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Abstract

Serotonin (5-HT) is a neuro-modulator—transmitter influencing global brain function. Past and
present findings illustrate a prominent role for 5-HT in the modulation of ponto-medullary
autonomic circuits. 5-HT is also involved in the control of neurotrophic processes during pre- and
postnatal development of neural circuits. The functional implications of 5-HT is particularly
illustrated in the alterations to the serotonergic system, as seen in a wide range of neurological
disorders. This article reviews the role of 5-HT in the development and control of respiratory
networks in the ponto-medullary brainstem. The review further examines the role of 5-HT in
breathing disorders occurring at different stages of life, in particular, the neonatal
neurodevelopmental diseases such as Rett, sudden infant death and Prader-Willi syndromes, adult
diseases such as sleep apnoea and mental illness linked to neurodegeneration.
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1. Introduction

In the 1930s, the Italian pharmacologist Vitorio Erspamer became interested in the amine
substances that are involved in smooth muscle constriction in the intestinal tracts of a variety
of species including rabbits, frogs and mollusks. While studying the enterochromaffin cells
of the gut, Erspamer discovered an unknown indole and named it enteramine (Erspamer and
Vialli, 1937). The structure of the same indole via investigation of the blood serum was
determined to be 5-Hydroxytryptamine (Rappaport et al., 1948). However, at a time when
the theory of ‘neurotransmitters’ itself was controversial, it was Twarog working with Page
at the Cleveland Clinic, who showed that the same substance which they named as serotonin
or 5-hydroxytryptamine (5-HT) was actually found in the brain (Twarog and Page, 1953;
Twarog, 1954). Finally, the emergence of 5-HT as an important chemical constituent of the
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central nervous system (CNS) was demonstrated by Wooley (1963), who made the best case
for the participation of 5-HT in brain development, function and mental illness. In this
review, we describe the role of 5-HT on breathing control in mammals. It is presently
thought that the serotonergic neurons and receptors play a powerful role in setting the ‘gain’
of motor systems. This review will focus on the serotonergic neuronal network in the
brainstem and the various pre and postsynaptic 5-HT receptors (5-HTR) that are implicated
in both respiratory motor function as well as dysfunction. While it is not possible to isolate
the respiratory system from the cardiovascular system (particularly when discussing the
effect of 5-HT), owing to limitations of space, this review will focus mainly on breathing
control. Regarding the role of 5-HT on cardiovascular function, we recommend the readers
to see recent reviews by Ramage and Villalon (2008), Nalivaiko and Sgoifo (2009) and
Minson et al (2009).

2.1 5-HT synthesis and neurotransmission mechanisms

5-HT is a ubiquitous neurotransmitter that is synthesized from L-tryptophan by L-tryptophan
hydroxylase (Tph), a marker of 5-HT neurons, first into 5-hydroxy-tryptophan (5-HTP) and
then into 5-HT (by aromatic L-amino acid decarboxylase (AaDc, see Fig. 1) (see Gaspar,
2004;Gaspar et al., 2003). After its release, 5-HT acts on a plethora of 5-HTR and is
degraded into 5-hydroxyindolacetic acid (5-HIAA) by monoamine oxydase A (MAOA) in
the synaptic cleft. In addition, 5-HT is also recaptured by the 5-HT membrane transporter
(SERT) and stored in vesicles by the vesicular monoamine transporter (Vmat2). Tph, the
initial and rate-limiting enzyme in 5-HT biosynthesis, is irreversibly inactivated by nitric
oxide (Kuhn and Arthur, 1996;1997) and inhibited by hypoxia (Rahman and Thomas,
2009;Poncet et al., 1997;Hedner et al., 1978). This deserves to be noted as a reduction of 5-
HT biosynthesis may contribute, at least in part, to the complex effects of nitric oxide or
hypoxia.

