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ABSTRACT Monoamine oxidase A (MAO-A) inhibition was investigated both in vitro
and in vivo in rat brains by using the radioligand, 18F-fluoroclorgyline (N-[3-(28,48-
dichlorophenoxy)-2-18F-fluoropropyl]-N-methylpropargylamine). In vitro binding affini-
ties of six compounds, clorgyline, Ro 41–1049, deprenyl, fluoxetine, norfluoxetine and
citalopram, were studied. Fluoxetine and norfluoxetine showed in vitro affinities of 36.5
and 68 µM for MAO-A, respectively. Fluoxetine and norfluoxetine also significantly
inhibited (more than 20%) the binding of the radioligand in vivo while citalopram and
deprenyl showed very poor affinities in vitro for MAO-A and had no effect in vivo. The in
vivo effects of the various drugs were directly comparable to their in vitro affinities for
binding to MAO-A as seen in the correlation plot of percent control in vivo binding of
18F-fluoroclorgyline and binding affinity, -log IC50 (R2 5 0.979). An acute dose of 20 mg/kg
of fluoxetine inhibited binding of 18F-fluoroclorgyline by more than 20%, while lower
doses had some significant effects. These results provide evidence on the in vitro and in
vivo inhibition of monoamine oxidase A by fluoxetine. Synapse 31:285–289, 1999.
r 1999 Wiley-Liss, Inc.

INTRODUCTION

One of the current hypothesis for depressive illness
suggests an impairment of serotonin neurotransmis-
sion (Cooper et al., 1996). Treatments known to in-
crease the ‘‘serotonergic tone,’’ such as the chronic
administration of selective serotonin reuptake inhibi-
tors (SSRIs), alleviate the illness (Richelson, 1994). The
SSRIs have proved to be an important development in
the treatment of depression because of both their
greater practical ease of use and their postulated
primary action on a single binding site (selective block-
ade of the reuptake of serotonin into the presynaptic
neuron, Wong et al., 1995). Compared to other SSRIs,
fluoxetine (Prozac) is more widely prescribed and its
effects extend beyond depression, thus raising ques-
tions about its basic pharmacology in relation to that of
other SSRIs (Stanford, 1996). Additionally, the delayed
onset of therapeutic action of the SSRIs has raised new
questions about the importance of serotonin trans-
porter inhibition alone (Cooper et al., 1996; Richelson,
1994). There have been recent reports on the potential
role of fluoxetine’s effects in serotonin 5HT2C receptor
inhibition (Ni and Miledi, 1997), depolarization-in-
duced calcium uptake (Lavoie et al., 1997), inhibition of
neuronal sodium ion channels (Pancrazio et al., 1998),
and blockade of nicotinic acetylcholine receptors (Garcia-
Colunga et al., 1997). We and others have investigated

the ability of fluoxetine to inhibit the enzymes, mono-
amine oxidase (MAO) A and B as a potential secondary
therapeutic mechanism of fluoxetine (Leonardi and
Azmitia, 1994; Holt and Baker, 1996; Mukherjee and
Yang, 1997). Our previous work showed significant
MAO-B inhibition in vivo in rats pretreated with an
acute dose of fluoxetine (Mukherjee and Yang, 1997).
Since MAO-A is known to metabolize both serotonin
and dopamine (Fowler and Tipton, 1984), we have now
investigated the in vitro and in vivo inhibition of
MAO-A by fluoxetine and norfluoxetine using a fluo-
rine-18 labeled radioligand [18F]fluoroclorgyline (N-[3-
(28,48-dichlorophenoxy)-2-[18F]fluoropropyl]-N-methyl-
propargylamine) that binds selectively to MAO-A.

MATERIALS AND METHODS

Binding affinity of the various compounds were mea-
sured in vitro by using [18F]fluoroclorgyline (a fluori-
nated analog of clorgyline, prepared by reacting
[18F]fluoride with N-[3-(28,48-dichlorophenoxy)-2-mesy-
loxypropyl]-N-methylpropargylamine; Mukherjee et al.,
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manuscript in preparation) in rat brain homogenates.
Rat brains (from Sprague-Dawley rats, 150 g) were
isolated and homogenized with a Tekmar Tissumizer
(15 seconds at half-maximum speed) in a 100-fold (w:v)
dilution of a 50 mM Tris HCl buffer, pH 7.4, containing
120 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 1
mM NaEDTA, and 0.1 mM Na ascorbate. The homog-
enate was centrifuged at 12,000g for 15 minutes at 4 °C.
The pellet was resuspended in the same volume of
buffer, centrifuged a second time, and resuspended in
fresh buffer at a concentration of 50 mg of tissue/ml.
Each assay tube contained 0.10 ml of this stock solu-
tion.

