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Monoamine oxidase enzymes are responsible for the degredation of serotonin, dopamine, and norepinephrine in
the central neurvous system. Although it has been nearly 100 years since they were first described, we are still
learning about their role in the healthy brain and how they are altered in various disease states. The present
review provides a survey of our current understanding of monoamine oxidases, with a focus on their contri-
butions to neuropsychiatric, neurodevelopmental, and neurodegenerative disease. Important species differences

in monoamine oxidase function and development in the brain are highlighted. Sex-specific monoamine oxidase
regulatory mechanisms and their implications for various neurological disorders are also discussed. While our
understanding of these critical enzymes has expanded over the last century, gaps exist in our understanding of
sex and species differences and the roles monoamine oxidases may play in conditions often comorbid with

neurological disorders.

1. Background

1.1. Discovery, function, and distribution in the brain throughout
development and aging

In 1928, Mary Hare described an enzyme that catalyzed the oxidative
deamination of tyramine, which she named tyramine oxidase (Hare,
1928). A decade later, the same enzyme was identified and given the
name “monoamine oxidase” following the observation of its ability to
catabolize adrenaline in liver, kidney, and small intestine cells (Blaschko
et al., 1937; Pugh and Quastel, 1937). It was also localized in the brain,
but its function in the central nervous system was uncertain at the time
(Pugh and Quastel, 1937). Since then, we have learned that monoamine
oxidases (MAOs) are mitochondrial outer membrane proteins that
catalyze the degradation of various biogenic amines throughout the
body. In the central nervous system, these include the neurotransmitters

serotonin (5 H T), dopamine (DA), and norepinephrine (NE), as well as
other trace amines (Youdim et al., 1988). Two isoforms exist in most
vertebrates- monoamine amine oxidase-A (MAO-A) and monoamine
oxidase-B (MAO-B)- which are encoded by distinct genes on the X
chromosome. MAO-A is inhibited by clorgyline and preferentially de-
grades 5 H T, whereas MAO-B is inhibited by deprenyl and pargyline and
preferentially degrades 2-phenylethylamine and benzylamine (Finberg
and Youdim, 1983; Ochiai et al., 2006; Youdim et al., 1988). Both en-
zymes participate in the degradation of DA, NE, tryptamine, and tyra-
mine in most species (Youdim et al., 2006; Garrick and Murphy, 1980;
1982).

Monoamines play a unique role in neural development. In addition to
acting as neurotransmitters throughout prenatal life, they also
contribute to neural differentiation and morphogenesis (Herlenius and
Lagercrantz, 2001). MAOs are therefore positioned to indirectly impact
morphological features of the brain and its neural circuitry. The cellular
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localization of MAOs in the brain is similar among mammalian species.
In humans, monkeys, cats, mice, and rats (Saura et al., 1992; Westlund
et al., 1985; Kitahama et al., 1994) MAO-A is located predominately in
catecholaminergic neurons, whereas MAO-B is predominately found in
serotonergic neurons, histaminergic neurons, and astrocytes. MAOs do,
however, display species differences in substrate metabolism. In rats,
striatal DA is predominately catabolized by MAO-A, while in humans
and vervet monkeys it is primarily catabolized by MAO-B (Garrick and
Murphey, 1980; Watchel and Abercrombie, 1994).

The developmental trajectory of MAOs in the human and mouse
brain is depicted in Fig. 1. Beginning in early fetal development, MAO-A
activity predominates and reaches adult levels shortly after birth,
whereas MAO-B activity is significantly lower at birth in both humans
and rodents (Rao et al., 1995; Jourdikian et al., 1975; Melamed et al.,
1990; Nicotra et al., 2004; Tong et al., 2013). In humans, MAO-B in-
creases substantially during postnatal development and with age, while
MAO-A appears to remain stable throughout life in healthy brains
(Kornhuber et al., 1989). A similar pattern is observed in rodents, (Arai
and Kinemuchi, 1988; Benedetti and Keane, 1980; Mantle et al., 1976;
Koide and Kobayashi, 1984; Saura et al., 1994), however the magnitude
of the MAO-B increase with age appears to be greater in humans, as the
ratio of isoform B-to-A (B:A) shows species differences (see Fig. 1). In
nonhuman primates and humans, the B:A ratio is significantly higher
across the brain by adulthood (Saura et al., 1996; Garrick and Murphy,
1980; Tong et al., 2013).

Tong et al. (2013) conducted a survey of regional MAO distribution
in healthy human brains, spanning 38 regions. The expression of MAOs
was heterogenous, though both isoforms were most highly expressed in
the hypothalamus, nucleus basalis, and the hippocampal uncus. Across
all brain regions examined, MAO-B was significantly more abundant,
with the B:A ratio ranging from 2.6 in the occipital cortex to 17.8 in the
caudal corpus callosum (Tong et al., 2013). This study revealed three
developmental phases for MAOs in the frontal cortex of healthy human

Developmental trajectory of monomaine oxidase expression in
human and mouse brains
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brains. These included an infant phase (up to 1 year), a toddler phase
(1-4 years), and the years thereafter. At birth, MAO-A levels were 78 %
of adult levels and increased 50 % above adult levels by 7 months, after
which levels declined and stabilized (see Fig. 1). MAO-B was barely
detectable at birth but increased significantly over the first two years of
life. From 18 years of age and up, MAO-B increased ~20 % per decade,
whilst MAO-A remained stable. Using autoradiography, Saura et al.
(1997) also observed a significant increase in MAO-B with age across 18
brain structures. In contrast to the steady increase in MAO-B that was
observed by Tong et al. (2013), their data showed that MAO-B began to
increase between ages 50-60 (see Fig. 1).

1.2. Genetic structure and polymorphisms

The MAOA and MAOB genes are located on the X-chromosome in
mammals. Both genes are highly conserved, as humans, rats, and bovine
share ~87 % MAOA sequence identity and ~88 % MAOB sequence
identity (Grimsby et al., 1991). In humans, MAOA and MAOB genes are
located near the Xp11.3 region of the X-chromosome, separated by
about 50 kilobases and oriented in a tail-to-tail (3’-3") manner (Lan et al.,
1989) (Fig. 2). The two genes share ~70 % sequence identity and
possess identical exon-intron organization, each with 15 exons and 14
introns (Chen et al., 1992). Their promoter regions share ~60 %
sequence identity, are CG-rich, and contain multiple SP1 binding sites
(Zhu et al., 1992). These characteristics suggest the two genes are
derived from a common ancestral gene and may be the product of a gene
duplication event (Grimsby et al., 1991). The lack of corresponding
transcription factor binding sites in their promoters, however, suggests
divergent regulatory mechanisms (Zhu et al., 1992). Such differences in
regulation are the basis for their different developmental trajectories
and distributions among tissue and cell types.

Several genetic polymorphisms that impact transcriptional efficiency
have been identified in humans. The most widely studied MAOA

Fig. 1. In humans and mice, MAO-A is more abundant
than MAO-B in the brain at birth. In humans, MAO-A
expression peaks within the first year of life and then
declines to reach adult levels, remaining stable there-
after. Comparatively, MAO-A is most highly expressed
L in mice during the early postnatal period, after which it
. also decreases and remains stable throughout life. In
.- both species, MAO-B expression is low at birth and in-
creases significantly with age. In humans, MAO-B
expression increases rapidly during the first year of
life, decreases slightly during childhood, and then in-
creases steadily from adolescence to postreproductive

Human
developmental Birth
periods

Infancy Childhood Adolescence

Monoamine oxidase expression

Adulthood

life. In mice, MAO-B also increase with age, however
this increase in less rapid. Developmental periods for
mice were obtained from Brust et al. (2015) and MAO
expression patterns were synthesized from studies on
monoamine development in mice and humans (Mel-
amed et al., 1990; Saura et al., 1994; Nicotra et al.,
2004; Tong et al., 2013).
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Fig. 2. In humans, MAOA and MAOB are oriented in a tail-to tail manner on the
short arm of the X-chromosome at region Xp.11.3.

polymorphism was identified by Sabol et al. (1998) and is characterized
by a 30-base pair variable number of tandem repeats (VNTR) located in
the promoter region, approximately 1,000 base pairs upstream of the
transcription start site. In the literature, this polymorphism is referred to
as either MAOA-VNTR or MAOA-LPR, however, it will be referred to as
MAOA-VNTR throughout this review. 3-, 3.5-, 4-, and 5-repeat
MAOA-VNTR alleles have been observed, of which, the 3.5- and 4-repeat
alleles result in significantly greater transcriptional activity relative to
the 3- and 5-repeat alleles in in vitro. Although most in vitro studies have
confirmed differential transcriptional activity, it is less clear whether in
vivo MAOA-VNTR genotype is associated with enzyme activity (Shumay
et al., 2012; Balciuniene et al., 2002; Schliiter et al., 2016). Despite this
discrepancy, the MAOA-VNTR polymorphism has been shown to interact
with childhood maltreatment and impact the incidence of mental health
problems later in life (Caspi et al., 2002; Kim-Cohen et al., 2006) in
addition to being associated with various neurological disorders (e.g.,
Chang et al., 2019; Liu et al., 2015).

The MAOB intron 13 single nucleotide polymorphism (SNP), referred
to as MAOB rs1799836, is located 36 bp upstream of the exon 14 start
site (Kurth et al., 1993). Throughout this review, it will be referred to as
the MBin13 SNP. Two MBinl3 alleles exist, the “A” allele and “G” allele,
which influence transcriptional activity in a tissue specific manner.
While the A allele was associated with significantly higher transcrip-
tional activity compared to the G allele in platelets (Garpenstrand et al.,
2000), the opposite has been reported in the brain (Balciuniene et al.,
2002; Lohle et al., 2018; Kakinuma et al., 2020). Because this review
focuses on the role of MAOs in the brain, the MBinl13 A allele will be
referred to as high-activity and the G allele as low-activity. This SNP has
been associated with risk and disease features of Parkinson’s Disease
(PD) (Jakubauskiene et al., 2012; Zhang et al., 2016; Lohle et al., 2018;
Kakinuma et al., 2020) and there is some evidence that it may interact
with MAOA-VNTR geontype to impact transcriptional activity (Balciu-
niene et al., 2002). The mechanism underlying the ability of MBin13
alleles to affect enzyme activity was investigated by Jakubauskiene et al.
(2012), revealing a connection between the high-activity A allele and
more efficient intron 13 splicing. The authors suggest that since splicing
events vary in the rate at which they occur, the A allele’s relatively
increased efficacy at recruiting splicing factors may underlie its
high-activity.

1.3. Sex differences in MAO regulation

Some of the most highly prevalent neurological disorders affect men
and women disproportionately, not only in incidence, but also in
symptomatology and disease course. For instance, women are two-times
more likely to be diagnosed with Major Depressive Disorder (MDD)
during their lifetime (Albert, 2015). Additionally, men diagnosed with
MDD experience symptoms of anger, substance abuse, and risk-taking
behavior more often than women (Martin et al., 2013). Autism Spec-
trum Disorder (ASD) has been reported to be more prevalent in males,
however, female-specific presentations of ASD are sometimes
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overlooked and may contribute to this disparity (Rynkiewicz et al.,
2016). Sex differences in neurodegenerative diseases have also been
reported, with Alzheimer’s Disease (AD) disproportionately affecting
women (Vina and Lloret, 2010) and PD affecting more men (Miller and
Cronin-Golomb, 2010).

Abnormal MAO activity and functional polymorphisms have been
associated with neural and behavioral features of MDD, ASD, and
neurodegenerative disease, with sex often mediating these associations.
For example, in patients with MDD, MAOA-VNTR high-activity alleles
were associated with slower treatment responses in women, but not men
(Domschke et al., 2008). With implications for stress related mental
illness, sex has also been found to mediate the association between
MAOA-VNTR genotype and amygdala, hippocampus, and anterior
cingulate cortex activity among adolescents with a history of childhood
stress (Holz et al., 2016). Additionally, a novel MAOB haplotype was
identified as being specific to females with ASD (Chakraborti et al.,
2016). Differential regulation by sex hormones and proteins involved in
sex determination may partially explain the observed sex differences in
MAO function, as outlined below.

Estrogens regulate MAOs through canonical and non-canonical
pathways (e.g., Zhang et al., 2006) and operate in a tissue specific
manner in rats and macaques (Chevillard et al., 1981; Holschneider
et al., 1998; Gundlah et al., 2002). Estrogen targets genes in the ca-
nonical pathway that begins at the cellular membrane when estrogen
binds to estrogen receptors (ERs), a class of nuclear receptor that in-
cludes two genetically and functionally distinct subtypes, ERa and ERf.
After estrogen binds, ERs translocate to the nucleus and regulate tran-
scription by binding to estrogen response elements (EREs) located in
regulatory regions of target genes. Alternatively, ERs can regulate target
genes through transcriptional crosstalk, a non-canonical pathway which
requires association with other transcription factors to exert their reg-
ulatory effects in the absence of EREs (Gottlicher et al., 1998; Safe,
2001).

A third non-genomic rapid signaling pathway is initiated when es-
trogen binds to the G-protein coupled receptor GPER1. Estrogen regu-
lates neuronal activity by increasing intracellular calcium through this
pathway (Brailoiu et al., 2007; Funakoshi et al., 2006). GPER1 is located
on the plasma membrane, endoplasmic reticulum, and Golgi apparatus
in neurons (Waters et al., 2015) and is widely distributed in the brains of
rats (Brailoiu et al., 2007), mice (Hazell et al., 2009), and humans
(Owman et al., 1996). In rodent studies, estrogen signaling through
GPERI1 contributed to spatial memory (Hammond et al., 2012), social
memory (Ervin et al., 2015), novelty recognition (Gabor et al., 2015),
and dendritic spine remodeling (Akama et al., 2013; Gabor et al., 2015).
Importantly, this signaling pathway has been implicated in PD (Bourque
et al., 2013) and schizophrenia (Macedo et al., 2020), which are both
also associated with monoamine dysregulation (Takano, 2018; Tong
et al., 2017).

Evidence from macaque (Gundlah et al., 2002; Smith et al., 2004)
and rat studies (Chevillard et al., 1981) demonstrate that estrogen
negatively regulates MAOA. Estrogen has been found to improve mood
in perimenopausal women with depressive disorders (Cohen et al.,
2003; Soares et al., 2001), potentially through negative regulation of
MAOA. PET imaging has revealed that MAO-A levels are elevated in
patients with MDD (Meyer et al., 2006). Although MAOA lacks EREs, it
possesses SP1 binding sites in its regulatory region, making it possible
that estrogen exerts its regulatory effects through crosstalk with SP1
(Safe, 2001). MAOB contains several ERE half-sites in its regulatory
region that enable ERs to act as negative regulators in vitro (Zhang et al.,
2006). Additionally, estrogen-related receptors positively regulate
MAOB and compete with ERs for binding in the promoter region in vitro
(Zhang et al., 2006).

Androgens exert their effects through androgen receptors (ARs),
which are also a type of nuclear receptor, to regulate MAOs through
canonical and non-canonical pathways (Ou et al., 2006). MAOA contains
an androgen/glucocorticoid response element in its regulatory region
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(Haelens et al., 2001) and ARs also interact with SP1 to regulate MAOA
(Ou et al., 2006). Since testosterone is converted to estrogen by aro-
matase, it may also indirectly regulate MAOs through ER signaling
(Vrtacnik et al., 2014). Another important transcriptional activator that
acts on MAOA is testis-determining factor, which is encoded by the
Y-chromosome gene SRY (Wu et al., 2009). Both MAOA (Tong et al.,
2017) and SRY (Lee et al., 2019) expression abnormalities are impli-
cated in PD, a neurodegenerative disease that is more prevalent among
men (Baldereschi et al., 2000; Van der Eeden et al., 2003).

Less is known about the influence of androgens on MAOB regulation.
An in-situ hybridization study of the dorsal raphe in gonadectomized
Japanese macaques found an increase in MAO-B expression in response
to testosterone replacement accompanied by aromatase inhibition
(Bethea et al., 2015). The mechanism underlying testosterone’s ability
to regulate MAOB is not clear, as androgen response elements have not
been observed in the regulatory region of MAOB, however,
yet-to-be-discovered noncanonical regulatory mechanisms are possible
avenues.

2. The significance of MAOs in neurological disorders

MAOs were recognized for their role in mood and behavior regula-
tion in the 1950s. Clinical studies investigating the efficacy of the
monoamine oxidase inhibitor (MAOI) iproniazid in tuberculosis patients
revealed that individuals who were administered the drug became more
active and social (Selikoff et al., 1952). The stimulating effect of ipro-
niazid was initially considered a mere side-effect, and its use as a
treatment for depression was quickly pursued. Subsequent studies
demonstrated its effectiveness (Crane, 1957; Loomer et al., 1957) and
led to the development of additional MAOIs to treat depression (Maass
and Nimmo, 1959; Tedeschi et al., 1959; Robinson et al., 1973). MAOIs
are no longer widely prescribed today due to adverse side effects and
drug interactions, however, they are considered second-choice options
for treatment of resistant and atypical depression (Lopez-Munoz et al.,
2007; Menkes et al., 2016).

Early genetic studies also highlighted the role of MAOs in behavior
and cognition. Initially, learning deficits and psychoses were observed in
a subset of patients with Norrie Disease, a developmental disorder that
affects the eyes and occurs disproportionately in males (Warburg, 1968;
Sims et al., 1989). Norrie Disease is caused by a mutation in the NDP
gene, which is arranged in tandem with MAOA and MAOB on the
X-chromosome (Berger, 1998). In some patients, the MAO genes are also
affected, as evidenced by lack of MAO-A mRNA in fibroblasts, lack of
MAO-B activity in platelets, and elevated monoamine levels in plasma
and urine (Lenders et al., 1996). Additionally, Brunner et al. (1993)
discovered that the manifestation of a severe behavioral syndrome
among males in a Dutch family, which was characterized by violent
behavior and impulsive aggression, was due to a loss-of-function mu-
tation in the MAOA gene (Brunner et al., 1993). A decade later, the
MAOA-VNTR polymorphism was found to interact with childhood
adversity to impact antisocial behavior in adulthood (Caspi et al., 2002).

Not only do MAO substrates cooperatively mediate a wide range of
behaviors and cognitive processes, including aggression (Yanowitch and
Coccaro, 2011), motivation (Lammel et al., 2014), and movement (Yin,
2014), their metabolites and molecular byproducts also have substantial
effects on a wide range of neural functions. Substrate oxidation by both
MAOs produces hydrogen peroxide and ammonia, which are implicated
in the pathophysiology of various neurological disorders (Cohen et al.,
1997; Okusaga, 2014). MAOs are also crucial to the formation and
function of neurotoxins. MAO-B mediates the conversion of 1-methyl-4--
phenyl-1,2,3,6-tetrahydropyridine (MPTP) to its neurotoxic metabolite
1-methyl-4-phenylpyridinium, which is known to induce PD symptoms
and pathology (Sian et al., 1999; Heikkila et al., 1984). This exogenous
neurotoxin was accidentally identified when four people presented at a
hospital displaying PD-like symptoms after injecting this compound into
their bloodstream intravenously under the impression that it was
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synthetic heroin (Langston et al., 1983). MPTP has since been utilized to
create animal models of PD (e.g, Duty and Jenner, 2011). As for
endogenous neurotoxins, MAO-A, but not MAO-B, was observed to bind
N-methyl(R)salsolinol to induce apoptosis in neuroblastoma SH-SY5Y
cells (Yi et al., 2006).

