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INTRODUCTION
Monoamines

Monoamines are neurotransmitters and neuro-modulators that derive from aromatic amino
acids. They contain one amino group connected to an aromatic ring by means of a two-
carbon chain (-CH2-CH2-).
Monamines include:

- catecholamines such as epinephrine (E), norepinephrine (NE), dopamine (DA)

- serotonin or 5-hydroxytryptamine (5-HT), an indolamin

- histamine (HI).

Norepinephrine is the principal neurotransmitter in the sympathetic nervous system and
together with epinephrine is a potent stress hormone released into the blood by the adrenal
medulla (Kandel and Schwartz 1985). Histamine also has a dual role, being a
neurotransmitter in the central nervous system (Steinbusch and Mulder 1984) and a potent
peripheral vasoregulator, e.g. when released by mast cells during allergic reactions (White
1990). Dopamine is another neurohormone released by the hypothalamus. As a hormone,
its main function is to inhibit the release of prolactin from the anterior lobe of the pituitary
gland.

As neurotransmitters, monoamines take part in a wide variety of processes such as
modulation of motor functions, arousal, attention, mood, and anxiety. Neuroendocrine cells
in the gastrointestinal and respiratory tracts also contain monoamines, which play important
paracrine roles in these organs (Axelrod 1971).

Monoamines are among the earliest neurotransmitters to be detected during human fetal
brain development (Olson et al. 1973). Since monoamines and their synthesizing enzymes
are present before the nerve terminal areas are developed, their early role differs from their
role in the synapsis.

Serotonin is the first monoamine to appear and has been detected at embryonic day 12
(E12) in the fetal rat brain, followed by DA (E13) and NE (E14) (Olson et al. 1973; Olson
and Seiger 1972).

During development, monoamines regulate morphogenesis through cell differentiation and
migration; some have also been shown to release trophic factors and induce trophic effects.
In particular, 5-HT plays a role in early gastrulation, induction of neurogenesis and neural
differentiation, formation of the neural tube and migration of cranial neural crest cells. At a
later stage, it inhibits synaptogenesis and causes release of neuronal growth factors
(Buznikov 1984; Fox 1995; Marshak 1990; Moiseiwitsch and Lauder 1995; Whitaker-
Azmitia et al. 1996; Whitaker-Azmitia et al. 1990).

Synthesis of catecholamines is mediated by two enzymes: tyrosine hydroxylase, which is a
rate limiting enzyme and converts tyrosine to dopamine; and dopamine beta hydroxylase
that converts dopamine to norepinephrine. NE is then converted in epinephrine by
phenyletanolamine-N-methyltransferase (PNMT). Serotonin is synthesized from tryptophan
by tryptophan hydroxylase. Histidine decarboxylase (HDC) is the rate limiting enzyme for
histamine biosynthesis (Kandel and Schwartz 1985).
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Neuronal monoamine degradation is mediated by MAO (monoamine oxidase), while the
extraneuronal catabolism of 5-HT, NE and DA is mediated by MAO-A, and of NE and E
by catechol-O-methyltransfrase (COMT) (Eisenhofer 2001). Histamine is broken down by
histamine-N-methyltransferase and diamine oxidase.

Unlike most transmitter substances, monoamines are recycled rather than enzymatically
inactivated, and over 70% of recaptured catecholamines are sequestered into storage
vesicles rather than being deaminated (Eisenhofer 2001). Their intracellular fate is
influenced by their lower affinity for inactivating enzymes than for vesicular transporters
located in intracellular vesicles (see monoamine transporters) (Erickson and Eiden 1993;
Peter et al. 1995b). Thus, cells are capable not only of storing and degrading monoamines,
but also of recycling and releasing them in a controlled fashion.

Monoamines in human reproduction

The uterus has an extensive innervation of sympathetic neurons and the adrenergic nerve
fibres have been shown to play a role in uterine contractility. In the central nervous system,
monoamines together with sex hormones, regulate sexual behaviour and neuro-endocrine
responses (Fabre-Nys 1998).

Enzymes involved in monoamine-synthesis have been demonstrated in normal
endometrium as well as in early pregnancy decidua, with the exception of histidine
decarboxylase. Local synthesis of the monoamines plays an important physiological
paracrine role (Manyonda et al. 1998). An abnormal synthesis and concentration of
monoamines in the early stages of pregnancy can lead to miscarriage. Mifepristone
(RU486) and DL111-IT (a non-hormonal contra gestational agent) cause early pregnancy
arrest, reducing monoamine synthesis in the uterus with subsequent decidual cell injury that
leads to miscarriage (Shentu et al. 2001). Adequate monoamine concentrations are essential
for a proper implantation and physiological evolution of pregnancy. Many factors are
involved in this regulation, for example degradation of catecholamines is increased by
progesterone that stimulates COMT and MAO activities in endometrium and decidua
(Hobel et al. 1981).

Serotonin and histamine play a role in decidualization, implantation and, in the case of
histamine, immune-modulation (Cocchiara et al. 1986; Dey 1981; Hatanaka et al. 1982;
Mackawa and Yamanouchi 1996 1223; Mitchell et al. 1983). There is a great deal of
evidence in this respect. Barash et al. reported that local injury to the endometrium, caused
by taking a biopsy, increased the incidence of implantation in IVF patients (Barash et al.
2003). Thus, it is likely that inflammatory mediators, including histamine, which are
normally released during tissue repair and remodelling, are important mediators of
decidualization and implantation. Implantation in rats was also induced by histamine when
combined with suboptimal doses of estrogen (Johnson and Dey 1980), while intrauterine
application of inhibitors or antagonists to histamine receptors inhibits decidua formation
(Hatanaka et al. 1982; Shelesnyak 1952; Shelesnyak 1957).

In mice, the rate-limiting enzyme in histamine synthesis, histidine decarboxylase (HDC),
has been observed in uterine epithelial cells with peak expression at the time of
implantation (Paria et al. 1998). The blastocyst expresses a histamine type 2 receptor, (H2),
which is the target for histamine activation (Zhao et al. 2000). After implantation, the

16



placenta is developed by the invasion of trophoblasts into the endometrium and maternal
vasculature. Histamine enhances the invasion by activating the histamine type 1 (H1)
receptor on the cytotrophoblasts (Liu et al. 2004). Monoamines are potent vasoactive
mediators that regulate blood flow and, in the case of histamine, capillary permeability
(Barkai and Kraicer 1996). Regulation of the uterine blood flow is important both during
menstruation and pregnancy. Prostaglandins are of crucial importance for implantation and
survival of the blastocyst. Their synthesis can also be modulated by NE, DA and HI
(Schrey et al. 1995a; Skarzynski et al. 1999; Yanagawa et al. 1997).

Sexual response

Research has shown that histamine is released from mast cells in the genitals as part of the
human orgasm, and this release has been connected to the sex flush among women. If this
response is lacking, it may indicate histapenia. Conversely, men with high histamine levels
may suffer from premature ejaculations (Kirmaz et al. 2005; Meston and Frohlich 2000).

Monoamine transporters

Since monoamines are potent mediators of physiological and pathophysiological events
throughout the body, their extracellular concentrations are tightly regulated. Unlike other
transmitter substances, monoamines are recycled rather than enzymatically inactivated.
Specific membrane bond transporter proteins mediate re-uptake of monoamines from the
synaptic cleft and extra cellular fluids and accumulate them intracellularly (Amara and
Kuhar 1993; Brownstein and Hoffman 1994).
Monoamine transporters can be grouped in three main families:

- the neuronal monoamine transporters

- the vesicular monoamine transporters

- the non neuronal monoamine transporters

Neuronal monoamine transporters:

Monoaminergic signaling is terminated by reuptake of the transmitter substance by specific
cell membrane transporter proteins, which were first described in neuronal cells and are
therefore referred to as neuronal transporters (Amara and Kuhar 1993; Brownstein and
Hoffman 1994).

Neuronal monoamine transporters are membrane proteins, containing 12 putative trans-
membrane domains (TMDs). The mechanism by which the transporter proteins mediate
monoamine uptake involves sequential binding and co-transport of Na” and CI” ions. DAT
transports two Na ' ions and one Cl ion with its substrate, whereas NET and SERT co-
transport their substrates with one Na" and one CI” ion (Torres et al. 2003a).

The presence of an active transport system for NE uptake at sympathetic nerve endings was
first suggested in early 1960 (Axelrod 1971; Whitby et al. 1961). Chemical signaling by
neural cells is terminated by the reuptake of the monoamine from the synaptic cleft by the
presynaptic neuron and at extra junctional sites (Figure 1).
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Postsynaptic terminal Neuron

Figure 1.

Schematic drawing of a monoaminergic nerve synapse illustrating components of synaptic neurotransmission.
Monoamines (yellow circles) are synthesized (1.) and stored into presynaptic vesicles by vesicular
monoamine transporters (2.). Monoamines are released in the synaptic cleft when depolarization occurs (3.)
and interact with pre- and post-synaptic receptors (4.). Transmembrane monoamine transporters proteins
uptake the monoamines back to the presynaptic neuron (5.). Also shown in the presynaptic plasma membrane
is the Na/K ATPase (circle with arrows indicating direction of ion flux) (Modified from Hoffman et al. 1998).

In the last decade, several genes coding for transporter proteins have been cloned and
characterized (Borowsky and Hoffman 1995; Chang et al. 1996; Erickson et al. 1992).
These include the transporters for 5-HT (SERT), NE (NET) and DA (DAT) (Blakely et al.
1991; Hoffman 1994; Kilty et al. 1991; Usdin et al. 1991) (Table 1). An epinephrine
transporter has been cloned in the bullfrog, (Apparsundaram et al. 1997) but no such
transporter has been described in mammals in general or humans in particular.