In vitro binding affinities of six compounds [(R)-
deprenyl, clorgyline and Ro 41–1049 from Research
Biochemicals Int. Natick, MA; citalopram, fluoxetine
and norfluoxetine were gifts] to MAO-A in rat (Sprague-
Dawley) brain homogenates were carried out by incubat-
ing various concentrations (0.01 nM to 0.1 mM) of the
compounds along with the radioligand, [18F]fluoroclor-
gyline. Binding was initiated by addition of the tissue
homogenate, and the tubes were incubated for 1 hour at
37 °C. The binding was terminated by filtration using a
Brandel filtration apparatus (Brandel, Inc., Gaithers-
burg, MD), followed by washings with cold 50 mM
Tris-HCl buffer (3 x 3 ml). Non-specific binding was
determined in the presence of 10 µM clorgyline. The
filters were counted in a well-counter for fluorine-18
activity. The data was analysed using Ligand and IC50

values for the various drugs were obtained (Munson
and Rodberg, 1990). The binding curves were displayed
using GraFit.

For in vivo studies, groups (n 5 2–4) of Sprague-
Dawley rats (150 g) were administered with the six
compounds at the following doses: clorgyline 10 mg/kg,
Ro 41–1049 10 mg/kg, (R)-deprenyl 10 mg/kg, citalo-
pram 20 mg/kg, fluoxetine 20 mg/kg, and norfluoxetine
20 mg/kg. All compounds (including saline, for control
rats) were administered intraperitoneally under anes-
thesia (brief exposure to vapors of diethyl ether), 90
minutes prior to injection of the radioligand and the
rats were allowed to recover and had free access to food
and water during the interval. The radioligand,
[18F]fluoroclorgyline, 90 µCi (specific activity 1 Ci/
µmol), was administered intravenously into each rat
under anesthesia. The rats were subsequently allowed
to recover and had free access to food and water. All rats
were sacrificed 75 minutes after the radioligand injec-
tion and the various brain regions (striata, cortex,
thalamus, rest of cerebrum, and cerebellum) were
isolated into tared vials and counted for fluorine-18
activity in order to provide a percent of injected dose of
[18F]fluoroclorgyline/g of wet tissue for each group of
rats. A correlation of in vivo binding of [18F]fluoroclorgy-
line (expressed as percent control) and binding affinity
(expressed as -log IC50) of the various inhibitors was
generated.

In order to evaluate the effect of different doses of
fluoxetine, rats were divided into four different groups.
To the first group, saline was administered and the
remaining three groups were administered with a dose
of 2.5, 10, and 20 mg/kg of fluoxetine, intraperitonealy.
The dosing was done 90 minutes prior to the administra-
tion of [18F]fluoroclorgyline, and the rats were awake
and had free access to food and water during the time
interval. The radioligand, [18F]fluoroclorgyline, 100 µCi
(specific activity 1 Ci/µmol), was administered intrave-
nously into each rat under anesthesia. The rats were
subsequently allowed to recover and had free access to
food and water. All rats were sacrificed 75 minutes after
the radioligand injection and the brain regions (cere-
brum and cerebellum) were isolated into tared vials
and counted for fluorine-18 activity in order to provide a
percent of injected dose of [18F]fluoroclorgyline/g of wet
tissue for each group of rats.

RESULTS

The in vitro binding profiles of the various com-
pounds are shown in Figure 1a. Clorgyline, which is a
potent MAO-A inhibitor (Johnston, 1968) showed the
highest affinity (IC50 5 39 nM) followed by the selective
MAO-A inhibitor, Ro 41–1049 (Saura et al., 1992),
which exhibited an order of magnitude weaker affinity
(IC50 5 0.42 µM), compared to clorgyline. Deprenyl,
which is a MAO-B selective agent, exhibited very low
affinity (IC50 .100 µM). This is indicative of the selec-
tive labeling of MAO-Asites by the radioligand, [18F]fluo-
roclorgyline. This selectivity of [18F]fluoroclorgyline for
MAO-A sites is similar to that reported for clorgyline
and some of its derivatives (Ohmono et al., 1991). Both,
fluoxetine and norfluoxetine exhibited significant affini-
ties (IC50 5 36.5 and 68 µM, respectively), whereas
citalopram exhibited very weak binding (IC50 .100
µM).