Given their multifaceted role in neural function and brain health,
MAQOs have been pursued as therapeutic targets for decades. Synthetic
and natural MAOIs show great promise for their neuroprotective and
neurorestorative effects (e.g., Kong et al., 2015; Weinreb et al., 2008;
Dhiman et al., 2019), their efficacy for treating mood disorders (Menkes
et al., 2016), and for alleviating symptoms and slowing disease pro-
gression in neurodegenerative disease (Riederer and Laux, 2011). In the
following sections, the role of MAOs in psychiatric, neuro-
developmental, and neurodegenerative disease will be discussed, with a
focus on human studies.

2.1. MAO:s in depressive disorders

The earliest attempts to explain the etiology of depression focused on
monoamine signaling in the brain (Hindmarch, 2001). The monoamine
hypothesis of depression postulates that depression is a result of
monoamine deficiency, and therefore increasing CNS monoamine
availability through pharmacological agents should lead to remission.
This hypothesis is partially supported, as antidepressants that increase
monoamine availability, namely MAOISs, selective serotonin reuptake
inhibitors (SSRIs), and selective norepinephrine reuptake inhibitors
(SNRIs), are effective in approximately 60-70 % of patients (Santarsieri
and Schwartz, 2015). Like its clinical presentation, the pathophysiology
of depression is heterogenous and complex, contributing to the unsur-
prising fact that some patients do not respond to antidepressant therapy.
Neuroimaging studies revealed that even among patients diagnosed
with the same subtype of depression, the underlying neural findings can
differ significantly. Using fMRI, Drysdale et al. (2017) reported four
neurophysiological “biotypes” among patients with MDD, which were
each characterized by distinct resting state features in limbic and fron-
tostriatal networks.

Of the two MAOs, MAO-A appears to be more involved in the path-
ophysiology of depression, as elevated MAO-A activity and expression
have consistently been observed in humans diagnosed with depressive
disorders and in animal models of depression (Meyer et al., 2006; Zhen
et al., 2017; Schulze et al., 2000; Hampp et al., 2008). This observation
may be explained, in part, by stress-induced upregulation of MAOA (Ou
etal., 2006). MAOA is a pro-apoptotic gene (De Zutter and Davis, 2001),
therefore its increased expression may also play a role in long-term
stress-induced neuronal cell death (Lee et al., 2002; Meyer, 2017).
Contributing to this cascade, Kruppel like factor 11 (KLF11) is produced
in response to neuronal stress and enhances the expression and enzy-
matic activity of MAO-A (Grunewald et al., 2012). In a postmortem
study, KLF11 and MAO-A protein levels were significantly higher in
patients with MDD (Harris et al., 2015). Conversely, cell division
cycle-associated 7-like protein (R1) is a repressor of MAO-A, and its
expression in the prefrontal cortex of patients with MDD is significantly
lower compared to healthy controls (Johnson et al., 2011). Such findings
highlight the diverse mechanisms by which stress directly and indirectly
contributes to dysfunctional monoaminergic signaling in depression.
The regulation of MAO-B in mental illness is not well-defined. Even so,
MAO-B is also positively regulated by glucocorticoids and KLF11 and
negatively regulated by R1 (Chen et al., 2011; Ou et al., 2004). Inter-
estingly, a PET imaging study revealed that MAO-B distribution volume,
which is a proxy for density, was significantly higher in patients with
major depressive episodes (Moriguchi et al., 2019), a finding that calls
attention to the need for further investigation of MAO-B’s involvement
the pathophysiology of depression and other stress-related psychiatric
disorders.

In a Chinese population study of 230 patients with MDD and 217
healthy controls, Yu et al. (2005) found the 4-repeat “high-activity”
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MAOA-VNTR allele to be over-represented in males and females, even
when controlling for X-inactivation in females. This finding agrees with
some studies (Schulze et al., 2000), but not others (Kunugi et al., 1999;
Syagailo et al., 2001). Female carriers of the high-activity MAOA-VNTR
allele were reported to have a significantly worse response to 4-week
SSRI treatment compared to those who were homozygous for the
3-repeat “low-activity” allele. Though less is known about the role of
MAO-B in depressive disorders, MAOB variants may also impact treat-
ment response, as MBin13 genotype has been associated with treatment
response to SSRIs and SNRIs in female patients (Tadic et al., 2007).

MAOA-VNTR genotype may also impact connectivity patterns in the
brain. A fMRI study conducted by Dannlowski et al. (2009) found that
MDD patients who were high-activity carriers exhibited significantly
reduced amygdala-prefrontal cortex connectivity compared to controls.
Furthermore, MDD carriers of the high-activity allele showed the
weakest connectivity of all subgroups investigated. This reduced con-
nectivity predicted more than 40 % of the variance in clinical variables
associated with a longer and more severe course of the disorder,
particularly among women (Dannlowski et al., 2009). This finding may
help explain the reduced response to antidepressant therapy in female
carriers of the high-activity MAOA-VNTR allele (Domschke et al., 2008;
Yu et al., 2005).

Abnormal MAO activity also contributes to peripartum and post-
partum depression (PPD). MAO-A levels peak in women approximately
5 days after giving birth and this peak is associated with a period known
as “postpartum blues”, which commonly includes mood changes, anxi-
ety, and difficulty sleeping (Sacher et al., 2010). This period is some-
times a prodromal state for PPD, as it may become more persistent and
severe. One study aimed to counter the effects of the postpartum MAO-A
peak with a dietary supplement containing monoamine precursor amino
acids and antioxidants and reported this treatment to be effective at
diminishing vulnerability for depressed mood during this high-risk time
(Dowlati et al., 2017).

Elevated MAO has been observed in the brains of women with PPD
and in undiagnosed women who display some symtoms. A PET study
revealed that women with PPD and those who had a predisposition for
postpartum crying exhibited elevated MAO-A density in the prefrontal
and anterior cingulate cortex (Sacher et al., 2015). These two regions are
heavily involved in the pathogenesis of depression, as they function as
both executive and affective processing centers (Elliott et al., 2002;
Koenigs and Grafman, 2009; George et al., 1997). Research also suggests
that the effects of maternal depression may reach beyond the mother, as
prenatal maternal depression severity was negatively correlated with
MAO-A expression in the placenta (Blakeley et al., 2013). This obser-
vation may partially underlie the association between maternal
depression and altered neuropsychological outcomes in their children
(Koutra et al., 2017; Duan et al., 2019). Further research is needed to
clarify the relationship between placental MAO-A and child develop-
ment; however, one study suggests placental MAO-A may interact with
maternal stress to impact aspects of infant temperament (Pehme et al.,
2018).

2.2. MAO:s in schizophrenia

Schizophrenia is a chronic psychiatric disorder that is characterized
by positive symptoms, which often present as hallucinations, paranoia,
and distorted perceptions of reality, and negative symptoms, which
often present as blunted affect, avolition, and attentional impairment
(Smigielski et al., 2020). The etiology of schizophrenia is unclear,
however hypotheses have focused on neurodevelopment
(Negron-Oyarzo et al., 2016), neurodegeneration (Pérez-Neri et al.,
2006), genetics (Gejman et al., 2010), and neurotransmission (Howes
et al., 2015). The dopamine hypothesis of schizophrenia, which posits
that abnormal dopaminergic signaling is an underlying feature of the
disorder, was first put forth in the 1970s after antipsychotic drugs were
found to exert their therapeutic effects through dopamine receptor
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signaling (Seeman and Lee, 1975; Seeman et al., 1976; Creese et al.,
1976; Snyder, 1976). Over the past several decades, the dopamine hy-
pothesis has been refined to include regional specificity of dopamine
signaling abnormalities (Davis et al., 1991). In some cases, striatal
hyperdopaminergia and frontal cortical hypodopaminergia have been
observed, the former being associated with positive symptoms and the
latter with negative symptoms and cognitive dysfunction (Meyer-Lin-
denburg et al., 2002; Howes and Kapur, 2009).

In a postmortem study, Purves-Tyson et al. (2017) investigated the
molecular basis of dopamine dysregulation by measuring expression
levels of 12 dopamine-related proteins, including MAO-A and MAO-B, in
the human midbrain. MAO-A mRNA levels were 45 % higher in
schizophrenia patients compared to controls. MAO-B and
catechol-O-methyl transferase mRNA showed no difference, the latter
being an enzyme that also catabolizes intracellular DA in human glia
(Kastner et al., 1994). The authors suggested that this observation may
reflect a compensatory mechanism meant to balance extracellular DA.
Alternatively, elevated midbrain MAO-A may contribute to increased
5 H T breakdown, and consequently, reduced inhibition of DA firing.
The observation of elevated MAO-A in the midbrain suggests dysfunc-
tional transcriptional regulation of MAOA may occur in certain brain
regions and contribute to aspects of schizophrenia pathophysiology.

Schizophrenia is a polygenic disorder, as an amalgam of common
and uncommon genetic variants appear to contribute to disease risk
(Henriksen et al., 2017). MAO gene variants have been associated with
schizophrenia and its relevant symptoms, however, results from many
studies are inconsistent. Jonsson et al. (2003) tested for associations
between MAOA-VNTR alleles and schizophrenia in 133 patients and 377
control subjects and found an association between the low-activity
MAOA-VNTR allele and schizophrenia that was only present in men.
The opposite has been reported in similar association studies (Syagailo
etal., 2001; Li and He, 2008). Several exonic MAOA SNPs have also been
associated with affective disturbances among Korean males with
schizophrenia (Kim et al., 2014). Importantly, the SNPs identified in that
study had previously been shown to have functional effects on tran-
scriptional efficiency (Hotamisligil and Breakefield, 1991) and social
behavior (Li et al., 2007). Several studies have also revealed an associ-
ation between MAOB genetic variants and susceptibility for schizo-
phrenia (Carrera et al., 2009; Wei et al., 2011), however other studies
failed to find concordance (Coron et al., 1996; Matsumoto et al., 2004).
Taken together, while there are interesting lines of evidence, there ap-
pears to be no clear association between MAO gene variants and
schizophrenia disease risk or symptom severity.

Epigenetic factors are thought to play a moderate role in the etiology
of schizophrenia (Smigielski et al., 2020). Several studies have found a
relationship between certain epigenetic markers and schizophrenia. For
example, blood cells showed abnormal methylation at certain CpG sites
within the MAOA promoter among males with schizophrenia (Chen
et al., 2012). Another study observed increased methylation of the
MAOA and MAOB promoter in the prefrontal cortex of affected females
(Yang et al., 2012). The possibility that abnormal epigenetic regulation
of MAOA may play a more prominent role than MAOA-VNTR genotype
in schizophrenia is supported by the observation that genotype did not
predict in vivo enzymatic activity in healthy male subjects, however a
strong association between site-specific methylation within the core
promoter region and MAO-A levels was observed (Shumay et al., 2012).

2.3. MAOs in neurodevelopmental disorders

ASD is a diagnosis that encompasses several prevalent neuro-
developmental disorders. These include Autistic Disorder, Asperger’s
Disorder, and Pervasive Developmental Disorder Not Otherwise Speci-
fied. The features and severity of ASD vary widely, however, individuals
commonly possess social interaction impairments, verbal and non-
verbal communication challenges, ritualized patterns of behavior, and
hypo- or hyperreactivity to sensory input (Constantino and Charman,
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2016). The etiology of ASD is complex, and genetic and environmental
factors are thought to play a role (Amaral, 2017). Approximately 100
genes have been found to confer ASD risk, one being the X chromosome
gene FMR1 (De Rubeis et al., 2014; Geschwind and State, 2015). A
mutation in the FMR1 gene is the cause of Fragile X Syndrome (FXS)
(Verkerk et al., 1991), which is characterized by developmental delays,
learning disabilities, and social and behavioral problems. 60 % of in-
dividuals with FXS also meet the diagnostic criteria for ASD (Harris
et al., 2008). Among individuals diagnosed with FXS, ASD, and those
diagnosed with both, MAO gene variants have been associated with
brain structure (Wassink et al., 2014), behavior (Cohen et al., 2011), and
treatment response (AlOlaby et al., 2017).

Despite the social and behavioral similarities observed in ASD and
FXS, various structural differences have been observed in the brain
(Hoeft et al., 2011; Meguid et al., 2010; Hazlett et al., 2009). Never-
theless, MAOA-VNTR genotype appears to similarly impact brain
structure among males diagnosed with either or both disorders. Wassink
et al. (2014) found that, in both conditions, the low-activity
MAOA-VNTR allele was associated with increased gray and white mat-
ter in all cerebral lobes, with the strongest association observed in the
frontal lobes (Wassink et al., 2014). While the low-activity allele has
been associated with more severe sensory behaviors, arousal regulation
problems, aggression, and social communication problems among males
with ASD (Cohen et al., 2011), MAOA-VNTR genotype has not been
associated with behaviors or symptom severity in FXS (Crawford et al.,
2021; Hessl et al., 2008). One study that examined males with FXS found
that carriers of the high-activity MAOA-VNTR allele were more likely to
be on SSRI and SNRI medication (Hess! et al., 2008). Interestingly, in-
dividuals with FXS who carry the high-activity allele have also been
found to have a worse treatment response to sertraline, an SSRI (AlOlaby
et al., 2017).

Individual and maternal MAOA-VNTR genotype also contributes to
ASD risk in males (Salem et al., 2013). Males hemizygous for the
high-activity allele were two times more likely to be diagnosed with ASD
compared to those hemizygous for the low-activity allele (Tassone et al.,
2011). Additionally, mothers who were homozygous for the
high-activity allele had a significantly higher risk of having a son with
ASD, even after adjusting for maternal age and ethnicity (Tassone et al.,
2011). Mothers homozygous for the high-activity allele were also more
likely to have sons who displayed more aggression, fear, and ritualistic
behaviors (Cohen et al., 2011). However, the high-activity allele may
not contribute to risk in all populations, as one meta-analysis suggests
that it is associated with ASD among white American and European
males, but not in Egyptian, West Bengal, and Korean populations
(Kiskova and Gabrikova, 2015).

Less is known about the role of MAO-B in ASD etiology, although
mouse models suggest that it also may contribute to ASD pathophysi-
ology and associated behaviors (Bortolato et al., 2013). Perfilyeva et al.
(2019) failed to find an association between MBin13 genotype and ASD
in a Kazakhstani population. Similarly, no relationship between MBin13
genotype and ASD was reported in a study of male Croatian children
(Nikolac Perkovic et al., 2014). However, an association between the
low-activity G allele and ASD was detected in both sexes in an Egyptian
population (Salem et al., 2013). Interestingly, though Perfilyeva et al.
(2019) found no association between ASD and MBinl3 genotype, they
did find that female carriers of the A allele were more likely to have
more severe ASD cases. In a comprehensive MAOB SNP and haplotype
association study, Chakraborti et al. (2016) found that the A allele was
associated with significantly elevated platelet 5 H T among males. That
same study also identified three haplotypes that were associated with
ASD, one of which was specific to females (Chakraborti et al., 2016).
These results suggest that MAOB gene variants may play a role in etio-
logical sex differences observed in ASD. This possibility is particularly
intriguing given the observation that the MAOB genomic region may
escape X-chromosome inactivation in females and impact social cogni-
tion (Good et al., 2003).
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Dramatic changes occur in the serotonergic system from birth to
adulthood, the patterns of which have been found to differ in those with
ASD compared to control subjects (Muller et al., 2016). In ASD, low
capacity for 5 H T synthesis in the brain (Chugani et al., 1999) and
elevated whole blood 5 H T (Schain and Freedman, 1961) has been
consistently observed. 5 H T is largely contained to platelets in the blood
(Anderson et al., 1987), and serum hyperserotonemia is observed in ~30
% of ASD cases (Gabriele et al., 2014). MAO-B is expressed in platelets
and has therefore been investigated for its role in ASD and hyper-
serotonemia with mixed results. Some studies have reported no associ-
ation between MAO-B platelet activity and ASD (Boullin et al., 1975;
Takahashi et al., 1977; Launay et al., 1988). In contrast, Hranilovic¢ et al.
(2009) measured MAO-B activity in the platelets of postpubertal males
and females with ASD. Their sample included a subset of individuals that
did not display hyperserotonemia and another that did. Overall, MAO-B
activity was significantly higher in both males and females with ASD
compared to controls. Additionally, individuals with ASD who displayed
hyperserotonemia showed significantly greater MAO-B activity
compared to the non-hyperserotonemia ASD group (Hranilovic¢ et al.,
2009).

MAO-A activity levels have also been linked to the abnormal sero-
tonergic system features in ASD. Gu et al. (2017) observed ~30 %
decrease in MAO-A activity in the cerebellum of children aged 4-12 with
ASD compared to control subjects, with no differences in MAO-B activity
(Gu et al., 2017). Interestingly, Chugani et al. (1997) observed a uni-
lateral decrease in 5 H T synthesis capacity in the frontal cortex and
thalamus of boys with ASD, which was restricted to the left hemisphere
in five of the seven subjects studied. This decrease was associated with
an increase in the contralateral dentate nucleus of the cerebellum
(Chugani et al., 1997). Together, these findings suggest an inverse
relationship between 5 H T synthesis and MAO-A activity in the cere-
bellum in ASD, which may affect signaling to distant brain regions,
including the frontal cortex. Astrogliosis in the cerebellum and frontal
cortex in addition to Purkinje cell loss have been observed in ASD,
further implicating these two regions in ASD pathology (Courchesne and
Pierce, 2005; Vargas et al., 2005).

2.4. MAO:s in neurodegenerative disease

Neurodegenerative disease is a leading cause of disability in elderly
populations (GBD, 2017). AD and PD are the most prevalent neurode-
generative diseases worldwide, affecting an estimated 24 million and
6.1 million people, respectively (Erkkinen et al., 2018; GBD, 2016; Reitz
etal., 2011). PD is a heterogenous disease of genetic and sporadic origin
that is characterized by progressive loss of dopaminergic neurons in the
substantia nigra pars compacta (Dickson, 2012). Loss of this neuronal
population results in striatal DA denervation, leading to motor problems
such as rigidity, bradykinesia, resting tremor, and postural instability.
Hallmark motor symptoms are often what prompt diagnosis, however,
sleep disturbances, depression, and cognitive impairment are often
present for years prior to diagnosis (Goldman and Postuma, 2014).
Another pathological feature that is often observed in, but not specific
to, PD, are Lewy Bodies- intracellular neuronal aggregates that are made
up of the protein a-synuclein (Grazia Spillantini et al., 1998; Schneider
and Alcalay, 2017). Currently, the most common and effective treatment
for PD is DA replacement, which is achieved through administration of
Levadopa (I-dopa), a direct precursor of DA.

