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Abstract
Cloning of MAO (monoamine oxidase) A and B has demonstrated unequivocally that these enzymes
are made up of different polypeptides, and our understanding of MAO structure, regulation, and
function has been significantly advanced by studies using their cDNA. MAO A and B genes are
located on the X-chromosome (Xp11.23) and comprise 15 exons with identical intron-exon
organization, which suggests that they are derived from the same ancestral gene. MAO A and B
knockout mice exhibit distinct differences in neurotransmitter metabolism and behavior. MAO A
knock-out mice have elevated brain levels of serotonin, norephinephrine, and dopamine and manifest
aggressive behavior similar to human males with a deletion of MAO A. In contrast, MAO B knock-
out mice do not exhibit aggression and only levels of phenylethylamine are increased. Mice lacking
MAO B are resistant to the Parkinsongenic neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine. Both MAO A and B knock-out mice show increased reactivity to stress. These knock-
out mice are valuable models for investigating the role of monoamines in psychoses and
neurodegenerative and stress-related disorders.
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INTRODUCTION AND BACKGROUND
Monoamine oxidase (MAO) (monoamine; oxygen oxidoreductase, deaminating, EC 1.4.3.4)
catalyzes the oxidative deamination of a number of biogenic amines in the brain and peripheral
tissues by the production of hydrogen peroxide (H2O2) (Shih 1991, Thorpe et al 1987). On the
basis of substrate selectivity and inhibitor sensitivity, two forms of MAO were proposed and
designated MAO A and B (Johnston 1968, Knoll & Magyar 1972). MAO A has higher affinity
for the substrates serotonin (5-HT), norepinephrine (NE), dopamine (DA), and the inhibitor
clorgyline, whereas MAO B has higher affinity for phenylethylamine (PEA), benzylamine,
and the inhibitor deprenyl. Both MAO A and B are located throughout the brain in the outer
membrane of mitochondria (Green & Youdim 1975) and are encoded by different genes (Bach
et al 1988, Grimsby et al 1991). Eight males from a Dutch family with a MAO A deficiency
due to a point mutation in the gene encoding MAO A manifest abnormal aggressiveness
(Brunner et al 1993a,b), and alterations in MAO B activity have been implicated in Parkinson’s
disease (Hotamisligil et al 1994, Sano et al 1997). A new function of MAO that is related to
imidazole binding has recently been suggested (Raddatz & Lanier 1997, Raddatz et al 1995).
In this review, we discuss the progress that has been made in determining the structure and
function of MAO A and B genes, their involvement in behavior and diseases, and future
research directions using knock-out (KO) mice.
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MAO A and B Nomenclature
Over two decades ago, Johnston defined two subtypes of MAO based on the observation that
one form (A) but not the other (B) was sensitive to the irreversible inhibitor, clorgyline
(Johnston 1968). Additional studies demonstrated that MAO B is more sensitive than MAO A
to pargyline and deprenyl (Knoll & Magyar 1972). Furthermore, MAO A preferentially
oxidizes 5-HT and NE whereas MAO B preferentially oxidizes PEA and benzylamine (Fowler
et al 1982). Although in humans DA is oxidized by MAO B (Glover et al 1977) and in rodents
it is oxidized by MAO A (Johnston 1968, Neff & Yang 1974), in most species DA can be
oxidized by both forms of the enzymes (O’Carroll et al 1983). There are, however, numerous
exceptions to this rule because the specificity of MAO for its substrate depends on the
concentration, affinity, and turnover rate of the substrate and the concentration of enzyme
(Tipton et al 1987). For example, 10 μM PEA is oxidized by MAO B, but 1 mM PEA is a
common substrate for both forms of MAO in rodent, human, bovine, and guinea pig brain
(Suzuki et al 1981). In addition, although 5-HT is considered the preferred substrate for MAO
A, in rat (Green & Youdim 1975, Mitra & Guha 1980), bovine (Achee & Gabay 1977), and
pig brain (Ekstedt & Oreland 1976), some 5-HT is oxidized by MAO B.