To date, no specific membrane transporter for histamine has been found.

It was subsequently discovered that these transporter proteins are not restricted to the
nervous system, but occur in other cell types such as DAT in the stomach, pancreas and
kidneys, NET in adrenal medulla, lung and placenta, and SERT in platelets, intestine,
adrenal glands, and the skin (Eisenhofer 2001; Mezey et al. 1996; Torres et al. 2003b)
(Hansson et al. 1998; Schroeter et al. 1997; Talvenheimo and Rudnick 1980; Wade et al.
1996). Both SERT and NET are expressed in the placenta (Balkovetz et al. 1989;
Ramamoorthy et al. 1993b) (Table 2).

Vesicular monoamine transporters:

In the cytoplasm, monoamines are further concentrated in vesicles by another set of
transporter proteins: the vesicular monoamine transporters (VMATSs). Two VMAT
isoforms have been cloned, VMAT1 and VMAT?2 (Peter et al. 1995a; Peter et al. 1995b).
They exhibit different anatomical distribution; VMAT2 is mainly expressed in
monoaminergic cell groups of the CNS and adrenal medulla (Hoffman et al. 1991; Usdin et
al. 1991) (Erickson et al. 1992; Erickson et al. 1996), whereas VMAT1 is mainly found in
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the adrenal medulla and neuroendocrine cells of the gastrointestinal tract (Weihe et al.
1994; Weihe et al. 1996).

Thus, monoamines are preferentially transferred from the cytoplasm to storage vesicles,
from which they can be subsequently released on demand. Cell membrane bound
monoamine transporters therefore function not only as part of a metabolizing system, but
also as part of a recycling system operating together with the VMATS to replenish the
transmitter stores.

Non neuronal monoamine transporters:

Organic cation transporters:

It has been known for many years that another family of plasma membrane transporters, the
organic cation transporters (OCT), is responsible for the so-called type 2 uptake of
monoamines (Iversen 1965). OCTs, also known as non-neuronal membrane transporters,
were only recently cloned (Gorboulev et al. 1997; Grundemann et al. 1998; Koehler et al.
1997; Zhang et al. 1997). Unlike neuronal monoamine transporters, which mainly regulate
synaptic levels of monoamines, OCTs play a key role in the clearance of monoamines from
the blood stream. In contrast to the neuronal transporters, OCTs have a broad affinity for all
biogenic amines as well as exogenous drugs, xenobiotics and organic anions and cations
(Eisenhofer 2001; Grundemann et al. 1999; Hayer-Zillgen et al. 2002; Koepsell 2004;
Wieland et al. 2000). Compared to neuronal monoamine transporters, OCTs have 12
putative TMDs, a lower affinity for catecholamines (i.e., higher K,), favour EPI over NE,
and exhibit a higher maximum rate of catecholamine uptake (i.e., higher Vy,,y). In addition,
uptake2 is not an Na'- and CI" -dependent process (Eisenhofer, 2001 #1213) (Table 1).
OCTs include OCT1, OCT 2 and OCT3 or the “extra-neuronal monoamine transporter”
(EMT) since their functional properties match those of the corticosterone-sensitive
catecholamine transport system (Eisenhofer 2001). 1-Methyl-4-phenylpyridinium (MPP+)
is an excellent substrate for all transporters. The transport efficiency of OCT1 and OCT2
for dopamine, noradrenaline, adrenaline and 5-HT in general are rather low, 5%-15% of the
range of MPP+. This suggests that OCT1 and OCT2 are not primarily dedicated to
transport these monoamine transmitters, however EMT plays a significant role in
catecholamine inactivation (Amphoux et al. 2006b; Lazar et al. 2007; Schomig et al. 2006).
Their pharmacological properties have recently been analysed in stably transfected cell
lines (Hayer-Zillgen et al. 2002). OCTs 1 and 2 as well as EMT are greatly inhibited by
corticosterone, progesterone and 17f-estradiol (Hayer-Zillgen et al. 2002)(Table 1). In
humans, non-neuronal monoamine transporters are mainly expressed by the liver (OCT-1,
EMT), intestine (OCT-1), kidney and brain (OCT-2, EMT). EMT has a broad tissue
distribution and is also found in the heart, blood vessels, placenta and retina (Eisenhofer
2001)(Table 2).

Plasma membrane monamine transporters -PMAT:

Another non-neuronal monoamine transporter, the plasma membrane monoamine
transporter (PMAT), which has functional and structural similarities to the OCT
transporters, has recently been cloned and characterized (Engel and Wang 2005; Engel et
al. 2004). PMAT is a protein characterized by 11 TMDs and in common with OCTs its
uptake is Na" independent (Engel et al. 2004).

A peculiarity of this transporter is its ability to function bidirectionally (Engel et al. 2004).
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Despite the fact that PMAT belongs to the equilibrative nucleoside transporter (ENT)
family, it reportedly functions as a polyspecific organic cation transporter (Engel and Wang
2005). Unlike ENT1-3, which exclusively transport nucleosides, PMAT (or ENT4) has a
low-affinity and high-capacity for monoamines (Table 1). In particular Histamine is
transported with a low affinity (i.e., inverse of K,), but efficiently (high Vyax). The best
substrate is 1-methyl-4-phenylpyridinium (MPP"), which is also the case for OCTs (K= 33
uM). In humans, PMAT mRNA is strongly expressed in the brain and skeletal muscle, but
transcripts are also found in the liver, kidney, intestine and heart (Engel et al. 2004; Zhou et
al. 2007b) (Table 2). Nicotine is a strong inhibitor of PMAT. In general, most inhibitors
exhibited similar or close inhibitory potencies toward PMAT and OCTs, with the exception
of corticosterone, which inhibits with low affinity PMATS (Table 1).

Table 1. Substrate specificity and inhibitors of monoamine transporters

Principal substrates and Main Inhibitors
specificity

Neuronal transporters

NET DA>NE>EPI Cocaine, Reboxetine,

bupropion, chi-MrIA

DAT DA>>NE>EPI Cocaine, SSRI, bupropion

SERT SHT SSRI (i.e.fluoxetine)

Vesicular ma transporters

VMATI1/2 All ma, particularly histamine | Reserpine

Non neuronal transporters

OCT1 DA=EPI>>NE; Corticosterone, E; and P
5HT, MMP", tyramine, Isocyanines, NMN, MN
tetracthylammonium, cimetidine, type II cations
metformin

OCT2 DA>>NE>EPI; Corticosterone, E; and P
5HT, Histamine, MMP", Isocyanines, NMN, MN
tyramine, cimetidine, type II cations,
tetraecthylammonium,
guanidine, creatinine,
metformin

EMT (OCT3) EPI>>NE>DA,; Corticosterone, E; and P
5HT, Histamine, MMP", Isocyanines, NMN, MN,
tyramine cimetidine, type II cations,

O-methyl-isoprenaline

PMAT SHT >DA> Nicotine, Pargyline,
NE>Histamine>EPI, Clonidine, Amantidine.
MMP", guanidine, choline, Decynium 22
metformin Corticosterone (low affinity)

Ma: monoamines; MMP": 1-methyl-4-phenylpyridinium; E,. 17B-estradiol; P: progesterone; NMN:
normetanephrine; MN: metanephrine
SSRI serotonin specific re-uptake inhibition
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Table 2: Regional expression of monoamine transporters

Neuronal Tissue Non neuronal Tissue
transporter transporter
NET CNS OCT1 Liver
Adrenal medulla Intestine
Lung
Placenta
DAT CNS OCT2 Kidney
Gastrointestinal tract CNS
Kidney
SERT CNS EMT (OCT3) Liver, CNS, Heart,
Platelets Vessels, Kidney,
Intestine Placenta, Retina,
Adrenal glands Uterus Skeletal
Skin muscles
Placenta
VMATI Adrenal medull PMAT CNS, Skeletal
Gastrointestinal tract muscles
Intestine, Liver,
Kidney, Heart
VMAT2 CNS
Adrenal medulla

CNS: central nervous system (Modified from Eisenhofer, 2001)

Monoamine transporters, SSRI, analgesics and drug addiction

Neuronal monoamine transporters have been of particular interest because of their central
role in modern treatment of depression and anxiety by means of serotonin specific reuptake
inhibition (SSRI) (Pacholczyk et al. 1991; Tatsumi et al. 1997).

Antidepressants and analgesics affect monoamine transporters enhancing serotonergic,
noradrenergic or dopaminergic neurotransmission, by binding to the corresponding
transporter, inhibiting neurotransmitter reuptake and thereby raising active levels of
monoamines in the synapses. Examples include fluoxetine, a selective serotonin reuptake
inhibitor; reboxetine, a norepinephrine reuptake inhibitor, and bupropion, which both
inhibits the norepinephrine and dopamine transporter. Another highly selective non-
competitive inhibitor of the NE transporter (NET) is the conopeptide chi-MrlA, recently
developed as a novel intrathecal analgesic (Paczkowski et al. 2007). On the contrary, non
neuronal monoamine transporters are minimally affected by SSRI therapies. Recently five
different SSRIs were tested and inhibited PMAT at much higher concentrations than those
used clinically (Zhou et al. 2007a).