Birkmayer et al. (1975) conducted the first clinical trial for the use of
the selective monoamine oxidase-B inhibitor (MAOBI) r-deprenyl, also
known as selegiline, as an adjunctive therapy to Levodopa in PD and
reported it to have a beneficial effect on symptoms. Subsequent studies
demonstrated that patients who received selegiline in addition to
Levodopa had a better survival rate compared to those treated with
Levodopa alone, suggesting that selegiline worked as a disease modi-
fying agent by slowing neurodegeneration (Birkmayer et al., 1985).
Later, the selective MAOBI rasagiline was shown to enhance
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extracellular DA levels in the striatum in monkeys (Finberg et al., 1998)
and had greater neuroprotective effects than selegiline in neuronal
cultures through activation of anti-apoptotic pathways (Youdim et al.,
2005). In clinical studies, rasagiline treatment reduced functional
decline in both the short- and long term (Blandini, 2005). These results
suggest that inhibition of MAO-B in PD is effective because it increases
extracellular DA in the striatum and aids in preventing cell death.
MAOBISs continue to be used in the treatment of PD (Stocchi et al., 2015).
Additional research on the effects of MAO inhibition in PD is warranted,
particularly regarding its role in inflammatory signaling and astrocyte
activation. MAO-B was recently shown to drive NLRP3 inflammasome
activation (Sanchez-Rodriguez et al., 2020), which is known to play a
crucial role in PD neural pathology (Yan et al., 2020). Additionally,
elevated MAO-B in astrocytes was observed to induce PD-like pathology
in a mouse model (Mallajosyula et al., 2008).

Using quantitative immunoblotting, Tong et al. (2017) measured
MAO-A and MAO-B protein concentration in postmortem brains from
individuals diagnosed with PD, multiple systems atrophy (MSA), and
progressive supranuclear palsy (PSP). MSA and PSP are considered
“Parkinson’s-plus” disorders due to their similarities with PD in addition
to more widespread, unique pathological features (O’Sullivan et al.,
2008). Tong et al. (2017) observed significantly elevated MAO-B
expression in the putamen in MSA, in the substantia nigra, caudate,
putamen, and frontal cortex in PSP, and in the frontal cortex in PD.
MAO-A levels were significantly decreased in the putamen in MSA and
significantly increased in the caudate in PSP and putamen in PD. Their
findings demonstrate distinct MAO dysregulation patterns in three
similar neurodegenerative diseases. An unexpected finding in this study
was the observation that MAO-A was elevated in the putamen in PD. DA
denervation of the striatum is a pathological feature of PD and MAO-A is
thought to mainly be expressed in dopaminergic neurons (Westlund
et al., 1985, 1988). The authors suggest the unexpected increase may be
due to hyperexpression of MAO-A by the surviving dopaminergic neu-
rons, which may function as a compensatory mechanism.

A meta-analysis of the MBin13 SNP in PD revealed an association
between the high-activity A allele and disease risk (Zhang et al., 2016).
This study also found that history of smoking was a preventative factor
in PD, irrespective of genotype (Zhang et al., 2016). PET imaging has
shown that smokers possess significantly lower MAO-B activity in the
brain compared to non-smokers (Fowler et al., 1996). This suggests that
smoking may compound the impact low-activity MBin13 G alleles have
on DA level in the brain, while also compensating for the impact of
high-activity MBin13 A alleles. This observation raises the question of
whether MAO-B inhibition may be used as a preventative treatment to
decrease PD risk.

MAOs have also been implicated in AD, which is a complex neuro-
degenerative disease characterized by cognitive dysfunction, personal-
ity changes, and memory loss (Blennow et al., 2006). The most common
type of AD is late-onset, accounting for ~95 % of all cases (Reitz and
Mayeux, 2014). Pathologically, senile plaques formed by amyloid beta
(Ap) and neurofibrillary tangles composed of phosphorylated tau pro-
tein are observed, which contribute to neurodegeneration, particularly
in the hippocampus and cortex (Mattson, 2004). The underlying disease
mechanisms of AD remain uncertain, however numerous hypotheses
have been put forth over the past several decades. The amyloid hy-
pothesis for AD posits that Ap precursor protein (APP) metabolism
dysregulation and A deposition are the core events that drive AD pa-
thology (Hardy and Selkoe, 2002). With relevance to this hypothesis,
MAO-B has been found to play a key role in Ap formation. Using prox-
imity ligation assay and immunoprecipitation, Schedin-Weiss et al.
(2017) demonstrated that MAO-B is associated with y-secretase in
human and rat neurons. Additionally, siRNA silencing of MAOB in
neuronal cultures significantly reduced intraneuronal AB42 production
while overexpression of MAOB enhanced it. y-secretase is involved in the
proteolytic processing of APP, which is required to form Af peptides
(Steiner et al., 2008). In addition to observing a functionally significant
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association between MAO-B and y-secretase, the authors also reported
more intense MAO-B immunohistochemical staining in the hippocam-
pus, entorhinal cortex, and frontal cortex in the brains of AD patients
compared to age matched controls, consistent with previous reports of
elevated MAO-B activity in the AD brain (Adolfsson et al., 1980; Oreland
and Gottfries, 1986). These findings highlight both MAO-B and y-sec-
retase as potential targets for reducing Ap formation in AD.

While MAO-B expression and activity is increased in the brains of
patients with AD, conflicting reports about changes to MAO-A activity
exist. A radioenzymatic study observed significantly lower MAO-A ac-
tivity in the frontal cortex of AD patients compared to controls (Kennedy
et al., 2003). mRNA expression data, however, show significantly
elevated MAO-A and MAO-B mRNA levels in the frontal cortex of AD
patients (Emilsson et al., 2002). Currently, MAOBIs have not be shown
to significantly improve the course of AD, however clinical trials have
suggested some beneficial effects such as improved cognition with
selegiline treatment (Finali et al., 1991) and less brain atrophy following
treatment with the multitargeted MAOBI ladostigil (Schneider et al.,
2019).

3. Future directions

Increased inflammation and dysregulated neuroendocrine signaling
have been observed in depressive disorders (Lee and Giuliani et al.,
2019; Woelfer et al., 2019; Milaneschi et al., 2020), schizophrenia
(Khandaker et al., 2015), ASD (Onore et al., 2012), and neurodegener-
ative diseases (Guzman-Martinez et al., 2019). MAOs are known to
promote inflammation through the production of reactive oxygen spe-
cies (Gao et al., 2014), therefore further investigation of their involve-
ment in inflammation and related immunometabolic processes may
enhance our knowledge about the pathophysiology of multiple highly
prevalent disorders. Among depressive disorders, inflammation appears
to play a prominent role in the pathophysiology of atypical depression
(Lojko and Rybakowski, 2017). This subtype of depression is charac-
terized by earlier age of onset, longer, more severe, and recurrent epi-
sodes, and is often associated with obesity, cardiovascular disease, and
metabolic syndrome (Brailean et al., 2020). Genomic studies show that
atypical depression and immunometabolic traits share a genetic pre-
disposition (Badini et al., 2020; Milaneschi et al., 2017). Additional
knowledge about the role of MAOs in atypical depression may help
clarify the mechanisms that underlie the early age of onset observed in
this patient population. Furthermore, since MAOs also play a role in
conditions comorbid with atypical depression (Deshwal et al., 2017;
Sturza et al., 2019), elucidation of their involvement beyond neural
pathophysiology may provide insight on therapeutic approaches that
address multiple afflictions.

MAOA and MAOB are located on the X-chromosome and are assumed
to be subjected to X-chromosome inactivation (XCI) in females. XCI is a
mechanism that functions to compensate for the imbalance of X-chro-
mosome genes between sexes. Based on studies in mice, random XCI
begins during embryonic development and persists throughout adult life
(Patrat et al., 2020). This means that in females, maternal and paternal
alleles should be expressed at a ratio of 50:50 throughout life. Some
evidence suggests MAO genes escape XCI in humans (Jansson et al.,
2005; Harro et al., 2001; Carrel and Willard, 2005), a phenomenon that
has been observed in other species (Carrel and Brown, 2017), and this
may play an important role in neurodevelopment, social cognition, and
emotional learning (Good et al., 2003). It may also help explain why
women are predisposed to certain mood disorders, such as depression
(Jansson et al., 2005). In support of these notions, Pinsonneault et al.
(2006) investigated the effect of polymorphisms and epigenetic factors
on MAOA expression in the female brain by comparing the expression of
one MAOA allele against another in a single individual. They observed a
wide range of allele ratios within their sample, which suggests that
additional cis-acting factors likely contribute to dosage compensation in
females as opposed to being solely the result of XCI. They also observed a
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substantially greater degree of CpG methylation of the MAOA promoter
in females compared to males (Pinsonneault et al., 2006). These findings
highlight the complexity of MAO gene regulation in females, which re-
mains poorly understood. Future studies that aim to elucidate sex dif-
ferences in MAO gene regulation throughout development may provide
insight into why risk, severity, and treatment response differs between
males and females in various neural disorders.

Examination of species differences in MAO expression throughout
the lifespan is another intiguing topic for future studies. The develop-
mental trajectory of MAOs have been characterized in humans (Tong
etal., 2013; Saura et al., 1997) and rodents (Saura et al., 1994), however
little is known about this topic in non-human primate brains. Macaques,
which are cercopithecoid monkeys that belong to the speciose and
behaviorally diverse genus Macaca, may be particularly useful for
clarifying the regulatory mechanisms that influence MAO expression
and associated behaviors. Notably, macaques possess a homologous
MAOA-VNTR polymorphism to that observed in humans, and it too has
been found to interact with rearing environment to influence aggression
(Newman et al., 2005). Additionally, species differences in MAOA-VNTR
allele frequency have been observed in Japanese and rhesus macaques
(Jones et al., 2020a), which may contribute to behavioral, neural, and
serotonergic system differences that have been observed between the
two species (Lee et al., 2018; Jones et al., 2020b). Macaques have also
been found to display a naturally occurring depression that resembles
the human mood disorder (Xu et al., 2015). In addition to genetic and
behavioral similarities, humans and cercopithecoid monkeys possess a
greater MAO-B:MAO-A ratio in the brain compared to rodents (Garrick
and Murphy, 1980). Macaques also possess a life history that more
closely reflects human developmental periods. Together, these features
make the macaque a promising model for investigating the genetic and
regulatory mechanisms that influence MAO expression and associated
neuroanatomical features, behavior, and cognition throughout devel-
opment, with implications for various neurological disorders.

4. Conclusion

Our understanding of the role MAOs play in neuropsychiatric, neu-
rodevelopmental, and neurodegenerative disease has grown immensely
since their discovery nearly 100 years ago. In depressive and neuro-
developmental disorders, functional MAO polymorphisms have consis-
tently been implicated in etiology and pathophysiology, while in
schizophrenia, functional polymorphisms contribute to disease features
in a less apparent way and alternative regulatory mechanisms may play
a more prominent role. New insights on the critical role MAOs play in
neurodegenerative disease highlight their promise as therapeutic tar-
gets. Future directions that will enhance our knowledge of MAO biology
in the context of neurological disorders should focus on inflammatory
signaling, sex-specific regulatory mechanisms, and nonhuman primate
comprative research.

Declaration of Competing Interest

The authors report no declarations of interest.

Acknowledgments

The research was funded by the National Science Foundation (NSF
BCS-1846201).

References

Adolfsson, R., Gottfries, C.-G., Oreland, L., Wiberg, A., Winblad, B., 1980. Increased
activity of brain and platelet monoamine oxidase in dementia of Alzheimer type. Life
Sci. 27, 1029-1034. https://doi.org/10.1016/0024-3205(80)90025-9.

Akama, K.T., Thompson, L.I., Milner, T.A., McEwen, B.S., 2013. Post-synaptic density-95
(PSD-95) binding capacity of G-protein-coupled receptor 30 (GPR30), an estrogen

Journal of Chemical Neuroanatomy 114 (2021) 101957

receptor that can be identified in hippocampal dendritic spines. J. Biol. Chem. 288,
6438-6450. https://doi.org/10.1074/jbc.M112.412478.

Albert, P.R., 2015. Why is depression more prevalent in women? J. Psychiatry Neurosci.
40, 219-221 https://dx.doi.org/10.1503%2Fjpn.150205.

AlOlaby, R.R., Sweha, S.R., Silva, M., Durbin-Johnson, B., Yrigollen, C.M., Pretto, D.,
Hagerman, R.J., Tassone, F., 2017. Molecular biomarkers predictive of sertraline
treatment response in young children with fragile X syndrome. Brain Res. Dev. Brain
Res. 39, 483-492. https://doi.org/10.1016/j.braindev.2017.01.012.

Amaral, D.G., 2017. Examining the causes of autism. Cerebrum: The Dana Forum on
Brain Science, p. 2017. http://www.ncbi.nlm.nih.gov/pubmed/28698772.

Anderson, G.M., Feibel, F.C., Cohen, D.J., 1987. Determination of serotonin in whole
blood, platelet-rich plasma, platelet-poor plasma and plasma ultrafiltrate. Life Sci.
40, 1063-1070. https://doi.org/10.1016,/0024-3205(87)90568-6.

Arai, Y., Kinemuchi, H., 1988. Differences between monoamine oxidase concentrations
in striatum and forebrain of aged and young rats. J Neural Transmission 72, 99-105.
https://doi.org/10.1007/BF01250233.

Badini, I., Coleman, J.R.I., Hagenaars, S.P., Hotopf, M., Breen, G., Lewis, C.M., Fabbri, C.,
2020. Depression with atypical neurovegetative symptoms shares genetic
predisposition with immuno-metabolic traits and alcohol consumption. Psychol.
Med. 1-11. https://doi.org/10.1017,/50033291720002342.

Balciuniene, J., Emilsson, L., Oreland, L., Pettersson, U., Jazin, E., 2002. Investigation of
the functional effect of monoamine oxidase polymorphisms in human brain. Hum.
Genet. 110, 1-7. https://doi.org/10.1007/s00439-001-0652-8.

Baldereschi, M., Di Carlo, A., Rocca, W.A., Vanni, P., Maggi, S., Perissinotto, E.,
Grigoletto, F., Amaducci, L., Inzitari, D., 2000. Parkison’s disease and parkinsonism
in a longitudinal study. Neurology. 55, 1358-1363. https://doi.org/10.1212/
wnl.55.9.1358.

Benedetti, M.S., Keane, P.E., 1980. Differential changes in monoamine oxidase a and B
activity in the aging rat brain. J. Neurochem. 35, 1026-1032. https://doi.org/
10.1111/j.1471-4159.1980.tb07856.x.

Berger, W., 1998. Molecular dissection of norrie disease. Cells Tissues Organs. 162,
95-100. https://doi.org/10.1159/000046473.

Bethea, C.L., Phu, K., Kim, A., Reddy, A.P., 2015. Androgen metabolites impact CSF
amines and axonal serotonin via MAO-A and -B in male macaques. Neuroscience
301, 576-589. https://doi.org/10.1016/j.neuroscience.2015.06.020.

Birkmayer, W., Riederer, P., Youdim, M.B.H., Linauer, W., 1975. The potentiation of the
anti akinetic effect after L-Dopa treatment by an inhibitor of Mao-B, deprenil.

J. Neural Transm. 36 (3-4), 303-326. https://doi.org/10.1007/BF01253131.

Birkmayer, W., Knoll, J., Riederer, P., Youdim, M.B.H., Hars, V., Marton, J., 1985.
Increased life expectancy resulting from addition of I-deprenyl to Madopar®
treatment in Parkinson’s disease: a longterm study. J. Neural Transm. 64 (2),
113-127. https://doi.org/10.1007/BF01245973.

Blakeley, P.M., Capron, L.E., Jensen, A.B., O’'Donnell, K.J., Glover, V., 2013. Maternal
prenatal symptoms of depression and down regulation of placental monoamine
oxidase A expression. J Psychosomatic Res. 75, 341-345. https://doi.org/10.1016/].
jpsychores.2013.07.002.

Blandini, F., 2005. Neuroprotection by rasagiline: A new therapeutic approach to
Parkinson’s disease? CNS Drug Rev. 11, 183-194. https://doi.org/10.1016/0024-
3205(80)90025-9.

Blaschko, H., Richter, D., Schlossmann, H., 1937. The inactivation of adrenaline.

J. Physiol. (Paris) 90, 1-17. https://doi.org/10.1113/jphysiol.1937.sp003497.

Blennow, K., de Leon, M.J., Zetterberg, H., 2006. Alzheimer’s disease. Lancet (London,
England) 368 (9533), 387-403. https://doi.org/10.1016/50140-6736(06)69113-7.

Bortolato, M., Godar, S.C., Alzghoul, L., Zhang, J., Darling, R.D., Simpson, K.L., Bini, V.,
Chen, K., Wellman, C.L., Lin, R.C.S., Shih, J.C., 2013. Monoamine oxidase A and A/B
knockout mice display autistic-like features. Int. J. Neuropsychopharmacol. 16,
869-888. https://doi.org/10.1017/51461145712000715.

Boullin, D.J., Bhagavan, H.N., Coleman, M., O’Brien, R.A., Youdim, M.B., 1975. Platelet
monoamine oxidase in children with infantile autism. Med. Biol. 53, 210-213. PMID:
1186319.

Bourque, M., Morissette, M., Coté, M., Soulet, D., Di Paolo, T., 2013. Implication of
GPERI1 in neuroprotection in a mouse model of Parkinson’s disease. Neurobiol.
Aging 34, 887-901. https://doi.org/10.1016/j.neurobiolaging.2012.05.022.

Brailean, A., Curtis, J., Davis, K., Dregan, A., Hotopf, M., 2020. Characteristics,
comorbidities, and correlates of atypical depression: evidence from the UK Biobank
Mental Health Survey. Psychol. Med. (Paris) 50, 1129-1138. https://doi.org/
10.1017/50033291719001004.

Brailoiu, E., Dun, S.L., Brailoiu, G.C., Mizuo, K., Sklar, L.A., Oprea, T.I., Prossnitz, E.R.,
Dun, N.J., 2007. Distribution and characterization of estrogen receptor G protein-
coupled receptor 30 in the rat central nervous system. J. Endocrinol. 193, 311-321.
https://doi.org/10.1677/JOE-07-0017.

Brunner, H., Nelen, M., Breakefield, X., Ropers, H., van Oost, B., 1993. Abnormal
behavior associated with a point mutation in the structural gene for monoamine
oxidase A. Science. 262, 578-580. https://doi.org/10.1126/science.8211186.

Brust, V., Schindler, P.M., Lewejohann, L., 2015. Lifetime development of behavioural
phenotype in the house mouse (Mus musculus). Front. Zool. 12, 1-14. https://doi.
org/10.1186/1742-9994-12-S1-S17.

Carrel, L., Brown, C.J., 2017. When the Lyon(ized chromosome) roars: ongoing
expression from an inactive X chromosome. Phil Trans Roy Soc London. Series B,
Biol Sci. 372, 20160355 https://doi.org/10.1098/rstb.2016.0355.

Carrel, L., Willard, H.F., 2005. X-inactivation profile reveals extensive variability in X-
linked gene expression in females. Nature. 434, 400-404. https://doi.org/10.1038/
nature03479.