Gaddum and Picarelli (1957) proposed first the existence of two types of 5-HTR subtypes,
which they termed M and D. Since then, it has become evident from the pharmacological,
electrophysiological and DNA-cloning experiments that the serotonergic system comprises
of multiple 5-HTRs. In fact, the 5-HTR subtypes cloned to date represent the largest known
neurotransmitter receptor families. These subtypes are expressed in distinct, but often
overlapping patterns (Palacios et al., 1990), coupled to different transmembrane signaling
mechanisms (Table. 1). The currently accepted classification scheme (Hoyer et al., 1994)
proposes seven subfamilies of 5-HTR: The 5-HT1 AR coupled to G;j proteins, the 5-HT2R
coupled to Gq proteins, the gated ion channel 5-HT3R, and the heterogeneous groups of 5-
HT4R - 5-HT7R. In particular, the 5SHT1 AR are also known to be located at pre-synapses to
provide auto-inhibition and fine tuning of serotonergic activity. Moreover, 5-HT may act via
non-synaptic mechanisms via 5-HT “en passant” release from varicosities. Varicose axonal
arborizations are found in almost every 5-HT immunoreactive fibers in the CNS (Léger et
al., 2001) indicating possible non-synaptic action of 5-HT in almost every brain area.
Serotonergic neurotransmission via hitherto identified 5-HTRs modulate the activity of
brainstem cardio-respiratory circuits (Table. 1).

2.2. Location of serotonergic neurons in the brain

5-HT content was first related to specific neuronal elements in the brain based on lesion and
sub-cellular fractionation studies (see Cooper et al., 1991). The direct examination of 5-HT
containing cellular processes became possible via the application of formaldehyde-induced
fluorescence histochemistry (known as the Falck and Hillarp method; Falck 1962; Falck et
al., 1982). Despite this application, the mapping of 5-HT cells was slow (as compared to
say, the mapping of catecholamine) because the 5-HT fluorophore develops less efficiently
and also fades rapidly under fluorescent microscopy (see Cooper, Bloom and Roth, 1991).
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In the recent years, the mapping of 5-HT in the brain has greatly improved through
combined application of immunohistochemistry (via both direct purification of tryptophan
hydroxylase as well as 5-HT), of orthograde axoplasmic transport of radiolabelled amino
acids microinjected into identified 5-HT cells via fluorescence histochemistry and via
retrograde isolation of 5-HT neurons from suspected terminal fields. It should be specially
mentioned here that the basic organization of 5-HT cells originally described byAnnica
Dahlstrom and Kjell Fuxe (1964) stands to this day. As a result of subsequent extensive
studies in the last decade, a good map of 5-HT neurons in the brain has been developed
(Steinbusch, 1981; Steinbusch et al., 1981; Steinbusch and Mulder, 1984; Tork and
Hornung, 1990; Jacobs and Azmitia, 1992; Hornung, 2003). 5-HT cells are found
exclusively in the brainstem in distinct cell groups classified as the raphe (Fig. 2). The dorsal
raphe nuclei and superior central nucleus are located in the midbrain, the pontine raphe
nuclei and inferior central nucleus in the pons, while the caudal raphe, namely the raphe
pallidus, raphe magnus and raphe obscurus are located in the medulla. Immunocytochemical
localization of 5-HT has also identified 5-HT reactive neurons in the area postrema, in the
caudal locus coeruleus, around the interpeduncular nucleus and in the parapyramidal region
of the ventral medulla (Steinbusch and Mulder, 1984).