Monoamine transporters are also involved in mechanisms associated with drug addiction
(Schuldiner et al. 1993). Cocaine and amphetamine, both block the uptake of monoamines
in a similar way to that of SSRI, leading to increased levels of extracellular monoamines
(Wang et al. 2007). The euphoric and addictive properties of amphetamine,
methamphetamine and cocaine are considered to derive from their potent DAT-blocking
activity. In fact genetic deletion of VMAT2 markedly inhibits dopamine transporter activity
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(Yamamoto et al. 2007).Cocaine users and sufferers of cocaine-induced mood disorders,
display a marked reduction in VMAT?2 immunoreactivity, which may reflect damage to
striatal dopaminergic fibers (Little et al. 2003). It has been recently shown, that in
monoaminergic neurons, high doses as well as therapeutic doses of amphetamine and
methylphenidate selectively redistribute (“trafficking”) the vesicular monoamine
transporter-2 (Riddle et al. 2007). These neuronal changes could play a role in causing
mood disorder and the motivational processes seen in severely addicted users.

Monoamine transporters; neurological and psychiatric diseases:

Monoamine transporters have also been associated to neurological and psychiatric diseases.
VMATTI gene has been associated with schizophrenia (Richards et al. 2006) and the
norepinephrine transporter (NET) has been associated with the attention deficit
hyperactivity disorder and neurodegenerative disorders such as Alzheimer's disease and
Parkinson's disease (Ding et al. 2006).

It has become evident that genetic variants of monoamine transporters may also contribute
to individual differences such as behavior and neuropsychiatric disorders. Genetic studies
of the dopamine transporter (hDAT; SLC6A3), the serotonin transporter (hRSERT;
SLC6A4), and the norepinephrine transporter (W(NET; SLC6A2) have shown that genomic
variations can influence pharmacology and brain physiology by various mechanisms,
including substrate affinities, transport velocity, transporter expression levels (density),
extra-cellular membrane expression, trafficking and turnover, as well as neurotransmitter
release. (Lin and Madras 2006).

Normal human endometrium

Hitchmann and Adler were the first to describe cyclic changes of the endometrium in 1908
(Hitchmann and Adler 1908).

The endometrial lining of the uterine cavity is composed of a functional layer (upper two
thirds of the endometrium) and a basal layer. The functional layer is composed of epithelial
cells, which form the luminal surface of the glands and the supporting stroma. The
endocrine influence of gonadal steroids initiates a cascade of paracrine interactions between
these cell types (Arnold et al. 2001). During the menstrual cycle in particular, the functional
layer undergoes structural and functional changes in response to estrogen and progesterone.
Estrogens initiate endometrial proliferation during the follicular phase of the ovarian cycle,
and progesterone results in endometrial differentiation during the luteal phase. Three phases
can be distinguished in the cycling endometrium. Growth of all compartments from the
basal layer occurs under the influence of estrogen in the proliferative phase; tissue
differentiation with secretory activity in the glands in response to progesterone in the
secretory phase (Cooke et al. 1998; Kurita et al. 2000) and the menstrual phase with
discharge of the functional layer started by progesterone withdrawal secondary to corpus
luteum regression, if no pregnancy has been established. The proliferative and secretory
phases can be sub-divided into early, mid and late.

Estrogen and progesterone interact with the endometrial cells by means of specific nuclear

receptors for estrogens (ERa and ER[]) and for progesterone (PR-A and PR-B) (Conneely
and Lydon 2000; Enmark et al. 1997). The expression of endometrial sex steroid receptors
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varies temporally and spatially across the menstrual cycle. Both ER( and PR are up-
regulated during the proliferative phase by estradiol and down regulated in the secretory
phase by progesterone acting at both the transcriptional and the post-transcriptional level
(Lecce et al. 2001; Lessey et al. 1988; Mertens et al. 2001).

PR is an estrogen-responsive gene, and its presence is considered evidence of a functional
ER mediated pathway.

The stroma is characterized by a dynamic leukocyte population. Endometrial leukocytes
include T and B cells, mast cells, macrophages, neutrophils, and the uterine natural killer
(uNK) cells. These cells vary across the menstrual cycle. The uNK cells are mainly present
in the late secretory phase and early pregnancy; macrophages are always present but
increase in number in the mid-late secretory phase and in decidua; mast cell distribution
does not vary during the cycle, although the cells are activated in the late secretory phase,
prior to menstruation (Poropatich et al. 1987). Mast cells are a well known source of
histamine and could contribute to the histamine pool present in the endometrium.

The implantation window and placentation

The implantation window is defined as the limited period during which the endometrium is
receptive to implantation of the blastocyst (Bourgain and Devroey 2003). During this
period the functional endometrial layer undergoes structural and functional changes in
response to estrogen, progesterone and blastocyst-derived factors, which transform the
endometrium into decidua (Cooke et al. 1998; Kurita et al. 2000).

Monoamines in general and histamine in particular have been shown to play a role in the
process of decidualization of endometrial tissue in the secretory phase (Barkai and Kraicer
1996; Dey 1981; Dey et al. 1979a; Dey et al. 1979D).

Implantation is a complex process that involves intimate "cross-talk" between the embryo
and uterus. Successful implantation also involves participation of locally derived growth
factors, cytokines, prostaglandins, transcription factors and lipid mediators (Paria et al.
2001).

Implantation of the human blastocyst may be divided into three phases: (1) the free
blastocyst phase, in which the embryo has not interacted with the endometrium; (2) the
adhesion and intrusion phase, which includes attachment of the blastocyst and penetration
of the surface epithelium (this has never been observed in humans); (3) the placentation
phase, during which the placenta is formed (Enders 2000; Engel and Wang 2005; Lopata et
al. 2002).

The human trophoblast is highly invasive in vivo and can penetrate the thickness of the
endometrium, reaching as far as the basal third of the endometrium (Enders 1997).

The microenvironment of the uterus is decisive for the proper invasion of the trophoblast
and progression of pregnancy. An inadequate toxin free milieu in the uterine cavity may
lead to inadequate implantation and early miscarriage. Non neuronal monoamine
transmitters have broad affinity for many substrates such as exogenous drugs, xenobiotics
and toxins in general (Eisenhofer 2001), therefore they can maintain a proper setting for
implantation.
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Normal embryonic development is dependent upon a sufficient oxygen, nutrient and waste
exchange through the placenta. In primates including humans, this exchange is attained by
successful hemochorial placentation which requires the transformation of maternal
intramyometrial spiral arterioles by trophoblast invasion in order to achieve uteroplacental
circulation as well as the establishment and maintenance of a competent fetoplacental
vasculature. Trophoblast and endothelial cell differentiation, proliferation and invasion
occur during placentation (Wulff et al. 2003). Trophoblast cells can be divided into
chorionic, villous, and extravillous trophoblasts. There are two types of extravillous
trophoblasts: endovascular trophoblast that forms the definitive placenta by occlusion of the
spiral arterioles at the implantation site; and interstitial extravillous trophoblast that is
responsible for the anatomical erosion of the distal spiral arterioles and the secretion of
angiogenic and vasodilator signals to improve uterine blood flow (Chaddha et al. 2004)
The importance of tight regulation of angiogenic factors and their endogenous antagonists
for normal development of the placenta is demonstrated by failure of this system, resulting
in abnormal placenta vascularization and trophoblast invasion associated with intrauterine
growth retardation or preeclampsia (Wulff et al. 2003).

Preeclampsia

Preeclampsia is one of the most common causes of perinatal and maternal morbidity and
mortality. The overall incidence is 3-7% of pregnancies, and mainly primigravidae are
affected. The clinical manifestations of preeclampsia appear after 20 weeks of gestation and
are characterized by low_circulating blood volume, hemo-concentration, high blood
pressure and proteinuria. Furthermore, severe cases of preeclampsia involve pathologic
activation of the coagulation and fibrinolytic systems. Without intervention the condition
may develop into severe epileptic seizures — eclampsia. Only symptomatic treatment of the
condition is available and termination of the pregnancy remains the only curative
intervention (Schroeder 2002). Removal of the placenta is believed to be the underlying
mechanism for resolution of the symptoms (Roberts et al. 1989).

The spiral arteries are modified during early gestation. Trophoblast cells invade the
muscular layer of these vessels in order to make them distended, thin-walled and less
responsive to vaso-active substances, thus ensuring proper blood flow (Robertson et al.
1986). Modification of the spiral arteries has been shown to be inadequate in preeclampsia
and seems to be a background key factor for its aetiology and early onset [IUGR (de Groot
and Taylor 1993; Khong et al. 1986; Pijnenborg et al. 1991). Defective endovascular
erosion could in fact render the basal plate inadequate for meeting the demands of fetal
growth (Chaddha et al. 2004). A generalized inflammatory process in vascular endothelial
cells is a hallmark of preeclampsia (de Groot and Taylor 1993; Granger et al. 2001; Roberts
and Cooper 2001; Roberts et al. 1989). Factors associated with the placenta have been
suggested, but so far no specific culprit has been found.

Inadequate regulation of monoamine levels during implantation and placental formation
may influence trophoblast invasion. Histamine plays a central role in this modification
(Dey 1981; Hatanaka et al. 1982) as well as in local blood flow regulation (Barkai and
Kraicer 1996).
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The hypertension is due to peripheral vasoconstriction and elevated resistance. Increased
activity in the sympathetic nervous system and elevated concentrations of circulating vaso-
active substances are both important factors in the pathophysiology of hypertension. In fact,
sympathetic over-activity is a significant finding in preeclampsia (Schobel et al. 1996). NE
is the principal neurotransmitter in the sympathetic nervous system. Increased blood levels
of monoamines such as norepinephrine and serotonin have been shown in preeclampsia as
well as in [UGR (Kaaja et al. 1999; Manyonda et al. 1998; Middelkoop et al. 1993).
Serotonin has been shown to affect the migration of neuronal crest cells during early
development (Moiseiwitsch and Lauder 1995), and may also regulate cell migration in the
placenta. During early gestation in rats, SERT has been demonstrated in migrating cells of
the ectoplacental cone (Hansson et al. 1998; Yavarone et al. 1993), suggesting a need for
regulated uptake during placenta formation.