Carrera, N., Sanjudn, J., Molté, M.D., Carracedo, A., Costas, J., 2009. Recent adaptive
selection at MAOB and ancestral susceptibility to schizophrenia. Am. J. Med. Genet.
B Neuropsychiatr. Genet. 150B, 369-374. https://doi.org/10.1002/ajmg.b.30823.


https://doi.org/10.1016/0024-3205(80)90025-9
https://doi.org/10.1074/jbc.M112.412478
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0015
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0015
https://doi.org/10.1016/j.braindev.2017.01.012
http://www.ncbi.nlm.nih.gov/pubmed/28698772
https://doi.org/10.1016/0024-3205(87)90568-6
https://doi.org/10.1007/BF01250233
https://doi.org/10.1017/S0033291720002342
https://doi.org/10.1007/s00439-001-0652-8
https://doi.org/10.1212/wnl.55.9.1358
https://doi.org/10.1212/wnl.55.9.1358
https://doi.org/10.1111/j.1471-4159.1980.tb07856.x
https://doi.org/10.1111/j.1471-4159.1980.tb07856.x
https://doi.org/10.1159/000046473
https://doi.org/10.1016/j.neuroscience.2015.06.020
https://doi.org/10.1007/BF01253131
https://doi.org/10.1007/BF01245973
https://doi.org/10.1016/j.jpsychores.2013.07.002
https://doi.org/10.1016/j.jpsychores.2013.07.002
https://doi.org/10.1016/0024-3205(80)90025-9
https://doi.org/10.1016/0024-3205(80)90025-9
https://doi.org/10.1113/jphysiol.1937.sp003497
https://doi.org/10.1016/S0140-6736(06)69113-7
https://doi.org/10.1017/S1461145712000715
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0105
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0105
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0105
https://doi.org/10.1016/j.neurobiolaging.2012.05.022
https://doi.org/10.1017/S0033291719001004
https://doi.org/10.1017/S0033291719001004
https://doi.org/10.1677/JOE-07-0017
https://doi.org/10.1126/science.8211186
https://doi.org/10.1186/1742-9994-12-S1-S17
https://doi.org/10.1186/1742-9994-12-S1-S17
https://doi.org/10.1098/rstb.2016.0355
https://doi.org/10.1038/nature03479
https://doi.org/10.1038/nature03479
https://doi.org/10.1002/ajmg.b.30823

D.N. Jones and M.A. Raghanti

Caspi, A., McClay, J., Moffitt, T.E., Mill, J., Martin, J., Craig, .W., Taylor, A., Poulton, R.,
2002. Role of genotype in the cycle of violence in maltreated children. Science. 297,
851-854. https://doi.org/10.1126/science.1072290.

Chakraborti, B., Verma, D., Karmakar, A., Jaiswal, P., Sanyal, A., Paul, D., Sinha, S.,
Singh, A.S., Guhathakurta, S., Roychowdhury, A., Panda, C.K., Ghosh, S.,
Mohanakumar, K.P., Mukhophadhyay, K., Rajamma, U., 2016. Genetic variants of
MAOB affect serotonin level and specific behavioral attributes to increase autism
spectrum disorder (ASD) susceptibility in males. Progress Neuro-Psychopharmacol
Biol Psychiatry. 71, 123-136. https://doi.org/10.1016/j.pnpbp.2016.07.001.

Chang, H.I,, Chang, Y.T., Tsai, S.J., Huang, C.W., Hsu, S.W., Liu, M.E., Chang, W.N.,
Lien, C.Y., Huang, S.H., Lee, C.C., Chang, C.C., 2019. MAOA-VNTR genotype effects
on ventral striatum-hippocampus network in alzheimer’s disease: analysis using
structural covariance network and correlation with neurobehavior performance.
Mol. Neurobiol. 56 (6), 4518-4529. https://doi.org/10.1007/s12035-018-1394-0.

Chen, Z.Y., Powell, J.F., Hsu, Y.P.P., Breakefield, X.0., Craig, . W., 1992. Organization of
the human monoamine oxidase genes and long-range physical mapping around
them. Genomics. 14, 75-82. https://doi.org/10.1016/50888-7543(05)80286-1.

Chen, K., Ou, X.M., Wu, J.B., Shih, J.C., 2011. Transcription factor E2F-Associated
Phosphoprotein (EAPP), RAM2/CDCA7L/JPO2 (R1), and simian virus 40 promoter
factor 1 (Sp1) cooperatively regulate glucocorticoid activation of monoamine
oxidase B. Mol. Pharmacol. 79, 308-317. https://doi.org/10.1124/mol.110.067439.

Chen, Y., Zhang, J., Zhang, L., Shen, Y., Xu, Q., 2012. Effects of MAOA promoter
methylation on susceptibility to paranoid schizophrenia. Hum. Genet. 131,
1081-1087. https://doi.org/10.1007/s00439-011-1131-5.

Chevillard, C., Barden, N., Saavedra, J.M., 1981. Estradiol treatment decreases type A
and increases type B monoamine oxidase in specific brain stem areas and cerebellum
of ovariectomized rats. Brain Res. 222 (1), 177-181. https://doi.org/10.1016,/0006-
8993(81)90955-0.

Chugani, D.C., Muzik, O., Rothermel, R., Behen, M., Chakraborty, P., Mangner, T., da
Silva, E.A., Chugani, H.T., 1997. Altered serotonin synthesis in the
dentatothalamocortical pathway in autistic boys. Annals Neurol. 42, 666-669.
https://doi.org/10.1002/1531-8249(199903)45:3%3C287::AID-ANA3%3E3.0.CO;
2-9.

Chugani, D.C., Muzik, O., Behen, M., Rothermel, R., Janisse, J.J., Lee, J., Chugani, H.T.,
1999. Developmental changes in brain serotonin synthesis capacity in autistic and
nonautistic children. Annals Neurol. 45, 287-295. https://doi.org/10.1002/1531-
8249(199903)45:3.

Cohen, G., Farooqui, R., Kesler, N., 1997. Parkinson disease: a new link between
monoamine oxidase and mitochondrial electron flow. Proc. Natl. Acad. Sci. U.S.A.
94, 4890-4894. https://doi.org/10.1073/pnas.94.10.4890.

Cohen, L.S., Soares, C.N., Poitras, J.R., Prouty, J., Alexander, A.B., Shifren, J.L., 2003.
Short-term use of estradiol for depression in perimenopausal and postmenopausal
women: a preliminary report. Am. J. Psychiatry 160, 1519-1522. https://doi.org/
10.1176/appi.ajp.160.8.1519.

Cohen, LL., Liu, X., Lewis, M.E.S., Chudley, A., Forster-Gibson, C., Gonzalez, M.,
Jenkins, E.C., Brown, W., Holden, J.J.A., 2011. Autism severity is associated with
child and maternal MAOA genotypes. Clin. Genet. 79, 355-362. https://doi.org/
10.1111/j.1399-0004.2010.01471.x.

Constantino, J.N., Charman, T., 2016. Diagnosis of autism spectrum disorder: reconciling
the syndrome, its diverse origins, and variation in expression. Lancet Neurol.
https://doi.org/10.1016/51474-4422(15)00151-9. Lancet Publishing Group.

Coron, B., Campion, D., Thibaut, F., Dollfus, S., Preterre, P., Langlois, S., Vasse, T.,
Moreau, V., Martin, C., Charbonnier, F., Laurent, C., Mallet, J., Petit, M.,
Frebourg, T., 1996. Association study between schizophrenia and monoamine
oxidase A and B DNA polymorphisms. Psychiatry Res. 62, 221-226. https://doi.org/
10.1016/0165-1781(96)02933-2.

Courchesne, E., Pierce, K., 2005. Brain overgrowth in autism during a critical time in
development: implications for frontal pyramidal neuron and interneuron
development and connectivity. Int. J. Dev. Neurosci. 23, 153-170. https://doi.org/
10.1016/j.ijdevneu.2005.01.003.

Crane, G.E., 1957. Iproniazid (marsilid) phosphate: a therapeutic agent for mental
disorders and debilitating diseases. Psychiatric Res Rep. 8, 142-152.

Crawford, H., Scerif, G., Wilde, L., Beggs, A., Stockton, J., Sandhu, P., Shelley, L.,
Oliver, C., McCleery, J., 2021. Genetic modifiers in rare disorders: the case of fragile
X syndrome. Eur. J. Hum. Genet. 29, 173-183. https://doi.org/10.1038/s41431-
020-00711-x.

Creese, ., Burt, D.R., Snyder, S.H., 1976. Dopamine receptor binding predicts clinical
and pharmacological potencies of antischizophrenic drugs. Science. 192, 481-483.
https://doi.org/10.1126/science.3854.

Dannlowski, U., Ohrmann, P., Konrad, C., Domschke, K., Bauer, J., Kugel, H., et al., 2009.
Reduced amygdala-prefrontal coupling in major depression: association with MAOA
genotype and illness severity. Int. J. Neuropsychopharmacol. 12, 11-22. https://doi.
org/10.1017/51461145708008973.

Davis, K.L., Kahn, R.S., Ko, G., Davidson, M., 1991. Dopamine in schizophrenia: a review
and reconceptualization. Am. J. Psychiatry 148, 1474-1486. https://doi.org/
10.1176/ajp.148.11.1474.

De Rubeis, S., He, X., Goldberg, A.P., Poultney, C.S., Samocha, K., Cicek, A.E., Kou, Y.,
Liu, L., Fromer, M., Walker, S., Singh, T., Klei, L., Kosmicki, J., Fu, S.C., Aleksic, B.,
Biscaldi, M., Bolton, P.F., Brownfeld, J.M., Cai, J., et al., 2014. Synaptic,
transcriptional and chromatin genes disrupted in autism. Nature. 515, 209-215.
https://doi.org/10.1038/nature13772.

De Zutter, G.S., Davis, R.J., 2001. Pro-apoptotic gene expression mediated by the p38
mitogen-activated protein kinase signal transduction pathway. Proc. Natl. Acad. Sci.
U.S.A. 98, 6168-6173. https://doi.org/10.1073/pnas.111027698.

Journal of Chemical Neuroanatomy 114 (2021) 101957

Deshwal, S., Di Sante, M., Di Lisa, F., Kaludercic, N., 2017. Emerging role of monoamine
oxidase as a therapeutic target for cardiovascular disease. Curr. Opin. Pharmacol. 33,
64-69. https://doi.org/10.1016/j.coph.2017.04.003. Elsevier Ltd.

Dhiman, P., Malik, N., Sobarzo-Sanchez, E., Uriarte, E., Khatkar, A., 2019. Quercetin and
related chromenone derivatives as monoamine oxidase inhibitors: targeting
neurological and mental disorders. Molecules (Basel, Switzerland). 24, 418. https://
doi.org/10.3390/molecules24030418.

Dickson, D.W., 2012. Parkinson’s disease and parkinsonism: neuropathology. Cold
Spring Harb. Perspect. Med. 2, a009258 https://doi.org/10.1101/cshperspect.
a009258.

Domschke, K., Hohoff, C., Mortensen, L.S., Roehrs, T., Deckert, J., Arolt, V., Baune, B.T.,
2008. Monoamine oxidase A variant influences antidepressant treatment response in
female patients with Major Depression. Prog. Neuropsychopharmacol. Biol.
Psychiatry 32, 224-228. https://doi.org/10.1016/j.pnpbp.2007.08.011.

Dowlati, Y., Ravindran, A.V., Segal, Z.V., Stewart, D.E., Steiner, M., Meyer, J.H., 2017.
Selective dietary supplementation in early postpartum is associated with high
resilience against depressed mood. Proc. Natl. Acad. Sci. U.S.A. 114, 3509-3514.
https://doi.org/10.1073/pnas.1611965114.

Drysdale, A.T., Grosenick, L., Downar, J., Dunlop, K., Mansouri, F., Meng, Y., et al., 2017.
Resting-state connectivity biomarkers define neurophysiological subtypes of
depression. Nature Med. 23, 28-38. https://doi.org/10.1038/nm.4246.

Duan, C., Hare, M.M., Staring, M., Deligiannidis, K.M., 2019. Examining the relationship
between perinatal depression and neurodevelopment in infants and children through
structural and functional neuroimaging research. Int. Rev. Psychiatry (Abingdon,
England). 31, 264-279. https://doi.org/10.1080/09540261.2018.1527759.

Duty, S., Jenner, P., 2011. Animal models of Parkinson’s disease: a source of novel
treatments and clues to the cause of the disease. Br. J. Pharmacol. 164, 1357-1391.
https://doi.org/10.1111/j.1476-5381.2011.01426.x.

Elliott, R., Rubinsztein, J.S., Sahakian, B.J., Dolan, R.J., 2002. The neural basis of mood-
congruent processing biases in depression. Archives Gen Psychiatry. 59, 597-604.
https://doi.org/10.1001/archpsyc.59.7.597.

Emilsson, L., Saetre, P., Balciuniene, J., Castensson, A., Cairns, N., Jazin, E.E., 2002.
Increased monoamine oxidase messenger RNA expression levels in frontal cortex of
Alzheimer’s disease patients. Neurosci. Lett. 326 (1), 56-60. https://doi.org/
10.1016/50304-3940(02)00307-5.

Erkkinen, M.G., Kim, M.-O., Geschwind, M.D., 2018. Clinical neurology and
epidemiology of the major neurodegenerative diseases. Cold Spring Harb. Perspect.
Biol. 10, a033118 https://doi.org/10.1101/cshperspect.a033118.

Ervin, K.S.J., Mulvale, E., Gallagher, N., Roussel, V., Choleris, E., 2015. Activation of the
G protein-coupled estrogen receptor, but not estrogen receptor « or f, rapidly
enhances social learning. Psychoneuroendocrinology. 58, 51-66. https://doi.org/
10.1016/j.psyneuen.2015.04.002.

Finali, G., Piccirilli, M., Oliani, C., Piccinin, G.L., 1991. L-deprenyl therapy improves
verbal memory in amnesic alzheimer patients. Clinl. Neuropharmacol. 14, 523-536.
https://doi.org/10.1097,/00002826-199112000-00005.

Finberg, J.P.M., Youdim, M.B.H., 1983. Selective mao a and b inhibitors: their
mechanism of action and pharmacology. Neuropharmacol. 22, 441-446. https://doi.
0rg/10.1016/0028-3908(83)90194-6.

Finberg, J.P., Wang, J., Bankiewicz, K., Harvey-White, J., Kopin, L.J., Goldstein, D.S.,
1998. Increased striatal dopamine production from L-DOPA following selective
inhibition of monoamine oxidase B by R(+)-N-propargyl-1-aminoindan (rasagiline)
in the monkey. J Neural Trans 52, 279-285. https://doi.org/10.1007/978-3-7091-
6499-0_28.

Fowler, J.S., Volkow, N.D., Wang, G.J., Pappas, N., Logan, J., MacGregor, R., Alexoff, D.,
Shea, C., Schlyer, D., Wolf, A.P., Warner, D., Zezulkova, I., Cilento, R., 1996.
Inhibition of monoamine oxidase B in the brains of smokers. Nature. 379, 733-736.
https://doi.org/10.1038/379733a0.

Funakoshi, T., Yanai, A., Shinoda, K., Kawano, M.M., Mizukami, Y., 2006. G protein-
coupled receptor 30 is an estrogen receptor in the plasma membrane. Biochem.
Biophys. Res. Commun. 346, 904-910. https://doi.org/10.1016/j.bbrc.2006.05.191.

Gabor, C., Lymer, J., Phan, A., Choleris, E., 2015. Rapid effects of the G-protein coupled
oestrogen receptor (GPER) on learning and dorsal hippocampus dendritic spines in
female mice. Physiol. Behav. 149, 53-60. https://doi.org/10.1016/j.
physbeh.2015.05.017.

Gabriele, S., Sacco, R., Persico, A.M., 2014. Blood serotonin levels in autism spectrum
disorder: a systematic review and meta-analysis. Eur. Neuropsychopharmacol. 24,
919-929. https://doi.org/10.1016/j.euroneuro.2014.02.004.

Gao, H.M., Zhou, H., Hong, J.S., 2014. Oxidative stress, neuroinflammation, and
neurodegeneration. Neuroinflammation and Neurodegeneration. Springer, New
York, pp. 81-104. https://doi.org/10.1007/978-1-4939-1071-7 5.

Garpenstrand, H., Ekblom, J., Forslund, K., Rylander, G., Oreland, L., 2000. Platelet
monoamine oxidase activity is related to MAOB intron 13 genotype. J Neural
Transmission. 107, 523-530. https://doi.org/10.1007/s007020070075.

Garrick, N.A., Murphy, D.L., 1980. Species differences in the deamination of dopamine
and other substrates for monoamine oxidase in brain. Psychopharmacol. 72, 27-33.
https://doi.org/10.1007/BF00433804.

Garrick, N.A., Murphy, D.L., 1982. Monoamine oxidase type A: differences in selectivity
towards l-norepinephrine compared to serotonin. Biochem. Pharmacol. 31,
4061-4066. https://doi.org/10.1016/0006-2952(82)90656-6.

GBD 2016 Parkinson’s Disease Collaborators, 2018. Global, regional, and national
burden of Parkinson’s disease, 1990-2016: a systematic analysis for the global
burden of disease study 2016. Lancet Neurol. 11, 939-953. https://doi.org/
10.1016/S1474-4422(18)30295-3.

