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Abstract Monoamine oxidases (MAOs) are flavoproteins
of the outer mitochondrial membrane that catalyze the
oxidative deamination of biogenic and xenobiotic amines.
In mammals there are two isoforms (MAO-A and MAO-B)
that can be distinguished on the basis of their substrate
specificity and their sensitivity towards specific inhibitors.
Both isoforms are expressed in most tissues, but their
expression in the central nervous system and their ability to
metabolize monoaminergic neurotransmitters have focused
MAO research on the functionality of the mature brain.
MAO activities have been related to neurodegenerative
diseases as well as to neurological and psychiatric disor-
ders. More recently evidence has been accumulating
indicating that MAO isoforms are expressed not only in
adult mammals, but also before birth, and that defective
MAO expression induces developmental abnormalities in
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particular of the brain. This review is aimed at summa-
rizing and critically evaluating the new findings on the

developmental functions of MAO isoforms during
embryogenesis.
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Abbreviations

MAO  Monoamine oxidase

LOX Lipoxygenase

COX Cyclooxygenase

DAAO p-Amino acid oxidase

TPH Tryptophan hydroxylase

EN Epinephrine (adrenalin)

NE Norepinephrin (noradrenalin)
DA Dopamine

5-HT 5-Hydroxytryptamine (serotonin)
5-Htr Serotonin receptor
Introduction

Monoamine oxidases (MAO, E.C. 1.4.3.4.) are flavopro-
teins that catalyze the oxidative deamination of a number
of biogenic and dietary monoamines forming the corre-
sponding aldehydes, hydrogen peroxide and ammonia
(Fig. 1). In humans there are two separate MAO isoforms
(MAO-A, MAO-B), which exhibit different but overlap-
ping substrate and inhibitor specificities [1, 2]. MAO-A,
which preferentially oxidizes serotonin (5-hydroxytrypta-
mine, 5-HT), norepinephrine (NE) and epinephrine (EN), is
irreversibly inhibited by low doses of clorgyline. In con-
trast, MAO-B prefers phenylethylamine (PEA) as a
substrate and is irreversibly inactivated by low doses of
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Fig. 1 Schematic representation of the oxidative deamination of
monoamines to the corresponding aldehydes by MAO. The aldehydes
generated in the MAO reaction are further metabolized by aldehyde
dehydrogenase and aldehyde reductase

deprenyl (selegiline). Dopamine (DA) and tyramine are
common substrates for both MAO-A and MAO-B. Because
of their capability of metabolizing monoamines that func-
tion as neurotransmitters, research on MAO isoforms in the
past has been focused on the cerebral role of the two
enzymes. However, more recent expression studies have
indicated abundant expression of MAO isoforms in
peripheral tissues, which clearly exceeds expression in the
brain [3]. For instance, human MAO-A is dominantly
expressed in placenta, adipose tissue, the thyroid gland and
the lung, whereas expression in various parts of the brain is
rather low. In contrast, MAO-B is dominantly expressed in
various parts of the central nervous system (hypothalamus,
prefrontal cortex, amygdala, spinal cord), but uterus, kid-
ney, liver and heart are also rich sources for MAO-B. In the
central nervous system MAO-A is predominantly found in
catecholaminergic neurons, whereas MAO-B is more
abundant in serotonergic and histaminergic neurons as well
as in glial cells [2]. Abnormal MAO activity has been
implicated in a number of neurological and psychiatric
disorders, such as depression and social anxiety [4].

Monoamine oxidase inhibitors have long been devel-
oped and are widely used in clinics for the treatment of
many neuropsychiatric and neurodegenerative disorders.
MAO-A inhibitors have been shown to be effective anti-
depressant drugs [4]. In contrast, MAO-B inhibitors, such
as selegiline and rasagiline, have been used for the treat-
ment of Parkinson’s disease [5], but it remains a matter of
discussion whether the MAO inhibitory activities of these
compounds are the basis for the therapeutic effect. The
recent advances in the development of clinically relevant
MADO inhibitors and the improvements in our understand-
ing of the molecular mechanisms of enzyme-inhibitor
interactions have not only provided an excellent basis for
clinical treatment of neuropsychiatric and neurodegenera-
tive disorders, but also demonstrated the important role of
MAQO in the brain.

Research on monoamine oxidases has a long history
since the discovery of these enzymes by Mary Hare back in
1928 [6]. During all these years MAO research has been
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largely focused on the functionality of these enzymes in the
adult organism. However, over the last couple of years
increasing experimental evidence has indicated that MAO
enzymes are already present in developing embryos.
Moreover, more sensitive analytical techniques (e.g., in
vitro embryogenesis, quantitative PCR) and optimized
research tools (e.g., antibodies, specific DNA and RNA
probes) have recently become available allowing
researchers to explore the role of MAO during mammalian
embryogenesis [3, 7]. These new developments have gen-
erated a growing number of publications that have not yet
been discussed in detail. This review is thus intended to
summarize and critically discuss the recent advances in our
knowledge on the role MAO isoforms in embryogenesis
and during the early post-natal developmental period.
Consequently, the behavioral abnormalities, which have
been related to MAO-A deficiency in mice and men, will
not be addressed in detail in this review. The interested
reader is referred to other review articles covering these
clinically more relevant topics [2, 4]. The first section
summarizes the mechanisms of MAO catalysis and the
structural biology of the two MAO isoforms, which are the
chemical basis for their biologic activity. “Enzymology of
MAO isoforms” discusses the diverse effects of MAO
activity on cellular signaling and cellular functions, while
the third section will introduce the reader to the various
amine systems that are available in the developing embryo;
this is followed by a critical discussion of the recent pub-
lications on the roles of MAO during embryo development
in “Monoamine systems during normal embryo develop-
ment”. The final two sections conclude by respectively
focusing on the clinical implications of monoamines in the
fetus and a discussion of the perspectives of MAO research
in embryogenesis.

Enzymology of MAO isoforms
Reaction mechanism of MAO catalysis

As indicated above, monoamine oxidases (MAOQOs) are
catalytically active flavoproteins that catalyze the oxidation
of amines to the corresponding aldehydes. This reaction
requires molecular dioxygen and produces stoichiometric
amounts of hydrogen peroxide and ammonia [8, 9]. Since
hydrogen peroxide is a product of the MAO reaction, the
two MAO isoforms have been implicated in cellular redox
regulation. Although monoamine oxidases have been
studied extensively, their detailed catalytic mechanisms
have not been clarified completely. Our current knowledge
on MAO catalysis is summarized in Fig. 2. After binding
of the amine substrate at the active site, the oxidized FAD
cofactor is reduced, and an enzyme-bound imine complex
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Fig. 2 Kinetic scheme of MAO reaction indicating reductive and
oxidative half-reactions

(MAO-FAD,4-imine) is formed. For most substrates, this
complex (MAO-FAD,4-imine) then reacts with atmo-
spheric oxygen to reoxidize the FAD (MAO-FAD,,-imine)
and to liberate hydrogen peroxide. Next, the MAO-FAD,-
imine complex dissociates, liberating the imine that
hydrolyzes non-enzymatically to yield the aldehyde prod-
uct and ammonia. Alternatively (not shown), the reduced
enzyme-imine complex (MAO-FAD,.4-imine) may first
dissociate, liberating the imine, which hydrolyzes to yield
the products aldehyde and ammonia. Finally, the reduced
enzyme (MAO-FAD,.y) is reoxidized by atmospheric
oxygen to form hydrogen peroxide. Thus, the MAO reac-
tion consists of a reductive and an oxidative half reaction,
in which the oxidation state of the enzyme-bound FAD
cycles between FAD,, and FAD,.4 (Fig. 2). The reductive
half-reaction is initiated by a cleavage at the C—H bond of
the pro-chiral carbon atom of the amine moiety. The ste-
reochemistry of hydrogen abstraction (pro-R hydrogen
removal) is well defined [10], and experiments with bovine
MAO-B suggested that hydrogen tunneling may be
involved [11]. MAO-catalyzed oxidation of stereospecifi-
cally labeled substrates revealed pronounced kinetic
isotope effects [12, 13], suggesting that C—H bond cleavage
might constitute the rate-limiting step of the catalytic cycle.
In principle, initial hydrogen abstraction may occur via
three different mechanisms: (1) heterolytic hydride trans-
fer, (2) heterolytic H' abstraction and (3) homolytic
removal of a hydrogen radical (He). There are pros and
cons for each of these mechanisms, and thus, the detailed
chemistry of the different elementary reactions remains to
be worked out.

Another unsolved problem of the reaction mechanism of
MAO isoforms is the question of the mode of interaction
between MAO substrates and the flavin cofactor. Most
experts agree that the deprotonated amine moiety of MAO
substrates binds to the active site. The deprotonated amines
are then oxidized to the protonated imine, and the oxidized
FAD cofactor is reduced to its hydroquinone form. Since
deprotonated amines do not appear to be sufficiently
nucleophilic to readily add to FAD in model systems, there
appear to be factors in the protein facilitating this type of
reaction. Structural data of various MAO isoforms suggest
that the flavin cofactor at the active site of the enzymes
may not be present as a planar moiety. Instead, the isoal-
loxazine ring exhibits a bent conformation (Fig. 3c) in the
oxidized form of the enzyme, to which the substrate is
bound. Such bending is likely to induce rearrangements in
the electron density distribution of the alloxazine ring [14].
In addition, tyrosyl residues in the proximity of the sub-
strate-binding site (Tyr435 for MAO-B, Tyr444 for MAO-
A) have been suggested to increase the nucleophilic char-
acter of the amine nitrogen of the substrates, and these two
factors may contribute to enabling a nucleophilic attack of
the deprotonated amine substrate on the covalently linked
FAD cofactor [14].

Structural biology of MAO isoforms

The two MAO isoforms are encoded for by separate genes
(Fig. 3a), which are head-to-tail tandemly arranged on the
X chromosome (Xpl1.4-p11.3). On the protein level, the
two isoforms share a high degree (73 %) of amino acid
conservation (Fig. 3b). MAO-A contains an extra stretch of
nine amino acids close to its N terminus, which is lacking
in MAO-B. The three-dimensional structures of the two
human isoforms and rat MAO-A have been solved [15-20];
as expected from the high degree of amino acid conser-
vation, their 3D-structures are almost super imposable
(Fig. 3c). Since MAO isoforms are anchored in the outer
mitochondrial membrane, they contain a membrane-bind-
ing motif, and this transmembrane helix is located in the
C-terminus of the proteins. In human MAO-B, this region
folds into an R-helix protruding perpendicularly from the
main globular body of the protein. It should, however, be
stressed that the last 20 residues of this motif are too dis-
ordered to provide definitive electron density [15]. The
C-terminal part of human MAO-A also folds into a trans-
membrane R-helix [17]. Despite these structural
similarities, mutagenesis studies interchanging the mem-
brane binding motifs between MAO-A and MAO-B lead to
inactive enzyme species [21, 22], suggesting that there may
be subtle differences in the membrane binding structures
between the two isozymes.
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Fig. 3 Structural aspects of human MAO isoforms. a Chromosomal
localization of human MOA isoforms. b Amino acid sequence
alignment of human MAO isoforms. Differing amino acid residues
are highlighted by cyan boxes. ¢ Overlay of the 3D structure of human
MAO isoforms. MAO-A is shown in green, and MAO-B is shown in

The protein structures of the active site where the FAD
coenzyme is covalently attached are quite similar among
the three known MAO structures. The most prominent
structural difference between human MAOQO isoforms is that
the X-ray coordinates indicate a MAO-A monomer [16],
whereas MAO-B is present as a homodimer [15]. However,
rat MAO-A has also been detected as a homodimer [19].
Many membrane proteins form homodimers when arrested
in a lipid bilayer, and thus the question arose of whether the
monomeric character of human MAO-A might constitute a
crystallization artifact. To explore whether MAO isoforms
are present as homodimers in their natural environment,
pulsed EPR experiments with nitroxide spin-labeled par-
gyline analogous covalently attached to the FAD coenzyme
were carried out. With this technique one can measure
distances between the two paramagnetic species in mem-
brane preparations. These data suggest that both human and
rat MAO-B are found in their native environment as
homodimers, whereas a 1:1 monomer—dimer equilibrium
appears to exist for human and rat MAO-A [23].

The crystal structures of both human and rat MAOs
revealed that substrate binding and oxidation occur in a
more compact cavity in the case of MAO-A and a more
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bipartite cavity in MAO-B. The respective cavities extend
from the flavin binding site at the core of the enzyme to the
protein surface. The volume of the reaction cavity of
human MAO-A is about 400 A>. The volume of the cor-
responding cavity in human MAO-B is about 700 A’ [14].
The MAO-B cavity consists of two subcavities: the sub-
strate-binding cavity (400 A% and the entrance cavity
(300 1&3). Whether the active site of MAO-B constitutes a
large single space or a bipartite cavity depends on the
conformational state of Ile199 (Fig. 3d). The side chain of
Tle199 adopts two different conformations [20, 24]
depending on the nature of the bound ligand. The corre-
sponding residue in human MAO-A (Phe208) does not
appear to function as a gating residue. Exchange of
Ile199Phe in human MAO-B suggests that the bulky Phe
side chain prevents conformational flexibility, reducing the
space of the entrance subcavity and impairing the binding
of MAO B-specific inhibitors [25].