Localization and Development of MAO
MAO has been localized in rodent, cat, primate, and human brain by a variety of techniques,
including immunohistochemistry (Levitt et al 1982, Westlund 1994, Westlund et al 1985,
Westlund et al 1988, Westlund et al 1993, Willoughby et al 1988), enzyme autoradiography
(Saura et al 1996, Saura et al 1992), and in situ hybridization (Jahng et al 1997, Saura et al
1996). The distribution of MAO A and B in the brain shows little species variation. MAO A
is predominantly found in catecholaminergic neurons, and MAO B is the form most abundant
in serotonergic and histaminergic neurons and glial cells (Jahng et al 1997, Luque et al 1995,
Saura et al 1994a, Saura et al 1994b, Westlund et al 1988, Willoughby et al 1988). In the brain,
the highest concentration of MAO A is found in the locus coerulus, and the highest
concentration of MAO B is found in the raphe nuclei (Jahng et al 1997, Saura et al 1994,
Willoughby et al 1988).

The distribution of MAO in the periphery varies within the same organism. Some tissues
(human platelets and bovine liver and kidney) mainly contain MAO B (Denny et al 1982,
Erwin & Hellerman 1967, Minamiura & Yasunobu 1978) and others (human placenta and
bovine thyroid) predominantly contain MAO A (Masini-Repiso et al 1986, Weyler & Salach
1985). Rat skeletal muscle contains negligible levels of both forms (Saura et al 1992).

The presence of MAO in most tissues appears to reflect a functional need. However, in some
regions of the brain MAO and its substrate are not found in the same neuron. For example,
MAO A prefers to metabolize 5-HT but it is not found in serotonergic neurons, and MAO B
prefers to metabolize PEA but it is present in serotonergic neurons and glial cells (Table 1).
The role of MAO in these regions may be to protect neurons from stimulation by oxidizing
extraneous amines that can act as false neurotransmitters (Saura et al 1996,Westlund et al
1988). This, however, is not consistent with pharmacological data where clorgyline inhibits 5-
HT degradation (Blier et al 1986,Twist et al 1990), which suggests that MAO A may oxidize
5-HT outside the serotonergic neuron or the antibody did not detect the 5-HT neuron.

In humans and rodents, MAO A is present before MAO B in most tissues. MAO A is almost
at adult levels at birth whereas MAO B activity increases several-fold with aging (Diez &
Maderdrut 1977, Lewinsohn et al 1980, Saura et al 1994, Tsang et al 1986). Because MAO B
is predominantly located in glial cells (Levitt et al 1982, Westlund et al 1985), the large increase
in MAO B with aging may be attributable to the proliferation of these cells. An increase in
MAO B activity with development is consistent with the finding that pups deficient in MAO
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A show higher levels of 5-HT and 5-HT immunoreactivity compared with adults (Cases et al
1995). It has been suggested that altered 5-HT levels may affect brain development in utero
(Brunner 1995). Indeed, there is evidence that increased 5-HT levels in MAO A KO pup brains
causes cytoarchitectural alterations in the somatosensory cortex, since administration of
parachlorophenylalanine, an inhibitor of 5-HT synthesis, reverses the changes (Cases et al
1996). Thus, developmental changes of MAO may underlie reduced 5-HT metabolism in MAO
A KO pups.

MAO GENES
Cloning of Human Liver MAO A and B

The discovery in 1968 of the two forms of MAO (Johnston 1968) raised a question: Are MAO
A and B different proteins or the same protein differentially modified posttranslationally by
carbohydrates or lipids? In 1988, in collaboration with Peter Seeburg, two full-length cDNAs
encoding for human liver MAO A and B were cloned (Bach et al 1988). A comparison of the
deduced amino acid sequences showed that the A and B forms have subunit molecular weights
of 59,700 and 58,000, respectively, and have 70% amino acid sequence identity. Subsequently,
we successfully transfected MAO A and B cDNA in mammalian cells and demonstrated that
they exhibit substrate and inhibitor specificity similar, respectively, to endogenous MAO A
and B (Lan et al 1989a). This work has demonstrated unequivocally that these two isoenzymes
are made up of two different polypeptides and are not the same protein differentially modified.

Chromosomal Location of MAO and B
Preliminary studies with antibodies suggested that the genes for MAO were located on the X-
chromosome in a number of mammalian species (Kochersperger et al 1986, Pintar et al
1981). In 1989, human (Lan et al 1989b, Levy et al 1989) and mouse (Derry et al 1989) MAO
A and B genes were mapped to adjacent sites at Xp11.23 and were deleted in patients with
Norrie disease (Lan et al 1989b, Sims et al 1989). Norrie disease is an X-linked recessive
neurologic disorder characterized by blindness, hearing loss, and mental retardation (Brunner
et al 1993a,b; Collins et al 1992).