After re-uptake from the extra cellular space, the enzyme MAO degrades NE. Several
studies have shown that the expression and activity of MAO-A is decreased in the placenta
from pre-eclamptic pregnancies (Carrasco et al. 2000a; Sivasubramaniam et al. 2002). This
enzyme also metabolizes 5-HT, another monoamine known to be elevated in preeclampsia
(Middelkoop et al. 1993). The high 5-HT plasma levels are mainly due to reduced
enzymatic degradation.

Cocaine abuse reportedly gives rise to a preeclampsia-like condition in pregnant women
(Towers et al. 1993). Cocaine is a known inhibitor of monoamine transporters.
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AIMS OF THE STUDY

The general objective of the present study was to investigate the gene expression of the
monoamine transporters in female human reproduction. Since the transporter proteins
critically regulate extra-cellular monoamine concentrations, knowledge of their distribution
and cyclic variation is of great importance for a deeper understanding of the contribution of
monoaminergic mechanisms to the reproductive process.

The specific aims were:

-To study the gene expression of the monoamine transporters in normal endometrium, early
pregnancy decidua, and placentas.

-To investigate whether the gene expression of monoamine transporters showed differences
in placentas of normal pregnancies vs. placentas of pregnancies complicated by
preeclampsia, in order to enhance the understanding of monoaminergic mechanisms in the
pathogenesis of preeclampsia.

-To demonstrate specific in vitro histamine uptake in human endometrial cells by EMT and

VMAT?2, and to better comprehend the storage and release mechanisms of histamine and its
important role in the initial stages of pregnancy and early fetal development.
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MATERIALS AND METHODS

Patients and tissue sampling

Tissue was collected at the Department of Obstetrics and Gynaecology, Lund University
Hospital, Lund. Sampling after informed consent was approved by the Research Ethics
Committee Review Board for studies in human subjects.

Papers I, Il and IV

Endometrial tissue was collected from healthy women (n=39) under 45 years of age, who
were undergoing hysterectomy or diagnostic curettage for benign reasons unrelated to
endometrial dysfunction e.g., cervical dysplasia, myoma or uterine prolaps, etc. Each
sample was evaluated by a histopathologist in order to exclude endometrial pathology and
identify the cyclic phase (Hendrickson and Kempson 1980; Noyes et al. 1950). Decidual
tissue was collected from first trimester elective abortions (n=5).

Paper 11

Placental tissue was collected from preeclamptic (n=10), and normal pregnancies (n=7).
The controls were matched for maternal age and parity. Patients with essential hypertension
and renal or other systemic diseases were excluded.

Tissue samples were taken from the placenta immediately after delivery and, in the case of
caesarean section (29% in the control and 50% in the preeclamptic group), from the uterine
wall. Two specific areas within the placenta were sampled: (1) a section, 10x10x4 mm,
from the maternal surface, at the entrance of the spiral arteries and (2) a cube 10x10x10
mm from the central part of the placenta consisting of villi. Placenta bed biopsies were
collected from the uterine wall during caesarean section in order to study gene expression
in the modified spiral arteries.

In-situ hybridization histochemistry (Papers I-1V)

RNA Probes

A probe of approximately 400-560 nucleotids was used for the human SHTT, NET, DAT,
VMATI, VMAT2, OCT1, OCT2, EMT, PMAT mRNAs (Engel et al. 2004; Erickson et al.
1992; Gorboulev et al. 1997; Grundemann et al. 1998; Koehler et al. 1997; Pacholczyk et
al. 1991; Ramamoorthy et al. 1993b; Uhl and Kitayama 1993; Zhang et al. 1997)

PCR

DNA templates were generated by a polymerase chain reaction (PCR) from various cDNAs
using bipartite primers consisting of either a T7 RNA promoter and a downstream gene-
specific sequence (anti-sense) or a T3 RNA promoter and an upstream gene-specific primer
(sense). DNA templates were purified from agarose gels and thereafter sequenced using a
cycle sequencing reaction kit.

Complementary RNA (cRNA) probes were transcribed from a gel-purified DNA template
using 35S-UTP and either T3 or T7 RNA polymerase to generate sense and antisense
probes respectively.

Tissue sections

Tissue sections were cut on a cryostat (12um), thaw mounted onto silanized slides, and
stored at -80°C prior to hybridization. Fresh frozen tissue as opposed to fixative-treated
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tissue, was used in order to maximize mRNA detection. In order to ensure the best possible
tissue integrity, the tissue was not thawed prior to sectioning.

RNA Hybridization

Prior to hybridization, tissue sections were fixed, dehydrated and delipidated as previously
described (Bradley et al. 1992). Sections were hybridised overnight with a **S-radiolabeled
probe. After washing to remove excess probe, slides were apposed to film and coated with
film emulsion. Following four weeks of exposure, the slides were developed, fixed and
counterstained.

All slides in papers I and IV were evaluated by two independent investigators (S.H and
B.B.) who were blinded for the experimental conditions.

Real-time PCR

RNA extractions

Total RNA was extracted from frozen tissue. Proteoglycan and polysaccharide
contamination was removed. Only samples with visible 18S/28S bands were included for
further analysis.

cDNA synthesis
RNA was reversed transcribed. The samples were stored at -20°C until further use.

Real-time PCR amplification

Primers and probes were designed using Assays on-Design/Demand™ (Applied
Biosystems). In order to rule out the presence of hybridization artefacts to a specific part of
the gene, the real time probes were designed as one overlapping with the in-situ probe and
one non overlapping; both probes revealed identical patterns throughout the experiments.
Each primer pair was located on different exons of the investigated gene in order to avoid
genomic DNA contamination. Oligonucleotide probes were labelled with fluorogenic dye,
6 carboxyfluorescein (Fam) and quenched with 6 carboxy-tetramethylrhodamine (Tamra).
Two negative controls, without a template, were included in each amplification. RNA
samples were tested for genomic DNA contamination prior to further investigation.
Duplicate or triplicate assays were made for each reaction. Transcript of B-actin, as a
housekeeping gene, was quantified as endogenous reference RNA in order to normalize
each sample. Quantification was achieved by means of a calibration curve obtained from
10-fold serial dilutions of the DNA template. Results are expressed as relative values.

Immuno-histochemistry

Paper 11

Frozen sections were fixed with paraformaldehyde and then blocked in bovine serum
albumin (BSA). The presence of cytokeratin, an epithelial cell marker, was detected using a
mouse monoclonal anti-human cytokeratin (Dako). Sections were incubated overnight.
Endogenous peroxidase activity was blocked. Biotin-SP-conjugated anti mouse IgG was
used as a secondary antibody. The primary and secondary antiserums were diluted. Slides
were incubated in streptavidin-HRP. Immune complexes were visualized in
diamonbenzidine (DAB). Sections were air-dried and coverslipped.
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Paper IV

A polyclonal goat anti human EMT and a corresponding blocking peptide were used in
order to detect EMT protein in fresh frozen tissue sections. A polyclonal rabbit anti goat
IgG antibody was used as a secondary antibody and a Rabbit System-HRP as the detection
system. Sections were fixed with formalin. Endogenous peroxidase activity was blocked by
1% H202 in PBS. Sections were incubated overnight with the primary antibody. They were
subsequently incubated with the rabbit anti goat IgG antibody and EnVision Rabbit
System-HRP. The immune complexes were visualized with diaminobenzidine (DAB).
Sections were counter-stained with hematoxylin, dehydrated and coverslipped.

Tissue culture

Endometrial tissue was obtained under sterile conditions, subsequently cut and incubated in
dissociation solution with collagenase and DNAse. Gentle pipetting up and down assisted
dissociation. Cells were fractionated over sterile sieves. A nylon sieve was used to remove
undigested pieces of tissue, and another sieve retained the glands, while stromal cells were
collected in the flow-through. The glands were back-washed from the sieve, and both cell
types were collected by centrifugation, and plated. Stromal cells were grown in culture
flasks with a medium. The cells were transferred to 12-well plates and subcultured before
3H-labelled histamine uptake was assayed. Glands and fragments of glands were plated in
12-well tissue culture plates. Overnight incubation allowed glands to attach to the plastic,
preserving cell polarized morphology and hence the functional integrity of the glands.

Cellular uptake of * H-labelled histamine

Uptake of *H-histamine was assayed by incubating subconfluent cultures of endometrial
stromal cells or attached glands for 15 min at 37°C with *H-histamine 0.1 umol/L in uptake
buffer. Subsequently, the cultures were washed and lysed, and the cell lysate was assayed
for radioactivity in a liquid scintillator. To determine background nonspecific
uptake/binding of *H-histamine, identical experiments were performed in the presence of
100-fold unlabelled histamine. We estimated cellular binding as compared with active
uptake by incubating the cultures with *H-labelled histamine 0.1 umol/L at 0°C. Non-
specific binding/uptake was measured for each experiment and subtracted from the total
counts to yield the specific binding/uptake.

Stromal cell cultures from two different patients were used for these experiments, and each
treatment was performed in quadruplicate.

Uptake was also measured after pretreatment with either an inhibitor of the organic cation
transporter EMT, i.e. corticosterone, or an inhibitor of VMAT?2 i.e. reserpine. The cytosols
were assayed for protein content using bovine serum albumin as a standard. Finally, the
results were expressed as uptake of *H-histamine/mg cellular protein. Each inhibitor
concentration was assayed in quadruplicate for each patient.