Rat MAO isoforms have frequently been used as tools
for screening for potential inhibitors of the human enzyme.
Despite their high levels of sequence homology (>90 %),
there have been reports in the literature indicating that rat
enzymes exhibit different affinities towards various
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compounds relative to the human enzymes. The 3D
structural data of human and rat MAO isoforms [16] and
the possibility of motional differences between the two
proteins either in their soluble or membrane-bound forms
have suggested subtle interspecies differences [14]. Thus,
care should be taken if data collected with rodent enzymes
are translated to the human situation.

Reaction kinetics and specificity

The affinity of the two MAO isoforms towards their bio-
logically most important substrates (serotonin for MAO-A,
dopamine for MAO-B) is not particularly impressive, as
indicated by the high Ky, values ranging in the three-digit
micromolar range (Table 1). For yeast p-amino acid oxi-
dase, which also contains FAD as a catalytically important
co-factor at the active site, the substrate affinity is even
lower (Ky = 2.6 mM). These data are in sharp contrast to
the substrate affinity of oxygenases (cyclooxygenase and
lipoxygenase isoforms), which do not contain FAD as a
redox mediator (Table 1). The structural basis for the low
substrate affinity of the two MAO isoforms remains to be
clarified, but it can be speculated that it might be related to
the inefficient interaction of the deprotonated substrate
with the FAD moiety. On the other hand, the low substrate
affinity of the two MOA isoforms might be of biological
relevance, since biogenic amines are usually present in
biological systems at nanomolar concentrations [26, 27].
These data suggest that the in vivo catalytic activity of
MAO-A/B is mainly controlled by substrate availability. It

Table 1 Kinetic parameters of various oxidases

Enzyme Substrate Km keat Catalytic
(mmol/) (s7h efficiency
kcal/ KM
(I/mmol s)
Human MAO-A Serotonin 0.295 33 11
[14] Dopamine 0.240 1.3 5
Human MAO-B Dopamine  0.128 4.6 36
[14] Serotonin 2.3 1.0 0.4
Yeast DAAO D-Alanine 2.6 330 127
[280]
Rabbit 12/15- Linoleic 0.009 6.4 (43)* 711 (4 777)*
LOX [281] acid
Soybean LOX Arachidonic  0.009 225 25,000
[282] acid
Ram COX1 Arachidonic  0.006 40.8 6,800
[283] acid
Human COX2 Arachidonic  0.002 9.2 4,600
[283] acid

* With more active recombinant enzyme preparations similar Ky
values but higher molecular turnover rates (43 s™1) have been
determined consistently

is of course always possible that enzyme substrates are
enriched in certain cellular compartments, such as intra-
cellular vesicles, but for the time being there is no
indication for such enrichment of MAO substrates at the
outer mitochondrial membrane, where the two isoforms are
located.

As indicated earlier, MAO isoforms exhibit different
substrate and inhibitor specificities. Structure—activity
studies on isoform-specific MAO inhibitors suggest that
planar compounds with a high degree of m-electron con-
jugation exhibit high specificities for reversible inhibition
of human MAO-B, but they hardly affect the catalytic
activity of MAO-A [25, 28]. Detailed investigations into
the 3D structures of the two human MAO isoforms provide
a plausible explanation for this behavior. As indicated
above, MAO-B contains a large bipartite active site, which
consists of a central substrate binding cavity and a
peripheral entrance cavity intersecting with the protein
surface (Fig. 3d). In contrast, the substrate-binding cleft of
MAO-A is smaller and only monopartite [25]. Binding of
small inhibitors at the active site of MAO-B induces
rotation of Ile199, which closes the internal substrate-
binding cavity and separates it from the entrance cavity.
Permanent opening of the gate, which is achieved by an
Ile199Ala exchange, results in an impaired binding affinity
of smaller inhibitors that only bind in the internal substrate
cavity. MAO-B-specific inhibitors that traverse both the
entrance cavity and the substrate cavity force an opposite
rotation of Ile199, which leads to fusion of the two sub-
cavities. Thus, the Ile199Ala mutation has a positive effect
on the binding of more space-filling inhibitors, which is
reflected by an increased binding affinity [24].

Among the naturally occurring amines, the preferred
substrate for MAO-A is 5-hydroxytryptamine (5-HT,
serotonin). In contrast, ff-phenylethylamine (PEA) is fre-
quently used as a MAO-B-specific substrate for isoform-
specific activity assays [27, 29]. Since the biological rele-
vance of PEA is still unclear and it does not occur in vivo
in substantial concentrations, DA is considered the bio-
logically most relevant endogenous substrate for MAO-B.
This is mirrored inter alia by the fact that endogenous DA
deficiency (Parkinson’s disease) can be treated with
selective MAO-B inhibitors [30]. It should, however, be
stressed that the isoform specificity of MAO substrates is
relative. As indicated in Table 1, MAO-A prefers 5-HT
(catalytic efficiency of 11 1/mol s) over DA (catalytic
efficiency of 5 I/mol s). In other words, MAO-B also oxi-
dizes 5-HT, and the isoform-specificity coefficient
(catalytic efficiency of MAO-A vs. catalytic efficiency of
MAO-B) is only about 2. On the other hand, MAO-B
prefers DA (catalytic efficiency of 36 1/mol s) over 5-HT
(catalytic efficiency of 0.4 1/mol s). Here the isoform-
specificity coefficient of 90 is much more pronounced. It
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should, however, be stressed that these calculations are
based on in vitro activity assays obtained with purified
human enzyme species under defined reaction conditions
employing fixed substrate concentrations. It remains
unclear whether the enzymes in their native environments
may exhibit similar kinetic properties when substrate
concentrations are regulated.

The oxidative half-reaction of MAO catalysis involves
reduction of atmospheric dioxygen by the hydroquinone
form of the FAD. A key difference between MAO-A on
one hand and MAO-B on the other is that the Ky; for O,
with MAO-B is about 240 uM (57), while the corre-
sponding value for MAO-A is 12 uM (78). Accordingly,
MAO-A is operating at saturating oxygen concentrations
under normoxic cellular conditions (about 250 uM),
whereas MAO-B is less than half saturated. Because of this
kinetic peculiarity, MAO-B may function as an oxygen
sensor. Depending on the local oxygen concentration, the
enzymatic activity is up- or downregulated, and thus the
cellular H>O, concentration is regulated. In other words,
depending on the local oxygen concentration, MAO-B
modifies the cellular redox state, which impacts the func-
tional phenotype of the cell. Adaption of cellular
metabolism to variable oxygen concentrations is essential
for embryo development, and hypoxia [31] is a major risk
factor for embryonic lethality and teratogenesis [32]. The
relative importance of oxygen at different stages of
embryogenesis is variable and depends on the anatomic
environment the embryo is exposed to. Thus, the devel-
oping embryo must be able to cope with these challenges
by adapting its metabolism to the variable oxygen con-
centrations [33]. Oviductal oxygen levels are lower than
atmospheric oxygen concentrations [34], and in the uterus,
where implantation takes place, even lower oxygen con-
centrations have been determined [35]. In fact, following
fertilization in the oviduct, the embryo encounters a
decreasing oxygen gradient when moving down the
reproductive tract, and at early implantation the embryo is
confronted with an almost anoxic environment [34]. These
differences in oxygen concentrations clearly alter the
energy metabolism of the developing embryos. But the
regulatory events involved in these adaptive responses are
not completely understood. For the switch from aerobic to
anaerobic energy supply, oxygen sensing might be impor-
tant and, in addition to HIF-related regulatory mechanisms
[36], MAO-B may play a role as oxygen sensor.

The molecular basis for the difference in oxygen affinity
of the two MAO isoforms remains unclear but may be
related to a steric hindrance of intra-enzyme oxygen dif-
fusion in MAO-B. Molecular dynamics simulations and
implicit ligand sampling have recently identified sites of
high affinity for molecular dioxygen in D-amino-acid
oxidase (DAAO). According to these data [37], a dynamic
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channel for oxygen diffusion leads from the periphery of
the protein to the flavin-binding site. Based on modeling
data, amino acids flanking the putative oxygen access
channel have been exchanged with bulky residues to
introduce steric constraints. In the G52V mutant, the valine
side chain occupies the high oxygen affinity region. In this
enzyme variant, the reactivity of the reduced enzyme with
oxygen is impaired more than 100-fold, and the turnover
number is down 1,000-fold, proving the correctness of this
concept. Similar data have previously been published for
rabbit arachidonate 15-lipoxygenase (ALOX15), a non-
flavin oxygenase, suggesting the existence of an oxygen
access channel in other types of oxygenases [38]. If steric
hindrance of intraenzyme oxygen diffusion is the structural
basis for the different oxygen Ky, values of the two MAO
isoforms, similar modeling investigations should prove or
disprove the concept. On the other hand, X-ray crystallo-
graphic data on MAO-B in the presence of xenon (X-ray
oxygen probe) suggested that oxygen may bind inside the
substrate-binding cavity and at the cavity entrance [14].
These data suggest that oxygen employs the same path for
penetrating to the active site as the amine substrates. If this
is the case, the differences in oxygen affinity of the two
MADO isoforms is difficult to explain on the basis of steric
hindrance of intraenzyme oxygen movement, since the
substrate-binding pocket of the two isoforms is big enough
to allow unhindered oxygen diffusion.

Cellular and physiological functions of MAO enzymes

The biological function of monoamine oxidases has been
mainly defined by their enzymatic activities on biogenic
amines and the concomitant production of hydrogen per-
oxide. Thus, the impact of MAO enzymes has been
discussed dominantly with respect to amine metabolism on
one hand and to the production of hydrogen peroxide on
the other. Little attention, however, has been paid to the
other products of the MAO reaction, namely ammonia and
aldehydes. Both, ammonia as well as the corresponding
aldehydes that are produced by the oxidative deamination
may affect cellular metabolism and cellular functions. The
two MAO isoforms (MAO-A and MAQO-B) that are known
in mammals are each characterized by unique enzymatic
properties as outlined in the previous section. In addition,
each isoform seems to serve specific functions in the
organism as indicated by their distinct isoform-specific
expression profiles. However, whereas the role of MAO-A
as a control enzyme of neurotransmitter levels in particular
of 5-HT is well established, the biological role of MAO-B
is much less well understood. The following paragraphs
will illuminate the various perspectives of MAO research
on the biological implications of MAO activities.
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MAO enzymes are ubiquitously expressed to maintain
physiological amine levels

Research on MAOs has been focused in the past on their
roles in the central nervous system, since both isoenzymes
are expressed in various cell populations of the brain [39].
Whereas the major sites of MAO-A expression are adren-
ergic and noradrenergic neurons of the locus coeruleus,
MAO-B is dominantly expressed in serotonergic neurons
of the raphe and in histaminergic neurons of the posterior
hypothalamus as well as in astrocytes [39-41]. The
expression of both isoforms in the brain has highlighted
their importance in the regulation of neurotransmitter
homeostasis in particular of 5-HT and DA [26, 27]. Hence,
MAOs have been recognized as important pharmacological
targets in the treatment of neurological disorders and
neurodegenerative diseases that are characterized by
abnormal amine metabolism [4, 30].

In addition to the central nervous system, most periph-
eral tissues have been found to contain both MAO enzymes
[42]. Both isoenzymes are highly expressed in the gastro-
intestinal tract and in the liver, where they are thought to be
vital for the degradation of ingested alimentary amines that
might otherwise exhibit deleterious effects on the organism
[43]. In other words, MAO enzymes are believed to
function as a firewall against alimentary amine bombard-
ment. Pharmacological inhibition of MAO-A activity may
result in a fatal hypertensive crisis when the sympathomi-
metic amine tyramine is ingested [44]. On the other hand,
5-HT, which is degraded by MAO-A, is vital for the reg-
ulation of intestinal mucosal function [45]. Despite the fact
that expression levels of MAOs in the gastrointestinal tract
exceed those in the brain, surprisingly little is known about
the roles of MAOs in this organ.

Both MAO isoforms are also found in the kidney where
they are involved in the regulation of blood pressure [46].
Expression of MAO-A in the syncytiotrophoblast of the
placenta and in interleukin-4-stimulated monocytes, and
the expression of MAO-B in platelets and lymphocytes are
not entirely understood but have been related to the
clearing of endogenous and xenobiotic vasoactive amines
[42, 47-50]. Indeed, impaired MAO-A expression in pla-
centa correlates with the occurrence of pre-eclampsia,
which is characterized by hypertension [49], but the
detailed pathomechanisms have not been completely
clarified.