Organization of Human MAO A and B Genes
Using MAO A and B cDNA specific fragments, human MAO A and B genes were isolated
from X-chromosome–specific libraries spanning at least 60 kb (Grimsby et al 1991). These
two genes (Figure 1) were found to consist of 15 exons and had identical exon-intron
organization (Grimsby et al 1991), which suggests that MAO A and B are derived from the
duplication of a common ancestral gene. Interestingly, the MAO A and B exon 12 products
share 93.9% amino acid identity (Grimsby et al 1991). The amino acid sequence of MAO A
from humans (Bach et al 1988, Hsu et al 1988), bovines (Powell et al 1989), and rats (Kuwahara
et al 1990) are highly conserved (>87% identity). The amino acid sequences of MAO B from
humans (Bach et al 1988) and rats (Ito et al 1988) are also highly conserved (88.3% identity).
The strong conservation of the amino acid sequence of each isoenzyme among mammalian
species may reflect evolutionary pressure to maintain the specific physiological function of
each MAO.

Organization of MAO A and B Promoters
Using a series of 5′ flanking sequences linked to a human growth hormone gene, the DNA
sequence responsible for the transcription activation of MAO A and B genes were identified.
When these constructs were transfected into NIH3T3, SHSY-5Y, and COS7 cells, the maximal
promoter activity for MAO A and B was found in a 0.14-kb Pvull/Drall and 0.15-kb Pstl/Nael
fragment, respectively (Zhu et al 1992). Both fragments are GC-rich, contain potential Sp1
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binding sites, and share approximately 60% sequence identity. However, the organization of
the transcription elements is distinctly different between these two promoters (Zhu et al
1992). The MAO A 0.14-kb fragment lacks a TATA box, consists of three Sp1 elements
(Denney et al 1994, Zhu et al 1992), and exhibits bidirectional promoter activity (Zhu et al
1994). The MAO B core promoter 0.15-kb fragment consists of two clusters of overlapping
Sp1 sites separated by a CACCC element (Zhu et al 1992). The different promoter organization
of MAO A and B genes may underlie their different tissue- and cell-specific expression. An
upstream 5′ sequence of the human MAO A gene down-regulates the MAO A promoter in the
presence or absence of initiator-like protein (Zhu & Shih 1997). Preliminary data suggests that
two novel factors (F and M) and Sp1 may be important for transcriptional regulation of the
MAO B gene (Zhu et al 1994). The role of factors F and M and Sp1 in tissue- and cell-specific
expression can be addressed after they are cloned.

Structural Requirements of MAO A and B That Are Essential for Their Catalytic Activity
Using site-specific mutagenesis and chimeric enzyme constructs of MAO A and B cDNAs
transiently expressed into mammalian cells or transformed into yeast cells, considerable
progress has been made in the understanding of the active site and the domains that confer the
substrate and inhibitor specificities of MAO. Between mammalian MAO isoenzymes and trout
MAO (Chen et al 1994) there are four highly conserved regions. In MAO B, these regions
include (a) an ADP binding β-α-β unit (residues 6–43); (b) a putative substrate-binding domain
(residues 178–221); (c) a site of flavin adenine dinucleotide (FAD) covalent attachment site
(residues 380–458); and (d) a C terminus region (residues 491–511) predicted to form a
transmembrane-associated α-helix (Bach et al 1988, Chen et al 1994, Hsu et al 1988).

Each of these regions has been studied to further elucidate the structure and function of MAO.
Exchanging the N terminus ADP-binding β-α-β unit between MAO A and B has no effect on
substrate or inhibitor selectivity compared with wild-type (Chen et al 1996b, Gottowik et al
1995). Mutagenesis of a highly conserved glutamic acid residue (Glu-34) and tyrosine residue
(Tyr-44) located in the ADP binding domain of human MAO B drastically reduced catalytic
activity (Kwan et al 1995, Zhou et al 1995). The Glu-34 is also critical for the initial noncovalent
binding and delivering of FAD to the covalent attachment site at Cys-397 (Wu et al 1993, Zhou
et al 1995). Exchanging a portion of the FAD-binding region to the COOH terminus of MAO
A (residues 402–527) with the corresponding region of MAO B produced no change in
substrate or inhibitor selectivity compared with wild-type MAO A (Chen et al 1996b).
However, the reciprocal chimera of MAO B was inactive, which suggests that this region was
critical for MAO B catalytic activity. However, more recent studies with human MAO A
(Weyler 1994) and trout MAO (Chen et al 1994) suggest that this region is not bound to the
mitochondria by a simple C-terminal membrane anchor (Mitoma & Ito 1992).