Statistics

Results are presented as box plots, with the exception of paper IV, in which they are
presented as scatter plots. The Mann-Whitney U test was used to evaluate the significant
differences between groups.

In paper III all data are presented as mean and SEM, since data distribution within each
group appeared normal. Differences between groups were evaluated using the Wilcoxon
signed rank test or Mann-Whitney U-test. Concentration-dependent reduction of uptake by
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inhibitors was evaluated by means of the chi-square test for trend (Altman 1991). All tests
were two sided and p<0.05 was considered statistically significant.
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RESULTS AND COMMENTS

The various in-situ hybridization histochemistry probes used in the study were hybridized
on control tissue in order to verify their specificity. None of the sense probes showed
specific hybridization. Hybridization was repeated on at least two occasions with
consistently reproducible results.

Monoamine transporters in normal endometrium and early pregnancy decidua (papers I,
1l and IV)

In situ hybridization revealed endometrial expression of monoamine transporter genes.
Four distinguishable patterns were observed over the menstrual cycle: (1) epithelial
expression of NET mRNA; (2) Stromal coexpression of VMAT2 and PMAT mRNAs with
maximal intensity in the late proliferative phase; (3) increasing epithelial expression of
VMAT2 mRNA with a maximum in the late secretory phase; (4) stromal expression of
EMT mRNA with a peak in the early secretory phase (Figure 2).

3 TP

Figure 2. Brightfield images of normal endometrial tissue showing four distinguishable patterns observed
over the menstrual cycle. 1. Norepinephrine transporter (NET) mRNA in glandular epithelial cells (arrow) in
the late proliferative phase 2. PMAT mRNA in stromal cells in the late proliferative phase 3. VMAT2 mRNA
in epithelial cells of the late secretory phase. Some cells of the glandular epithelium (arrows) were
distinguishable by an even stronger signal, as shown in the magnified area 4. EMT mRNA in stromal cells of
the secretory phase. G: glandular epithelial cells; S: stroma

Scale bars 1,3=100 um; 2,4=50 um
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Neuronal and vesicular monoamine transporters

NET mRNA was found with ISHH consistently in the late proliferative phase in glandular
epithelial cells. In contrast, real time PCR revealed low expression levels of NET in all
phases, and a trend toward lower expression in the secretory than in the proliferative phase
was observed, but the difference was not significant.

VMAT2 mRNA exhibited a dynamic pattern over the menstrual cycle. Stromal expression
increased in the proliferative phase with a peak in the late part of the phase followed by a
decrease in the secretory phase. In addition, a strong epithelial expression increased in the
early secretory phase and reached a maximum in the late secretory phase. Real time PCR
quantification confirmed the higher expression of VMAT2 mRNA in the secretory
compared to the proliferative phase, although levels peaked in the mid rather than late
secretory phase.

VMAT1 mRNA was not detected in any phase of the menstrual cycle. SERT mRNA was
found occasionally in stromal cells of two secretory phase endometria, and sporadically in
early decidua epithelial cells. DAT mRNA was found in one case of early pregnancy
decidua.

Non neuronal monoamine transporters

In the stroma, PMAT mRNA showed a similar pattern to that of VMAT2 mRNA. It was
not detected in the glandular cells. Real time PCR confirmed this pattern, as well as a
significant difference between the proliferative and secretory phases. EMT mRNA was also
restricted to the stroma. Intensity of the expression increased during the proliferative phase,
reached a peak in the early secretory phase, and then decreased gradually during the
remainder of the secretory phase, a pattern confirmed by real time PCR results. The levels
expressed in decidual tissue were comparable to those in the early proliferative phase.
Immunohistochemistry showed stromal distribution of EMT protein that matched the
distribution of EMT mRNA. It also showed a weak immunohistochemical staining in the
epithelial cells.

ISHH did not reveal OCT1 mRNA in any phase of the menstrual cycle. Real-time PCR
showed a very weak expression of OCT1 mRNA, which did not vary over the menstrual
cycle. OCT2 mRNA was detected in a few scattered cells in the stroma with no differences
between the phases. Real-time PCR did not detect a significant amount of OCT2 mRNA in
any sample, presumably due to the very low number of positive cells. None of the neuronal
and non neuronal monoamine transporters were detected in the menstrual phase or decidua,
except for DAT (see above).

Monoamine transporters in normal and pre-eclamptic placentas (paper II)

In situ hybridization showed a similar expression pattern of monoamine transporters in
normal and preeclamptic placentas. In particular, NET mRNA was seen in
syncytiotrophoblast cells lining chorionic villi with a low intensity expression, and in
trophoblast cells of the anchoring villi with a stronger intensity expression. Positive cells
were located at the maternal surface surrounding the spiral arteries and were cytokeratin
positive at immuno histochemical staining.

ISHH performed on the placenta bed biopsies showed NET mRNA expression in the
superficial layers. EMT mRNA was expressed in scattered adventitia cells in placental

32



vessels as well as in intralobular septa cells. A real time PCR assay of tissue extracts
demonstrated a significantly lower expression of NET mRNA and EMT mRNA in the
central placenta from preeclamptic compared to normal pregnancies.

SERT mRNA was mainly detected in trophoblast cells of chorionic villi and real time PCR
showed no significant difference between groups.

VMAT2 mRNA was detected by ISHH in the deeper layers of the placenta bed biopsies in
trophoblast cells (cytokeratin positive cells); real time PCR detected low expression levels
in the central placenta, with no significant difference between preeclamptic and normal
placentas.

A small number of cells in the intima layer of some placental vessels hybridized with
OCT1 and OCT2 mRNA probes. Real time PCR confirmed low expression levels, without
a significant difference, but with a trend toward lower levels in the preeclamptic group.

Functional study: Histamine uptake (paper I11)

In the preliminary experiments (see Materials and Methods) it was found that the mean
specific uptake of histamine was 44%, specific binding 12%, non-specific uptake 13% and
non-specific binding 31%. Specific uptake in the control groups of stromal cell cultures did
not differ in the proliferative or secretory phase.

Stromal cell cultures pre-treated with corticosterone, a highly efficient inhibitor of EMT-
mediated uptake (Hayer-Zillgen et al.), showed a significant inhibition of *H-histamine
specific uptake in both the proliferative and the secretory phase at a concentration of
10umol/l. However, higher concentrations of corticosterone resulted in a further decrease in
histamine uptake only in proliferative phase cultures.

Pre-treatment of stromal cell cultures with reserpine, a selective inhibitor of VMAT2, at a
concentration of 10umol/l inhibited histamine uptake in the proliferative phase but not in
secretory phase cultures. Higher concentrations of reserpine resulted in a dose-dependent
reduction of uptake in proliferative as well as secretory phase cultures.

No specific histamine uptake was detected in the gland cultures, either in the proliferative
or secretory phase. When the same cultures were incubated for a longer period, three hours
instead of fifteen minutes, in order to allow diffusion of *H-histamine into the cells, glands
obtained during the secretory phase accumulated significantly more *H-histamine over time
than those from the proliferative phase.

Pre-treatment of gland cultures with 10umol/l of reserpine for three hours resulted in a
reduction of accumulated *H-histamine in glands from the secretory but not from the
proliferative phase.

Comments

The peak expression of NET detected by means of ISHH in the late proliferative phase was
not confirmed by quantitative PCR. Instead, real time PCR showed low expression levels
throughout the cycle which, however, tended to be higher in the proliferative phase.
Hybridization artefacts were considered unlikely, since both real time probes that
overlapped with the in-situ probe and one that did not, showed identical patterns. Both
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methods can detect low levels of RNA in tissue but only ISSH allows identification of low
intensity mRNA expression in single cells. A possible risk when analysing low expression
transcripts, such as NET, from heterogeneous tissue, is that cyclic variations can be masked
as the tissue composition changes. Endometrial morphology changes significantly from the
proliferative to the secretory phase when the glands increase in size and the stroma
becomes denser. Such changes may help to explain discrepancies between the results
obtained with ISHH and with real time PCR, respectively.



DISCUSSION

Monoamine transporters in cyclic endometrium

Our results show that two families of monoamine transporters, neuronal and extraneuronal
monoamine transporters, are present in human endometrium (I, IV). Their different
expression patterns and signal intensity imply that they have biological roles in the cyclic
endometrium and reproductive process.

The pattern of NET expression suggests a role associated with the uptake of NE, mainly in
the proliferative phase (I). In-vitro uptake of NE in the human endometrium and
myometrium has previously been shown (Pedroza-Garcia et al. 1975). NET uptake is
cocaine-sensitive and enhanced by estradiol, as previous animal experiments have shown
glandular epithelial cell uptake of NE with these characteristics (Alm et al. 1975; Declercq
de Perez Bedes and Garcia Bienere 1975; Kennedy and Lande de la 1986). DA cannot be
ruled out as a potential transmitter in human endometrium in spite of the fact that DAT
mRNA was not detected, especially as NET has a higher affinity for DA than NE
(Eisenhofer 2001; Pacholczyk et al. 1991).

PMAT and VMAT2 mRNAs are expressed in stromal cells with peak expression in the late
proliferative phase (I, IV). PMAT has been shown to function bidirectionally (Engel and
Wang), releasing monoamines in the form of regulated efflux. Our results suggest uptake,
storage capacity and a potentially regulated release of monoamines by stromal cells in the
proliferative phase.

VMAT?2 mRNA was also strongly expressed in the epithelial cells during the secretory
phase (I). A slow increase of VMAT2 mRNA throughout the secretory phase suggests a
gradual accumulation of monoamines in the epithelial cells.