Expression regulation of MAO enzymes

As indicated by their differential expression patterns, both
MAO isoforms are likely to share regulatory mechanisms
as well as possess distinct pathways that control isoform-
specific MAO expression. The two MAO genes have been

mapped to a chromosomal region that sometimes is
included in the chromosomal aberrations found in patients
suffering from Norrie’s disease [51]. In addition, the two
MAO genes have a very similar structure of 15 exons and
14 introns, with exon 12 coding for the highly conserved
flavin-binding domain. The putative promoter regions of
the MAO genes are both characterized by GC-rich
sequences that have been shown to interact with proteins of
the transcription factor Spl (stimulating protein 1) protein
family [52], in general, GC-rich promoter sequences (CpG
islands) and transcriptional control by the ubiquitous
transcription factor Spl hallmark promoters of house-
keeping genes [53, 54], which is consistent with the
ubiquitous expression of the MAO enzymes. Epigenetic
modification of the CpG island of the MAO-B promoter by
methylation was shown to inhibit MAO-B expression [55],
and similar regulatory mechanisms are expected for the
MAO-A gene [56]. The Spl-binding sites of the MAO
promoters also interact with the transcriptional repressor
CDCAT7L (cell division cycle associated 7-like) [57], and
CDCATL overexpression was shown to repress MAO-A
expression [7, 57]. The Spl-binding sites of the MAO-B
promoter also carry potential binding sequences for
CDCAT7L, but its impact on MAO-B expression has not
been reported so far.

In addition, MAO-A expression is known to be posi-
tively regulated by the transcription factor SRY (sex-
determining region Y) ([58]. SRY expression is important
for gonadal development [59], but its impact on MAO-A
expression in vivo or an involvement of MAO-A in the
development of the male and female reproductive tracts
have not yet been demonstrated. Similarly, expression of
the two MAO genes is under the influence of hormones and
cytokines, such as glucocorticoids, retinoic acid, estrogens
and interleukin-4 [48, 60—62]. However, although the cis-
and trans-regulatory elements that translate cellular sig-
naling into changes in MAO expression have been
explored, the physiological implications of these observa-
tions are still elusive. In addition to these well-established
cis-regulatory DNA elements, expression of MAO-A is
affected by a polymorphism within its proximal promoter
region [63]. Whereas the precise molecular mechanisms
underlying this observation have not been fully understood,
this anomaly has been related to the incidence of mood and
panic disorders [64—68].

In conclusion, a series of experimental data exist to
describe the regulatory elements in the promoters of the
MAO genes that affect gene transcription. However, there
is no general concept of expression regulation of either
isoform. Moreover, little is known about post-transcrip-
tional regulation of MAO expression, and post-
translational modifications of MAO proteins have only
recently been revealed [69]. Post-transcriptional
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mechanisms however have been suggested in a number of
conditions, under which MAO mRNA levels do not cor-
respond to expression of the corresponding protein [70—
72]. Moreover, given the distinct molecular mechanisms
that appear to drive tissue-specific expression of MAO
enzymes, care must be taken when extrapolating cerebral
MAO expression from expression levels in other cell types
such as platelets, which are more easily accessible to
analysis. Such an approach has occasionally been applied
to predict cerebral MAO-B expression in psychiatric and
neurological diseases and personality disorders [73-75].

MAO expression affects cellular redox homeostasis

As outlined above, MAO expression has mainly been
related to their ability to deactivate amines in the various
tissues. However, MAO activity is always accompanied by
the production of hydrogen peroxide (Fig. 1). Hydrogen
peroxide together with the superoxide anion (O57) and the
hydroxyl radical (OHe) is classified as reactive oxygen
species (ROS). ROS have dual biological functions
(Fig. 4). Traditionally, ROS have been considered potent
biological hazards that cause oxidative modifications of
virtually all macromolecules such as nucleic acids, lipids
and proteins [33]. Such oxidative modifications may
impact the functionality of these molecules and may
eventually induce cell death [76]. Interestingly, MAO
proteins themselves have been shown to be targeted by
oxidative modifications, which cause their subsequent
deactivation [77]. On the other hand, it has recently
become apparent that the cellular peroxide tone is an
important regulatory element of intracellular signaling
cascades and of gene expression [33]. Because of this
regulatory function the redox equilibrium of a cell is
maintained and precisely adjusted by an array of pro-oxi-
dative and antioxidative mechanisms [33]. Production of
hydrogen peroxide by MAO activity has been shown to
alter this cellular redox equilibrium in several cellular
models including renal epithelium [78], myocytes [62, 79]
and neurons [72]. Remarkably, expression of MAO-A itself
is induced by peroxides in monocytic cells [80], suggesting
the existence of positive loops of regulatory feedback.
Mediators of cell signaling and gene expression regu-
lation that are affected by the cellular peroxide tone include
protein kinases such as ERK (extracellular signal-regulated
kinase) and JNK (c-Jun N-terminal kinase), and the tran-
scription factors NF-kappaB and AP1 (activator protein 1)
[33, 81, 82]. In particular, activation of ERK1/2 through
hydrogen peroxide generated by MAO activity has been
shown in several reports [72, 78, 83]. Activation of ERK1/
2 results in its translocation from the cytoplasm into the
nucleus, where it can alter gene expression by phosphor-
ylation of a number of target proteins [84]. Targets of
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Fig. 4 Functional implications of MAO enzymes in cellular signal-
ing pathways. MAO activity results in the production of aldehydes,
ammonia and the reactive oxygen species (ROS) hydrogen peroxide
(H,0,). ROS can be scavenged by antioxidative enzymes such as
glutathione peroxidase (GPx), superoxide dismutase (SOD) and
catalase. If the cellular anti-oxidative capacity is exhausted, ROS
may cause unordered cell death. On the other hand, ROS second
messenger signaling may alter the activity of mitogen-activated
protein kinases (MAPK) or of transcription factors. These changes in
turn are directly or indirectly via gene expression regulation (dashed
arrows) relayed to the proteins that regulate cell proliferation (cyclin
D) or apoptotic cell death (Bcl-2 proteins). Further information is
found in the main text

ERK1/2 activation are pro-survival factors such as cell-
cycle regulators [85]. Indeed, hydrogen peroxide generated
by MAO-A activity was found to stimulate cell prolifera-
tion in various cellular models [78, 86]. On the other hand,
oxidative stress produced by MAO activity promoted cell
death in neuronal and cardiac cells [72, 86]. Thus, the
effect of MAO activity on cellular functions depends on the
amount of hydrogen peroxide produced and the capacity of
the cells to cope with increased levels of hydrogen per-
oxide [87] (Fig. 4). Dopaminergic neurons in the substantia
nigra of Parkinson patients exhibit impaired antioxidative
capacities, as indicated by low levels of reduced glutathi-
one [88]. In such cells, a relatively modest increase in
MAO activity is expected to lead to pronounced functional
alterations. In contrast, cells with a high antioxidative
capacity may be less sensitive to redox alterations induced
by MAO overexpression. It should be stressed at this point
that redox-dependent cell signaling is always coupled with
other signaling mechanisms, and in some cases the cellular
targets are the same. For instance, in vascular smooth
muscle cells hydrogen peroxide acts in concert with 5-HT
via activation of 5-HT cell surface receptors to activate
ERK1/2 and cause its translocation into the nucleus [79].
In conclusion, MAO activity results in the generation of
cellular oxidative stress, which in turn is translated into
altered cellular signaling and gene expression (Fig. 4).
However, care must be taken when discussing the biolog-
ical role of this highly reactive product of MAO activity.
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Depending on the relative hydrogen peroxide concentra-
tions and on the activity of antagonizing pathways, the
outcome of signaling induced by hydrogen peroxide can be
diametrically opposed (Fig. 4).

MAO activity modulates the intrinsic pathway
of apoptotic cell death

MAQO activity has also been associated with the induction of
cell death. Cell death can either occur in a largely unregu-
lated manner (necrosis) or following a highly ordered
process (apoptosis) [89]. Signaling pathways of apoptosis
can be subdivided into the extrinsic pathway, which relays
signals from cell surface receptors to the intracellular
apoptotic machinery, and the intrinsic pathway, which
depends on mitochondrial integrity. Apoptosis induced by
either pathway often results in the activation of the effector
caspase-3 [90]. The extrinsic pathway translates signals from
cell death receptors at the cell surface via activation of cas-
pase-8 to the effector caspase-3. In contrast, the intrinsic
pathway is induced by mitochondrial dysfunction, which
leads to the liberation of cytochrome C from the intermem-
brane space into the cytosol and subsequently to the
activation of caspase-9 [91]. Alternatively, a stress response
in the endoplasmic reticulum may activate caspase-12,
which then activates downstream effector caspases [91, 92].

Their prime position at the outer mitochondrial mem-
brane makes MAO enzymes excellent candidates for
regulators of the intrinsic pathway of apoptosis. The key
event of the intrinsic pathway—the release of cytochrome
c—is regulated by the complex interaction of pro- and anti-
apoptotic mitochondrial proteins, in particular of proteins
of the B cell lymphoma-2 (Bcl-2) protein family [92]. In
addition, the balance between mitochondrial ROS pro-
duction and the activity of ROS scavenging enzymes
including superoxide dismutase (SOD) and glutathione
peroxidase 4 (GPx4) modulates this key event of apoptotic
signaling [93, 94]. GPx4 activity for instance suppresses
apoptotic cell death by reducing the hydroperoxides of
cardiolipin, a mitochondria-specific phospholipid [94].
Cytochrome c is retained in the mitochondrial intermem-
brane space through its association with cardiolipin. This
binding is impaired when cardiolipin is oxidized to cardi-
olipin hydroperoxides. MAO activity on the other hand
generates peroxides on the mitochondrial surface, and thus,
MAO-A and GPx4 may be considered antagonizing
enzymes. Upregulation of MAO-A expression may tip the
finely tuned mitochondrial redox equilibrium in favor of
pro-oxidative events, which might impair respiratory chain
and other mitochondrial functions [95, 96]. In addition,
hydrogen peroxide produced by MAO activates protein
kinases such as JNK [86]. This kinase in turn initiates
signaling events that lead to the induction of pro-apoptotic

proteins of the Bcl-2 protein family [97]. Protein kinases of
the MAP kinase family also affect MAO gene expression
itself. MAP kinase signaling was shown to induce MAO-B
expression via transcription factors c-Jun and Egr-1 [98—
100], and MAO-A via silencing of the transcriptional
repressor CDCA7L [101]. In addition, the MAP kinase p38
was recently shown to inhibit MAO-A activity directly by
MAO protein phosphorylation [69].

Taken together, these data implicate MAO at various
levels of apoptotic signaling. This includes direct action of
ROS produced by MAO on mitochondrial integrity, mod-
ulation of MAP kinase signaling and redox sensitive gene
expression regulation. In turn, MAO expression and
activity are controlled by redox-sensitive MAP kinase
signaling and transcription factor activity. These overlap-
ping regulatory circuits make it very difficult to directly
translate in vitro phenomena to the in vivo situation.

Monoamine systems during normal embryo
development

Monoaminergic transmitter systems are functional in the
developing embryo and play an important role in pre- and
postnatal development [102]. During embryogenesis
monoamines have been detected in pre- and post-implan-
tation stages, and a summary of their activities is given in
Fig. 5 and Table 2.

Monoamines in preimplantation embryos

The development of pre-implantation embryos is con-
trolled by an intrinsic genetic program as well as by
environmental factors. The roles of monoamines in early
embryo development depend on the developmental stage of
the embryo and on the physiological state of the maternal
organism [103]. Monoamines have been identified in fol-
licular and oviductal fluids [104-106]. NE and DA
modulate the biosynthesis of prostaglandins, which are
essential for implantation of the embryo and for survival of
the blastocyst [107]. 5-HT has been detected in oocytes,
cumulus cells, zygotes and blastocysts [108]. In early
embryos, 5-HT originates from both endogenous sources of
the embryo and active uptake from the surrounding tissues
and fluids. Exposure of early embryos to 5-HT or a specific
5-Htr-1d receptor agonist significantly reduces the cell
number and increases the incidence of dead cells [109].
Abnormalities in blastocyst formation have been observed
when embryonic 5-HT levels are reduced by inhibition of
5-HT biosynthesis [110].