2.3. Afferent inputs and projections of serotonergic neurons in the brain

The brainstem raphe nuclei receive afferents from a large number of brain structures
(Hermann et al., 1996, 1997). Significantly, these projections include inputs to the nucleus
raphe magnus, nucleus raphe pallidus and the dorsal raphe from the prelimbic, infralimbic
and precentral cortices, dorsal hypothalamic area, the midbrain periaqueductal gray, pre-
optic area, bed nucleus of the stria terminalis, amygdala, parabrachial nucleus, Kolliker-Fuse
and the subcoerulus area in the pons. The caudal raphe receives a small number of
projections from the insular and perirhinal cortices, the periaqueductal gray and the pontine
reticular nuclei. The brainstem 5-HT cell groups project virtually to all areas of the brain
(Steinbusch and Mulder, 1984). The caudal raphe projects mainly to the medulla and the
spinal cord, the pontine raphe projects both to the medulla along the ventral and dorsal
tegmental field, the pontine respiratory column and the Kélliker-Fuse nucleus (KF), as well
as to the midbrain and cerebellar areas, while the dorsal raphe in the midbrain provides
extensive 5-HT innervation of the telencephalon and the diencephalon. In particular, the
caudal raphe (raphe pallidus, raphe magnus and raphe obscurus) cell projections have been
well identified (and are of special interest as they modulate brainstem cardiorespiratory
output). They project extensively to the pontine and ventral respiratory columns (PRC &
VRC), in particular to the parabrachial area, KF, nucleus ambiguous (NA), retrotrapezoid
nucleus (RTN), Botzinger (BotC) and preBotzinger (PreBotC) regions, hypoglossal motor
nucleus in the medulla and phrenic nucleus in the cervical spinal cord. (Steinbusch, 1981;
Steinbusch et al., 1981; Steinbusch and Mulder, 1984; Holtman et al., 1986, 1987; Holtman,
1988; Connely et al., 1989; Smith et al., 1989; Zhan et al., 1989; Pilowsky et al., 1990; Voss
et al., 1990; Jacobs and Azmitia, 1992, Manaker and Tischler, 1993). In general, the
serotonergic termination fields tend to overlap, this may be because many investigations
used electrolytic or chemical lesions to study cell projections. This can also interrupt fibers
of passage. Also, in the past, attempts to localize 5-HT terminals relied mainly on the 5-HT
analogue uptakes, 5-HT selective toxins or radiolabelling of 5-HT. These techniques depend
heavily on the specificity of the uptake processes. Hence, for discrete mapping of the 5-HT
neuronal terminations more orthograde and retrograde studies are required. The main
projections of the serotonergic cell groups to the brainstem cardio-respiratory nuclei are
summarized in Fig. 2.
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2.4. Role of 5-HT in the modulation of respiratory rhythm and motor pattern

Reid and Rand (1951) were perhaps the first to note the direct involvement of 5-HT in the
central regulation of breathing. They reported that intravenous injection of 5-HT causes
apnea in the cat. A follow-up study extended these findings showing that small amounts of
5-HT injected into the carotid sinus region induced a brief apnea followed by respiratory
stimulation and a fall in blood pressure (Ginzel and Kottegoda, 1954). Similar experiments
attempted in dogs (Douglas and Toh, 1953) reported the contrary. In dogs, intravenous
injection of 5-HT caused stimulation of breathing. Interestingly, in their experiments
(Douglas and Toh, 1953) while intra-arterial injection of 5-HT did not cause any respiratory
effect, direct injections into the heart (either into the right auricle or left ventricle) or into the
carotid body region caused a respiratory increase. Vagotomy, however, did not influence the
respiratory increase caused by intravenous 5-HT injection. Combined, these two studies
showed that there could be a species difference in the respiratory responses to 5-HT (Page
1952, Page and McCubbin, 1953; Shneider and Yonkman, 1954). However, denervation of
carotid sinus abolished the respiratory (and cardiovascular) effects originally induced via
intravenous injection. Hence, a general consensus evolved that 5-HT acts either on the
chemo or baroreceptors and that they may not be centrally mediated. This was corroborated
by evidence obtained in humans at that time (Page and McCubbin, 1953; Michelson et al.,
1958; Parks et al., 1960) that respiratory changes due to intravenous injection of 5-HT were
due to a direct action of the drug on the receptors located on the arterial side of systemic
circulation.