Monoamines have been shown to play a role in the process of decidualization of
endometrial tissue in the secretory phase. The mechanisms are, however not known,
although histamine has been extensively studied in this respect (Barkai and Kraicer 1996;
Dey 1981; Dey et al. 1979a; Dey et al. 1979b). VMAT?2 transports all monoamines and
thus has the highest affinity for histamine (Erickson et al. 1992).

Monoamines in general are potent vasoactive agents. Regulation of uterine blood flow is
important in the cycling endometrium and during menstruation, but most of all during
pregnancy when blood flow increases markedly. By inhibiting NE uptake, changes in the
contractile response of the porcine uterine artery have been demonstrated in early
pregnancy (Laporte and DeRoth 1997). NET, therefore, may have a role as a protective
mechanism, preventing sympathetic hyperactivity from reducing uterine blood flow.
During non-fertile cycles, the secretory endometrium eventually disintegrates and
menstruation is initiated. Monoamines, accumulated into vesicles by VMAT?2 during the
secretory phase, could be released en mass and play a role in vasoconstriction of the uterine
spiral arteries, thereby diminishing excessive bleeding.

Among non-neuronal transporters, EMT and PMAT mRNAs are expressed in the

endometrium, predominantly in the stroma. PMAT mRNA exhibits peak expression in the
proliferative phase and EMT in the secretory phase. OCTs and PMAT are sensitive to 17f3-
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estradiol and progesterone (Amphoux et al. 2006a). The cyclic variations of these hormones
may modulate EMT and PMAT uptake differently in the proliferative and secretory phases.

Both EMT and PMAT contribute strongly to the inactivation of catecholamines present in
extracellular fluids (Eisenhofer 2001; Engel and Wang 2005; Engel et al. 2004). OCTs and
PMAT mediate cellular uptake of a wide variety of substances, in particular neuro-toxins.
They have a broad tissue distribution, especially in toxin eliminating organs such as liver,
kidney and placenta (Engel et al. 2004; Hayer-Zillgen et al. 2002). Impaired detoxification
of xenobiotics has been associated with endometriosis and malignant transformation
(Baxter et al. 2001). Therefore, EMT and PMAT may have a protective function in the
endometrium of the non-pregnant uterus.

The uterine environment is also of crucial importance for optimising proper implantation
and survival of the blastocyst. Environmental toxins have been shown to affect both the
pre-implantation embryo and the embryonic growth (Godfrey 2002). Therefore EMT and
PMAT may reflect a safety mechanism to ensure an optimal toxin free milieu in the uterine
cavity and may be a pre-requisite for normal programming of the conceptus.

Nicotine is a strong inhibitor of PMAT, a fact that could explain the higher rate of
miscarriages in smokers compared to non smokers (Shiverick and Salafia 1999).

High levels of stress hormones, such as corticosterone, also have a negative impact on
reproduction. Since corticosterone is a selective high affinity inhibitor of EMT (Hayer-
Zillgen et al. 2002) and a low affinity inhibitor of PMAT (Engel and Wang 2005), our
results suggest a possible cellular mechanism explaining impaired implantation during
stress.

Monoamine transporters in normal and preeclamptic placentas (1)

It has been known for some years that SERT, NET and the OCTs are expressed in the
placenta (Balkovetz et al. 1989; Grundemann et al. 1998; Hansson et al. 1998; Hayer-
Zillgen et al. 2002; Prasad et al. 1996; Ramamoorthy et al. 1993b; Yavarone et al. 1993).
Since monoamine transporters regulate extracellular monoamine concentrations, they could
play a role in maintaining homeostasis in the amniotic fluid and fetal circulation
(Ganapathy and Leibach 1995; Ganapathy et al. 1993; Prasad et al. 1994). The feto-
placental circulation is crucial for fetal development. Monoamine transporters may
represent a protection against fluctuating levels of vaso-active substances by uptake from
both the maternal and fetal circulation, thereby controlling vasoconstriction in the placental
vascular bed.

Based on the anatomical distribution in the placenta, our results suggest that the
transporters may form three lines of defense against monoamines in blood involving spiral
arteries and myofibroblasts. The first line of defense may consist of trophoblast cells lining
the spiral arteries closest to the myometrium expressing both NET and VMAT2 mRNA,
indicating that these cells are capable of uptake and regulated release (Figure 3). By
controlling local monoamine levels, a regional blood flow control may be achieved and
adequate perfusion maintained. It should be noted that unperfused areas of placenta have
been identified by means of ultrasound in normal pregnancies without apparent vascular
pathology in the placenta (Gudmundsson et al. 2000).
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The second line of defense may be represented by numerous trophoblasts surrounding the
entrance of the spiral arteries and expressing high levels of NET mRNA (Figure 3). These
cells could clear the maternal blood of excessive amounts of norepinephrine, thus
preventing contraction of the uterine vessels and maintaining circulatory homeostasis. Pre-
eclampsia is associated with high plasma levels of norepinephrine (Ferreira-de-Almeida et
al. 1998; Kaaja et al. 1999; Manyonda et al. 1998). The higher levels may result from
increased sympathetic overactivity (Schobel et al. 1996) and/or reduced uptake and
metabolism. Our results demonstrate reduced expression of NET in placental tissue in the
preeclampsia group, which may reflect a reduced uptake and degradation of NE.

The distribution of the organic cation transporters could serve as the third line of defense
(Figure 3). In particular, EMT mRNA was located in elongated cells of intra lobular septa
and in the extra vascular stroma of large vessels. In view of their location, these cells may
be myofibroblasts. Their ability to contract villi is important for placental autoregulation of
regional blood flow (Demir et al. 1997). EMT mRNA was significantly lower in the
preeclampsia group. A decreased expression of EMT may result in elevated levels of
monoamines in maternal blood and further lead to myofibroblast contraction, thus
increasing placental resistance to maternal circulation.

umbilical cord

intralobular septa

spiral artery

Placenta bed

Figure 3: Schematic figure showing the location of the suggested “three lines of defence” (I-11I) by the
monoamine transporters in the placenta, described in the text. The rectangulars indicate where the tissue
samples where performed.

Steroids inhibit OCTs (Hayer-Zillgen et al. 2002). Preeclamptic patients show increased
levels of aldosterone, progesterone and estrogens (Redman 1991), that by inhibiting
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monoamine transporters in the placenta, could contribute to elevated monoamine plasma
levels.

In addition to the differential gene expression of the transporters, the function of the
transporter protein must be considered. If the significant decrease in the expression of NET
and EMT mRNAs in pre-eclamptic placentae reflect a decreased transporter function, the
“three lines of defense” hypothesized above could help to explain some of the altered
hemodynamics that characterize preeclampsia.

Endometrial cell cultures and specific histamine uptake

Primary cell cultures of endometrial cells show specific uptake of histamine, indicating the
presence of functional transporter proteins. A common denominator for EMT and VMAT?2
is that both have high affinity for histamine (Erickson et al. 1992; Grundemann et al. 1999;
Merickel and Edwards 1995 627).

Since histamine uptake is inhibited by corticosterone and reserpine, the presence of
functional proteins for EMT and VMAT?2 is indicated.

Basal uptake of radiolabeled histamine did not differ between the proliferative and
secretory phase in stromal cells. In spite of the fact that EMT mRNA is mainly expressed in
the secretory phase, PMAT mRNA was present in the proliferative phase. Despite low
affinity for histamine, PMAT transports histamine at a high rate (Engel and Wang 2005). In
addition, the expression of VMAT2 and the weak expression of EMT and OCT2 genes may
add to the uptake of histamine in the proliferative phase. The combined effects of these
transporter mechanisms provide an explanation for the lack of difference in basal uptake
between the cyclic phases.

Corticosterone inibited uptake in both the proliferative and the secretory phase
endometrium. The full inhibitory effect was seen at a higher concentration of corticosterone
in the proliferative phase. The possible contribution of OCT2 and PMAT to uptake in the
proliferative phase may explain the difference, since their sensitivity to corticosterone is
less compared to that of EMT (Grundemann et al. 1998; Hayer-Zillgen et al. 2002).
Reserpine showed an inhibitory effect both in the proliferative and in the secretory phase.
Despite our ISHH results, this suggests that VMAT?2 protein, synthesized in the
proliferative phase, persists into the secretory phase, or that a yet unidentified transporter
protein with similar sensitivity to reserpine is expressed in this phase.

Reserpine inhibition reached a plateau at increasing inhibitor concentrations in the
proliferative phase, but not in the secretory phase, when VMAT2 mRNA was not detected
in stroma cells.

There is a similarity between the inhibition patterns of EMT and VMAT?2, i.e. inhibition
reaches a plateau in the cyclic phase where the transporter mRNA is strongly expressed and
the transporter protein is likely to be abundant. Differences between the cyclic phases may
suggest that higher concentration of the inhibitor is required at a lower number of
transporter molecules, or that there may be a variation in the sensitivity of transporter
proteins to inhibitors between the cyclic phases.

In accordance with our ISHH results, the uptake data on human endometrial epithelial cells
suggest that there is no plasma membrane transporter with affinity for histamine. NET has a
higher affinity for DA than NE, but nothing has been reported on its ability to transport
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histamine. We found that radiolabeled histamine was not available to VMAT?2 during short-
term incubations. Prolongation of incubation allowed *H-histamine to accumulate in the
cells by diffusion with higher concentrations in the secretory phase. A possible explanation
could be that, in the epithelial cells of the secretory phase, the presence of VMAT?2 allows
accumulation in vesicles, creating a diffusion gradient and thus a new diffusion of
histamine from extracellular fluid into the cytoplasma. Under these conditions, reserpine
only inhibited the accumulation of histamine in the secretory phase, suggesting the
presence of functional VMAT?2 protein.