GBD 2017 US Neurological Disorders Collaborators, Feigin, V.L., Vos, T., Alahdab, F.,
Amit, A., Barnighausen, T.W., Beghi, E., Beheshti, M., Chavan, P.P., Criqui, M.H.,
Desai, R., Dhamminda Dharmaratne, S., Dorsey, E.R., Wilder Eagan, A., Elgendy, L.


https://doi.org/10.1126/science.1072290
https://doi.org/10.1016/j.pnpbp.2016.07.001
https://doi.org/10.1007/s12035-018-1394-0
https://doi.org/10.1016/S0888-7543(05)80286-1
https://doi.org/10.1124/mol.110.067439
https://doi.org/10.1007/s00439-011-1131-5
https://doi.org/10.1016/0006-8993(81)90955-0
https://doi.org/10.1016/0006-8993(81)90955-0
https://doi.org/10.1002/1531-8249(199903)45:3&percnt;3C287::AID-ANA3&percnt;3E3.0.CO;2-9
https://doi.org/10.1002/1531-8249(199903)45:3&percnt;3C287::AID-ANA3&percnt;3E3.0.CO;2-9
https://doi.org/10.1002/1531-8249(199903)45:3
https://doi.org/10.1002/1531-8249(199903)45:3
https://doi.org/10.1073/pnas.94.10.4890
https://doi.org/10.1176/appi.ajp.160.8.1519
https://doi.org/10.1176/appi.ajp.160.8.1519
https://doi.org/10.1111/j.1399-0004.2010.01471.x
https://doi.org/10.1111/j.1399-0004.2010.01471.x
https://doi.org/10.1016/S1474-4422(15)00151-9
https://doi.org/10.1016/0165-1781(96)02933-2
https://doi.org/10.1016/0165-1781(96)02933-2
https://doi.org/10.1016/j.ijdevneu.2005.01.003
https://doi.org/10.1016/j.ijdevneu.2005.01.003
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0225
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0225
https://doi.org/10.1038/s41431-020-00711-x
https://doi.org/10.1038/s41431-020-00711-x
https://doi.org/10.1126/science.3854
https://doi.org/10.1017/S1461145708008973
https://doi.org/10.1017/S1461145708008973
https://doi.org/10.1176/ajp.148.11.1474
https://doi.org/10.1176/ajp.148.11.1474
https://doi.org/10.1038/nature13772
https://doi.org/10.1073/pnas.111027698
https://doi.org/10.1016/j.coph.2017.04.003
https://doi.org/10.3390/molecules24030418
https://doi.org/10.3390/molecules24030418
https://doi.org/10.1101/cshperspect.a009258
https://doi.org/10.1101/cshperspect.a009258
https://doi.org/10.1016/j.pnpbp.2007.08.011
https://doi.org/10.1073/pnas.1611965114
https://doi.org/10.1038/nm.4246
https://doi.org/10.1080/09540261.2018.1527759
https://doi.org/10.1111/j.1476-5381.2011.01426.x
https://doi.org/10.1001/archpsyc.59.7.597
https://doi.org/10.1016/S0304-3940(02)00307-5
https://doi.org/10.1016/S0304-3940(02)00307-5
https://doi.org/10.1101/cshperspect.a033118
https://doi.org/10.1016/j.psyneuen.2015.04.002
https://doi.org/10.1016/j.psyneuen.2015.04.002
https://doi.org/10.1097/00002826-199112000-00005
https://doi.org/10.1016/0028-3908(83)90194-6
https://doi.org/10.1016/0028-3908(83)90194-6
https://doi.org/10.1007/978-3-7091-6499-0_28
https://doi.org/10.1007/978-3-7091-6499-0_28
https://doi.org/10.1038/379733a0
https://doi.org/10.1016/j.bbrc.2006.05.191
https://doi.org/10.1016/j.physbeh.2015.05.017
https://doi.org/10.1016/j.physbeh.2015.05.017
https://doi.org/10.1016/j.euroneuro.2014.02.004
https://doi.org/10.1007/978-1-4939-1071-7_5
https://doi.org/10.1007/s007020070075
https://doi.org/10.1007/BF00433804
https://doi.org/10.1016/0006-2952(82)90656-6
https://doi.org/10.1016/S1474-4422(18)30295-3
https://doi.org/10.1016/S1474-4422(18)30295-3

D.N. Jones and M.A. Raghanti

Y., Filip, I., Giampaoli, S., Giussani, G., Hafezi-Nejad, N., Hole, M.K,, et al., 2021.
Burden of neurological disorders across the US from 1990-2017: a global burden of
disease study. JAMA Neurol. 78, 165-176. https://doi.org/10.1001/
jamaneurol.2020.4152.

Gejman, P.V., Sanders, A.R., Duan, J., 2010. The role of genetics in the etiology of
schizophrenia. Psychiatric Clinics North Am. 33, 35-66. https://doi.org/10.1016/j.
psc.2009.12.003.

George, M.S.,, Ketter, T.A., Parekh, P.I., Rosinsky, N., Ring, H.A., Pazzaglia, P.J., et al.,
1997. Blunted left cingulate activation in mood disorder subjects during a response
interference task (the stroop). J. Neuropsychiatry Clin. Neurosci. 9, 55-63. https://
doi.org/10.1176/jnp.9.1.55.

Geschwind, D.H., State, M.W., 2015. Gene hunting in autism spectrum disorder: on the
path to precision medicine. Lancet Neurol. 14, 1109-1120. https://doi.org/
10.1016/51474-4422(15)00044-7.

Goldman, J.G., Postuma, R., 2014. Premotor and nonmotor features of Parkison’s
disease. Curr Opin Neuron. 27, 434-441. https://doi.org/10.1097/
WCO0.0000000000000112.

Good, C.D., Lawrence, K., Thomas, N.S., Proce, C.J., Ashburner, J., Friston, K.J.,
Frackowiak, S.J., Oreland, L., Skuse, D.H., 2003. Dosage-sensitive X-linked locus
influences the development of amygdala and orbitofrontal cortex, and fear
recognition in humans. Brain. 126, 2431-2446. https://doi.org/10.1093/brain/
awg242.

Gottlicher, M., Heck, S., Herrlich, P., 1998. Transcriptional cross-talk, the second mode
of steroid hormone receptor action. J. Mol. Med. 76, 480-489. https://doi.org/
10.2174/1570159x16666180628165107.

Grazia Spillantini, M., Crowther, R.A., Jakes, R., Hasegawa, M., Goedert, M., 1998. a-
synuclein in filamentous inclusions of Lewy bodies from Parkinson’s disease and
dementia with Lewy bodies. Proc. Natl. Acad. Sci. U.S.A. 95, 6469-6473. https://
doi.org/10.1073/pnas.95.11.6469.

Grimsby, J., Chen, K., Wang, L.J., Lan, N.C., Shih, J.C., 1991. Human monoamine
oxidase A and B genes exhibit identical exon-intron organization. Proc. Natl. Acad.
Sci. U.S.A. 88, 3637-3641. https://doi.org/10.1073/pnas.88.9.3637.

Grunewald, M., Johnson, S., Lu, D., Wang, Z., Lomberk, G., Albert, P.R., et al., 2012.
Mechanistic role for a novel glucocorticoid-KLF11 (TIEG2) protein pathway in stress-
induced monoamine oxidase A expression. J. Biol. Chem. 287, 24195-24206.
https://doi.org/10.1074/jbc.M112.373936.

Gu, F., Chauhan, V., Chauhan, A., 2017. Monoamine oxidase-A and B activities in the
cerebellum and frontal cortex of children and young adults with autism. J. Neurosci.
Res. 95, 1965-1972. https://doi.org/10.1002/jnr.24027.

Gundlah, C., Lu, N.Z., Bethea, C.L., 2002. Ovarian steroid regulation of monoamine
oxidase-A and -B mRNAs in the macaque dorsal raphe and hypothalamic nuclei.
Psychopharmacology (Berl.) 160, 271-282. https://doi.org/10.1016/50169-328x
(01)00108-5.

Guzman-Martinez, L., Maccioni, R.B., Andrade, V., Navarrete, L.P., Pastor, M.G., Ramos-
Escobar, N., 2019. Neuroinflammation as a common feature of neurodegenerative
disorders. Frontiers Pharmacol 10, 1008. https://doi.org/10.3389/
fphar.2019.01008.

Haelens, A., Verrijdt, G., Callewaert, L., Peeters, B., Rombauts, W., Claessens, F., 2001.
Androgen-receptor-specific DNA binding to an element in the first exon of the
human secretory component gene. Biochem. J. 353, 611-620 https://dx.doi.org/
10.1042%2F0264-6021%3A3530611.

Hammond, R., Nelson, D., Kline, E., Gibbs, R.B., 2012. Chronic treatment with a GPR30
antagonist impairs acquisition of a spatial learning task in young female rats. Horm.
Behav. 62, 367-374. https://doi.org/10.1016/j.yhbeh.2012.07.004.

Hampp, G., Ripperger, J.A., Houben, T., Schmutz, 1., Blex, C., Perreau-Lenz, S., et al.,
2008. Regulation of monoamine oxidase a by circadian-clock components implies
clock influence on mood. Curr. Biol. 18, 678-683. https://doi.org/10.1016/j.
cub.2008.04.012.

Hardy, J., Selkoe, D.J., 2002. The amyloid hypothesis of Alzheimer’s disease: progress
and problems on the road to therapeutics. Science 297, 353. https://doi.org/
10.1126/science.1072994.

Hare, M.L.C., 1928. Tyramine oxidase. Biochem. J. 22, 968-979. https://doi.org/
10.1042/bj0220968.

Harris, S.W., Hessl, D., Goodlin-Jones, B., Ferranti, J., Bacalman, S., Barbato, I.,
Tassone, F., Hagerman, P.J., Herman, K., Hagerman, R.J., 2008. Autism profiles of
males with fragile X syndrome. Am. J. Ment. Retard. 113, 427-438. https://doi.org/
10.1352/2008.113:427-438.

Harris, S., Johnson, S., Duncan, J.W., Udemgba, C., Meyer, J.H., Albert, P.R., et al., 2015.
Evidence revealing deregulation of the KLF11-Mao a pathway in association with
chronic stress and depressive disorders. Neuropsychopharmacol 40, 1373-1382.
https://doi.org/10.1038/npp.2014.321.

Harro, M., Eensoo, D., Kiive, E., Merenakk, L., Alep, J., Oreland, L., Harro, J., 2001.
Platelet monoamine oxidase in healthy 9- and 15-years old children: the effect of
gender, smoking and puberty. Progress Neuro-Psychopharmacol Biol Psychiatry 25,
1497-1511. https://doi.org/10.1016/s0278-5846(01)00212-3.

Hazell, G.G.J., Yao, S.T., Roper, J.A., Prossnitz, E.R., O’Carroll, A.M., Lolait, S.J., 2009.
Localisation of GPR30, a novel G protein-coupled oestrogen receptor, suggests
multiple functions in rodent brain and peripheral tissues. J. Endocrinol. 202,
223-236. https://doi.org/10.1677/JOE-09-0066.

Hazlett, H.C., Poe, M.D., Lightbody, A.A., Gerig, G., MacFall, J.R., Ross, A.K.,
Provenzale, J., Martin, A., Reiss, A.L., Piven, J., 2009. Teasing apart the
heterogeneity of autism: same behavior, different brains in toddlers with fragile X
syndrome and autism. J Neurodevelopmental Dis 1, 81-90. https://doi.org/
10.1007/511689-009-9009-8.

Heikkila, R.E., Manzino, L., Cabbat, F.S., Ducoisin, R.C., 1984. Protection against the
dopaminergic neurotoxicity of 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine by

10

Journal of Chemical Neuroanatomy 114 (2021) 101957

monoamine oxidase inhibitors. Nature 311, 467-469. https://doi.org/10.1038/
311467a0.

Henriksen, M.G., Nordgaard, J., Jansson, L.B., 2017. Genetics of schizophrenia: overview
of methods, findings and limitations. Frontiers Human Neurosci. 11, 322. https://
doi.org/10.3389/fnhum.2017.00322.

Herlenius, E., Lagercrantz, H., 2001. Neurotransmitters and neuromodulators during
early human development. Early Hum. Dev. 65, 21-37. https://doi.org/10.1016/
S0378-3782(01)00189-X.

Hessl, D., Tassone, F., Cordeiro, L., Koldewyn, K., McCormick, C., Green, C., Wegelin, J.,
Yuhas, J., Hagerman, R.J., 2008. Brief report: aggression and stereotypic behavior in
males with fragile X syndrome - moderating secondary genes in a “single gene”
disorder. J Autism Develop Dis 38, 184-189. https://doi.org/10.1007/s10803-007-
0365-5.

Hindmarch, I., 2001. Expanding the horizons of depression: beyond the monoamine
hypothesis. Human Psychopharmacol: Clin Exp 16, 203-218. https://doi.org/
10.1002/hup.288.

Hoeft, F., Walter, E., Lightbody, A.A., Hazlett, H.C., Chang, C., Piven, J., Reiss, A.L.,
2011. Neuroanatomical differences in toddler boys with fragile X syndrome and
idiopathic autism. Arch. Gen. Psychiatry 68, 295-305. https://doi.org/10.1001/
archgenpsychiatry.2010.153.

Holschneider, D.P., Kumazawa, T., Chen, K., Shih, J.C., 1998. Tiussue-specific effects of
estrogen on monoamine oxidase A and B in the rat. Life Sci. 63, 155-160. https://
doi.org/10.1016,/50024-3205(98)00255-0.

Holz, N., Boecker, R., Buchmann, A.F., Blomeyer, D., Baumeister, S., Hihmann, S.,
Jennen-Steinmetz, C., Wolf, 1., Rietschel, M., Witt, S.H., Plichta, M.M., Meyer-
Lindenberg, A., Schmidt, M.H., Esser, G., Banaschewski, T., Brandies, D., Laucht, M.,
2016. Evidence for a sex-dependent MAOA x childhood stress interaction in the
neural circuitry of aggression. Cereb. Cortex 26, 904-914. https://doi.org/10.1093/
cercor/bhu249.

Hotamisligil, G.S., Breakefield, X.0., 1991. Human monoamine oxidase A gene
determines levels of enzyme activity. Am. J. Human Genet 49, 383-392. PMCID:
PMC1683299.

Howes, O.D., Kapur, S., 2009. The dopamine hypothesis of schizophrenia: version III -
the final common pathway. Schizophr. Bull. 35, 549-562. https://doi.org/10.1093/
schbul/sbp006.

Howes, O., McCutcheon, R., Stone, J., 2015. Glutamate and dopamine in schizophrenia:
an update for the 21st century. J. Psychopharmacol. (Oxford) 29, 97-115. https://
doi.org/10.1177/0269881114563634.

Hranilovi¢, D., Bujas-Petkovi¢, Z., Tomi¢ié, M., Bordukalo-Niksi¢, T., Blazevi¢, S., Ci¢in-
Sain, L., 2009. Hyperserotonemia in autism: activity of SHT-associated platelet
proteins. J. Neural Transmission 116, 493-501. https://doi.org/10.1007/s00702-
009-0192-2.

Jakubauskiene, E., Janaviciute, V., Peciuliene, I., Soderkvist, P., Kanopka, A., 2012. G/A
polymorphism in intronic sequence affects the processing of MAO-B gene in patients
with Parkison’s disease. FEBS Lett. 586, 3698-3704. https://doi.org/10.1016/j.
febslet.2012.08.028.

Jansson, M., McCarthy, S., Sullivan, P.F., Dickman, P., Andersson, B., Oreland, L.,
Schalling, M., Pedersen, N.L., 2005. MAOA haplotypes associated with thrombocyte-
MAO activity. BMC Genet. 6, 46. https://doi.org/10.1186/1471-2156-6-46.

Johnson, S., Stockmeier, C.A., Meyer, J.H., Austin, M.C., Albert, P.R., Wang, J., et al.,
2011. The reduction of R1, a novel repressor protein for monoamine oxidase a, in
major depressive disorder. Neuropsychopharmacol 36, 2139-2148. https://doi.org/
10.1038/npp.2011.105.

Jones, D.N., Ruiz, C.A., Raghanti, M.A., Tosi, A.J., Tanaka, H., Goto, Y., 2020a.
Monoamine oxidase polymorphisms in rhesus and Japanese macaques (Macaca
mulatta and M. fuscata). J. Chem. Neuroanat. 103, 101726 https://doi.org/10.1016/
j.jchemneu.2019.101726.

Jones, D.N., Erwin, J.M., Sherwood, C.C., Hof, P.R., Raghanti, M.A., 2020b.

A comparison of cell density and serotonergic innervation of the amygdala among
four macaque species. J. Comp. Neurol. https://doi.org/10.1002/cne.25048.

Jonsson, E.G., Norton, N., Forslund, K., Mattila-Evenden, M., Rylander, G., Asberg, M.,
et al., 2003. Association between a promoter variant in the monoamine oxidase A
gene and schizophrenia. Schizophrenia Res 61, 31-37. https://doi.org/10.1016/
$0920-9964(02)00224-4.

Jourdikian (Chordikian), F., Tabakoff, B., Alivisatos, S.G.A., 1975. Ontogeny of multiple
forms of monoamine oxidase in mouse brain. Brain Res. 93, 301-308. https://doi.
0rg/10.1016/0006-8993(75)90352-2.

Kakinuma, S., Beppu, M., Sawai, S., Nakayama, A., Hirano, S., Yamanaka, Y.,
Yamamoto, T., Masafumi, C., Aisihaer, X., Aersilan, A., Gao, Y., Sato, K., Sakae, I.,
Ishige, T., Nishimura, M., Matsushita, K., Satoh, M., Nomura, F., Kuwabara, S.,
Tanaka, T., 2020. Monoamine oxidase B rs1799836 G allele polymorphism is a risk
factor for early development of levodopa-induced dyskinesia in Parkinson’s disease.
ENeurologicalSci 19, 100239. https://doi.org/10.1016/j.ensci.2020.100239.

Kastner, A., Anglade, P., Bounaix, C., Damier, P., Javoy-Agid, F., Bromet, N., Agid, Y.,
Hirsch, E.C., 1994. Immunohistochemical study of catechol-O-methyltransferase in
the human mesostriatal system. Neuroscience 62, 449-457. https://doi.org/
10.1016/0306-4522(94)90379-4.

Kennedy, B.P., Ziegler, M.G., Alford, M., Hansen, L.A., Thal, L.J., Masliah, E., 2003. Early
and persistent alterations in prefrontal cortex MAO A and B in Aizheimer’s disease.
J. Neural Transm. 110, 789-801. https://doi.org/10.1007/s00702-003-0828-6.

Khandaker, G.M., Cousins, L., Deakin, J., Lennox, B.R., Yolken, R., Jones, P.B., 2015.
Inflammation and immunity in schizophrenia: implications for pathophysiology and
treatment. Lancet Psychiatry 2, 258-270. https://doi.org/10.1016/52215-0366(14)
00122-9.