A detailed examination of 18 chimeric MAO forms, made by progressively moving the junction
of the N terminus of one form with the C terminus of the other form, has demonstrated that
two sequences in MAO B (residues 62–103 and 146–220) constitute the binding site of MAO
B (Gottowik et al 1995). Replacement of the internal segment 161–375 of human MAO A with
the corresponding MAO B segment converts the substrate and inhibitor selectivity of MAO A
to that of MAO B (Grimsby et al 1996). A parallel experiment using rat MAOs has
demonstrated that the region between residues 120–220 is responsible for the substrate
specificities of MAO A and MAO B (Tsugeno et al 1995). Further mutagenesis studies have
found that substituting Phe-208 in rat MAO A with the corresponding Ile in MAO B was
sufficient to convert the A-type substrate selectivity to that of MAO B and the B-type substrate
selectivity to that of MAO A. Phe at this position was replaceable with Tyr for the A-type
specificity, and Ile was replaceable with Val and Ala for the B-type specificity. Thus, aromatic
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and aliphatic residues seem to contribute to substrate selectivity of MAO A and MAO B,
respectively (Tsugeno & Ito 1997).

Nine cysteine residues exist in the deduced amino acid sequences of both MAO A and B in
human liver. By mutating each of these cysteines to serine it was demonstrated that two
cysteines (Cys-374 and –406) in MAO A and three cysteines (Cys-156, –365, and –397) in
MAO B are important for catalytic activity (Wu et al 1993). These cysteines may be crucial
because when they are mutated to serine in COS cells, catalytic activity was not observed (Wu
et al 1993). The loss of catalytic activity in MAO A Ser-406 and MAO B Ser-397 mutants may
be due to the prevention of covalent binding of the enzyme to the cofactor FAD through a
8α-methyl-S-cysteinyl bond (Kearney et al 1971). When the FAD-binding cysteine of rat liver
MAO A was mutated to Ala, the mutant enzyme still retained catalytic activity. This suggests
that the covalent attachment of FAD may not be required for catalytic activity but may function
as a structural core for the active conformation in the membrane (Hiro et al 1996).

The structural features of the active site of human MAO B were investigated by affinity labeling
and site-directed mutagenesis. The labeled putative active-site tryptic peptides were isolated
and found to contain the FAD-modified Cys-397. Substitution of His-382 of MAO B with an
Arg greatly reduced the enzymatic activity, which suggests that this residue may represent a
nucleophile relevant for MAO B catalytic activity (Cesura et al 1996). Cesura et al (1996) also
demonstrated that a MAO B Thr-158 to Ala mutation resulted in a dramatic loss of enzymatic
activity. This finding is consistent with the possible role of Cys-156 in MAO B. Interestingly,
substitution of Cys-389 by Ala completely abolished the MAO B activity (Cesura et al 1996),
and substitution of the same residue to Ser does not appear to change the enzymatic activity
(Wu et al 1993). Inactivation of beef liver MAO B with N-cyclopropyl-α-methylbenzylamine,
Lys-C digestion, and high-pressure liquid chromatography separation of the peptides isolated
a modified octapeptide and identified a modified Cys-365. This is consistent with the results
from the site-directed mutagenesis study and further demonstrates that Cys-365 is the substrate
binding site (Zhong & Silverman 1997).

Recently, the quaternary structure and subunit composition of bovine liver MAO B was
investigated using size-exclusion chromatography, sucrose gradient centrifugation, and
electron microscopy. Data suggest that MAO B preferentially functions as hexamers that
contain three-fold rotational symmetry. The hexamers may be composed of a trimer of MAO
B homodimers (Shiloff et al 1996).