The cellular origin of endometrial histamine is still controversial. Expression of a rate-
limiting enzyme in histamine synthesis, histidine decarboxylase (HDC), has not been
reported in human endometrium. Synthesis by migratory mast cells is a well-known source
of histamine, and these are known to be present in human endometrium and uterine fluid
(Casslen et al. 1982). Uptake of histamine from the environment by EMT, PMAT and
VMAT?2 offers an alternative source of endometrial histamine. Even very low
concentrations of histamine in blood and extra-cellular fluids may serve as substrate for the
high affinity transporters in the stationary endometrial cells.

Histamine reportedly plays a role in decidualization, implantation, placenta formation,
immunemodulation and blood flow regulation (Barkai and Kraicer 1996; Cocchiara et al.
1986; Dey 1981; Hatanaka et al. 1982). In particular, decidualization is initiated by the
presence of the conceptus after appropriate priming with estradiol and progesterone and
involves edema and hyperemia, two classical effects of histamine (Hoffman et al. 1990;
Paria et al. 2000; Rockwell et al. 2002). Johnson & Dey showed that estrogen induced
implantation was inhibited in mice treated with dexamethasone (Dey 1981), possibly
through inhibition of organic cation transporters and their histamine uptake.

In mice HDC has been demonstrated in uterine epithelial cells with peak expression at the
time of implantation (Paria et al. 1998). The blastocyst expresses histamine type 2 receptor
(H2), which is the target for histamine activation (Zhao et al. 2000). After implantation, the
placenta is developed by invasion of trophoblasts into the endometrium and maternal
vasculature. Histamine enhances the invasion by the activation of the histamine type 1 (H1)
receptor on the cytotrophoblasts (Liu et al. 2004).

Modification of the spiral arteries has been shown to be inadequate in preeclampsia (de
Groot and Taylor 1993; Khong et al. 1986; Pijnenborg et al. 1991). Inadequate regulation
of monoamine levels, and in particular of histamine, during implantation and placental
formation may influence the trophoblast invasion into the spiral arteries.

Histamine is also a potent vaso-active agent, that modulates local blood flow and capillary
permeability (Barkai and Kraicer 1996). Regulation of the uterine blood flow is important
during both menstruation and pregnancy, when the blood flow increases dramatically to
meet the demands of the fetus.

Interestingly, none of the examined plasma membrane transporters showed an overlapping
expression pattern with the vesicular transporter in the secretory phase. If histamine is
accumulated in stromal cell vesicles during the proliferative phase, it may be released to the
extracellular fluid and subsequently enter epithelial cells in the secretory phase for storage
in vesicles. A hypothesis could be that histamine is taken up in epithelial vesicles by
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VMAT?2 and may then be released in response to embryonic histamine releasing factor
(HFR) to stimulate decidua formation and support implantation.
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SUMMARY

Monoamines are potent mediators of physiological and pathophysiological events
throughout the body, including the reproductive system. Specific membrane bond
transporter proteins tightly regulate their extracellular concentrations. The monoamine
transporters have been extensively studied, mainly in the CNS. The aim of this thesis was
to study monoamine transporters and their involvement in human reproduction.

Neuronal and non-neuronal monoamine transporters are expressed in human endometrium
and placenta. This suggests involvement in the reproductive process by regulating reuptake
and release of monoamines.

Monoamine transporters are expressed in endometrial tissue in a cycle-dependent way (I -
IV). Among neuronal monoamine transporters, NET mRNA was mainly expressed in the
proliferative phase in glandular epithelial cells. VMAT2 mRNA showed a dynamic pattern
over the menstrual cycle: stromal expression mainly in the proliferative phase, and strong
epithelial expression in the secretory phase.

Non-neuronal monoamine transporters were restricted to the stroma. PMAT mRNA was
mainly expressed in the proliferative phase, while EMT mRNA expression increased during
the proliferative phase, reached a peak in the early secretory phase, and then decreased
gradually.

Monoamine transporter uptake may be regulated differently in the proliferative and
secretory phases by the cyclic variations in estradiol and progesterone that may have a
protective function in the non-pregnant uterus as well as during pregnancy by preventing
sympathetic hyperactivity and by regulating the uterine blood flow.

Ensuring an optimal toxin free milieu in the uterine cavity could also be of crucial
importance for the proper implantation and survival of the blastocyst.

Based on the anatomical distribution in the placenta, our results suggest that the
transporters may form three lines of defense against monoamines in blood involving spiral
arteries and myofibroblasts (Figure 3).

A first line of defense may consist of trophoblast cells lining the spiral arteries closest to
the myometrium expressing both NET and VMAT2 mRNA. These cells, capable of uptake
and regulated release of monoamines, could be important for controlling regional blood
flow and maintaining adequate perfusion.

A second line of defense might be represented by numerous trophoblasts surrounding the
entrance of the spiral arteries and expressing high levels of NET mRNA. These cells could
clear the maternal blood of excessive amounts of norepinephrine, thus preventing
contraction of the uterine vessels and maintaining circulatory homeostasis.

A third line of defense might be the organic cation transporters, in particular myofibroblasts
expressing EMT mRNA, that, by contraction of villi, could be important for placental
autoregulation of local blood flow.

In situ hybridization showed a similar pattern of monoamine transporter expression in
normal and preeclamptic placentas. Real time PCR demonstrated a significantly lower
expression of NET mRNA and EMT mRNA in placentas from preeclamptic compared to
normal pregnancies.

If the significant decrease in the expression of NET and EMT mRNAs in preeclamptic
placentas reflects a lower transporter protein function, the “three lines of defense”
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hypothesis might help to explain some of the altered hemodynamics that characterizes
preeclampsia.

Demonstration of monoamine transporter mRNA does not necessarily prove the presence
of functional transporter protein activities. Future studies applying other methods should
address this question.

Primary cell cultures of endometrial cells showed specific uptake of histamine, indicating
the presence of functional transporter proteins (III). The fact that corticosterone and
reserpine inhibited histamine uptake suggests the presence of EMT and VMAT?2 functional
proteins.

Basal uptake of radiolabeled histamine in stromal cells remained the same during the
endometrial cycle. Corticosterone and reserpine inibited uptake in both the proliferative and
the secretory phase. There was a similarity between the inhibition patterns for EMT and
VMAT?2: inhibition reached a plateau in the cyclic phase where the mRNA transporter was
strongly expressed and transporter protein was likely to be abundant.

In accordance with our ISHH results, the uptake data on human endometrial epithelial cells
suggested that there is no plasma membrane transporter with affinity for histamine. We
found that radiolabeled histamine was not available to VMAT during short-term incubation.
Prolongation of incubation allowed *H-histamine to accumulate in the cells by diffusion
with higher concentrations in the secretory phase. Under these conditions, reserpine only
inhibited the accumulation of histamine in the secretory phase, suggesting the presence of
functional VMAT?2 protein in epithelial cells.

Uptake of histamine from the environment by EMT, PMAT and VMAT?2 could be a source
of endometrial histamine, since the rate-limiting enzyme in histamine synthesis, HDC, has
not been found in human endometrium.

Histamine plays a role in decidualization, implantation, placenta formation,
immunomodulation and blood flow regulation. None of the examined plasma membrane
transporters showed an overlapping expression pattern with the vesicular transporter in the
secretory phase. We hypothesized that histamine, accumulated in stromal cell vesicles
during the proliferative phase, may be released to the extra-cellular fluid, then enter
epithelial cells in the secretory phase for storage in vesicles, to be released in response to
embryonic HFR (histamine releasing factor) stimulating decidua formation and support
implantation. Another hypothesis is that the VMAT 2 protein is relocated from the stromal
cells to the epithelial cells, in what has been recently described in monoaminergic neurons
as “trafficking” (Riddle et al. 2007).
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CONCLUSIONS

Norepinephrine transporter (NET) mRNA expression was detected in the
proliferative phase in glandular epithelial cells of the endometrium

Vesicular monoamine transporter 2 (VMAT2) mRNA was expressed in the
endometrial stroma during the menstrual cycle, mainly in the late proliferative phase

VMAT2 m RNA showed a strong epithelial expression in the secretory phase

Plasma membrane monoamine transporter (PMAT) mRNA expression was strong
in the stroma during the proliferative phase

Extra-neuronal monoamine transporter (EMT) mRNA was mainly observed in the
stroma during the secretory phase

No neuronal or non-neuronal monoamine transporters were detected in the
endometrium during the menstrual phases or the decidua

NET mRNA was found in syncytiotrophoblast cells lining chorionic villi with a low
intensity expression and in trophoblast cells of the anchoring villi with a stronger
intensity expression

EMT mRNA was expressed in scattered adventitia cells in placental vessels as well
as in intralobular septa cells

In situ hybridization histochemistry showed a similar monoamine transporter
expression pattern in normal and preeclamptic placentas

Real time PCR assay of tissue extracts demonstrated a significantly lower
expression of NET mRNA and EMT mRNA in the centre of placentas from
preeclamptic as compared to normal pregnancies

Specific uptake of stromal cell cultures did not differ between the proliferative and
the secretory phase of the endometrium

Stromal cell cultures pre-treated with corticosterone showed a significant inhibition
of *H-histamine specific uptake in both the proliferative and the secretory phase

Reserpine pre-treatment of stromal cell cultures inhibited histamine uptake in the
proliferative but not in the secretory phase

No specific histamine uptake was detected in the gland cultures, either in the
proliferative or in the secretory phase culture

Prolongation of incubation in glandular cell cultures allowed diffusion of *H-

histamine into the cells. The accumulation of histamine was significantly higher in
the secretory phase
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- Reserpine pre-treatment of gland cultures after prolongation of incubation resulted
in a reduction of accumulated *H-histamine in secretory but not proliferative phase
glands

Our results suggest that monoamine transporters may have specific functions in female
human reproduction by maintaining adequate levels of extracellular monoamines. Their
presence and dynamic expression suggest an important role during the menstrual cycle and
pregnancy.