Kim, S.K., Park, H.J., Seok, H., Jeon, H.S., Chung, J.H., Kang, W.S., Kim, J.W., Yu, G.I,
Shin, D.H., 2014. Association study between monoamine oxidase A (MAOA) gene


https://doi.org/10.1001/jamaneurol.2020.4152
https://doi.org/10.1001/jamaneurol.2020.4152
https://doi.org/10.1016/j.psc.2009.12.003
https://doi.org/10.1016/j.psc.2009.12.003
https://doi.org/10.1176/jnp.9.1.55
https://doi.org/10.1176/jnp.9.1.55
https://doi.org/10.1016/S1474-4422(15)00044-7
https://doi.org/10.1016/S1474-4422(15)00044-7
https://doi.org/10.1097/WCO.0000000000000112
https://doi.org/10.1097/WCO.0000000000000112
https://doi.org/10.1093/brain/awg242
https://doi.org/10.1093/brain/awg242
https://doi.org/10.2174/1570159x16666180628165107
https://doi.org/10.2174/1570159x16666180628165107
https://doi.org/10.1073/pnas.95.11.6469
https://doi.org/10.1073/pnas.95.11.6469
https://doi.org/10.1073/pnas.88.9.3637
https://doi.org/10.1074/jbc.M112.373936
https://doi.org/10.1002/jnr.24027
https://doi.org/10.1016/s0169-328x(01)00108-5
https://doi.org/10.1016/s0169-328x(01)00108-5
https://doi.org/10.3389/fphar.2019.01008
https://doi.org/10.3389/fphar.2019.01008
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0445
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0445
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0445
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0445
https://doi.org/10.1016/j.yhbeh.2012.07.004
https://doi.org/10.1016/j.cub.2008.04.012
https://doi.org/10.1016/j.cub.2008.04.012
https://doi.org/10.1126/science.1072994
https://doi.org/10.1126/science.1072994
https://doi.org/10.1042/bj0220968
https://doi.org/10.1042/bj0220968
https://doi.org/10.1352/2008.113:427-438
https://doi.org/10.1352/2008.113:427-438
https://doi.org/10.1038/npp.2014.321
https://doi.org/10.1016/s0278-5846(01)00212-3
https://doi.org/10.1677/JOE-09-0066
https://doi.org/10.1007/s11689-009-9009-8
https://doi.org/10.1007/s11689-009-9009-8
https://doi.org/10.1038/311467a0
https://doi.org/10.1038/311467a0
https://doi.org/10.3389/fnhum.2017.00322
https://doi.org/10.3389/fnhum.2017.00322
https://doi.org/10.1016/S0378-3782(01)00189-X
https://doi.org/10.1016/S0378-3782(01)00189-X
https://doi.org/10.1007/s10803-007-0365-5
https://doi.org/10.1007/s10803-007-0365-5
https://doi.org/10.1002/hup.288
https://doi.org/10.1002/hup.288
https://doi.org/10.1001/archgenpsychiatry.2010.153
https://doi.org/10.1001/archgenpsychiatry.2010.153
https://doi.org/10.1016/s0024-3205(98)00255-0
https://doi.org/10.1016/s0024-3205(98)00255-0
https://doi.org/10.1093/cercor/bhu249
https://doi.org/10.1093/cercor/bhu249
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0535
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0535
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0535
https://doi.org/10.1093/schbul/sbp006
https://doi.org/10.1093/schbul/sbp006
https://doi.org/10.1177/0269881114563634
https://doi.org/10.1177/0269881114563634
https://doi.org/10.1007/s00702-009-0192-2
https://doi.org/10.1007/s00702-009-0192-2
https://doi.org/10.1016/j.febslet.2012.08.028
https://doi.org/10.1016/j.febslet.2012.08.028
https://doi.org/10.1186/1471-2156-6-46
https://doi.org/10.1038/npp.2011.105
https://doi.org/10.1038/npp.2011.105
https://doi.org/10.1016/j.jchemneu.2019.101726
https://doi.org/10.1016/j.jchemneu.2019.101726
https://doi.org/10.1002/cne.25048
https://doi.org/10.1016/S0920-9964(02)00224-4
https://doi.org/10.1016/S0920-9964(02)00224-4
https://doi.org/10.1016/0006-8993(75)90352-2
https://doi.org/10.1016/0006-8993(75)90352-2
https://doi.org/10.1016/j.ensci.2020.100239
https://doi.org/10.1016/0306-4522(94)90379-4
https://doi.org/10.1016/0306-4522(94)90379-4
https://doi.org/10.1007/s00702-003-0828-6
https://doi.org/10.1016/S2215-0366(14)00122-9
https://doi.org/10.1016/S2215-0366(14)00122-9

D.N. Jones and M.A. Raghanti

polymorphisms and schizophrenia: lack of association with schizophrenia and
possible association with affective disturbances of schizophrenia. Mol Biol Reports
41, 3457-3464. https://doi.org/10.1007/s11033-014-3207-5.

Kim-Cohen, J., Caspi, A., Taylor, A., Williams, B., Newcombe, R., Craig, L.W., Moffitt, T.
E., 2006. MAOA, maltreatment, and gene-environment interaction predicting
children’s mental health: new evidence and a meta-analysis. Mol. Psychiatry 11,
903-913. https://doi.org/10.1038/sj.mp.4001851.

Kiskova, J., Gabrikova, D., 2015. The role of MAOA gene in the etiology of autism
Spectrum disorder in males. World Acad. Sci. Eng. Technol. Int J Med, Health.
Biomed, Bioeng. Pharma. Eng.g 9, 103-106.

Kitahama, K., Maeda, T., Denney, R.M., Jouvet, M., 1994. Monoamine oxidase:
distribution in the cat brain studied by enzyme- and immunohistochemistry: recent
progress. Prog. Neurobiol. 42, 53-78. https://doi.org/10.1016/0301-0082(94)
90021-3.

Koenigs, M., Grafman, J., 2009. The functional neuroanatomy of depression: distinct
roles for ventromedial and dorsolateral prefrontal cortex. Behav. Brain Res. 201,
239-243. https://doi.org/10.1016/j.bbr.2009.03.004.

Koide, Y., Kobayashi, K., 1984. Developmental changes in the activity and substrate
specificities of mouse brain monoamine oxidase. Neurochem. Res. 9, 595-606.
https://doi.org/10.1007/BF00964506.

Kong, P., Zhang, B., Lei, P., Kong, X., Zhang, S., Li, D., Zhang, Y., 2015. Neuroprotection
of MAO-B inhibitor and dopamine agonist in Parkinson disease. Int. J. Clin. Exp.
Med. 8, 431. PMC4358469.

Kornhuber, J., Konradi, C., Mack-Burkhardt, F., Riederer, P., Heinsen, H., Beckmann, H.,
1989. Ontogenesis of monoamine oxidase-A and -B in the human brain frontal
cortex. Brain Res. 499, 81-86. https://doi.org/10.1016/0006-8993(89)91136-0.

Koutra, K., Roumeliotaki, T., Kyriklaki, A., Kampouri, M., Sarri, K., Vassilaki, M., et al.,
2017. Maternal depression and personality traits in association with child
neuropsychological and behavioral development in preschool years: mother-child
cohort (Rhea study) in Crete. Greece. J Affective Disord 217, 89-98. https://doi.org/
10.1016/j.jad.2017.04.002.

Kunugi, H., Ishida, S., Kato, T., Tatsumi, M., Sakai, T., Hattori, M., et al., 1999.

A functional polymorphism in the promoter region of monoamine oxidase-A gene
and mood disorders. Mol. Psychiatry 4, 393-395. https://doi.org/10.1038/sj.
mp.4000558.

Kurth, J.H., Kurth, M.C., Poduslo, S.E., Schwankhaus, J.D., 1993. Association of a
monoamine oxidase B allele with Parkinson’s disease. Ann. Neurol. 33, 368-372.
https://doi.org/10.1002/ana.410330406.

Lammel, S., Lim, B.K., Malenka, R.C., 2014. Reward and aversion in a heterogeneous
midbrain dopamine system. Neuropharmacol 76, 351-359. https://doi.org/
10.1016/j.neuropharm.2013.03.019.

Lan, N.C., Heinzmann, C., Gal, A, Klisak, 1., Orth, U., Lai, E., Grimsby, J., Sparkes, R.S.,
Mohandas, T., Shih, J.C., 1989. Human monoamine oxidase A and B genes map to
xp11.23 and are deleted in a patient with norrie disease. Genomics 4, 552-559.
https://doi.org/10.1016,/0888-7543(89)90279-6.

Langston, J., Ballard, P., Tetrud, J., Irwin, I., 1983. Chronic parkinsonism in humans due
to a product of meperidine-analog synthesis. Science 219, 979-980. https://doi.org/
10.1126/science.6823561.

Launay, J.M., Ferrari, P., Haimart, M., Bursztejn, C., Tabuteau, F., Braconnier, A.,
Pasques-Bondoux, D., Luong, C., Dreux, C., 1988. Serotonin metabolism and other
biochemical parameters in infantile autism. A controlled study of 22 autistic
children. Neuropsychobiol 20, 1-11. https://doi.org/10.1159/000118465.

Lee, C.H., Giuliani, F., 2019. The role of inflammation in depression and fatigue. Front.
Immunol. https://doi.org/10.3389/fimmu.2019.01696.

Lee, A.L., Ogle, W.0O., Sapolsky, R.M., 2002. Stress and depression: possible links to
neuron death in the hippocampus. Bipolar Disord. 4, 117-128. https://doi.org/
10.1034/j.1399-5618.2002.01144.x.

Lee, Y.-A., Obora, T., Bondonny, L., Toniolo, A., Mivielle, J., Yamaguchi, Y., Kato, A.,
Takita, M., Goto, Y., 2018. The effects of housing density on social interactions and
their correlations with serotonin in rodents and primates. Sci. Rep. 8 (1), 3497.
https://doi.org/10.1038/541598-018-21353-6.

Lee, J., Pinares-Garcia, P., Loke, H., Ham, S., Villain, E., Harley, V.R., 2019. Sex-specific
neuroprotection by inhibition of the Y-chromosome gene, SRY, in experimental
Parkinson’s disease. Proc. Natl. Acad. Sci. U.S.A. 116, 16577-16582. https://doi.
org/10.1073/pnas.1900406116.

Lenders, J.W., Eisenhofer, G., Abeling, N.G., Berger, W., Murphy, D.L., Konings, C.H.,
Wagemakers, L.M., Kopin, 1.J., Karoum, F., van Gennip, A.H., Brunner, H.G., 1996.
Specific genetic deficiencies of the A and B isoenzymes of monoamine oxidase are
characterized by distinct neurochemical and clinical phenotypes. J. Clin. Invest. 9,
1010-1019. https://doi.org/10.1172/JCI118492.

Li, D., He, L., 2008. Meta-study on association between the monoamine oxidase A gene
(MAOA) and schizophrenia. Am. J. Med. Genet. B Neuropsychiatr. Genet. 147B,
174-178. https://doi.org/10.1002/ajmg.b.30570.

Li, J., Kang, C., Zhang, H., Wang, Y., Zhou, R., Wang, B., et al., 2007. Monoamine oxidase
A gene polymorphism predicts adolescent outcome of attention-deficit/hyperactivity
disorder. Am. J. Med. Genet. B Neuropsychiatr. Genet. 144B, 430-433. https://doi.
org/10.1002/ajmg.b.30421.

Liu, S., Wang, X., Xu, L., Zheng, L., Ge, Y., Ma, X., 2015. Family-based association study
between monoamine oxidase A (MAOA) gene promoter VNTR polymorphism and
Tourette’s syndrome in Chinese Han population. Neurocase 21, 106-108. https://
doi.org/10.1080/13554794.2013.873061.

Lohle, M., Mangone, G., Wolz, M., Beuthien-Baumann, B., Oehme, L., van den Hoff, J.,
Kotzerke, J., Reichmann, H., Corvol, J.-C., Storch, A., 2018. Functional monoamine
oxidase B gene intron 13 polymorphism predicts putaminal dopamine turnover in de
novo Parkinson’s disease. Mov. Disord. 33, 1496-1501. https://doi.org/10.1002/
mds.27466.

11

Journal of Chemical Neuroanatomy 114 (2021) 101957

Lojko, D., Rybakowski, J.K., 2017. Atypical depression: current perspectives.
Neuropsychiatr DisTreat 13, 2447-2456. https://doi.org/10.2147/NDT.S147317.

Loomer, H.P., Saunders, J.C., Kline, N.S., 1957. A clinical and pharmacodynamic
evaluation of iproniazid as a psychic energizer. Psychiatr. Res. Rep. 8, 129-141.
PMID: 13542681.

Lépez-Munoz, F., Alamo, C., Juckel, G., Assion, H.-J., 2007. Half a century of
antidepressant drugs. J. Clin. Psychopharmacol. 27, 555-559. https://doi.org/
10.1097/jcp.0b013e3181bb617.

Maass, A.R., Nimmo, M.J., 1959. A new inhibitor of serotonin metabolism. Nature 184,
547-548. https://doi.org/10.1038/184547b0.

Macédo, D.S., Sanders, L.L.O., das Candeias, R., Montenegro, Cde F., de Lucena, D.F.,
Chaves Filho, A.J.M., Seeman, M.V., Monte, A.S., 2020. G protein-coupled estrogen
receptor 1 (GPER) as a novel target for schizophrenia drug treatment. Schizophrenia
Bulletin Open 1. https://doi.org/10.1093/schizbullopen/sgaa062.

Mallajosyula, J.K., Kaur, D., Chinta, S.J., Rajagopalan, S., Rane, A., Nicholls, D.G., Di
Monte, D.A., Macarthur, H., Andersen, J.K., 2008. MAO-B Elevation in Mouse Brain
Astrocytes Results in Parkinson’s Pathology. https://doi.org/10.1371/journal.
pone.0001616.

Mantle, T.J., Garrett, N.J., Tipton, K.F., 1976. The development of monoamine oxidase in
rat liver and brain. FEBS Lett. 64, 227-229. https://doi.org/10.1016/0014-5793(76)
80289-X.

Martin, L.A., Neighbors, H.W., Griffith, D.M., 2013. The experience of symptoms of
depression in men vs women: analysis of the national comorbidity survey
replication. JAMA Psychiatry 70, 1100-1106. https://doi.org/10.1001/
jamapsychiatry.2013.1985.

Matsumoto, C., Shinkai, T., Hori, H., Ohmori, O., Nakamura, J., 2004. Polymorphisms of
dopamine degradation enzyme (COMT and MAO) genes and tardive dyskinesia in
patients with schizophrenia. Psychiatry Res. 127, 1-7. https://doi.org/10.1016/j.
psychres.2004.03.011.

Mattson, M.P., 2004. Pathways towards and away from ALzheimer’s disease. Nature 430,
631-639. https://doi.org/10.1038/nature02621.

Meguid, N., Fahim, C., Yoon, U., Nashaat, N.H., Ibrahim, A.S., Mancini-Marie, A.,
Brandner, C., Evans, A.C., 2010. Brain morphology in autism and Fragile X syndrome
correlates with social IQ: first report from the Canadian-Swiss-Egyptian
neurodevelopmental study. J. Child Neurol. 25, 599-608. https://doi.org/10.1177/
0883073809341670.

Melamed, E., Rosenthal, J., Youdim, M.B.H., 1990. Inmunity of fetal mice to prenatal
administration of the dopaminergic neurotoxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine. J. Neurochem. 55, 1427-1431. https://doi.org/10.1111/j.1471-
4159.1990.tb03156.x.

Menkes, D., Bosanac, P., Castle, D., 2016. MAOIs - Does the evidence warrant their
resurrection? Australas. Psychiatry 24, 371-373. https://doi.org/10.1177/
1039856216634824.

Meyer, J.H., 2017. Neuroprogression and immune activation in major depressive
disorder. Mod. Trends Pharmacopsychiatry 31, 27-36. https://doi.org/10.1159/
000470804.

Meyer, J.H., Ginovart, N., Boovariwala, A., Sagrati, S., Hussey, D., Garcia, A., Young, T.,
Praschak-Rieder, N., Wilson, A.A., Houle, S., 2006. Elevated monoamine oxidase A
levels in the brain: an explanation for the monoamine imbalance of major
depression. Arch. Gen. Psychiatry 63, 1209-1216. https://doi.org/10.1001/
archpsyc.63.11.1209.

Meyer-Lindenberg, A., Miletich, R.S., Kohn, P.D., Esposito, G., Carson, R.E.,
Quarantelli, M., Weinberger, D.R., Berman, K.F., 2002. Reduced prefrontal activity
predicts exaggerated striatal dopaminergic function in schizophrenia. Nat Neurosc 5,
267-271. https://doi.org/10.1038/nn804.

Milaneschi, Y., Lamers, F., Peyrot, W.J., Baune, B.T., Breen, G., Dehghan, A., Forstner, A.
J., Grabe, H.J., Homuth, G., Kan, C., Lewis, C., Mullins, N., Nauck, M., Pistis, G.,
Preisig, M., Rivera, M., Rietschel, M., Streit, F., Strohmaier, J., Teumer, A., Van der
Auwera, S., Wray, N.R., Boomsma, D.I., Penninx, W.W.J.H., 2017. Genetic
association of major depression with a typical features and obesity-related
immunometabolic dysregulations. JAMA Psychiatry 74, 1214-1225. https://doi.
org/10.1001/jamapsychiatry.2017.3016.

Milaneschi, Y., Lamers, F., Berk, M., Penninx, B.W.J.H., 2020. Depression heterogeneity
and its biological underpinnings: toward immunometabolic depression. Biol.
Psychiatry 88 (5), 369-380. https://doi.org/10.1016/j.biopsych.2020.01.014.
Elsevier USA.

Miller, L.N., Cronin-Golomb, A., 2010. Gender differences in Parkinson’s Disease: clinical
characteristics and cognition. Mov. Disord. 25, 2695-2703. https://doi.org/
10.1002/mds.23388.

Moriguchi, S., Wilson, A.A., Miler, L., Rusjan, P.M., Vasdev, N., Kish, S.J., Rajkowska, G.,
Wang, J., Bagby, M., Mizrahi, R., Varyghese, B., Houle, S., Meyer, J.H., 2019.
Monoamine oxidase b total distribution volume in the prefrontal cortex of major
depressive disorder: an 11cs125.1188 positron emission tomography study. JAMA
Psychiatry 76, 634—641. https://doi.org/10.1001/jamapsychiatry.2019.0044.

Muller, C.L., Anacker, A.M.J., Veenstra-VanderWeele, J., 2016. The serotonin system in
autism spectrum disorder: from biomarker to animal models. Neuroscience 321,
24-41. https://doi.org/10.1016/j.neuroscience.2015.11.010.

Negrén-Oyarzo, 1., Lara-Vasquez, A., Palacios-Garcia, 1., Fuentealba, P., Aboitiz, F., 2016.
Schizophrenia and reelin: a model based on prenatal stress to study epigenetics,
brain development and behavior. Biol. Res. 49, 16. https://doi.org/10.1186/s40659-
016-0076-5.