Subsequently, several studies (Olsen et al., 1979; McCrimmon et al., 1982; Dempsey et al.,
1987; Morin et al., 1990; Monteau and Hilaire, 1991; Lindsay and Feldman, 1993)
established that 5-HT is an important neuromodulator of breathing. Perhaps a definitive role
for the direct action of 5-HT on the CNS was demonstrated by Fallert et al (1979) where
microelectrophoretic application of 5-HT directly on the medullary respiratory neurons
changed the neuronal activity pattern. They showed that while neurons showing inspiratory-
expiratory phase spanning (IE cells) were excited following 5-HT microinjection, other
inspiratory neurons became inhibited. Lalley et al (1994a) reported that the 5-HT agonists 5-
MeODMT had a differential action on the respiratory system depending upon the dose and
route of administration. For example, small dosage of 5-MeODMT intravenously injected
increased the discharge frequency of inspiratory and expiratory neurons while larger dosage
iontophoretically administered onto respiratory neurons caused acute hyperpolarization and
reduced action potential discharges. Another study (Lalley et al., 1995) reported that
iontophoresis of a-Me-5-HT a 5-HT,R agonist depolarized membrane potential and
increased the frequency of action potentials in most of the ventrolateral medullary
respiratory neurons and in particular the E2 and postinspiratory neurons. Later investigations
showed that depression of expiratory neural discharges arising from stimulation of the raphe
obscurus involved both pre-and post-synaptic 5-HT1 AR (Lalley et al., 1997). Recent studies
from Richter’s laboratory has revealed that the inhibitory or excitatory effects of systemic 5-
HT administration strongly depend on the expression profile of 5-HTR on specific
populations of respiratory neurons (Manzke et al., 2003, 2009). In particular, the expression
of G;j coupled 5-HT1 AR on glycinergic interneurones within the ventral respiratory column
(VRC) could explain the paradoxical excitatory effect of the putative inhibitory 5-HTR
subtype (Manzke et al., 2009).

Despite in vivo investigations generalizing the excitatory or inhibitory effects of 5-HT on
medullary respiratory neurons, the precise presynaptic action which induces either excitation
or inhibition as well as the selective post-synaptic modulation that fine tunes the responses
of respiratory neurons to various neurotransmitters are yet to be elucidated. Owing to the
highly diversified effect of the 5-HT system on respiratory neurons, its direct impact on the
medullary respiratory rhythm generator has still not been fully defined. In this regard
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investigations undertaken on highly reduced in vitro preparations have started to provide
emerging principles of 5-HT action. Of significance are investigations conducted using in
vitro models by Morin et al (1990, 1992, 1992) and Lindsay and Feldman (1993). Morin et
al (1990) used an in vitro brainstem-spinal cord preparation of the newborn rat to study the
central effects of 5-HT. They reported that 5-HT facilitates the respiratory rhythm
generating networks in the medulla via 5-HTqg and the motoneurons through 5-HT»R. In a
follow-up study Di Pasquale et al.(1992) reported a landmark finding that 5-HT acts at the
medullary level and its effect is due to its specificity on the rostral VRC areas and not due to
any diffuse action on all medullary respiratory centers, although the A5 area in the caudal
pons may also contribute. In addition, spinal 5-HT,gR located at the pre-synaptic level
modulates the transmission of the central drive to phrenic motoneurons (Di Pasquale et al.,
1997). Further studies examined the effect of 5-HT on both hypoglossal and phrenic
motoneurons (Morin et al., 1992; Lindsay and Feldman 1993). While 5-HT depressed
hypoglossal activity (Morin et al., 1992), its influence increased phrenic motoneuronal
activity (Morin et al., 1992; Lindsay and Feldman, 1993) with several cells firing tonically
even during expiration. The in vitro studies also allowed for a selective analysis of the
influence of 5-HT on central respiratory activity during pre- and postnatal development (for
details see below). For example, three different effects of 5-HT via medullary 5-HT1 AR,
spinal 5-HT,aR and spinal 5-HT1gR modulating the frequency and amplitude of the phrenic
motoneuron discharge in neonatal rats (Fig. 3) have been confirmed in neonatal mice (Bou-
Flores et al., 2000).