Moreover a defective gene expression or function of the monoamine transporters might be
determinant in the onset of preeclampsia and its alteration in the vascular bed. Knowledge
of the regulation of monoamine metabolism in the endometrium, decidua and placenta will
increase the understanding of infertility problems and may offer new pharmacological
approaches to optimise assisted reproduction and treatment of preeclampsia.



FUTURE DIRECTIONS

The presence of transporters mRNAs doesn’t necessarily reflect the presence of functional
proteins. We have shown functional EMT and VMAT?2 transporter proteins throughout the
menstrual cycle, further functional studies on the other monoamine transporters should be
performed.

The effects of antidepressants and drug addiction on monoamine transporters during
pregnancy could also be an interesting topic to explore.

Our data should also stimulate further studies on the regulation of monoamines, in
particular of histamine, in the endometrium and deciduas, in fertile as well as infertile
women in order to increase the understanding of infertility problems and offer new
pharmacological approaches to optimize assisted reproduction.

Most studies correlating monoamine transporters with diseases, such as preeclampsia in
this study, have been performed in vitro. The results have never been verified via in vivo
methods because imaging of monoamine transporters in living systems has been hampered
due to the lack of suitable radioligands. Once new ligands will be available PET studies on
the endometrium would be of great interest.
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POPULARVETENSKAPLIG SAMMANFATTNING PA SVENSKA
(Popularized summary in Swedish)

Monoaminer

Adrenalin, noradrenalin, dopamine, serotonin och histamin &r samtliga monoaminer som
fungerar som signalsubstanser och hormoner. Monoaminer 4r viktiga i manga fysiologiska
processer och obalans i deras nivaer ger ett brett spektrum av stérningar. De klassiska ar:
serotoninbrist som ger depression, dngest och somnstérningar, dopaminbrist ger motoriska
storningar som ses vid Parkinsons sjukdom. Histamin frisétts i stora miangder vid allergiska
reaktioner vilket leder till blodtrycksfall och en fortringning av luftvéigarna. Vidare har
serotonin och histamin viktiga roller i samband med att fostret féster till
livmoderslemhinnan, och dels vid reglering av blodgenomstrémning till moderkakan.

Monoamintransportérer

Eftersom monoaminer dr potenta signalsubstanser som medierar flera fysiologiska
funktioner, &r det viktigt att deras nivéer regleras. Denna koncentrationsreglering sker I
huvudsak av monoamintransportérerna. Dessa ér lokaliserade pé cellers ytmembran och
utgdr dér en por som selektivt kan suga upp (dvs transportera in i cellen) och inaktivera
signalsubstanserna ifran miljon utanfor cellen. Detta innebér att kommunikationen mellan
cellerna upphor. Inne i cellen lagras signalsubstansen i sma blésor med hjilp av ytterliggare
en typ av transportorer och kan sedan ateranvindas vid fornyad signalering.

Man har hittills identifierat en specifik transport6r for varje monoamin utom histamin. De
grupperas i huvudsakligen tva familjer:

-de neuronala, som framst uttrycks i hjarnan och &r substansspecifika

- de icke neuronala, som aterfinns i andra organ sdsom njurar och lever dér de, forutom att
transportera monoaminer, dven kan inaktivera vissa miljogifter.

Ytterliggare en familj av transportorer finns, vesikeltransportorerna. Strukturellt skiljer sig
inte dessa fran de andra, men pumpmekanismen drivs av olika saltjoner.
Vesikeltransportdrerna pumpar alla monoaminerna men effektivast histamin.

Farmakologisk blockering av monoamintransportérerna har revolutionerat behandlingen av
depressioner. Moderna antidepressiva preparat (ex Fontex®) blockerar specifikt
serotoninpumpen och hojer dirmed de laga nivéerna av serotonin som r typiska vid
depression och angest.

Malsdittning

Malet med avhandlingen var;

-att studera distribution och funktion av monoamintransportdrerna i livmoderslemhinnan
under den normala menstruationscykeln samt i tidig graviditet.

-att studera distrubution och funktion av monoamintransportdrerna i moderkakan vid
havandeskapsforgiftning (preeklampsi) samt vid normal graviditet.

Resultat

Fyra olika expressionsmonster av de olika monoamintransportérerna kunde urskiljas i
menstrationscykelns tva huvudfaser, proliferations- respektive sekretionsfasen (arbete I,
III). Vidare visades, i celler isolerade ifrdn livmoderslemhinnan, att histamin aktivt kan tas
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upp med hjilp av monoamintransportérer lokaliserade i cellernas ytmembran samt att
histamin kan lagras inuti cellernas smé blasor for att darifran ater aktivt frisittas (arbete
IV). I moderkakan beskrivs en ldgre niva, av framforallt noradrenalintransportoren, vid
havandeskapsforgiftning (arbete II).

Slutsatser

Vara resultat pavisar en tidigare icke kénd distribution av monoamintransportorer i
livmoderslemhinnan. Fynden talar for att monoaminer har en viktig roll i savil den normala
menstruationscykeln som under graviditeten. Monoamintransportérerna dynamiska
expression indikerar att de spelar en viktig roll vid finreglering av de fysiologiska nivaderna
av monoaminer generellt och mer specifikt histamin. Denna nya kunskap kan fa betydelse
for utvecklande av framtida behandlingsstrategier vid infertilitet samt vid
havandeskapsforgiftning.
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RIASSUNTO DIVULGATIVO IN ITALIANO
(Popularized summary in Italian)

Le monoamine

L’adrenalina, la noreadrenalina, la dopamina, la serotonina e 1’istamina sono monoamine, ¢
sono tutte dei neurotrasmettitori che permettono alle cellule di scambiarsi dei segnali.

Esse sono importanti in molti processi come 1’attenzione, la modulazione delle funzioni
motorie, il risveglio, I’'umore, I’ansia e il comportamento sessuale. Inoltre la serotonina e
I’istamina sono determinanti nella gravidanza per la formazione della placenta e I’impianto
dell’embrione.

In generale le monoamine sono anche importanti nel regolare il flusso di sangue nei vasi.

I trasportatori delle monoamine

Visto che le monoamine sono dei mediatori di eventi fisiologici e patologici molto
importanti, la loro concentrazione extracellulare, e quindi la loro azione, sono sotto stretto
controllo.

I trasportatori delle monoamine sono delle proteine che si trovano nelle membrane cellulari
e svolgono la funzione di regolare 1’azione delle monoamine. Essi assomigliano a dei canali
che permettono il passaggio delle monoamine, all’interno delle cellule, nel citoplasma. Qui
le monoamine, anziche’ essere distrutte, vengono in gran parte reciclate per essere
riutilizzate.

Si conoscono due grandi famiglie di trasportatori delle monoamine di membrana; essi
sono:

- I trasportatori neuronali, studiati da piu” tempo soprattutto a livello del sistema nervoso
centrale

- I trasportatori non neuronali, scoperti piu” di recente.

Questi ultimi non sono specifici per le monoamine ma trasportano all’interno della cellula
molte atre sostanze.

Esistono inoltre i trasportatori delle monoamine vescicolari che si trovano nel citoplasma e
permettono di conservare le monoamine in piccole vescicole nel citoplasma, come riserva.

I trasportatori delle monoamine sono molto interessanti anche in considerazione della loro
interazione con farmaci per la depressione, le droghe, gli analgesici, e alcune malattie
neurologiche e psichiatriche.

In questo studio i trasportatori delle monoamine sono stati studiati in relazione ad un loro
possible coinvolgimento nella riproduzione umana.

Sono stati eseguiti degli esperimenti in laboratorio su tessuti prelevati in sala operatoria.
Per esempio sono state utilizzate sonde fluorescenti, quindi visibili al microscopio,
specifiche per i singoli transportatori, che a contatto con i tessuti, ed in presenza dei
trasportatori, rimangono adese. Sono state inoltre utilizzate altre metodiche di laboratorio
che permettono di dare informazioni quantitative (PCR), o funzionali.

Innanzitutto ¢ stato possible osservare la presenza dei trasportatori delle monoamine in
determinati tessuti.
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In particolare sono stati identificati e localizzati nella placenta e per la prima volta
nell’endometrio, il tessuto che riveste la cavita uterina.

Si ¢ visto che nell’endometrio la loro presenza subisce delle variazioni in funzione delle
fasi del ciclo mestruale. Sono state inoltre messi a confronto tessuti di placente ottenuti da
gravidanze normali e da gravidanze complicate da preeclampsia, una patologia molto
frequente in garividanza di cui si conosce poco.

Questa malattia consiste principalmente in un innalzamento della pressione arteriosa, nella
perdita di proteine dalle urine e riduzione del flusso di sangue. Essa pud degenerare in crisi
epilettiche ed ha una prognosi grave sia per la madre che per il feto.

Si ¢ dimostrato che esiste una differenza in termini quantitativi della presenza dei
trasportatori delle monoamine nei due gruppi. In particolare nelle gravidanze complicate
dalla preeclampsia la presenza di tali trasportatori ¢ inferiore.

Questo studio apre nuovi orizzonti sulla funzione dei trasportatori delle monoamine nella
riproduzione umana e permette un nuovo approccio nel tentativo di identificare le cause
dell’insorgenza della preeclampsia.
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