Newman, T.K., Syagailo, Y.V., Barr, C.S., Wendland, J.R., Champoux, M., Graessle, M.,
Suomi, S.J., Higley, J.D., Lesch, K.P., 2005. Monoamine oxidase a gene promoter
variation and rearing experience influences aggressive behavior in rhesus monkeys.
Biol. Psychiatry 57, 167-172. https://doi.org/10.1016/j.biopsych.2004.10.012.


https://doi.org/10.1007/s11033-014-3207-5
https://doi.org/10.1038/sj.mp.4001851
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0620
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0620
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0620
https://doi.org/10.1016/0301-0082(94)90021-3
https://doi.org/10.1016/0301-0082(94)90021-3
https://doi.org/10.1016/j.bbr.2009.03.004
https://doi.org/10.1007/BF00964506
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0640
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0640
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0640
https://doi.org/10.1016/0006-8993(89)91136-0
https://doi.org/10.1016/j.jad.2017.04.002
https://doi.org/10.1016/j.jad.2017.04.002
https://doi.org/10.1038/sj.mp.4000558
https://doi.org/10.1038/sj.mp.4000558
https://doi.org/10.1002/ana.410330406
https://doi.org/10.1016/j.neuropharm.2013.03.019
https://doi.org/10.1016/j.neuropharm.2013.03.019
https://doi.org/10.1016/0888-7543(89)90279-6
https://doi.org/10.1126/science.6823561
https://doi.org/10.1126/science.6823561
https://doi.org/10.1159/000118465
https://doi.org/10.3389/fimmu.2019.01696
https://doi.org/10.1034/j.1399-5618.2002.01144.x
https://doi.org/10.1034/j.1399-5618.2002.01144.x
https://doi.org/10.1038/s41598-018-21353-6
https://doi.org/10.1073/pnas.1900406116
https://doi.org/10.1073/pnas.1900406116
https://doi.org/10.1172/JCI118492
https://doi.org/10.1002/ajmg.b.30570
https://doi.org/10.1002/ajmg.b.30421
https://doi.org/10.1002/ajmg.b.30421
https://doi.org/10.1080/13554794.2013.873061
https://doi.org/10.1080/13554794.2013.873061
https://doi.org/10.1002/mds.27466
https://doi.org/10.1002/mds.27466
https://doi.org/10.2147/NDT.S147317
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0735
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0735
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref0735
https://doi.org/10.1097/jcp.0b013e3181bb617
https://doi.org/10.1097/jcp.0b013e3181bb617
https://doi.org/10.1038/184547b0
https://doi.org/10.1093/schizbullopen/sgaa062
https://doi.org/10.1371/journal.pone.0001616
https://doi.org/10.1371/journal.pone.0001616
https://doi.org/10.1016/0014-5793(76)80289-X
https://doi.org/10.1016/0014-5793(76)80289-X
https://doi.org/10.1001/jamapsychiatry.2013.1985
https://doi.org/10.1001/jamapsychiatry.2013.1985
https://doi.org/10.1016/j.psychres.2004.03.011
https://doi.org/10.1016/j.psychres.2004.03.011
https://doi.org/10.1038/nature02621
https://doi.org/10.1177/0883073809341670
https://doi.org/10.1177/0883073809341670
https://doi.org/10.1111/j.1471-4159.1990.tb03156.x
https://doi.org/10.1111/j.1471-4159.1990.tb03156.x
https://doi.org/10.1177/1039856216634824
https://doi.org/10.1177/1039856216634824
https://doi.org/10.1159/000470804
https://doi.org/10.1159/000470804
https://doi.org/10.1001/archpsyc.63.11.1209
https://doi.org/10.1001/archpsyc.63.11.1209
https://doi.org/10.1038/nn804
https://doi.org/10.1001/jamapsychiatry.2017.3016
https://doi.org/10.1001/jamapsychiatry.2017.3016
https://doi.org/10.1016/j.biopsych.2020.01.014
https://doi.org/10.1002/mds.23388
https://doi.org/10.1002/mds.23388
https://doi.org/10.1001/jamapsychiatry.2019.0044
https://doi.org/10.1016/j.neuroscience.2015.11.010
https://doi.org/10.1186/s40659-016-0076-5
https://doi.org/10.1186/s40659-016-0076-5
https://doi.org/10.1016/j.biopsych.2004.10.012

D.N. Jones and M.A. Raghanti

Nicotra, A., Pierucci, F., Parvez, H., Senatori, O., 2004. Monoamine oxidase expression
during development and aging. Neurotoxicology 25, 155-165. https://doi.org/
10.1016/50161-813X(03)00095-0.

Nikolac Perkovic, M., Nedic Erjavec, G., Stefulj, J., Muck-Seler, D., Pivac, N., Kocijan
Hercigonja, D., Hranilovic, D., Curkovic, M., Dodig-Curkovic, K., 2014. Association
between the polymorphisms of the selected genes encoding dopaminergic system
with ADHD and autism. Psychiatry Res. 215, 260-261. https://doi.org/10.1016/j.
psychres.2013.10.018.

O’Sullivan, S.S., Massey, L.A., Williams, D.R., Silveira-Moriyama, L., Kempster, P.A.,
Holton, J.L., Revesz, T., Lees, A.J., 2008. Clinical outcomes of progressive
supranuclear palsy and multiple system atrophy. Brain 131, 1362-1372. https://doi.
org/10.1093/brain/awn065.

Ochiai, Y., Itoh, K., Sakurai, E., Adachi, M., Tanaka, Y., 2006. Substrate selectivity of
monoamine oxidase A, monoamine oxidase B, diamine oxidase, and semicarbazide-
sensitive amine oxidase in COS-1 expression systems. Biol Pharmaceut Bull 29,
2362-2366. https://doi.org/10.1248/bpb.29.2362.

Okusaga, 0.0., 2014. Accelerated aging in schizophrenia patients: the potential role of
oxidative stress. Aging Dis. 5, 256-262. https://doi.org/10.14336/
AD.2014.0500256.

Onore, C., Careaga, M., Ashwood, P., 2012. The role of immune dysfunction in the
pathophysiology of autism. Brain Behav. Immunity 26, 383-392. https://doi.org/
10.1016/j.bbi.2011.08.007.

Oreland, L., Gottfries, C.-G., 1986. Brain and brain monoamine ocidase in aging and in
dementia of Alzheimer type. Prog. Neuropsychopharmacol. Biol. Psychiatry 10,
533-540. https://doi.org/10.1016,/0278-5846(86)90023-0.

Ou, X.M., Chen, K., Shih, J.C., 2004. Dual functions of transcription factors, transforming
growth factor-p-inducible early gene (TIEG)2 and Sp3, are mediated by CACCC
element and Sp1 sites of human monoamine oxidase (MAO) B Gene. J. Biol. Chem.
279, 21021-21028. https://doi.org/10.1074/jbc.M312638200.

Ou, X.M., Chen, K., Shih, J.C., 2006. Glucocorticoid and androgen activation of
monoamine oxidase a is regulated differently by R1 and Sp1. J. Biol. Chem. 281,
21512-21525. https://doi.org/10.1074/jbc.M600250200.

Owman, C., Blay, P., Nilsson, C., Lolait, S.J., 1996. Cloning of human cDNA encoding a
novel heptahelix receptor expressed in Burkitt’s lymphoma and widely distributed in
brain and peripheral tissues. Biochem. Biophys. Res. Commun. 228, 285-292.
https://doi.org/10.1006/bbrc.1996.1654.

Patrat, C., Ouimette, J.F., Rougeulle, C., 2020. X chromosome inactivation in human
development. Development 147. https://doi.org/10.1242/dev.183095 dev183095.

Pehme, P.M., Zhang, W., Finik, J., Pritchett, A., Buthmann, J., Dana, K., Hao, K.,
Nomura, Y., 2018. Placental MAOA expression mediates prenatal stress effects on
temperament in 12-month-olds. Infant Child Dev. 27, e2094. https://doi.org/
10.1002/icd.2094.

Pérez-Neri, 1., Ramirez-Bermtdez, J., Montes, S., Rios, C., 2006. Possible mechanisms of
neurodegeneration in schizophrenia. Neurochem. Res. 31 (10), 1279-1294. https://
doi.org/10.1007/5s11064-006-9162-3.

Perfilyeva, A.V., Bespalova, K.B., Skvortsova, L.A., Surdeanu, A., Garshin, A.A.,
Perfilyeva, Y.V., Khamdiyeva, O.K., Bekmanov, B.O., Djansugurova, L.B., 2019. No
association between the rs1799836 polymorphism of the monoamine oxidase B gene
and the risk of autism spectrum disorders in the Kazakhstani population. Dis.
Markers 2846394. https://doi.org/10.1155/2019/2846394.

Pinsonneault, J.K., Papp, A.C., Sadée, W., 2006. Allelic mRNA expression of X-linked
monoamine oxidase a (MAOA) in human brain: dissection of epigenetic and genetic
factors. Hum. Mol. Genet. 15, 2636-2649. https://doi.org/10.1093/hmg/dd1192.

Pugh, C.E., Quastel, J.H., 1937. Oxidation of amines by animal tissues. Biochem. 31,
2306-2321. https://doi.org/10.1042/bj0312306.

Purves-Tyson, T.D., Owens, S.J., Rothmond, D.A., Halliday, G.M., Double, K.L.,
Stevens, J., McCrossin, T., Shannon Weickert, C., 2017. Putative presynaptic
dopamine dysregulation in schizophrenia is supported by molecular evidence from
post-mortem human midbrain. Transl. Psychiatry 7, €1003. https://doi.org/
10.1038/tp.2016.257.

Rao, K.M., Nagendra, S.N., Subhash, M.N., 1995. Monoamine oxidase isoenzymes in rat
brain: differential changes during postnatal development but not aging. Neurobiol.
Aging 16, 833-836. https://doi.org/10.1016/0197-4580(95)00061-1.

Reitz, C., Mayeux, R., 2014. Alzheimer disease: epidemiology, diagnostic criteria, risk
factors and biomarkers. Biochem. Pharmacol. 88 (4), 640-651. https://doi.org/
10.1016/j.bep.2013.12.024. Elsevier Inc.

Reitz, C., Brayne, C., Mayeux, R., 2011. Epidemiology of alzheimer disease. Nat. Rev.
Neurol. 7, 137-152. https://doi.org/10.1038/2Fnrneurol.2011.2.

Riederer, P., Laux, G., 2011. MAO-inhibitors in parkinson’s disease. Exp. Neurobiol. 20,
1-17. https://doi.org/10.5607/en.2011.20.1.1.

Robinson, D.S., Nies, A., Ravaris, L., Lamborn, K.R., 1973. The monoamine oxidase
inhibitor, phenelzine, in the treatment of depressive-anxiety states: a controlled
clinical trial. Arch. Gen. Psychiatry 29, 407-413. https://doi.org/10.1001/
archpsyc.1973.04200030093015.

Rynkiewicz, A., Schuller, B., Marchi, E., Piana, S., Camurri, A., Lassalle, A., Baron-
Cohen, S., 2016. An investigation of the ‘female camouflage effect’ in autism using a
computerized ADOS-2 and a test of sex/gender fifferences. Mol. Autism 7, 10.
https://doi.org/10.1186/513229-016-0073-0.

Sabol, S.Z., Hu, S., Hamer, D., 1998. A functional polymorphism in the monoamine
oxidase A gene promoter. Hum. Genet. 103, 273-279. https://doi.org/10.1007/
s004390050816.

Sacher, J., Wilson, A.A., Houle, S., Rusjan, P., Hassan, S., Bloomfield, P.M., et al., 2010.
Elevated brain monoamine oxidase A binding in the early postpartum period. Arch.
Gen. Psychiatry 67, 468-474. https://doi.org/10.1001/archgenpsychiatry.2010.32.

Sacher, J., Rekkas, P.V., Wilson, A.A., Houle, S., Romano, L., Hamidji, J., Rusjan, P.,
Fan, L, Stewart, D.E., Meyer, J.H., 2015. Relationship of monoamine oxidase-A

12

Journal of Chemical Neuroanatomy 114 (2021) 101957

distribution volume to postpartum depression and postpartum crying.
Neuropsychopharmacology 40, 429-435. https://doi.org/10.1038/npp.2014.190.

Safe, S., 2001. Transcriptional activation of genes by 17 beta-estradiol through estrogen
receptor-Sp1 interactions. Vitam. Horm. 62, 231-252. https://doi.org/10.1016/
50083-6729(01)62006-5.

Salem, A.M., Ismail, S., Zarouk, W.A., Abdul Baky, O., Sayed, A.A., Abd El-Hamid, S.,
Salem, S., 2013. Genetic variants of neurotransmitter-related genes and miRNAs in
Egyptian autistic patients. Scientific World Journal 2013, 670621. https://doi.org/
10.1155/2013/670621.

Sanchez-Rodriguez, R., Munari, F., Angioni, R., Venegas, F., Agnellini, A., Castro-Gil, M.
P., Castegna, A., Luisetto, R., Viola, A., Canton, M., 2020. Targeting monoamine
oxidase to dampen NLRP3 inflammasome activation in inflammation. Cell Molec
Immunol. https://doi.org/10.1038/541423-020-0441-8.

Santarsieri, D., Schwartz, T.L., 2015. Antidepressant efficacy and side-effect burden: a
quick guide for clinicians. Drugs Context 4, 212290. https://doi.org/10.7573/
dic.212290.

Saura, J., Kettler, R., Da Prada, M., Richards, J.G., 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 human brain.
J. Neurosci. 12, 1977-1999. https://doi.org/10.1523/jneurosci.12-05-01977.1992.

Saura, J., Richards, J.G., Mahy, N., 1994. Differential age-related changes of mao-a and
mao-b in mouse brain and pe peripheral organs. Neurobiol. Aging 15, 399-408.
https://doi.org/10.1016/0197-4580(94)90071-X.

Saura, J., Bleuel, Z., Ulrich, J., Mendelowitsch, A., Chen, K., Shih, J.C., Malherbe, P., Da
Prada, M., Richards, J.G., 1996. Molecular neuroanatomy of human monoamine
oxidases A and B revealed by quantitative enzyme radioautography and in situ
hybridization histochemistry. Neuroscience 70, 755-774. https://doi.org/10.1016/
S0306-4522(96)83013-2.

Saura, J., Andrés, N., Andrade, C., Ojuel, J., Eriksson, K., Mahy, N., 1997. Biphasic and
region-specific MAO-B response to aging in normal human brain. Neurobiol. Aging
18, 497-507. https://doi.org/10.1016/50197-4580(97)00113-9.

Schain, R.J., Freedman, D.X., 1961. Studies on 5-hydroxyindole metabolism in autistic
and other mentally retarded children. J Pediatrics 58, 315-320. https://doi.org/
10.1016/50022-3476(61)80261-8.

Schedin-Weiss, S., Inoue, M., Hromadkova, L., Teranishi, Y., Goto Yamamoto, N.,
Wiehager, B., Bogdanovic, N., Winblad, B., Sandebring-Matton, A., Frykman, S.,
Tjernberg, L.O., 2017. Monoamine oxidase B is elevated in Alzheimer’s disease
neurons, is associated with Y-secretase and regulates neuronal amyloid p-peptide
levels. Alzheimer’s Res Therapy 9, 57 https://dx.doi.org/10.1186%2Fs13195-017-
0279-1.

Schliiter, T., Winz, O., Henkel, K., Eggermann, T., Mohammadkhani-Shali, S.,

Dietrich, C., Heinzel, A., Decker, M., Cumming, P., Zerres, K., Piel, M., Mottaghy, F.
M., Vernaleken, I., 2016. MAOA-VNTR polymorphism modulates context-dependent
dopamine release and aggressive behavior in males. Neurolmage 125, 378-385.
https://doi.org/10.1016/J.NEUROIMAGE.2015.10.031.

Schneider, S.A., Alcalay, R.N., 2017. Neuropathology of genetic synucleinopathies with
Parkinsonism - review of the literature. Mov. Disord. 32, 1504-1523. https://doi.
org/10.1002/mds.27193.

Schneider, L.S., Geffen, Y., Rabinowitz, J., Thomas, R.G., Schmidt, R., Ropele, S.,
Weinstock, M., Ladostigil Study Group, 2019. Low-dose ladostigil for mild cognitive
impairment: a phase 2 placebo-controlled clinical trial. Neurology 93 (15),
el474-e1484. https://doi.org/10.1212/WNL.0000000000008239.

Schulze, T.G., Miiller, D.J., Krauss, H., Scherk, H., Ohlraun, S., Syagailo, Y.V.,
Windemuth, C., Neidt, H., Grassle, M., Papassotiropoulos, A., Heun, R., Nothen, M.
M., Maier, W., Lesch, K.P., Rietschel, M., 2000. Association between a functional
polymorphism in the monoamine oxidase A gene promoter and major depressive
disorder. Am. J. Med. Genet. 96 (6), 801-803. PMID: 11121185.

Seeman, P., Lee, T., 1975. Antipsychotic drugs: direct correlation between clinical
potency and presynaptic action on dopamine neurons. Science 188, 1217-1219.
https://doi.org/10.1126/science.1145194.

Seeman, P., Lee, T., Chau-Wong, M., Wong, K., 1976. Antipsychotic drug doses and
neuroleptic/dopamine receptors. Nature 261, 717-719. https://doi.org/10.1038/
261717a0.

Selikoff, 1.J., Robitzek, E.H., Ornstein, G.G., 1952. Treatment of pulmonary tuberculosis
with hydrazide derivatives of isonicotinic acid. J. Am. Med. Assoc. 150, 973-980.
https://doi.org/10.1001/jama.1952.03680100015006.

Shumay, E., Logan, J., Volkow, N.D., Fowler, J.S., 2012. Evidence that the methylation
state of the monoamine oxidase A (MAOA) gene predicts brain activity of MAO A
enzyme in healthy men. Epigenetics 7, 1151-1160. https://doi.org/10.4161/
epi.21976.

Sian, J., Youdim, M.B.H., Riederer, P., et al., 1999. MPTP-induced parkinsonian
syndrome. In: Siegel, G.J., Agranoff, B.W., Albers, R.W. (Eds.), Basic
Neurochemistry: Molecular, Cellular and Medical Aspects, 6th edition. Lippincott-
Raven, Philadelphia.

Sims, K.B., Ozelius, L., Corey, T., Rinehart, W.B., Liberfarb, R., Haines, J., Chen, W.J.,
Norio, R., Sankila, E., de la Chapelle, A., Murphy, D.L., Gusella, J., Breakefield, X.O.,
1989. Norrie disease gene is distinct from the monoamine oxidase genes. Am. J.
Hum. Genet. 45, 424-434.

Smigielski, L., Jagannath, V., Rossler, W., Walitza, S., Griinblatt, E., 2020. Epigenetic
mechanisms in schizophrenia and other psychotic disorders: a systematic review of
empirical human findings. Mol. Psychiatry 25, 1718-1748.

