuing in our attempts to devise
methods by which it is possible to measure MAO
activity in vivo by utilizing ''C-labeled serotonin,
norepinephrine and phenylethylamine as well as
octylamine and the gamma camera. It is possible to
dynamically and non-invasively measure the clear-
ance of radioactivity from various organs in vivo by
using such techniques [3,4], and this approach may
provide a more precise technique than **CO, excre-
tion for determining MAO activity in vivo.
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