Cloning of MAO cDNA from Trout Liver
Although the MAO A and B are well defined, evidence suggests that other forms are present
in various tissue. To search for other forms of MAO, a human MAO A cDNA probe was used
to screen a trout liver cDNA library. A trout liver MAO cDNA encoding 499 amino acids was
cloned (Chen et al 1994). MAO A and B consist of 529 and 520 amino acids, respectively. The
deduced amino acid sequence of trout MAO shows 70% and 71% identity with human MAO
A and B, respectively. Transient expression of the cDNA in COS-7 cells shows that unlike
human MAO A and B, which only oxidize 5-HT and PEA, respectively, trout MAO A and B
both oxidize 5-HT and PEA. For trout MAO, the Michaelis constant values for 5-HT and PEA
were similar to human MAO A and B, respectively. When 5-HT is used as a substrate, both
trout MAO and human MAO A are more sensitive to clorgyline than to deprenyl but trout
MAO is less sensitive to clorgyline (Figure 2). When PEA is used as a substrate, both trout
MAO and human MAO B are more sensitive to deprenyl (Chen et al 1994). These results
suggest that trout MAO is a novel form of MAO that displays substrate and inhibitor
selectivities that are not identical to either MAO A or B. The structure of trout MAO will
provide insights into the substrate and inhibitor selectivities of the MAOs.

Shih et al. Page 5

Annu Rev Neurosci. Author manuscript; available in PMC 2010 March 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Monoamine Metabolism in MAO A- and B-Deficient Mice
Current gene KO techniques have provided a useful tool for understanding the function of
enzymes in vivo. In collaboration with Isabelle Seif and Edward De Maeyer at the Centre
National de la Recherche Scientifique in France, a line of transgenic mice has been generated
in which the gene that encodes MAO A (Cases et al 1995) is disrupted. In addition, mice
deficient in MAO B have been generated by homologous recombination (Grimsby et al
1997).

In brains of MAO A KO pups, 5-HT concentrations were increased up to nine-fold compared
with wild-type mice. In adult brains, the 5-HT levels were only increased two-fold because of
the development of MAO B (Figure 3). In brains of MAO A KO pups and adults, NE
concentrations were increased up to two-fold, and a small increase in DA levels was observed
in pup brains (Cases et al 1995). Conversely, only levels of PEA were increased in MAO B
KO mice: 1.70 ± 0.17 (wild-type) and 14.1 ± 2.81 (MAO B KO) (Grimsby et al 1997).

MAO AND BEHAVIOR
MAO A and B in Parkinson’s Disease

MAO B activity increases with aging in the human brain (Fowler et al 1980). Because MAO
B is predominantly located in glial cells (Levitt et al 1982, Westlund et al 1985) the large
increase in MAO B may be attributable to the proliferation of these cells. Increased oxidation
of DA by MAO B in the elderly may be associated with the loss of dopaminergic neurones in
the substantia nigra, which underlies Parkinson’s disease. Indeed, patients with Parkinson’s
disease have elevated MAO B activity in the substantia nigra (Riederer & Jellinger 1983), and
the MAO B inhibitor, deprenyl, delays the progression of symptoms (Knoll 1988, Sano et al
1997). However, it has been suggested that deprenyl may have neuroprotective effects
independent of MAO B inhibition (Tatton & Chalmers-Redman 1996). Increased oxidation of
DA by MAO B in the brains of sufferers of Parkinson’s disease may produce levels of oxygen
radicals that are sufficient to trigger oxidative damage of nigrostriatal neurons (Cohen 1990,
Gerlach et al 1996a). This is consistent with oxidative damage to mitochondrial DNA by
H2O2 generated during MAO-catalyzed oxidation of DA (Hauptmann et al 1996) and the
preservation of nigrostriatal neurons by prolonged deprenyl treatment (Knoll 1989).

MAO B converts 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to the toxic
metabolite 1-methyl-4-phenylpyridine (MPP+), which selectively destroys nigrostriatal
neurons (Gerlach et al 1996b). The neurodegeneration induced by MPTP is similar to the
neuronal damage in Parkinson’s disease and is prevented by the MAO B inhibitor deprenyl
(Fuller & Hemrick-Luecke 1984, Heikkila et al 1984, Langston et al 1984). Thus, MAO B
appears to be involved in the pathogenesis of MPTP-induced Parkinsonism. This is consistent
with our finding that mice deficient in MAO B did not sustain damage to the dopaminergic
terminals of the striatum after MPTP injection (Grimsby et al 1997). These data are shown in
Figure 4. This study has proved clearly that MAO B is required for MPTP toxicity. MAO B
may promote the aging process in the brain either by bioactivating exogenous/endogenous
neurotoxins or by increasing the levels of toxic H2O2.