Monoamine receptors are already expressed in embry-
onic stem cells, and they retain their functionality
throughout  pre-implantation  embryogenesis  [111].
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Fig. 5 Development of monoamine systems in pre- and post-implantation embryo

Activation of adrenergic and 5-Htr-1d receptors in ovulated
oocytes [112], 5-Htr-7 in oocytes and 5-Htr-7, 5-Htr-2a and
5-Htr-2b in ovarian cumulus cells [113] appear to regulate
proliferation and survival of early embryonic cells. Acti-
vation of o2- and various subtypes of [-AR regulate
proliferation and apoptosis in various cell types of pre-
implantation embryos, and a variety of signaling pathways
involving MAPKSs, Akt kinase and Src kinase appear to be
involved [114]. f-Adrenergic or «2-adrenergic agonists
induce a developmental retardation in early embryos and
lower the mean embryonic cell number [115]. Since MAO
isoforms are involved in the metabolism of these mono-
amines up- or downregulation of MAO expression may
interfere with these signaling events.

As indicated above, embryonic monoamines originate
from embryonic as well as maternal biosynthesis. Immu-
nohistochemical staining of cells expressing biosynthetic
enzymes and/or monoamine transporters may help to
identify embryonic sources of these mediators. Tryptophane
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hydroxylases (TPH1 and THP2), which are key enzymes of
5-HT biosynthesis, are expressed in ovarian cumulus cells
and oocytes, respectively, and these data suggest autocrine
and/or paracrine regulatory mechanisms [116]. Expression
of the 5-HT-specific transporter SLC6A4 in oocytes and
preimplantation embryos from zygote to blastocyst stage
indicates a 5-HT transfer from the environment. Systemic
administration of MAO inhibitors during pregnancy ele-
vates maternal NE and 5-HT levels, which leads to
developmental retardations of the embryo [117].

Monoamine systems in post-implantation embryos

In various post-implantation stages of embryogenesis
monoamines are important for shaping and wiring of the
nervous system [118]. They are present during early neuro-
nal differentiation and function as humoral morphogens in
the initial stages of neurogenesis. They regulate the time
course of neuronal development and program the complex
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Table 2 Developmental outcomes of disrupted monoamine systems

Monoamine systems Methods Stage Developmental outcomes References
Serotonin
Decreased 5-HT TPH inhibitor Pre-implantation | Cell proliferation, abnormal [110]
embryo blastocyst formation
SSRI Pre-implantation Oocyte/embryo transfer inhibition [284]
embryo
SSRI or receptor ligands Embryo Craniofacial malformation [285]
TPH ™'~ mother >Mid gestation Breathing difficulty and cardiac [286, 287]
defects
TPH~'~ mother and <Mid gestation | Ventricular zone cell [206]
TPH '~ embryo proliferation
SHT1A signaling Early age Sudden infant death syndrome, | [288]
heart rate, | survival rate
Increased 5-HT 5-HT/SHT1D agonist Pre-implantation | Cell numbers, cell death [109, 112]
embryo
MAOA ™"~ Adult Abnormal barrel field and [192]
thalamocortical axon patterning
SHTT '~ Adult Lateral genicular retinal afferent [195]
segregation
VMAT2 ™/~ Adult | Pup’s survival, | brain size [289]
5HT2B '~ Early gestation Growth restriction, mid-gestational [290]
lethality, enlarged heart, neural
tube defects
SSRI or MAOI During pregnancy Cardiac defects, pulmonary [256, 291]
hypertension, spontaneous
abortion, low birth weight,
preterm birth, fetal death
Dopamine DAH ™/~ Embryo Late gestation lethality [292]
DA™~ Adult Dyskinesia, dystonic, tics, [293]
obsessive compulsive disorder,
abnormal eye nucnt
TH™'~ Adult Hypoactive, adipsia, aphagia [293]
Noradenaline MAOI Pre-implantation Degenerated/low developmental [117, 271]
embryo stage embryo
DBH ™/~ Fetus Cardiovascular failure, fetal death [294]
Receptor antagonist or Adult | Cortical formation, no [129]
depletion astrogliosis, no glial cell
proliferation, subtle dendrites,
altered cortical differentiation
Adenaline f, o2 agonist Pre-implantation | Cell proliferation, embryo death [295]

embryo

innervation of different organ systems. In later stages of
embryogenesis, monoamines become neurotransmitters
[119, 120]. This dual function of monoamines and the exact
timing of the functional switch of monoamines from humoral
morphogens towards neurotransmitters is important for the
plasticity of the immature brain and subsequently for mem-
ory storage and preservation in the mature brain [121].

Monoamine substrates

As indicated above, monoamines appear in early embryo
development before the onset of neurogenesis [122, 123].

This indicates that their developmental roles may not be
restricted to the nervous system. In neurons monoamines
can be visualized in the cell bodies before axon growth is
completed. Within embryonic cerebrogenesis, monoamines
appear first in the caudal parts of the brain. Later on,
monoamine nerve terminals can be found throughout the
entire nervous system, in particular in the regions of the
hypothalamus and striatum.

High concentrations of catecholamines have been
found in the notochord of mammalian embryos [124].
Catecholaminergic neurons prevail in the developing
brainstem and in the hypothalamus. The concentrations of
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catecholaminergic neurotransmitters increase concomi-
tantly with synapse formation. In late embryogenesis, a
surge of catecholamines, particulary of NE, is important for
neonatal adaptation at birth [125]. NE neurons develop in
the locus coeruleus before 5-HT neurons appear in raphe
nuclei [126]. They innervate not only hippocampal pyra-
midal cells, but also hippocampal polymorph cells and
cerebellar Purkinje cells. NE regulates the development of
Cajal-Retzius cells, and is important for neuronal migration
and laminar formation [127]. Some of the cells in the
neuronal crest contain NE during early embryonic devel-
opment, but become cholinergic later on. These cells
dominate in the peripheral nervous system [128]. Depletion
of NE from developing embryos during the perinatal
developmental period results in subtle changes of dendrite
formation and in alterations within cortical differentiation
[129]. Dopaminergic neurons appear early on during
embryo development [130]. Administration of 6-OH-DA
prevents developmental apoptosis of neurons and delays
the formation of cortical layers [129].

After midgestation 5-HT-producing cells of the embryo
start to synthesize 5-HT. However, cerebral 5-HT con-
centrations are mainly regulated by the reuptake of
maternal 5-HT via 5-HT transporters (5-HTT, see below)
and by the degradation of 5-HT (MAO-A, see below)
[131]. During early neurulation, 5-HT is mainly found in
notochord and the floor plate of the neural tube as well as
in adjacent somites and the primitive gut [119]. Within the
floor plate, 5-HT is localized predominantly within the
mesencephalon and the otic level of the myelencephalon
extending caudally into the cervical neural tube. In early
embryogenesis, 5-HT regulates cell proliferation, embry-
onic morphogenesis, gastrulation, neural crest migration,
craniofacial and limb development, mesenchymal cell
growth and differentiation, specification of neuronal iden-
tity and connectivity, bone patterning and generation of
body asymmetry [132]. Craniofacial malformations are
observed when embryos are cultured in the presence of
5-HT uptake inhibitors or receptor ligands. During mid
gestation, 5-HT neurons appear in raphe nuclei later than
NE neurons in the locus coeruleus, but earlier than DA
neurons in the substantia nigra [126]. In dorsal and medial
raphe nuclei, 5-HT neurons innervate neuronal cells in the
superior colliculus and stratum griseum superficiale as well
as hippocampal pyramidal cells [133]. At birth, 5-HT
neurons are present in all cortical layers, but the number of
these cells declines significantly after birth. Interference
with 5-HT signaling induces variable effects in perinatal
brain development. Blocking uptake of 5-HT mediated by
5-HTT during embryogenesis causes wiring defects, which
are most prominent in the sensory nervous system. Injec-
tion of a 5-HT-specific toxin (5,7-dihydroxytryptamine)
into the forebrain bundle of newborn mice produces
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numerous defects including age- and region-specific
increases in the width of the cerebral cortex, impaired
social learning and impulse control, increased repetitive
behavior and aggression, hyper-responsiveness to envi-
ronmental changes and impaired fine motor performance
[134]. In contrast, depletion of 5-HT after birth seems to
have little impact on cortical development. Low maternal
plasma 5-HT levels induce autism by retarding embryonic
brain development [135].

p-Phenylethylamine (PEA) is a phenylalanine-derived
biogenic amine synthesized in the brain, serving as a
neuromodulator [136]. It induces biological effects at
nanomolar concentrations by binding to trace amine
receptors [137]. The origin of PEA and its role in
embryogenesis have not been clarified. On the other hand,
PEA derivatives are used as psychoactive drugs [138]. PEA
has been implicated in the pathophysiology of various
neurological disorders such as depression, schizophrenia
and hyperactivity disorder [139]. PEA injection in adult
mice [140] and guinea pigs [141] induced dyskinesias. This
effect has been related to oscillations of the dopaminergic
system in neurons [142] and to excessive generation of
hydroxyl radicals in the striatum [143]. In adults, long-term
consumption of PEA-containing foods, such as chocolate
and wine, is considered a risk factor for depression and
motoric dysfunction [143]. However, the origin of PEA and
its role in embryogenesis has not been clarified, and the
impact of alimentary intake of PEA on embryogenesis has
not been explored in detail. Since PEA is the preferred in
vitro substrate of MAO-B, mice deficient in MAO-B
expression have strongly increased PEA levels, which may
be the reason for the abnormal behavioral phenotypes in
these animals [27].

Monoamine receptors

To induce their biological effects, monoamines bind to cell
surface membrane receptors [144]. According to their
mode of action there are two principal kinds (metabotropic
and ionotropic) of receptors. Metabotropic receptors are
expressed at early stages of embryogenesis and play a more
modulatory role in the mature brain. Ionotropic monoamine
receptors are mainly expressed at later stages of
embryogenesis.

5-HT is the native ligand for 20 different receptor sub-
types, which are classified in 7 subclasses, 5-Htr-1 to 5-Htr-
7 [145]. At gastrulation, 5-Htr-2b is expressed in neural
crest progenitor cells, in proliferating cells of the myo-
cardium and in somites of mice [146]. Catecholamines bind
to nine different adrenergic receptors, classified into a1, o2,
and f subtypes, and to six subtypes of DA receptors,
classified into D1-like and D2-like receptors. Blocking NE
projections or neurotransmission with receptor antagonist
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prevents astrogliosis and glial cell proliferation [129]. The
extremely high levels of DI receptors in the pallidum
during perinatal developmental period are important for the
development of motoric and cognitive functions [147].

Monoamine transporters

Unlike most neurotransmitters, monoamines are frequently
recycled by monoamine transporters in addition to being
degraded intracellularly by monoamine oxidases [148]. In
most cases the affinity of the metabolizing enzymes is
lower than that of the vesicular transporters, and thus, at a
limiting monoamine concentration the uptake exceeds the
extent of intracellular breakdown [149]. Monoamine
transporters are localized in the plasma membrane and
mediate the re-uptake of monoamine neurotransmitters
from the synaptic cleft. There are specific transporters for
EN, NE, DA and 5-HT, and each transporter is character-
ized by its unique substrate specificity, by its ion
dependence and its sensitivity towards specific inhibitors
[150]. 5-HT transporter (known as SERT or 5-HTT) re-
internalizes 5-HT, which was secreted into the synaptic
cleft [151]. In mice, expression of the 5S-HTT gene starts at
midgestation in 5-HT neurons of the raphe nuclei, but
expression soon extends to non-serotonergic neurons,
including the principal projection neurons of the sensory
systems (thalamus, retina, somatosensory cortex) and the
corticolimbic centers (hippocampus in the prenatal period,
prefrontal/cingulate cortex postnataly). 5S-HTT expression
in non-serotonergic neurons stops suddenly during the
second postnatal week, which coincides with the devel-
opment of neuronal circuits [152]. In addition to the plasma
membrane transporter, there are vesicular monoamine
transporters (VMAT1 and VMAT?2) inside the neurons.
These transporters are responsible for transferring newly
synthesized or re-internalized 5-HT into intracellular ves-
icles. In rats, VMATSs are found in the developing neural
tube as early as E8 [153].

Monoamine oxidases

Expression of the MAO isoforms has been monitored in
different embryonic stages of several mammalian species.
In human fetuses the catalytic activities of both isoenzymes
were detected [154]. Here, MAO-A appears to be the
dominant isoform in most tissues, in particular in the
gastrointestinal tract, skin, aorta, lung and the brain. In
contrast, MAO-B activity prevails in the heart and liver of
human fetuses [154]. After birth, MAO-B expression
appears to catch up. In fact, in particular in the brain and in
the skin, MAO-B becomes the dominant isoform in adults.
Similar data were obtained when the mRNA levels of the
two MAO isoforms were profiled. Both mRNA species

were detected in most embryonic tissues apart from thymus
and adrenal gland, which express neither MAO isoform. In
midtrimester human fetuses, very high expressions of both
mRNA species were observed in the gastrointestinal tract,
kidney, liver, lung and the spinal chord. In human brains,
expression of both mRNA species was detected in most
parts before birth, but no MAO mRNA expression was
detected in the thalamus, hippocampus or striatum [155].