Smith, L.J., Henderson, J.A., Abell, C.W., Bethea, C.L., 2004. Effects of ovarian steroids
and raloxifene on proteins that synthesize, transport, and degrade serotonin in the
raphe region of macaques. Neuropsychopharmacol 29, 2035-2045. https://doi.org/
10.1038/sj.npp.1300510.


https://doi.org/10.1016/S0161-813X(03)00095-0
https://doi.org/10.1016/S0161-813X(03)00095-0
https://doi.org/10.1016/j.psychres.2013.10.018
https://doi.org/10.1016/j.psychres.2013.10.018
https://doi.org/10.1093/brain/awn065
https://doi.org/10.1093/brain/awn065
https://doi.org/10.1248/bpb.29.2362
https://doi.org/10.14336/AD.2014.0500256
https://doi.org/10.14336/AD.2014.0500256
https://doi.org/10.1016/j.bbi.2011.08.007
https://doi.org/10.1016/j.bbi.2011.08.007
https://doi.org/10.1016/0278-5846(86)90023-0
https://doi.org/10.1074/jbc.M312638200
https://doi.org/10.1074/jbc.M600250200
https://doi.org/10.1006/bbrc.1996.1654
https://doi.org/10.1242/dev.183095
https://doi.org/10.1002/icd.2094
https://doi.org/10.1002/icd.2094
https://doi.org/10.1007/s11064-006-9162-3
https://doi.org/10.1007/s11064-006-9162-3
https://doi.org/10.1155/2019/2846394
https://doi.org/10.1093/hmg/ddl192
https://doi.org/10.1042/bj0312306
https://doi.org/10.1038/tp.2016.257
https://doi.org/10.1038/tp.2016.257
https://doi.org/10.1016/0197-4580(95)00061-I
https://doi.org/10.1016/j.bcp.2013.12.024
https://doi.org/10.1016/j.bcp.2013.12.024
https://doi.org/10.1038/2Fnrneurol.2011.2
https://doi.org/10.5607/en.2011.20.1.1
https://doi.org/10.1001/archpsyc.1973.04200030093015
https://doi.org/10.1001/archpsyc.1973.04200030093015
https://doi.org/10.1186/s13229-016-0073-0
https://doi.org/10.1007/s004390050816
https://doi.org/10.1007/s004390050816
https://doi.org/10.1001/archgenpsychiatry.2010.32
https://doi.org/10.1038/npp.2014.190
https://doi.org/10.1016/s0083-6729(01)62006-5
https://doi.org/10.1016/s0083-6729(01)62006-5
https://doi.org/10.1155/2013/670621
https://doi.org/10.1155/2013/670621
https://doi.org/10.1038/s41423-020-0441-8
https://doi.org/10.7573/dic.212290
https://doi.org/10.7573/dic.212290
https://doi.org/10.1523/jneurosci.12-05-01977.1992
https://doi.org/10.1016/0197-4580(94)90071-X
https://doi.org/10.1016/S0306-4522(96)83013-2
https://doi.org/10.1016/S0306-4522(96)83013-2
https://doi.org/10.1016/S0197-4580(97)00113-9
https://doi.org/10.1016/S0022-3476(61)80261-8
https://doi.org/10.1016/S0022-3476(61)80261-8
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1020
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1020
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1020
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1020
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1020
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1020
https://doi.org/10.1016/J.NEUROIMAGE.2015.10.031
https://doi.org/10.1002/mds.27193
https://doi.org/10.1002/mds.27193
https://doi.org/10.1212/WNL.0000000000008239
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1040
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1040
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1040
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1040
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1040
https://doi.org/10.1126/science.1145194
https://doi.org/10.1038/261717a0
https://doi.org/10.1038/261717a0
https://doi.org/10.1001/jama.1952.03680100015006
https://doi.org/10.4161/epi.21976
https://doi.org/10.4161/epi.21976
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1065
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1065
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1065
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1065
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1070
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1070
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1070
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1070
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1075
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1075
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1075
https://doi.org/10.1038/sj.npp.1300510
https://doi.org/10.1038/sj.npp.1300510

D.N. Jones and M.A. Raghanti

Snyder, S.H., 1976. The dopamine hypothesis of schizophrenia: focus on the dopamine
receptor. Am JPsychiatry 133, 197-202. https://doi.org/10.1038/541380-019-
0601-3.

Soares, C.N., Almeida, O.P., Joffe, H., Cohen, L.S., 2001. Efficacy of estradiol for the
treatment of depressive disorders in perimenopausal women: a double-blind,
randomized, placebo-controlled trial. Arch. Gen. Psychiatry 58, 529-534. https://
doi.org/10.1001/archpsyc.58.6.529.

Steiner, H., Fluhrer, R., Haass, C., 2008. Intramembrane proteolysis by y-secretase.

J. Biol. Chem. 283, 29627-29631 https://dx.doi.org/10.1074%2Fjbc.R800010200.

Stocchi, F., Fossati, C., Torti, M., 2015. Rasagiline for the treatment of Parkison’s disease:
an update. Expert Opin. Pharmacother. 16, 2231-2241. https://doi.org/10.1517/
14656566.2015.1086748.

Sturza, A., Olariu, S., Ionica, M., Duicu, O.M., Vaduva, A.O., Boia, E., Muntean, D.M.,
Popoiu, C.M., 2019. Monoamine oxidase is a source of oxidative stress in obese
patients with chronic inflammation. Can. J. Physiol. Pharmacol. 97 (9), 844-849.
https://doi.org/10.1139/cjpp-2019-0028.

Syagailo, Y.V., Stober, G., GraBle, M., Reimer, E., Knapp, M., Jungkunz, G.,
Okladnova, O., Meyer, J., Lesch, K.-P., 2001. Association analysis of the functional
monoamine oxidase a gene promoter polymorphism in psychiatric disorders. Am J
Med Genetics 105, 168-171. https://doi.org/10.1002/ajmg.1193.

Tadié, A., Rujescu, D., Miiller, M.J., Kohnen, R., Stassen, H.H., Dahmen, N., Szegedi, A.,
2007. A monoamine oxidase B gene variant and short-term antidepressant treatment
response. Progress Neuro-Psychopharmacol Biol Psych. 31, 1370-1377. https://doi.
org/10.1016/j.pnpbp.2007.05.015.

Takahashi, S., Kanai, H., Miyamoto, Y., 1977. Monoamine oxidase activity in blood
platelets from autistic children. Folia Psychiatr. Neurol. 31, 597-603. https://doi.
org/10.1111/j.1440-1819.1977.tb00130.x.

Takano, H., 2018. Cognitive function and monoamine neurotransmission in
schizophrenia: evidence from positron emission tomography studies. Front.
Psychiatry 9, 228. https://doi.org/10.3389/fpsyt.2018.00228.

Tassone, F., Qi, L., Zhang, W., Hansen, R.L., Pessah, L.N., Hertz-Picciotto, I., 2011.
MAOA, DBH, and SLC6A4 variants in CHARGE: a case-control study of autism
spectrum disorders. Autism Res. 4, 250-261. https://doi.org/10.1002/aur.196.

Tedeschi, R.E., Tedeschi, D.H., Ames, P.L., Cook, L., Mattis, P.A., Fellows, E.J., 1959.
Some pharmacological observations on tranylcypromine (SKF trans-385); a potent
inhibitor of monoamine oxidase. Proc. Soc. Exp. Biol. Med. 102, 380-381. https://
doi.org/10.3181/00379727-102-25256.

Tong, J., Meyer, J.H., Furukawa, Y., Boileau, 1., Chang, L.J., Wilson, A.A., Houle, S.,
Kish, S.J., 2013. Distribution of monoamine oxidase proteins in human brain:
implications for brain imaging studies. J. Cereb. Blood Flow Metab. 33, 863-871.
https://doi.org/10.1038/jcbfm.2013.19.

Tong, J., Rathitharan, G., Meyer, J.H., Furukawa, Y., Ang, L.C., Boileau, I., Guttman, M.,
Hornykiewicz, O., Kish, S.J., 2017. Brain monoamine oxidase B and A in human
parkinsonian dopamine deficiency disorders. Brain 140 (9), 2460-2474. https://doi.
org/10.1093/brain/awx172.

Van Den Eeden, S.K., Tanner, C.M., Bernstein, A.L., Fross, R.D., Leimpeter, A., Bloch, D.
A., Nelson, L.M., 2003. Incidence of Parkinson’s disease: variation by age, gender,
and race/ethnicity. Am. J. Epidemiol. 157, 1015-1022. https://doi.org/10.1093/
aje/kwg068.

Vargas, D.L., Nascimbene, C., Krishnan, C., Zimmerman, A.W., Pardo, C.A., 2005.
Neuroglial activation and neuroinflammation in the brain of patients with autism.
Annals Neurol 57, 67-81. https://doi.org/10.1002/ana.20315.

Verkerk, A.J.M.H., Pieretti, M., Sutcliffe, J.S., Fu, Y.H., Kuhl, D.P.A., Pizzuti, A.,
Reiner, O., Richards, S., Victoria, M.F., Zhang, F., Eussen, B.E., van Ommen, G.J.B.,
Blonden, L.A.J., Riggins, G.J., Chastain, J.L., Kunst, C.B., Galjaard, H., Thomas
Caskey, C., Nelson, D.L., et al., 1991. Identification of a gene (FMR-1) containing a
CGG repeat coincident with a breakpoint cluster region exhibiting length variation in
fragile X syndrome. Cell 65, 905-914. https://doi.org/10.1016/0092-8674(91)
90397-H.

Vina, J., Lloret, A., 2010. Why women have more Alzheimer’s disease than men: gender
and mitochondrial toxicity of amyloid-beta peptide. J. Alzheimers Dis. 20,
§527-533. https://doi.org/10.3233/jad-2010-100501.

Vrtacnik, P., Ostanek, B., Mencej-Bedrac, S., Marc, J., 2014. The many faces of estrogen
signaling. Biochem. Med. (Zagreb) 24, 329-342. https://doi.org/10.11613/
BM.2014.035.

Warburg, M., 1968. Norrie’s disease. J. Intellect. Disabil. Res. 12, 247-251. https://doi.
org/10.1111/j.1365-2788.1968.tb00264.x.

Wassink, T.H., Hazlett, H.C., Davis, L.K., Reiss, A.L., Piven, J., 2014. Testing for
association of the monoamine oxidase a promoter polymorphism with brain
structure volumes in both autism and the fragile X syndrome. J. Neurodev. Disord. 6
(1), 6. https://doi.org/10.1186/1866-1955-6-6.

Watchel, S.R., Abercrombie, E.D., 1994. L-3,4-dihydroxyphenylalanine-induced
dopamine release in the striatum of intact 6-hydrocydopamine-treated rats:

13

Journal of Chemical Neuroanatomy 114 (2021) 101957

differential effects of monoamine oxidase A and B inhibitors. J. Neurochem. 63,
108-117. https://doi.org/10.1046/j.1471-4159.1994.63010108.x.

Waters, E.M., Thompson, L.I., Patel, P., Gonzales, A.D., Ye, H.Z., Filardo, E.J., Clegg, D.J.,
Gorecka, J., Akama, K.T., McEwen, B.S., Milner, T.A., 2015. G-protein-coupled
estrogen receptor 1 is anatomically positioned to modulate synaptic plasticity in the
mouse hippocampus. J. Neurosci. 35, 2384-2397. https://doi.org/10.1523/
JNEUROSCI.1298-14.2015.

Wei, Y.L., Li, C.X,, Li, S.Bin, Liu, Y., Hu, L., 2011. Association study of monoamine
oxidase A/B genes and schizophrenia in Han Chinese. Behav. Brain Funct. 7, 42.
https://doi.org/10.1186/1744-9081-7-42.

Weinreb, O., Amit, T., Bar-Am, O., Yogev-Falach, M., Youdim, M.B., 2008. The
neuroprotective mechanism of action of the multimodal drug ladostigil. Front Biosci
13, 5131-5137. https://doi.org/10.2741/3069.

Westlund, K.N., Denney, R.M., Kochersperger, L.M., Rose, R.M., Abell, C.W., 1985.
Distinct monoamine oxidase A and B populations in primate brain. Science 230,
181-183. https://doi.org/10.1126/science.3875898.

Westlund, K.N., Denney, R.M., Rose, R.M., Abell, C.W., 1988. Localization of distinct
monoamine oxidase a and monoamine oxidase b cell populations in human
brainstem. Neuroscience 25, 439-456. https://doi.org/10.1016/0306-4522(88)
90250-3.

Woelfer, M., Kasties, V., Kahlfuss, S., Walter, M., 2019. The role of depressive subtypes
within the neuroinflammation hypothesis of major depressive disorder.
Neuroscience 403, 93-110. https://doi.org/10.1016/j.neuroscience.2018.03.034.

Wu, J.B., Chen, K., Li, Y., Lau, Y.-F.C., Shih, J.C., 2009. Regulation of monoamine
oxidase A by the SRY gene on the Y chromosome. FASEB J. 23, 4029-4038 https://
dx.doi.org/10.1096%2Ffj.09-139097.

Xu, F., Wy, Q., Xie, L., Gong, W., Zhang, J., Zheng, P., Zhou, Q., Ji, Y., Wang, T., Li, X.,
Fang, L., Li, Q., Yang, D., Li, J., Melgiri, N.D., Shively, C., Xie, P., 2015. Macaques
exhibit a naturally-occurring depression similar to humans. Sci. Rep. 5, 9220.
https://doi.org/10.1038/srep09220.

Yan, Y.Q., Fang, Y., Zheng, R., Pu, J.L., Zhang, B.R., 2020. NLRP3 inflammasomes in
Parkinson’s disease and their regulation by Parkin. Neuroscience 446, 323-334.
https://doi.org/10.1016/j.neuroscience.2020.08.004. Elsevier Ltd.

Yang, Q., Ikemoto, K., Nishino, S., Yamaki, J., Kunii, Y., Wada, A., Homma, Y., Niwa, S.-
1., 2012. DNA methylation of the Monoamine Oxidases A and B genes in postmortem
brains of subjects with schizophrenia. J. Psychiatry 02, 374-383. https://doi.org/
10.4236/0jpsych.2012.224053.

Yanowitch, R., Coccaro, E.F., 2011. The neurochemistry of human aggression. Adv.
Genet. 75, 151-169. https://doi.org/10.1016/B978-0-12-380858-5.00005-8.

Yi, H., Akao, Y., Maruyama, W., Chen, K., Shih, J., Naoi, M., 2006. Type A monoamine
oxidase is teh target of an endogenous dopaminergic neurotoxin, N-methyl(R)
salsolinol, leading to apoptosis in SH-SY5Y cells. J. Neurochem. 96, 540-549.
https://doi.org/10.1111/j.1471-4159.2005.03573.x.

Yin, H.H., 2014. Action, time and the basal ganglia. Phil Trans Royal Soc London. B, Biol
Scie 369, 20120473. https://doi.org/10.1098/rstb.2012.0473.

Youdim, M.B.H., Finberg, J.P.M., Tipton, K.F., 1988. Monamine Oxidase. Springer,
Berlin, Heidelberg, pp. 119-192. https://doi.org/10.1007/978-3-642-46625-0_3.

Youdim, M.B.H., Am, O.B., Yogev-Falach, M., Weinreb, O., Maruyama, W., Naoi, M.,
Amit, T., 2005. Rasagiline: neurodegeneration, neuroprotection, and mitochondrial
permeability transition. J. Neurosci. Res. 79, 172-179. https://doi.org/10.1002/
jnr.20350.

Youdim, M.B., Edmondson, D., Tipton, K.F., 2006. The therapeutic potential of
monoamine oxidase inhibitors. Nature Rev Neurosci 7, 295-309. https://doi.org/
10.1038/nrn1883.

Yu, Y.W.Y., Tsai, S.J., Hong, C.J., Chen, T.J., Chen, M.C., Yang, C.W., 2005. Association
study of a Monoamine oxidase A gene promoter polymorphism with major
depressive disorder and antidepressant response. Neuropsychopharmacol 30,
1719-1723. https://doi.org/10.1038/sj.npp.1300785.

Zhang, Z., Chen, K., Shih, J.C., Teng, C.T., 2006. Estrogen-related receptors-stimulated
monoamine oxidase B promoter activity is down-regulated by estrogen receptors.
Mol. Endocrinol. 20, 1547-1561. https://doi.org/10.1210/me.2005-0252.

Zhang, Y., Piao, X., Wu, J., Li, Y., Liang, Q., 2016. A meta-analysis on relationship of
MAOB intron 13 polymorphisms, interactions with smoking/COMT H158L
polymorphisms with the risk of PD. Int. J. Neurosci. 126 (5), 400-407. https://doi.
org/10.3109/00207454.2015.1028057.

Zhen, W., Xinzhou, R., Lu, C., Xuemin, W., 2017. Upregulation of MAOA in the
hippocampus results in delayed depressive-like behaviors in burn mice. Burns.
https://doi.org/10.1016/j.burns.2017.03.013.

Zhu, Q.-S., Grimsby, J., Chen, K., Shih, J.C., 1992. Promoter organization (MAO) A and B
genes and activity of human monoamine oxidase. J. Neurosci. 11, 4437-4446.
http://www.jneurosci.org/content/jneuro/12/11/4437 full.pdf.


https://doi.org/10.1038/s41380-019-0601-3
https://doi.org/10.1038/s41380-019-0601-3
https://doi.org/10.1001/archpsyc.58.6.529
https://doi.org/10.1001/archpsyc.58.6.529
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1095
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1095
https://doi.org/10.1517/14656566.2015.1086748
https://doi.org/10.1517/14656566.2015.1086748
https://doi.org/10.1139/cjpp-2019-0028
https://doi.org/10.1002/ajmg.1193
https://doi.org/10.1016/j.pnpbp.2007.05.015
https://doi.org/10.1016/j.pnpbp.2007.05.015
https://doi.org/10.1111/j.1440-1819.1977.tb00130.x
https://doi.org/10.1111/j.1440-1819.1977.tb00130.x
https://doi.org/10.3389/fpsyt.2018.00228
https://doi.org/10.1002/aur.196
https://doi.org/10.3181/00379727-102-25256
https://doi.org/10.3181/00379727-102-25256
https://doi.org/10.1038/jcbfm.2013.19
https://doi.org/10.1093/brain/awx172
https://doi.org/10.1093/brain/awx172
https://doi.org/10.1093/aje/kwg068
https://doi.org/10.1093/aje/kwg068
https://doi.org/10.1002/ana.20315
https://doi.org/10.1016/0092-8674(91)90397-H
https://doi.org/10.1016/0092-8674(91)90397-H
https://doi.org/10.3233/jad-2010-100501
https://doi.org/10.11613/BM.2014.035
https://doi.org/10.11613/BM.2014.035
https://doi.org/10.1111/j.1365-2788.1968.tb00264.x
https://doi.org/10.1111/j.1365-2788.1968.tb00264.x
https://doi.org/10.1186/1866-1955-6-6
https://doi.org/10.1046/j.1471-4159.1994.63010108.x
https://doi.org/10.1523/JNEUROSCI.1298-14.2015
https://doi.org/10.1523/JNEUROSCI.1298-14.2015
https://doi.org/10.1186/1744-9081-7-42
https://doi.org/10.2741/3069
https://doi.org/10.1126/science.3875898
https://doi.org/10.1016/0306-4522(88)90250-3
https://doi.org/10.1016/0306-4522(88)90250-3
https://doi.org/10.1016/j.neuroscience.2018.03.034
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1220
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1220
http://refhub.elsevier.com/S0891-0618(21)00040-5/sbref1220
https://doi.org/10.1038/srep09220
https://doi.org/10.1016/j.neuroscience.2020.08.004
https://doi.org/10.4236/ojpsych.2012.224053
https://doi.org/10.4236/ojpsych.2012.224053
https://doi.org/10.1016/B978-0-12-380858-5.00005-8
https://doi.org/10.1111/j.1471-4159.2005.03573.x
https://doi.org/10.1098/rstb.2012.0473
https://doi.org/10.1007/978-3-642-46625-0_3
https://doi.org/10.1002/jnr.20350
https://doi.org/10.1002/jnr.20350
https://doi.org/10.1038/nrn1883
https://doi.org/10.1038/nrn1883
https://doi.org/10.1038/sj.npp.1300785
https://doi.org/10.1210/me.2005-0252
https://doi.org/10.3109/00207454.2015.1028057
https://doi.org/10.3109/00207454.2015.1028057
https://doi.org/10.1016/j.burns.2017.03.013
http://www.jneurosci.org/content/jneuro/12/11/4437.full.pdf

	The role of monoamine oxidase enzymes in the pathophysiology of neurological disorders
	1 Background
	1.1 Discovery, function, and distribution in the brain throughout development and aging
	1.2 Genetic structure and polymorphisms
	1.3 Sex differences in MAO regulation

	2 The significance of MAOs in neurological disorders
	2.1 MAOs in depressive disorders
	2.2 MAOs in schizophrenia
	2.3 MAOs in neurodevelopmental disorders
	2.4 MAOs in neurodegenerative disease

	3 Future directions
	4 Conclusion
	Declaration of Competing Interest
	Acknowledgments
	References