A gene responsible for Parkinsonism has been identified in four unrelated families
(Polymeropoulos et al 1997), indicating that familial Parkinson’s disease may be inherited. In
scattered cases of Parkinson’s disease, a genetic component may increase the vulnerability of
dopaminergic neurons in the substantia nigra to environmental factors. Because changes in
MAO activity can affect neurotransmitters or neurochemistry, hereditary variations in the
genes that control the levels of MAO activity may influence susceptibility to Parkinson’s
disease. This is consistent with the different overall distribution of alleles of MAO B between
patients with Parkinson’s disease and control subjects (Hotamisligil et al 1994). Indeed, the
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presence of allele B4 (Nanko et al 1996) and allele 1 of MAO B (Kurth et al 1993) may increase
the risk of developing Parkinson’s disease.

A highly polymorphic (GT)n repeat sequence has been identified in intron 2 of the human MAO
B gene (Grimsby et al 1992, Konradi et al 1992). If the levels of MAO are controlled by the
genes that encode them, then variations in alleles for these genes may underlie the genetic
predisposition to Parkinson’s disease. This is consistent with a polymorphism of a single base
(adenine or guanine) of the MAO B gene in intron 13, which is more frequent in patients with
Parkinson’s disease (Kurth et al 1993). However, the levels of MAO B will be unaffected by
this polymorphism because intron sequences do not encode proteins. No association has been
found between Parkinson’s disease and MAO A gene polymorphisms (Haney et al 1990,
Hotamisligil et al 1994, Nanko et al 1996).

MAO A and B in Smoking and Alcoholism
Several lines of evidence suggest a link between cigarette smoke and MAO inhibition. Cigarette
smokers have reduced brain levels of MAO A (Fowler et al 1996a) and B (Fowler et al
1996b). Likewise, the activities of MAO A and B are decreased in animals exposed to cigarette
smoke (Carr & Rowell 1990) and in vitro (Yu & Boulton 1987), and heavy smokers have
reduced levels of MAO in peripheral tissues (Berlin et al 1995, Carr & Basham 1991).

Despite the evidence that smoking inhibits MAO, the mechanism of MAO inhibition by
cigarette smoke is not known. Two components of cigarette smoke, hydrazine and
phenylpyridine, do not inhibit MAO in vivo (Carr & Basham 1991). However, formaldehyde
and cyanide in cigarette smoke form adducts with the reactive amino groups of the MAO
protein (Boulton et al 1988). This may reflect a decrease in MAO catalytic activity because
cigarette smoke can induce conformational changes of amine/smoke adducts (Boulton et al
1988). Although nicotine is the main pharmacologically active compound in tobacco, its effects
on MAO catalytic activity are unclear. At physiological concentrations, nicotine does not affect
cerebral MAO A and B activity (Carr & Basham 1991) or MAO B activity in platelets (Oreland
et al 1981). CaCO2 cells develop morphological characteristics and marker enzyme activities
of normal enterocytes after reaching confluence in culture and exhibit a high level of MAO B
but a low level of MAO A. Using CaCO2 cells, we have shown that nicotine increases MAO
B activity (Chen et al 1996a). Thus, the effects of nicotine on MAO B activity are complex
and the molecular action of nicotine on the regulation of MAO B may be studied further using
CaCO2 cells.

MAO may also be involved in alcoholism because lower levels of MAO B activity are present
in alcoholics (Devor et al 1993, Faraj et al 1994). Furthermore, MAO A mutations may underlie
the susceptibility of individuals to alcoholism because MAO A alleles have been associated
with alcoholism among Euro-Americans (Parsian et al 1995, Vanyukov et al 1995) and Han
Chinese (Hsu et al 1996).