The dominance of MAO-A over MAO-B activity before
birth was confirmed in developing rodents [7, 156, 157].
Here again MAO-B becomes the dominant isoform in the
organism after birth. Embryonic expression of the two
MADO isoforms was detected as early as at gestational day
E6.5 (Fig. 7a, b) [7], albeit the levels of expression were
higher for MAO-A. In the developing mouse brain mRNA
expression of both MAO isoforms was observed from
gestational day E10.5 (Fig. 6a, b). However, MAO-A is the
dominant isoform in this tissue. In the developing brain
expression of both isoforms follows very similar expres-
sion kinetics, and expression levels drop below the
threshold of detection towards birth. Only immediately
around birth MAO mRNA expression becomes detectable
again. At E12 MAO-A expression was observed in nor-
adrenergic, adrenergic and dopaminergic cells [158].
Coexpression of both isoforms was observed in seroto-
nergic neurons of the raphe [158]. After birth activities of
both isoforms further increase in maturing brains; similar
observations are made in both humans and rodents [154,
156]. Surprisingly, in human brain MAO-A mRNA levels
decline during aging, and post-transcriptional regulatory
mechanisms have been suggested to cause this phenome-
non [71].

Despite the focus of research on MAO expression in
neuronal structures, MAO expression can also be detected
in other parts of the developing embryo. In fact, in contrast
to the rather low expression levels of both MAO isoforms
in the brain, expression in other tissues was found to be
much higher. In the developing lung, for instance,
expression of both MAO isoforms was detected, and
mRNA levels were about 40-fold higher than those of the
brain (Fig. 6¢, d). Very high expression of MAO-A and
MAO-B was observed in the embryonic gastrointestinal
system (Fig. 6e, f). AT E16 expression of MAO-A in the
gut was about 50 times higher than in the brain after ges-
tational day E16. MAO-B expression is delayed and started
to be detectable after day E17. However, expression of
MAO-B, in particular of the embryonic small and large
intestine, exceeds its expression in the brain by about three
orders of magnitude. The biological relevance of this vast
overexpression of MAO-B in the developing intestines is
not clear since the gastrointestinal tract of the embryo is
not fully functional yet, and there are no dietary amines to
be detoxified.
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Fig. 6 Expression of MAO-A and MAO-B in the embryonic brain (a,
b), lung (c, d) and gastrointestinal tract (e, f). Inbred ICR pregnant
mice were obtained from the animal house, and embryos at different
developmental stages [gestational day 6.5 (E6.5) to E17.5] were
prepared under a stereomicroscope (Olympus, USA). For qRT-PCR,
preparations were kept in PBS (0.1 % diethyl pyrocarbonate), and
extra-embryonic tissue was removed. Total RNA was extracted using
the RNeasy Mini Kit (Qiagen, Germany) and was reversely
transcribed according to standard protocols with oligo d(T)15 primers
and SuperScript III reverse transcriptase (Invitrogen) according to the
vendor’s instructions. Quantitative RT-PCR (RT-qPCR) was carried
out with a Rotor Gene 3000 system (Corbett Research, Australia)
using ImmoMix/SYBR Green (BIOLINE, Germany). Isoform-spe-
cific amplification primers were designed for MAO-A (5'-TTC AGC

Monoamines in extra-embryonic tissues
and in the reproductive tract

Monoamine transporters, in particular NE and 5-HT
transporters, are expressed in the placenta to protect the
fetus from the detrimental effects of high circulating cat-
echolamine concentrations present in maternal blood [159,
160]. These transporters are localized in the maternal fac-
ing microvillous border of the placenta. Circulating
catecholamine levels in the fetus are low during embryo-
genesis but increase suddenly at birth to support the
cardiovascular, pulmonary, metabolic and endocrine
adaptations in early postnatal life [161]. Placental 5-HTT
expression controls 5-HT concentrations and regulates
microvascular resistance in the juxta placental myome-
trium [162]. The placenta also expresses high levels of
catechol-O-methyl transferase (COMT) and MAO
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GTC TTC CAA TGG GAG CT-3'/5'-TGC TCC TCA CAC CAG
TTC TTC TC-3’), MAO-B (5'-ACT CGT GTG CCT TTG GGT TCA
G-3'/5'-TGC TCC TCA CAC CAG TTC TTC TC-3') and GAPDH
(5'-CCA TCA CCA TCT TCC AGG AGC GA-3'/5'-GGA TGA CCT
TGC CCA CAG CCT TG-3'). Absence of cross-amplification
between the two isoforms was ensured, and the standard protocol
was followed as outlined before [296]. RNA preparations were
analyzed at least in triplicate, and mean & SD are given. The
experimental raw data were evaluated with the Rotor-Gene Monitor
software (version 4.6). To generate standard curves for quantification
of expression levels, specific amplicons were used as external
standards for each target gene (5 x 10°-3 x 10° copy numbers).
GAPDH mRNA was used as internal standard to normalize expres-
sion of the target transcripts

isoforms (Fig. 7) [49], which limits the exchange on
monoamines between fetus and mother [163]. In the pla-
centa, MAO-A expression dominates over MAO-B, which
is in line with previous findings [49]. In contrast, in the
yolk sac MAO-B mRNA expression dominates consider-
ably over that of MAO-A. When comparing the expression
levels of extraembryonic tissues to embryonic MAO
expression, a sharp contrast between these tissues becomes
apparent. MAO-A (100-fold) and MAO-B (1,000-fold)
mRNA levels are much higher in extra-embryonic tissues
when compared with embryonic cells (Fig. 7). These
findings suggest that maternal MAOs lower monoamine
levels in the blood to protect the embryo from their dele-
terious effects.

Despite the high clearing capacity of the placenta,
embryonic monoamines are mostly of maternal origin.
They are essential for normal embryo development in early
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Fig. 7 Expression of MAO-A
and MAO-B in the murine
embryo (a, b), yolk sac and
placenta (¢, d). A detailed
description of preparation of
whole murine embryos, RNA
extraction, reverse transcription
and quantitative RT-PCR is
given in the legend to Fig. 6
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pregnancy, and thus, excessive clearance of monoamines
from maternal blood would be detrimental [131]. Mono-
amines in the maternal blood originate from various
maternal tissues and from the innervation of reproductive
organs. Mast cells and nerve fibers are the major sources of
5-HT in the female reproductive tract [164]. Tyrosine
hydroxylase and DA beta-hydroxylase activities have been
detected in the oviduct [165], and DA, NE and EN were
also shown to occur in oviductal tissues [166]. The uterus is
innervated extensively by sympathic neurons, and adren-
ergic nerve fibers are essential for myometric contractility.
In contrast, 5-HT plays an important role in endometrial
decidualization and implantation during early pregnancy
[167, 168]. Selective vascular constriction is induced by
5-HT in pregnant uterine arteries [169]. In fact, elevated
5-HT levels as well as reduced expression of MAO-A are
found in cases of pre-eclampsia, a disease characterized by
hypertension that endangers survival of both mother and
fetus [49]. 5-HTT, COMT and MAO isoforms control the
concentrations of monoamines in the uterus and proges-
terone stimulates the degradation of catecholamines in the
endometrium [170].

Animal models of MAO deficiency and their impact
on embryogenesis

To study the biological role of MAO enzymes in living
organisms several experimental models are available
(Table 2). Firstly, MAO-A expression can be interrupted by
targeted knockout strategies in embryonic stem cells to
generate animals lacking functional MAO gene(s). Sec-
ondly, expression of functional MAO isoenzymes can be
suppressed at different developmental stages employing
specific RNAi strategies. The latter methods are particu-
larly useful when studying small organisms such as
developing embryos, in which excessive penetration
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barriers do not cause major problems. In addition, such
experimental setups circumvent genetic drifts or epigenetic
phenomena, which frequently hamper the analysis of
knockout animals [171-173]. Moreover, targeted knock-
down experiments cause a sudden suppression of the gene
of interest in embryos, which were allowed to develop
normally until the experimental manipulation. Thus, this
setup does not facilitate slow adaptive responses, which
would ameliorate phenotypes observed in stem cell
knockouts. A major drawback of such RNA interference
studies is that such strategies can only be applied during
certain time windows of development. Finally, a plethora
of pharmacologic antagonists are available, which inhibit
MAO enzymatic activities. However, the use of pharma-
cologic inhibitors is limited because of off-target effects
and since the inhibitors might not be available to all cells
and tissues in sufficient concentrations.

The most obvious biological function of MAO isoforms
is to oxidize endogenous or alimentary amines to the cor-
responding aldehydes. Thus, the major expected defect of
any MAO silencing strategy is an impairment of amine
degradation, which will consequently result in elevated
monoamine levels. However, biological monoamine levels
are not only controlled by the rates of their respective
catabolizing pathways, but also by the activity of their
biosynthesis. Inhibition of monoamine biosynthesis on a
background of reduced amine catabolism restores normal
amine levels, and rescues biochemical and physiological
derailments caused by exposure to excessive amine
concentrations.

Moreover, monoamines like 5-HT can be stored in
vesicles and can be cleared from their site of action using
transporters and membrane channels. Thus, the availability
of the respective amines at their site of action needs to be
considered when discussing the role of MAOs in amine
catabolism. In addition, when only one MAO isoform is
lacking, the remaining isoform may take over at least some
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of the enzymatic workload in amine degradation. However,
since the kinetic properties of the two MAO isoforms are
different (see “Enzymology of MAO isoforms”), such
compensation might be incomplete. Finally, other path-
ways of amine degradation such as diamine oxidases [174]
or catechol-O-methyltransferase [175] may be available to
compensate for a specific MAO deficiencies [26].

When discussing the biological role of MAO enzymes in
such loss-of-function animal models, other MAO metabo-
lites must be considered: (1) Hydrogen peroxide: H,O, is
formed during the MAO reaction in stoichiometric
amounts and might exhibit biological activities. Hydrogen
peroxide is a vital signaling molecule but also a hazard for
cell survival. Cells contain a number of enzymatic and non-
enzymatic mechanisms to maintain a critical peroxide tone.
In fact, alterations of the cellular redox state, which result
from an imbalance of peroxide-producing and peroxide-
degrading reactions, are one of the most important regu-
latory events in the cellular gene expression regulation [33,
82, 176]. Thus, alterations in the cellular redox state are
directly translated into changes of the cellular phenotype.
(2) Ammonia: NH," is the second side product of the
MAO reaction, but its biological relevance in embryo-
genesis has not been explored in detail. Ammonia is toxic
to cells at higher concentrations, and there are several
detoxifying mechanisms to protect the organism from the
deleterious effects of ammonia. In the liver the majority of
ammonia originating from oxidative deamination of glu-
tamate via glutamate dehydrogenase [177] and other
deaminating enzymes is used to synthesize carbamoyl-
phosphate [178]. This intermediate is then employed for
nitrogen disposal via the urea cycle. In other cells, car-
bamoylphosphate is used for the biosynthesis of
pyrimidines [179]. In the brain, where urea biosynthesis
does not occur, ammonia is used to synthesize glutamine
from glutamate via glutamine synthase. This enzyme is
mainly localized in astrocytes [180]. Glutamine, which is
capable of penetrating the blood-brain barrier, is then
transported to the kidney where ammonia is liberated via
the glutaminase reaction [180] and excreted with the urine.
Since urea biosynthesis is restricted to the liver and to a
lesser extent to the kidney, glutamine synthase is likely to
detoxify ammonia released during the MAO reaction in
other cells and tissues. (3) Aldehydes: the highly reactive
aldehydes produced by the MAO reaction are quickly
transformed into less reactive alcohols or acids by the
corresponding reductases or dehydrogenases (Fig. 1) [4].
However, in conditions of high monoamine turnover such
as in the substantia nigra of Parkinson’s patients, these
aldehydes may overburden the normal degrading pathways.
In such conditions, the metabolite of DA degradation 3,4-
dihydroxyphenylacetaldehyde (DOPAL) is believed to
contribute to the loss of dopaminergic neurons in
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Parkinson’s disease [181]. In fact, DOPAL was shown to
oxidatively modify tyrosine hydroxylase, superoxide dis-
mutase and alpha-synuclein [181-183]. Interestingly,
alpha-synuclein is a hallmark of the Lewy body aggregates
that are found in the remaining substantia nigra of Par-
kinson’s patients [181].