The in vivo effects of the various compounds on the
binding of [18F]fluoroclorgyline in the rat brains are
shown in Figure 1b. The effect of clorgyline on the
binding of [18F]fluoroclorgyline was dramatic (binding
was reduced to 30.3 % compared to controls), consistent
with the high affinity of clorgyline for MAO-A in vitro.
In vivo inhibition by the MAO-A reversible inhibitor, Ro
41–1049 was also high but somewhat lower than clorgy-
line (down to 40.3% of controls). There was no measur-
able decrease by citalopram and (R)-deprenyl compared
to controls on the binding of [18F]fluoroclorgyline, which
is also consistent with the very weak affinity of the two
compounds for MAO-A in vitro. However, fluoxetine
and norfluoxetine reduced the binding of [18F]fluoroclor-
gyline in all the brain regions significantly compared to
controls (77.4 and 91.7%, respectively). This in vivo
effect is directly comparable to their in vitro affinities
for binding to MAO-A as can be seen in the correlation
plot (MAO-A in vitro binding affinities vs. percent
control of in vivo binding of [18F]fluoroclorgyline; R2 5
0.979) shown in Figure 2a.
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The effect of three doses of fluoxetine (2.5, 10, and 20
mg/kg) administered acutely were examined in a group
of rats (Fig. 2b). Lower doses (2.5 mg/kg) of fluoxetine
show significant inhibition of [18F]fluoroclorgyline bind-
ing in the cerebellum (a decrease of approximately 10%)
whereas no significant decrease in the cerebrum was
observed. At moderate doses (10 mg/kg) of fluoxetine,
binding of [18F]fluoroclorgyline was reduced by approxi-

mately 8% in cerebrum and 14% in cerebellum. At doses
of 20 mg/kg, binding of [18F]fluoroclorgyline showed a
significant decrease (greater than 30%) both in the
cerebrum and cerebellum.

DISCUSSION

Inhibition of the serotonin transporter has been
postulated to be the primary mechanism through which
the SSRIs such as fluoxetine exert their therapeutic
effect (Gurevich and Joyce, 1996, Wong et al., 1995).

Fig. 1. a: In vitro binding affinity of the compounds for MAO-A
measured by using [18F]fluoroclorgyline in rat brain homogenates. b:
In vivo binding of [18F]fluoroclorgyline in the rat brains (within
cerebrum) shown as percent of injected dose/g of wet tissue. Rats were
pretreated either with saline (control) or the various drugs (citalo-
pram, (R)-deprenyl, norfluoxetine, fluoxetine, Ro 41–1049 and clorgy-
line) administered i.p. 90 minutes prior to the radioligand. All rats
were sacrificed 75 minutes post-i.v. injection of the radioligand,
[18F]fluoroclorgyline.

Fig. 2. a: Correlation of the percent control of in vivo binding of
[18F]fluoroclorgyline vs. MAO-A binding affinities (-log IC50) of the
various inhibitors (y 5 157.9 -17.606x, R2 5 0.979). b: Dose effects of
fluoxetine on the inhibition of [18F]fluoroclorgyline in the rat brains
(data on cerebrum and cerebellum shown separately).
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Fluoxetine and its active metabolite, norfluoxetine,
inhibit serotonin uptake with nanomolar affinities and
they have lower (micromolar) affinities for the inhibi-
tion of dopamine and norepinephrine uptake sites
(Wong et al., 1993). Recently, however, other secondary
mechanisms which may potentially be involved in the
therapeutic action of fluoxetine have been investigated
(Garcia-Colunga et al., 1997; Lavoie et al., 1997; Ni and
Miledi, 1997; Pancrazio et al., 1998).