MAO A and B in Stress-Related Disorders
MAO inhibitors benefit patients with posttraumatic stress syndrome and patients with panic
attacks (Liebowitz et al 1990), which suggests that these compounds have direct effects on
stress and fear. Although MAO inhibitors can clinically treat stress, a direct link between MAO
and stress has only recently been established. Doyle et al (1996) demonstrated that an increase
in salivary MAO A and B activities is correlated with stress. Both MAO A–deficient mice
(Cases et al 1995) and MAO B–deficient mice (Grimsby et al 1997) show an increased
reactivity to stress in the forced-swim test. As NE and DA mediate the stress response and their
action is potentiated by PEA (Berry et al 1994 Dyck et al 1993, Juorio et al 1988, Paterson et
al 1990, Scarr et al 1994, Yu et al 1994), these findings are consistent with elevated brain levels
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of NE and DA in MAO A KO mice (Cases et al 1995) and PEA in MAO B KO mice (Grimsby
et al 1997).

Aggressive Behavior in MAO A–Deficient Mice
Several lines of evidence suggest that 5-HT may be required for aggressive behavior (Korte et
al 1996, Popova et al 1996, Saudou et al 1994). Mice lacking 5-HT1B receptors show enhanced
offensive aggression (Saudou et al 1994), and changes in 5-HT1A and 5-HT2A receptor
expression have been reported in aggressive mice (Korte et al 1996, Popova et al 1996).
Furthermore, 5-HT1A (Molina et al 1987, Olivier & Mos 1992, Sanchez et al 1993), 5-
HT1B/C (Olivier & Mos 1992), and 5-HT2 (Olivier & Mos 1992) receptor agonists and
antagonists (Sanchez et al 1993, Sorensen et al 1993) reduce many forms of offensive
aggression. MAO A KO pups have elevated brain levels of 5-HT (Cases et al 1995), and a
distinct behavioral syndrome, including enhanced aggression, is manifested by adult males
(Cases et al 1995). Thus, elevated levels of 5-HT in MAO A KO pups may underlie aggression
in adult MAO A KO mice. Similarily, elevated levels of 5-HT may be important in the enhanced
emotional learning that adult MAO A KO mice exhibit (Kim et al 1997). It is possible that
aggression associated with MAO A deficiency may be related to structural changes to the
somatosensory cortex (Cases et al 1996) in response to elevated cortical levels of 5-HT in MAO
A KO mice. The enhanced aggressive behavior exhibited by MAO A KO mice is consistent
with the abnormal aggression reported in males from a Dutch family with a complete MAO A
deficiency due to a point deletion in the gene encoding MAO A (Brunner et al 1993a). Thus,
MAO A deficiency may render mice more susceptible to the effects of environmental
substances, drugs, or biogenic amines.

CONCLUDING REMARKS AND FUTURE DIRECTIONS
This is an exciting period for MAO research and its effects on behavior. Following the cloning
of human MAO A and B, molecular biology studies using the cDNA have significantly
advanced our understanding of the regulation, active site composition, and function of MAO.
Studies of MAO A and B KO mice have clearly shown that MAO A and B have distinct
functions in neurotransmitter metabolism and behavior.

It is puzzling that in some regions of the brain MAO and its preferred substrate are not found
in the same neuron, the localization of MAO A in MAO B KO mice and MAO B in MAO A
KO mice can now be determined and correlated with the brain levels of MAO substrates. Thus,
using KO mice the differences in MAO and preferred substrate localization can now be
reconciled.

KO mice can be used to study new functions of MAO and the relationship between MAO and
other proteins. MAO B can metabolize the main metabolite of histamine, tele-histamine
(Hough & Domino 1979). Studies with MAO A and B KO mice may clarify the physiological
role of MAO B in histamine catabolism. Imidazole binding compounds (IBS) bind to a site
that may be associated with MAO A and B proteins. By using KO mice, the location of the
IBS binding site on MAO can be determined. Because the imidazoline binding site may be
connected to blood pressure regulation (Raddatz & Lanier 1997, Raddatz et al 1995), MAO
may have new functions in addition to neurotransmitter oxidation and H2O2 production.