Animal models of MAO-A deficiency

As outlined in “Monoamine systems during normal
embryo development”, expression of MAO-A can be
detected in many embryonic tissues during various stages
of embryo development. The early expression of MAO-A
and the presence of serotonergic transmitter systems during
embryogenesis suggest that MAO-A may play an important
role for normal embryo development by maintaining nor-
mal 5-HT concentrations in embryonic tissues. To explore
the role of enzymes in whole organisms, targeted genetic
knockout mice are usually created. Unfortunately, no such
targeted MAO-A knockout strains are currently available.
Instead, native mouse models exist that have acquired
MAO-A deficiency by naturally occurring MAO-A gene
mutations. The first MAO-A-deficient mouse strain was
produced when an interferon beta (IFN-f) mini gene was
accidentally inserted into the MAO-A gene [184]. This
mouse strain is commonly referred to as Tg8. The insertion
of the IFN-f mini gene caused a disruption of the MAO-A
gene by displacing exons 2 and 3 [26]. The resulting MAO-
A mRNAs that are generated from this altered gene fail to
translate into active MAO-A enzymes [26]. This may in
part be due to the fact that exon 2, which is lacking in the
Tg8 mouse strain, encodes for a protein domain that is vital
for binding of the cofactor FAD [185]. These animals do
not express functional MAO-A, but it remains unclear
whether or not additional genetic alterations have been
induced during the generation of this mouse line. A second
MAO-A-deficient mouse model was established when a
number of individuals were screened for a specific point
mutation in the coding region of the MAO-A gene, which
has previously been associated with the Brunner syndrome
in humans [186, 187]. This point mutation residing in exon
8 causes the insertion of a premature stop codon, which
prevents translation of a complete enzyme. Instead, the
mutated MAO-A mRNA is presumably subjected to non-
sense-mediated mRNA decay. Here again, these mice do
not express functional MAO-A, but it remains unclear
whether they carry additional mutations in other regions of
the genome, which might affect the resulting phenotype.
Several behavioral tests were conducted with these animals
[186], but a thorough biochemical analysis of this animal
model is still lacking. Both MAO-A-deficient mouse
strains are fertile and develop into adulthood without major
morphological defects [26, 186]. However, adult MAO-A-
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deficient mice impress with behavioral alterations such as
an increased tendency towards aggressive behavior [26,
186] and enhanced emotional learning [188]. The present
review article however is focused on the impact of MAOs
before and around birth. Thus, the behavioral abnormalities
of MAO-A-deficient mice are not covered here, and the
interested reader is referred to other review articles cov-
ering these topics [2, 4].

In contrast to the mouse strain carrying the Brunner-like
point mutation [186], the discovery of the interruption of
MAO-A expression in Tg8 mice has led to many studies
aimed at characterizing these animals in an attempt to
define the biological role of MAO-A. Most importantly,
MAO-A-deficient Tg8 animals are characterized by
excessively elevated levels of the MAO-A substrate 5-HT
[26]. Similar elevated levels of 5-HT were observed when
mouse embryos were exposed to clorgyline, a specific
inhibitor of MAO-A activity [7], and when MAO-A
expression was suppressed by siRNAs [7]. In the devel-
oping forebrain of Tg8 mice, 5-HT levels are elevated
about fivefold just before birth and about tenfold 5 days
after birth [189]. In the brainstem 5-HT concentration is
increased fivefold before birth and eightfold at the Sth
postnatal day. In contrast, in the cervical spinal cord only a
weak increase in 5-HT levels (<1.5-fold) was observed
before birth and about 3.5-fold after birth. Interestingly, the
elevated levels of 5-HT in Tg8 mice become less pro-
nounced within the first few months after birth [26].
Corresponding data were obtained when the MAO-A
metabolite 5-hydroxyindoleacetic acid (5-HIAA) was
quantified. Surprisingly, 5-HIAA is still detectable in mice
lacking MAO-A activity, but its perinatal plasma concen-
trations were markedly decreased when compared with
wild-type animals. Here again, the difference becomes less
obvious within the first couple of months after birth. On the
other hand, DA and NE levels remained largely unaffected
by MAO-A depletion until birth. In addition, expression of
MAO-B remains normal in these mice [26]. These data
indicate that there is no compensatory upregulation of
MAO-B expression in these mice and that MAO-B appears
to be sufficient to maintain normal levels of DA and NE.
Moreover, it is reasonable to assume that MAO-B is
capable of metabolizing 5-HT in the embryo as indicated
by the presence of 5-HIAA. Later on in postnatal life other
compensatory mechanisms may be responsible for the
decreasing levels of 5-HT in MAO-A knockout mice.
These mechanisms may involve alternative pathways of
5-HT degradation or reduced 5-HT biosynthesis. Here
again, the naturally increasing levels of MAO-B in adult
mice may contribute to 5-HT breakdown. This hypothesis
is further supported by data obtained with MAO-A/B dou-
ble knockout mice. In these animals no detectable levels of
5-HIAA were observed [190], and these data suggest that in

vivo 5-HT appears to be a suitable MAO-B substrate, which
is consistent with previous in vitro data. The reason for this
unexpected finding has not been clarified, but it can be
speculated that the in vitro activity assays are not sensitive
enough to pick up 5-HT oxidase activity of MAO-B.
Alternatively, in vivo MAO-B might exhibit a different
substrate specificity, which may be related to posttransla-
tional modification. It has been reported that the catalytic
activity of MAO-A is modified by serine phosphorylation
[69], and similar post-translational modifications may
impact MAO-B properties. The observation that surpris-
ingly MAO-A in newborn mice is capable of oxidizing the
classical MAO-B substrate PEA strongly suggests that
alterations in the substrate specificity of MAO isoforms are
possible [191].

In conclusion, the metabolic hallmark of MAO-A-deficient
mice is reduced 5-HT oxidation, which leads to augmented
5-HT levels and a reduced hydrogen peroxide production. It
remains to be explored whether or not the hydrogen peroxide
deficiency impacts proper embryogenesis.

The lack of MAO-A activity in the developing embryo
induces structural and functional abnormalities

The focus of attention, when analyzing MAO-A-deficient
mice, has been on 5-HT and its impact on the development
of the central nervous system. In fact, MAO-A deficiency
in mice alters a number of developmental processes in the
brain. Firstly, MAO-A-deficient Tg8 mice show abnormal
development of thalamocortical afferent fibers [192, 193].
This is paralleled by the absence of barrel-like structures in
layer 4 of the cortex, which are vital in processing infor-
mation coming in from the large facial whiskers of the
snout [26]. This phenomenon is also observed when wild-
type mice are treated with clorgyline, an isoform-specific
MAO-A inhibitor [192]. Barrel formation takes place
during the 1st days after birth [194]. However, the basis for
barrel formation depends on the proper migration and
development of thalamocortical axons, which is already
initiated around embryonic day E13.5. Secondly, the seg-
regation of ipsilateral and contralateral retinal projections,
which takes in place in the 1st days after birth, is inter-
rupted in Tg8 mice [195]. Here again growth of retinal
ganglion cells is initiated before birth around embryonic
day E12 and enters the peak phase of axon growth between
E14 and E17 [196]. Thirdly, phrenic motoneurons that are
vital for establishing the respiratory network fail to develop
normal dendrites in Tg8 mice, which is paralleled by a
failure to develop a stable respiratory rhythm [197]. The
neuronal structures of the respiratory system mature post-
natally but are already set up prenatally, and the first
inspiratory discharge can be observed as early as at E15 in
fetal mice [198]. Fourthly, in Tg8 mice maturation of
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neonatal neuronal locomotor networks is transiently
delayed [199]. Neuronal networks underlying rhythmic
motor activities in vertebrates are termed central pattern
generators [200]. Even though maturation of the locomotor
network takes place after birth, newborns already possess
functional circuits that can be induced to generate rhythmic
bursts well before birth [201, 202]. Fifthly, the lack of
MAO-A activity in Tg8 mice coincides with an altered
distribution of 5-HT in neuronal structures [203]. This
includes transient localization of 5-HT to catecholaminer-
gic cells of the substantia nigra, ventral tegmental area,
hypothalamus and locus coeruleus, as well as in various
neuronal cells of the telencephalon and diencephalon [203].
Interestingly, all these neuronal structures are not compe-
tent for 5-HT biosynthesis and have to take up the excess
extracellular 5-HT via monoamine plasma membrane
transporters [203]. The functional consequences of the
altered distribution pattern of 5-HT have not directly been
explored, but it may contribute to the above-mentioned
developmental alterations in the brains of Tg8 mice [203].

MAO-A-deficient Tg8 mice have not been created using
targeted methods, and it remains unclear whether addi-
tional alterations in the genome were induced when
accidental incorporation of the IFN-f mini gene took place.
In addition, the inserted IFN-f minigene may affect the
genetic activity of surrounding sequences [186]. Moreover,
embryos that have survived functional silencing of the
MAO-A gene might have evolved compensatory mecha-
nisms preventing developmental defects. To circumvent
these limitations MAO-A expression was knocked down in
developing mouse embryos at midgestation (E7.5-E10.5)
employing a siRNA strategy [7]. These mouse embryos
showed more severe phenotypic alterations than Tg8 mice
as indicated by general growth retardations as well as by
developmental abnormalities of hind- and midbrain struc-
tures. Similar to observations in Tg8 mice, however, these
alterations could be reproduced when wild-type embryos
were exposed to the inhibitor of MAO-A activity clorgy-
line at the same experimental time window. In addition,
transgenic overexpression of a transcriptional inhibitor of
MAO-A expression induced similar alterations at these
embryonic stages.

5-HT appears to be the key effector of MAO-A function

The major substrate of MAO-A activity is 5-HT, and
consequently 5-HT is massively enriched in MAO-A-
deficient mouse embryos. Thus, it is likely that the major
developmental defects in such embryos might be related to
the excessively elevated 5-HT levels (Fig. 8). As outlined
in “Monoamine systems during normal embryo develop-
ment”, 5-HT does not only function as a neurotransmitter;
it also acts as trophic factor for normal embryonic
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Fig. 8 Regulatory circuits of serotonin signaling in the developing
embryo are modulated by MAO-A activity. The activity of tryptophan
hydroxylase (TPH) is crucial for the biosynthesis of serotonin (5-
hydroxytyptamine, 5-HT), which in turn is degraded by monoamine
oxidase A (MAO-A). 5-HT produced in the cytoplasm is packed into
vesicles via the vesicular monoamine transporter (VMAT), which
facilitates serotonin release into the extracellular space. Extracellular
serotonin then either binds to specific serotonin receptors (5-Htr) to
initiate cellular signaling cascades or is cleared from extracellular
space via the serotonin transporter (5-HTT) to subject serotonin to
degradation by MAO-A. Both activation of 5-Htr as well as the by-
product of MAO-A activity hydrogen peroxide (H,O,) control
cellular signaling cascades that affect cell proliferation, differentia-
tion or apoptotic cell death

development. Systemic levels of 5-HT are mainly con-
trolled by the balanced equilibrium between biosynthetic
and degrading enzymes. The key enzyme of 5-HT bio-
synthesis is tryptophane hydroxylase (TPH) [204, 205], and
embryonic 5-HT levels are fed by embryonic and maternal
sources [206]. TPH activity can be suppressed by the
specific inhibitor parachlorophenylamine (PCPA), which
impairs 5-HT production [207]. PCPA administration
shortly after mating greatly impairs fertility. In contrast,
when PCPA is given at later stages of embryo develop-
ment, normal offspring are produced [208]. Treatment of
Tg8 MAO-A-deficient mice with PCPA at birth normalizes
5-HT levels and restored the development of normal barrel
structures [26] as well as the normal segregation of retinal
projections [195]. In addition, pre- and postnatal treatment
with PCPA normalized maturation of respiratory networks
[197]. Taken together, these data strongly indicate that a
precise balance of 5-HT levels just before birth and during
the early postnatal period is crucial for normal maturation
of various neuronal structures.