Fluoxetine and norfluoxetine are present in signifi-
cant quantities in the brain (Caccia et al., 1990) and by
using fluorine-18 labeled fluoxetine, we have also mea-
sured large amounts of [18F]fluoxetine bound to mito-
chondria and other subcellular components in the rat
brain (Mukherjee et al., 1998). This intracellular local-
ization of fluoxetine probably accounts for its prolonged
pharmacokinetics and the high concentrations of fluox-
etine in the brain. Using fluorine-19 magnetic reso-
nance spectroscopy experiments, Karson and cowork-
ers found concentrations of fluoxetine/norfluoxetine to
range up to 10.7 µg/ml (a concentration of approxi-
mately 35 µM) in subjects receiving 20 to 40 mg/day of
fluoxetine (Karson et al., 1993). Rodents treated with
fluoxetine over a 7-day period at a dose of 20 mg/kg/day
exhibited concentrations of fluoxetine/norfluoxetine to
be around 700 µM (Holt and Baker, 1996). These are
remarkably higher brain concentrations of fluoxetine
than what is needed to inhibit the serotonin trans-
porter (approximately 20–50 nM), and thus raise the
prospects for potential secondary mechanisms of this
unique drug.

Since MAO inhibition is one of the mechanisms of
antidepressant therapy, the ability of fluoxetine and
norfluoxetine to inhibit MAO-A could potentially pro-
vide another secondary mechanism of the antidepres-
sant effect. Both fluoxetine and norfluoxetine inhibited
binding of [18F]fluoroclorgyline in vitro with affinities of
36.5 and 68 µM, which is consistent with previous
reports (Holt and Baker, 1996; Leonardi and Azmitia,
1994). Inhibition of the in vivo binding of [18F]fluoroclor-
gyline by the MAO inhibitors, (R)-deprenyl and clorgy-
line, related well to their affinities for MAO-A sites and
citalopram had no effect on the in vivo binding of
[18F]fluoroclorgyline. Fluoxetine and norfluoxetine had
significant (over 20%) in vivo inhibitory effects on the
binding of [18F]fluoroclorgyline and support the hypoth-
esis of MAO-A inhibition by fluoxetine in vivo. These
findings are also consistent with the previous in vivo
results of MAO-A inhibition by fluoxetine, which were
confounded because of dilution assays (Holt and Baker,
1996). Fluoxetine had a slightly greater effect than
norfluoxetine as can be seen in the correlation plot of
MAO-A binding affinity vs. in vivo potency of the
various drugs, shown in Figure 2a. In this limited
acute-dose study, of the three doses investigated, 20
mg/kg provided a maximal reduction in the binding of
[18F]fluoroclorgyline as seen in Figure 2b. The localiza-

tion of [18F]fluoroclorgyline in the rat brain (cerebellum
and cerebrum) corresponded to the approximate distri-
bution of MAO-A in the rat brain (Saura et al., 1992).
The extent of [18F]fluoroclorgyline inhibition by fluox-
etine (20 mg/kg) was similar for both cerebrum and
cerebellum.

The ability of fluoxetine and norfluoxetine to inhibit
MAO-A accompanied by their significant inhibitory
effects on MAO-B (Mukherjee and Yang, 1997) may be
an important secondary mechanism, in addition to the
inhibition of serotonin reuptake sites (Wong et al.,
1993). Using acute doses of fluoxetine and gross dissec-
tion of the brain, we have observed significant in vivo
inhibition (up to 15 to 25%) of the two enzymes. A more
detailed quantitative autoradiographic study of the
brain will be required in order to evaluate accurately
the extent of regional inhibitory effects of MAO-A and
MAO-B by fluoxetine.

Comparing the two antidepressant drugs, citalopram
and fluoxetine, the ability of citalopram to inhibit
MAO-A in vivo is significantly small or even absent
compared to that observed with fluoxetine. Our results
thus provide in vivo evidence on the moderate MAO-A
inhibition by fluoxetine. In summary, these observa-
tions from our preliminary studies provide additional
insights into the mechanism of action of fluoxetine and
possibly its unique properties.

ACKNOWLEDGMENTS

Financial support was provided by U.S. Department
of Energy DE-FG02–98ER62540. We thank Drs. E.
Cook, Robert Lew, and Lewis Seiden for samples of
fluoxetine, norfluoxetine, and citalopram, and Robert
Mintzer for technical assistance.

REFERENCES

Caccia S, Cappi M, Fracasso C, Garattini S. 1990. Influence of dose
and route of administration on the kinetics of fluoxetine and its
metabolite norfluoxetine in the rat. Psychopharmacology 100:509–
514.