By use of tissue-specific gene KO techniques, it is possible to delete the MAO A and B genes
within specific brain regions instead of in the whole animal. Thus, the function of MAO in a
specific region can be studied, which will help to identify the brain region responsible for
aggressive behavior. This ultimately will lead to an understanding of the molecular basis of
aggression and to the development of novel antipsychotics.
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The MAO B inhibitor, deprenyl, delays the progression of the symptoms of Parkinson’s disease
(Knoll 1988, Sano et al 1997), and H2O2 generated during MAO-catalyzed oxidation of
neurotransmitters may cause damage to mitochondrial DNA (Hauptmann et al 1996). This
effect may have implications for aging and neurodegenerative processes. Therefore, MAO B
KO mice may be useful in studying the molecular basis of oxidative stress and aging.

In addition, multiple genes might be involved in the regulation of MAO activity in vivo. These
include structural genes for MAO, genes that posttranslationally modify MAO, genes that
control the microenvironment of MAO, and genes encoding regulatory factors that may
modulate levels of MAO transcription. The regulation of MAO A and B gene expression is of
fundamental importance. To clone and to understand the functions of MAO transcription
factors are essential prerequisites for understanding the mechanism of MAO gene expression.
When these are cloned, it will be possible to determine whether the tissue-specific expression
is due to the availability of these factors. Following that, other questions can then be addressed:
Do these factors regulate both MAO A and B expression? Are the concentrations of these
factors related to increased MAO B activity in aging? Do these factors affect other genes related
to MAO? Are these factors related to diseases with altered MAO B activity? Are there any
polymorphisms in their DNA binding sequences in diseases associated with altered MAO B
catalytic activity?

After studying the crystal structure of the enzyme, an ultimate understanding of the active site
and the domains that confer substrate and inhibitor specificities of MAO A and B will be
reached. Once the substrate site of MAO is determined, more effective inhibitors can be
produced. This may lead to more effective treatments of neurodegenerative disorders such as
Parkinson’s disease.

In summary, the regulation of gene expression and behavioral effects of MAO are largely
unexplored. With the newly available MAO A and B KO mice, many unresolved questions
about MAO can be answered, including where the localization and oxidation sites are, what
its relationship to other proteins is, and what additional functions it serves. Furthermore,
because MAO A and B can oxidize each other’s preferred substrates when the substrate or
enzyme concentration is changed (Cases et al 1995, Hsu & Shih 1988), MAO A and B double-
KO mice could be generated to clearly define the role of these two isoenzymes.
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Figure 1.
Partial structural map of the monoamine oxidase (MAO) A and B genes showing the location
of exons. (Filled bars) Coding regions; (unfilled bars) untranslated regions of the exons. Exon
numbers are below the bars. (horizontal arrows) The regions sequenced; (vertical arrows)
equivocal assignment of an exon to either restriction fragment. The prefix “λ,” λ bacteriophage
clones; the prefix “p,” pUC19 subclones of λ phage DNA; E, EcoRI restriction site; H, HindIII
restriction site;//, intron gap. (From Grimsby et al 1991.)
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Figure 2.
Clorgyline and deprenyl inhibition of (A) trout monoamine oxidase (T-MAO) (open
triangles, open squares) and human (H) MAO (closed triangles, closed squares) activity
expressed in COS cells using serotonin (5-HT) (100 mM) as the substrate, and of (B) T-MAO
(open triangles, open squares) and H-MAO (closed triangles, closed squares) activity
expressed in COS cells using phenylethylamine (PEA) (10 mM) as the substrate. (Triangles)
Clorgyline; (squares) deprenyl. (From Chen et al 1994.)
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Figure 3.
Concentration of serotonin (5-HT), norepinephrine (NE), and dopamine (DA) in whole brains
from wild-type and monoamine oxidase (MAO) A–deficient mice. Concentrations are in
picomoles per milligram (wet weight) of brain and represent the mean plus or minus the
standard error of the mean. For 5-HT, n = 4 in wild-type and n = 5 in MAO A knock-out (KO)
mice; NE, n = 2 in wild-type and n = 2 in MAO A KO mice; DA, n = 4 in wild-type and MAO
A KO mice. (From Cases et al 1995.)
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Figure 4.
Histogram showing the level of dopamine (DA) in the striatum of wild-type and monoamine
oxidase (MAO) B knock-out (KO) pups after subcutaneous administration of 60 mg of 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) per kg. Values shown are the mean plus
or minus the standard deviation. Saline-treated mice, n = 10; MPTP-treated mice, n = 4. P <
0.01 level (t-test). (From Grimsby et al 1997.)
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