MAO-A deficiency alters cellular signaling cascades
involved in the maturation of neuronal networks

Serotonin (5-HT) mediates its biological function via
binding to a number of 5-HT receptors (SHtr). Seven major
types of 5-HT receptors (5-Htr) have been classified, and
some classes consist of different subtypes [209]. Most
5-Htrs are metabotropic G-protein coupled transmembrane
receptors, but SHtr-3 constitutes a ligand-gated cation
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channel, which increases membrane permeability for Na™*
and KT, leading to membrane depolarization. Intracellu-
larly, the metabotropic 5-Htrs are coupled to various
signaling cascades, which involve second messengers such
as cAMP, IP3 and DAG [210]. Apart from the metabolic
pathways controlling systemic 5-HT levels other mecha-
nisms regulate its targeted distribution. Vesicular
monoamine transporters (VMAT) clear monoamines from
the cytosol to store them in synaptic vesicles [211]. In
addition, 5-HT can be internalized from the extracellular
space via a specific plasma membrane transporter named
serotonin transporter (SERT) or 5-hydroxytryptamine
transporter (SHTT) [212]. These transport mechanisms
allow the cell to clear 5-HT from its site of action. Defi-
ciency in these cellular reuptake mechanisms was predicted
to lead to similar symptoms as global MAO-A malfunction.
In fact, reduced 5-HT breakdown in MAO-A-deficient Tg8
mice as well as abrogated 5-HT clearance from extracel-
lular space in SHTT '~ mice showed impaired formation
of barrel-like structures in layer 4 of the cortex [213].
Similarly, both animal models exhibit alterations in the
segregation of retinal projections [213]. These data indicate
that altered concentrations of 5-HT in the extracellular
space are important for the phenotypic alterations. Inter-
estingly, abnormally elevated extracellular 5-HT levels
have been associated with a significant reduction in the
expression of 5-HT receptor la (SHtr-1a) in the cervical
cord and in the medulla [197], and of 5Htr-1b in thala-
mocortical fibers of newborns [192]. Activation of 5Htrl-a
appears to be important for rhythmogenesis [214]. Similar
regulatory responses were observed for SHtr-2a and 5Htr-
2c¢ in adult Tg8 mice [215]. These findings suggest that
increased ligand concentrations downregulate the expres-
sion of corresponding receptors at the cell surface and
thereby alter cellular 5-HT signaling. This regulatory
response may be considered a protective cellular response
against augmented ligand concentrations preventing
excessive intracellular metabolic alterations. This protec-
tive response was confirmed when MAO-A-deficient Tg8
mice and SHTT-null mice were crossbred with SHtr-1b-
deficient animals [193, 213]. In both cases, silencing of
SHtr-1b expression rescued the functional phenotypes
observed in animals that are deficient for MAO-A or SHTT
[193, 213]. On the other hand, 5SHtr-1b ablation alone has
no impact on thalamocortical or retinogeniculate projec-
tions [213]. These data do not support the suggested
importance of SHtrlb for these developmental phenomena.
The reasons for this unexpected finding are largely unclear,
but compensatory mechanisms in 5Htr-1b~'~ mice have
been discussed [213]. Activation of 5Htr-1b is negatively
coupled to adenylate cyclase. Interestingly, when adenylate
cyclase expression is disrupted a barrelless phenotype is
observed, which points to a role of cAMP in barrel

formation [216]. Disturbed development of the locomotor
as well as the respiratory network has also been reported to
involve signaling via SHtr-1b [217]. MAO-A-deficient Tg8
mice showed significantly enhanced expression of the
SHtr-1b receptor subtype in phrenic motoneurons of the
cervical cord [217]. This effect was mimicked by prenatal
application of a SHtr-2a receptor agonist to wild-type mice.
Similarly, the induction of SHtr-1b in Tg8 neonates could
be reversed by prenatal inhibition of SHtr-2 receptor sub-
types using a pharmacological antagonist against this
receptor subclass [217]. In conclusion, these data indicate
that MAO-A controls embryonic 5-HT levels and thereby
modulates 5-HT receptor signaling. However, 5-HT also
affects expression of 5-HT receptors in developing mice. In
addition, there appears to be an intense intracellular
crosstalk between the signaling pathways initiated by dif-
ferent S-HT receptor subtypes. In general, the in vivo data
obtained in experiments with genetically modified mice as
well as the pharmacological intervention studies employing
specific receptor antagonists suggest that MAO-A expres-
sion is vital for the formation and maturation of neuronal
networks that prepare the embryo for extrauterine life.

MAO-A deficiency ameliorates apoptotic signaling
in the developing neuroepithelium

The formation of neuronal networks during cerebral
embryogenesis requires proper differentiation of individual
neurons, and developmental apoptosis is an essential part
of this maturation process [218, 219]. In fact, about 50 %
of all neurons generated during cortex development are
driven into apoptotic cell death [220, 221]. Recently, 5-HT
has been shown to act as a modulator of apoptotic cell
death [222], and 5-HT signaling proved to be neuropro-
tective in experimental models of stroke [223]. Moreover,
transgenic mice that are devoid of 5-HT transporter (5-
HTT) and that are characterized by high 5-HT levels
exhibited significantly reduced apoptotic cell death in
various regions of the brain around birth [224]. These mice
are unable to clear 5-HT from the cell surface to submit it
to intracellular breakdown by MAO-A. Similar observa-
tions were made when MAO-A expression was knocked
down by inhibitory RNAs in developing mouse embryos
around midgestation [7]. Here again the number of apop-
totic cells in the developing neuroepithelium was greatly
reduced. This coincided with a reduction of caspase-9
activation indicating a reduced activity of the intrinsic
apoptotic pathway. In contrast, the extrinsic pathway of
apoptosis was not affected [7]. In the same experimental
model similar results were observed when MAO-A activity
was pharmacologically blocked or when its transcription
was inhibited by overexpression of a transcriptional
inhibitor of MAO-A expression [7]. In accordance with
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these results, abrogated serotonin signaling by genetic
ablation of cerebral VMAT? results in significantly higher
numbers of apoptotic cells in the developing brains of
murine neonates [225]. Here again, apoptosis seems to
proceed via the intrinsic pathway. Taken together, these
data suggest that cytoplasmic enrichment of serotonin,
which is either due to the cellular inability to store away
the mediator into specialized vesicles or due to impaired
intracellular degradation, is a key process for regulation of
apoptosis. This conclusion is further supported by experi-
ments in which VMAT2 null mice were crossed with
MAO-A-deficient Tg8 animals [225]. The lack of MAO-A
activity in the brains of VMAT?2 null mice restored normal
apoptosis around birth. These data indicate that the cata-
lytic activity of MAO-A regulates apoptotic cell death by
modifying the intracellular serotonin concentrations rather
than impacting ligand binding to cell surface receptors by
altering extracellular ligand concentrations. Although the
sequence of events of this pro-apoptotic cascade has not
been explored in detail, it may be that the failure to store
away synthesized serotonin in vesicles, as is the case in
VMAT?2 null mice, may favor serotonin breakdown by
MAO-A, which in turn increases intracellular hydrogen
peroxide concentrations. This oxidative stress may subse-
quently overcome the neuronal anti-oxidative defense
system and cause the induction of neuronal cell death.
Thus, inactivation of MAO-A expression on a VMAT2
defective background may reduce the rate of apoptotic cell
death.

MAO-A activity alters cellular signaling of apoptotic cell
death and cell proliferation—the precise mechanisms by
which MAO-A activity and serotonin turnover affect
apoptotic signaling remain largely elusive, and more work
is needed to elucidate the molecular basis for this effect.
However, for neuronal cells some data became currently
available [7, 225, 226]. As outlined above, the intrinsic
pathway of apoptosis is controlled by proteins of the Bcl-2
family. The Bcl-2 protein family includes anti-apoptotic
proteins such as Bcl-2 and Bcl-X as well as pro-apoptotic
proteins such as Bax and Bad [227]. MAO-A activity is
thought to negatively affect expression of the anti-apoptotic
protein Bcl-2, and thus shifts the equilibrium towards
apoptosis in neuronal and mensenchymal stem cells [72,
226]. Inhibition of MAO-A activity restores normal Bcl-2
levels [72]. Similarly, genetic ablation of MAO-A (Tg8
mice) on a VMAT?2 defective background enhanced the
expression of the anti-apoptotic protein Bcl-Xp [225].
However, the molecular mechanisms involved in the
repression of these anti-apoptotic proteins by MAO-A
activity remains a matter of speculation. Expression of Bcl-
Xy, is promoted by the transcription factor NF-kappaB
[228]. Interestingly, the NF-kappaB subunit p50 contains a
cysteine residue, which 1is sensitive to oxidative
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modification [229], and oxidation of this cysteine impairs
binding of NF-kappaB to its cognate cis-regulatory motif in
the promoters of target genes. It can thus be speculated that
MAO-A activity, which augments the cellular oxidative
potential by generating hydrogen peroxide, impairs NF-
kappaB driven expression of Bcl-X;. In addition to NF-
kappaB, a large variety of other proteins involved in the
regulation of gene expression is sensitive to alterations in
the cellular redox state [33, 82]. Thus, there is no reason to
assume that the regulatory impact of MAO-A-derived
hydrogen peroxide is unique for NF-kappaB. However, the
hypothesis that MAO-A induced cellular oxidative stress
affects the activity of genes that regulate gene expression
remains to be tested.

In addition to its impact on apoptotic cell death, MAO-A
also appears to modulate the regulation of cell prolifera-
tion. Propagation of the cell cycle depends on the
expression of regulatory proteins such as cyclins and
cyclin-dependent kinases. Cyclin D1 is vital for induction
of cell proliferation by mitogenic stimuli from the extra-
cellular matrix. Suppression of MAO-A expression and/or
activity in developing embryos reduces cellular cyclin D1
levels [7] and thus renders cells less sensitive to mitogens.
Similar data were obtained in MAO-A-deficient mouse
embryos carrying a spontaneous point mutation in the
MAO-A gene [230]. During late gestation these animals
exhibit strongly reduced proliferative activity within neu-
ronal stem cell populations of the developing telencephalon
[230]. In addition to stem cell proliferation, neuronal dif-
ferentiation of stem cells is impaired when MAO-A
expression is suppressed by the presence of a neomycin
cassette in the MAO-A gene [7]. Pharmacological inhibi-
tion of serotonin biosynthesis improved stem cell
proliferation in these animals, and these data pointed to an
involvement of serotonin in neuronal stem cell prolifera-
tion [230]. It should be stressed at this point that these
conclusions are solely based on the observations that
reduction of proliferation and cyclin D1 expression coin-
cides in time with impairment of cellular MAO-A activity.
Unfortunately, the mechanistic basis for a direct connection
between MAO-A activity and cell proliferation has not yet
been established. Similar to proteins that regulate apoptotic
cell death the cellular redox state might be of importance
[33]. In fact, moderate levels of hydrogen peroxide have
been shown to enhance cyclin D1 expression. In turn it can
be speculated that decreased levels of hydrogen peroxide as
caused by MAO-A deficiency reduce expression of cyclin
D and thus reduce cell cycle progression.

A second mechanistic link between MAO-A activity and
cell proliferation is protein kinases, such as ERK1/2, JNK
and p38 [72, 231]. These enzymes modulate cellular phe-
notypes in response to various stimuli including oxidative
stress by hydrogen peroxide and are already active in
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developing embryos [232-234]. However, hydrogen per-
oxide not only initiates cellular signaling but is also able to
modulate virtually all downstream events of most signaling
cascades [33]. It is thus a task for investigators to elicit the
role of hydrogen peroxide generated by MAO-A in the
regulation of cell death and cell proliferation in general and
during embryo development in particular.

Animal models of MAO-B deficiency

In contrast to MAO-A, the gene coding for MAO-B has
been inactivated in mice by a conventional stem cell
knockout strategy [27]. MAO-B-deficient offspring
develop normally and do not show major developmental
abnormalities as adults. Similar to MAO-A-deficient ani-
mals, the lack of MAO-B expression in these knockout
mice does not cause a compensatory upregulation of MAO-
A expression. However, these mice exhibited massively
elevated levels of the typical MAO-B substrate f-phenyl-
ethylamine (PEA) while, surprisingly, DA levels remained
unaffected. Pharmacological intervention studies using the
MAO-B inhibitor selegiline are normally associated with
increased levels of DA [235]. Unfortunately, the results of
such intervention studies are difficult to interpret because
of a potential lack of isoform specificity and owing to
potential off-target effects of such inhibitors. On the other
hand, the elevated levels of PEA in the brains of MAO-
B~ mice are consistent with corresponding findings in
patients suffering from Norrie’s disease [236] and with
studies in rodents using pharmacological MAO inhibitors
[237, 238]. PEA is a trace neurotransmitter that is syn-
thesized from phenylalanine via primary decarboxylation
and is thought to modulate the activity of NE and DA in the
brain [239]. In rats, elevated levels of PEA induce down-
regulation of dopamine D1 receptors [238]. Hence,
elevated levels of PEA in MAO-B™'~ mice may interfere
with the dopaminergic system. High levels of PEA have
been associated with altered behavior and bipolar disease
and schizo-affective disorders [240-242]. In the brain PEA
modulates the cortical blood flow via a yet unknown
mechanism, and in MAO-B™~ mice elevated PEA levels
correlate with decreased cortical blood flow [243]. In
addition, adult MAO-B-deficient mice show increased
stress behavior when subjected to the forced swim test [27].
PEA is thought to modulate the stress response modulated
by DA and noradrenaline, and this may be the underlying
reason for the enhanced stress response in MAO-B™'~ mice
[244]. In contrast to the effects seen in adult MAO-B-
deficient mice, no abnormalities were detected in devel-
oping embryos. This finding is not surprising considering
the low expression levels of this isoform in embryonic
tissues during embryogenesis when compared with MAO-A.