Cooper JR, Bloom FE, Roth RH. 1996. The biochemical basis of
neuropharmacology, 7th ed. New York: Oxford University Press, p
487–495.

Fowler CJ, Tipton KF. 1984. On the substrate specificities of the two
forms. J Pharm Pharmacol 36:111–115.

Garcia-Colunga J, Awad JN, Miledi R. 1997. Blockade of muscle and
neuronal nicotinic acetylcholine receptors by fluoxetine (Prozac).
Proc Natl Acad Sci USA 94:2041–2044.

Gurevich EV, Joyce JN. 1996. Comparison of [3H]paroxetine and
[3H]cyanoimipramine for quantitative measurement of serotonin
transporter sites in human brain. Neuropsychopharmacology 14:
309–323.

Holt A, Baker GB. 1996. Inhibition of rat brain monoamine oxidase
enzymes by fluoxetine and norfluoxetine. Naunyn-Schmiedeberg’s
Arch Pharmacol 354:17–24.

Johnston JP. 1968. Some observations upon a new inhibitor of
monoamine oxidase in brain tissue. Biochem Pharmacol 17:1285–
1297.

Karson CN, Newton JEO, Livingston R, Jolly JB, Cooper TB, Sprigg J,
Komoroski RA. 1993. Human brain fluoxetine concentrations. J
Neuropsychiatry Clin Neurosci 5:322–329.

Lavoie PA, Beauchamp G, Elie R. 1997. Atypical antidepressants
inhibit depolarization-induced calcium uptake in rat hippocampus
synaptosomes. Can J Physiol Pharmacol 75:983–987.

Leonardi ETK, Azmitia EC. 1994. MDMA (Ecstasy) inhibition of MAO

288 J. MUKHERJEE AND Z.-Y. YANG



type A and type B: Comparisons with fenfluramine and fluoxetine
(Prozac). Neuropsychopharmacology 10:231–238.

Mukherjee J, Yang ZY. 1997. Evaluation of monoamine oxidase B
inhibition by fluoxetine (Prozac): An in vitro and in vivo study. Eur J
Pharmacol 337:111–114.

Mukherjee J, Das MK, Yang ZY, Lew R. 1998. Evaluation of the
binding of the radiolabeled antidepressant drug, 18F-fluoxetine
(18F-Prozac) in the rodent brain: An in vitro and in vivo study. Nucl
Med Biol 25:605–610.

Munson PJ, Rodbard D. 1980. LIGAND: A versatile approach for the
characterisation of ligand binding systems. Anal Biochem 107:220–
239.

Ni YG, Miledi R. 1997. Blockade of 5HT2C serotonin receptors by
fluoxetine (Prozac). Proc Natl Acad Sci USA 94:2036–2040.

Ohmono Y, Hirata M, Murakami K, Magata Y, Tanaka C, Yokoyama A.
1991. Synthesis of fluorine and iodine analogues of clorgyline and
selective inhibition of monoamine oxidase A. Chem Pharm Bull
39:1038–1040.

Pancrazio JJ, Kamatchi GL, Roscoe AK, Lynch C 3rd. 1998. Inhibition
of neuronal Na1 channels by antidepressant drugs. J Pharm Exp
Ther 284:208–214.

Richelson E. 1994. Pharmacology of antidepressants: characteristics
of the ideal drug. Mayo Clin Proc 69:1069–1081.

Saura J, Kettler R, Da Prada M, Richards JG. 1992. Quantitative
enzyme radioautography with 3H-Ro 41–1049 and 3H-Ro 19–6327
in vitro: Localization and abundance of MAO-A and MAO-B in rat
CNS, peripheral organs, and humans. J Neurosci 12:1977–1999.

Stanford SC. 1996. Prozac: panacea or puzzle? Trends Pharm Sci
17:150–154.

Wong DT, Bymaster FP, Reid LR, Mayle DA, Krushinski JH, Robert-
son DW. 1993. Norfluoxetine enantiomers as inhibitors of serotonin
uptake in rat brain. Neuropsychopharmacology 8:337–344.

Wong DT, Bymaster FP, Engleman EA. 1995. Prozac (fluoxetine, Lilly
110140), the first selective serotonin uptake inhibitor and an
antidepressant drug; twenty years since its first publication. Life Sci
57:411–441.

289MAO-A INHIBITION BY FLUOXETINE


	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	Fig. 1.
	Fig. 2.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