Similar observations were made when embryonic MAO-B
expression was suppressed employing the siRNA strategy
during in vitro culture of mouse embryos [7]. Indeed,
isoform-specific knockdown embryos exhibited strongly
suppressed MAO-B expression levels but showed no sig-
nificant developmental abnormalities. Taken together, the
data from targeted knockout and knockdown models do not
provide experimental evidence for an essential role of
MAO-B in mouse embryo development. The results
obtained in MAO-B knockout mice indicate that metabo-
lism of all major endogenous amines remains unaffected.
However, it remains unclear whether MAO-B might play a
role in protecting the developing embryo from the delete-
rious effects of maternal circulating amines. The high
expression of MAO isoforms in tissues that protect the
embryo during intrauterine development such as the yolk
sac (Fig. 7) and the placenta [49] may support this
hypothesis. The kinetic properties of MAO-B, in particular
its low affinity for atmospheric oxygen (see “Enzymology
of MAO isoforms”), suggest that MAO-B may function as
an oxygen sensor during embryo development. In case of
oxygen deficiency the enzyme activity is kinetically
impaired. Thus, less hydrogen peroxide is produced, which
subsequently alters the cellular redox state and gene
expression profiles. For the time being, the putative oxygen
sensor function of MAO-B is rather speculative and needs
to be confirmed by experimental data.

Developmental implications of drugs and stress
targeting the monoamine system

Maternal conditions have significant impact on prenatal
and postnatal development [245]. As neurotransmitters and
neuromodulators, monoamines are not only important for
neurogenesis in early embryos, but also for the develop-
ment of neuronal circuits at later stages [118]. Prenatal or
neonatal stress, as well as maternal medications, may dis-
turb neuronal wiring and thus may cause long-term
behavioral defects.

Psychoactive drugs

Serotonergic neurotransmission in the brain is the target of
a number of psychoactive drugs. When taken by pregnant
females these compounds may cross the placenta to enter
the fetal bloodstream. In addition, they may alter placental
blood flow and biological functions, and thus may indi-
rectly disturb the normal interaction between mothers and
fetuses. Prenatal exposure to these substances can interfere
with the ontogeny of the developing neuronal circuitry and
may induce long-lasting metabolic dysfunctions [246].
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Psychostimulants

The cellular uptake of biogenic amines is directly blocked
by psychostimulants such as cocaine and amphetamines.

Cocaine: Cocaine inhibits the cellular uptake of 5-HT,
NE and DA, and thus controls the monoamine concentra-
tions in the synaptic cleft of the corresponding neurons.
Because of its physico-chemical properties cocaine can
cross the blood-brain barrier [247]. It is the most common
recreational drug and interacts with the catecholaminergic
systems in the brain [248]. According to the pregnancy
category of drugs in assessment of the risk for fetal injury,
cocaine is classified in category C. Animal reproduction
studies have shown adverse effects of cocaine on fetal
development. Not surprisingly, there are no large-scale
clinical studies in humans, but the potential benefits may
warrant the use of the drug in pregnant women despite
potential risks. Cocaine inhibits the catecholaminergic
system by preventing presynaptic transport mechanisms,
which remove DA and EN from the synaptic cleft. Acute
fetal cocaine administration causes an abrupt increase in
circulating catecholamines and an associated increase in
fetal arterial pressure [249]. Chronic fetal cocaine admin-
istration is associated with an increase in plasma
catecholamine levels and a significant reduction in intra-
uterine catecholamine clearance [250]. Redistribution of
blood flow during exposure to cocaine results from exag-
gerated elevations in plasma catecholamine levels
contributing the adverse effects on the fetus [251]. In rats
prenatal cocaine exposure leads to dysregulation of neuro-
nal migration and consequently to severe neurobehavioral
disturbances. Prenatal cocaine exposure in humans causes
atypic motoric activity immediately after birth and abnor-
mal behavior in later life [147].

Amphetamine: Amphetamines belong to the class of
phenethylamine-like psychostimulants that increased
wakefulness and focus. Amphetamines exert their behav-
ioral effects by modulating the activity of NE, DA and
5-HT throughout the brain [252]. Similarly to cocaine,
amphetamine is classified as pregnancy category C.

Antidepressants

Antidepressants are another group of psychoactive drugs to
which a fetus is exposed when taken by the mother.
Inadequate levels of cerebral 5-HT are a possible cause of
depression, and thus, many antidepressants affect 5-HT
metabolisms: (1) selective 5-HT reuptake inhibitors
(SSRIs), (2) non-selective 5-HT-NE reuptake inhibitors
(SNRIs), (3) noradrenergic and specific serotonergic anti-
depressants (NaSSAs), (4) selective 5-HT reuptake
enhancers, (5) NE-DA disinhibitors (NDDIs), (6) tricyclic
antidepressants and (7) MAO inhibitor (MAOIs).
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Selective serotonin reuptake inhibitors (SSRIs) SSRIs are
widely used for the treatment of depression and anxiety-
related disorders. SSRIs target the SHTTs and prevent re-
uptake of 5-HT by presynaptic neurons. Thus, they
maintain higher concentrations of 5-HT in the synaptic
cleft. SSRIs have fewer adverse effects than tricyclics and
MAQO inhibitors (see below) [253]. Among the side effects
of SSRI treatment are drowsiness, dry mouth, nervousness,
anxiety, insomnia, decreased appetite, long-term weight
gain and sexual disturbance.

Most SSRIs can penetrate the placental barrier or are
passed on to the newborns via breastfeeding [254, 255].
There are particular concerns about employing SSRIs as
drug of choice for the treatment of depression in women
during pregnancy. Maternal exposure of SSRIs has been
associated with congenital cardiac malformations and
neonatal pulmonary hypertension [256, 257]. Severe dila-
tive cardiomyopathy with decreased survival rates was
identified in SSRI treated mice [258]. Adverse pregnancy
outcomes in humans included spontaneous abortions, low
birth weight, preterm birth and fetal death [259, 260].
However, it remains unclear whether these adverse out-
comes are solely related to the side effects of the drugs
since contributions of the underlying depression on the
pregnancy cannot be excluded [261]. 5-HT has important
roles in the establishment of neural plasticity and on long-
term synaptic facilitation [262]. The behavioral outcome of
SSRI exposure during embryo development is paradoxical
[263]. They include increased anxiety/depression,
increased REM sleep, blunted pain responses, reduced gap
crossing, improved spatial learning and increased cocaine-
induced conditioned place preference. Animal studies have
revealed that administration of SSRIs results in abnormal
brain circuitry and maladaptive behaviors that persist into
adulthood [264, 265]. On the other hand, in large cohort
trials of maternal SSRI exposure throughout pregnancy no
adverse effects were observed on fetal growth and devel-
opment, behavior and teratogenicity [266, 267].

Monoamine oxidase inhibitors (MAOIs) First generation
MADO inhibitors block the catalytic activity of MAO irre-
versibly and thus thus strongly inhibit the breakdown of
monoaminergic neurotransmitters such as DA, 5-HT, and
NE. MAOIs can be as effective as tricyclics, but have a
higher incidence of unwanted side effects as well as drug
and food interactions. MAOIs of the second generation are
as effective as SSRIs and tricyclics [268]. For instance,
reversible inhibitors of monoamine oxidase A (RIMA, e.g.,
moclobemide) acts in a short-lived and selective manner
without major interactions with the diet [269]. Side effects
of RIMA treatment, which include hepatitis, heart attack,
stroke and seizures, are rare. However, in patients recei-
ving multiple medications including MAOIs, the 5-HT
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syndrome, a life-threatening adverse drug reaction with
excess serotonergic activity, may develop [270]. There is
evidence that both, MAO-B inhibitors employed for
treatment of psychiatric and neurological disorders, as well
as clorgyline, a MAO-A inhibitor formerly used as an anti-
depressant, have negative impacts on early embryo devel-
opment [117, 271].

Other drugs Neuroleptic drugs administrated during
pregnancy can block DA receptors and cause long-lasting
side effects [147]. Tricyclics are still prescribed in severe
depression or when the patients are SSRI intolerant. Tri-
cyclics block the reuptake of both NE and 5-HT, but are
less selective and have smaller safety margins than other
antidepressants. Side effects include increased heart rate,
drowsiness, dry mouth, constipation, urinary retention,
blurred vision, dizziness, confusion as well as sexual dys-
function. 5-HT-NE inhibitors (SNRIs) impact the cellular
reuptake of NE and 5-HT, and have similar side effects as
SSRIs. NE- and specific 5-HT antidepressants (NaSSAs)
block presynaptic alpha-2 adrenergic receptors and various
5-HT receptors to enhance NE and 5-HT neurotransmission
[272]. Side effects of these drugs include drowsiness,
increased appetite and weight gain. NE-DA inhibitors
(NDDIs) are 5-Htr-2¢ receptor antagonists, which inhibit
NE and DA release and promote the outflow of these
neurotransmitters.

A number of drugs impacting the serotonergic system
affect the development of preimplantation embryos. For
instance anti-migraine and anti-headache drugs, such as
triptans, which are 5-Htr-1d/5-Htr-1b agonists, retard pre-
implantation development [112]. Potential risks of triptan
treatment during pregnancy were reported, but for the time
being no large-scale in vivo studies have been performed to
quantify the developmental effects of these drugs on pre-
implantation embryos [273]. Triptan treatment impairs
expression of placental NE transporters and was inversely
related to umbilical cord NE concentration and to fetal
condition at birth [274].

Prenatal stress

Prenatal maternal stress significantly affects pregnancy
outcome including reduction in litter size, increased early
fetal loss [275] and spontaneous abortion [276]. The fetus
is adapted to low oxygen levels. The sympathic tone is low
and respiratory movements are suppressed. If fetuses are
challenged by birth asphyxia, unlike adults, they becomes
hypotonic, hypoventilated and bradycardic owing to inhi-
bition of neurotransmission and/or a lack of neuronal
excitatory activities [102]. Chronic prenatal hypoxia alters
the monoamine turnover in the locus coeruleus and the
nucleus tractus solitarius in adolescent rats leading to

disturbed control of respiratory behavior [277]. Clinically,
prenatal stress is associated with attention deficit disorders
in children because of the disturbance of monoaminergic
turnover, subsequent abnormal neurotransmission and
receptor reprogramming [278], which may lead to long-
term behavioral defects.

Outlook

During embryogenesis monoamines function as neuro-
modulators and neurotransmitters, and substances
interfering with monoamine signaling have become effec-
tive drugs used for treatment of neurological and
psychiatric disorders. However, in the past few years it
became apparent that MAO expression in peripheral tissues
exceeds that in the brain, but our knowledge on the bio-
logical roles of MAOs in these cells has remained
fragmentary. More work is needed to shed light on the
biological function of MAO isoforms in the placenta, in the
gastrointestinal tract, and in resting and stimulated immune
cells, such as alternatively stimulated macrophages (M2).
M2 macrophages have been implicated in the resolution
phase of acute inflammation, but it remains to be estab-
lished what function MAO-A may have in this process.

In addition, it has become increasingly evident that
MAO activity is not only associated with amine turn-over.
Instead, since the biological importance of hydrogen per-
oxide as a second messenger has emerged, MAO research
has paid more attention to this previously neglected side
product of the MAO enzymatic reaction.

Monoamine oxidase research has gained further pro-
gress following the discovery of mouse strains with
defective MAO expression as well as the generation of
mouse models with more targeted strategy of gene silenc-
ing. Such animal models have subsequently allowed
researches to investigate the biological implications of
MAO expression in prenatal stages of development.
Indeed, MAO activity appears to be involved in perinatal
maturation of neuronal structures. Moreover, in particular
MAO-A, which in contrast to MAO-B is expressed in
significant amounts in the developing embryo, is a vital
player early on during embryogenesis. The impact of MAO
activity on the developing embryo involves the regulation
of cell cycle control, differentiation and apoptotic cell
death. The underlying molecular mechanisms are only
poorly understood. Both the control of the potent mor-
phogen serotonin and the generation of oxidative stress via
the generation of hydrogen peroxide are involved. Whereas
the signaling events that are associated to serotonin action
have been described in great detail, we are only beginning
to understand the means by which hydrogen peroxide
modulates cellular signaling cascades. This is further
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complicated by the fact that hydrogen peroxide can be
either toxic or stimulatory depending on the ability of the
cell to cope with it. Moreover, the impact of such a
highly reactive and ephemeral molecule is further com-
plicated by the fast sequence of spatio-temporal events
that take place in the developing embryo in a tightly
controlled manner. Furthermore, the various biological
functions of 5-HT that have been described in mammalian
adults and embryos have to be re-considered, since
transgenic mice that are unable to synthesize 5-HT
develop normally and show no major behavioral abnor-
malities [279]. Is serotonin really dispensable for survival
or are the compensatory mechanisms resulting from the
loss of such an ancient molecule so ingenious that life
without serotonin is possible? Thus, new experimental
strategies such as inducible or tissue-specific targeted
knockout strategies should be developed to further char-
acterize the roles of MAO during embryogenesis.
Defining the functions of MAO enzymes in the develop-
ing embryo will also help to understand the effects of
alimentary amines and of pharmacological molecules
interfering with amine metabolism on the unborn child.
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