Intrinsic ionic mechanisms (for example calcium activated potassium conductance) regulate
the firing of serotonergic neurons (Burlhuis andAghajanian, 1987; see Aghajanian et al.,
1990) A recent study (Rockhill et al., 2009) has found that that spontaneous activity
propagation in the mouse midbrain originates from the midline serotonergic cell bodies
during early embroyonic stage. These findings suggest that 5-HT cells may possess tonic
pacemaker properties, which may in turn be modulated by two neurotransmitters: (1)
norepinephrine acting through adrenergic receptors and (2) 5-HT acting through
somatodendritic 5-HT1 5 autoreceptors. While norepinephrine action excites the pacemaker,
5-HT action is inhibitory (see Aghajanian et al., 1990). Thus, the coupling of raphe nuclei
serotonergic pacemakers to medullary respiratory rhythm generators should be explored in
the future.

2.5. Serotonergic neurotransmission in the control of blood gas homeostasis, body
temperature and circulation

Besides the neuromodulatory role of 5-HT in shaping and modulating central respiratory
function (for details see 2.4.), 5-HT also plays a prominent role in other autonomic circuits
linked to breathing. Of particular interest is the 5-HT control of CO,/pH homeostasis.
Although it is commonly admitted that the RTN/pFRG neurons have a crucial role in
mediating ventilatory responses to CO2/pH changes (Guyenet et al., 2009; Onimaru et al.,
2009), 5-HT neurons also contribute to the central chemosensitivity (Corcoran et al., 2009,
Richerson, 2004; Hodges and Richerson, 2010). 5-HT neurons located in close proximity to
arteries entering the brainstem, may detect changes in arterial CO, and thus contribute to the
adaptation of the central respiratory drive to environmental changes. In in vitro preparations
5-HT neurons have been shown to be intrinsically chemosensitive. 5-HT cells increase their
firing rate in response to hypercapnia and focal acidosis of the raphe nuclei n vivo (Bernard
et al., 1996; Nattie and Li, 2001; Feldman et al., 2003) while specific lesions of raphe 5-HT
neurons reduce the respiratory response to hypercapnia (Nattie et al., 2004; Dias et al.,
2007). In the chemosensitive RTN/pFRG area, SERT and 5-HTR expression have been
reported, revealing a dense 5-HT innervation that possibly constitutes the anatomical
substrate for 5-HT-dependent control of RTN/pFRG chemoceptors (Liu and Wong-Riley,
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2010; Mulkey et al., 2007; Rosin et al., 2006). Further, the ventilatory response to
hypercapnia is reduced in SERT knockout mice, especially in males (Li and Nattie, 2008).
As well, Imx1b and Pet-1 knockout mice causing near-complete deletion of serotonergic
neurons in the brain have altered respiratory responses to CO,/pH (Erickson et al., 2007;
Hodges et al., 2008). CO»/pH related changes in transgenic mice are potentially also due to
compensatory mechanisms occurring during ontogeny and thus may not relate solely to the
absence of 5-HT.

5-HT also plays an important role in arterial oxygen sensing of carotid body chemoceptors
(see Prabhakar et al., 2006). In MAOA-KO mice, the excess of 5-HT decreases the
ventilatory responses to hypoxia (Burnet et al., 2001), suggesting that the excessive 5-HT
affects the responsiveness of the central respiratory network to hypoxia. However,
microdialysis of the 5-HT15R agonist 8-OHDPAT in the medullary raphe does not affect the
ventilatory responses to hypoxia (Taylor et al., 2005). Perhaps the impaired ventilatory
responses to hypoxia of MAOA-KO mice originates from an effect of the excessive 5-HT on
the responsiveness of carotid bodies chemoceptors to hypoxia and/or on the central relay of
peripheral hypoxic inputs. The latter possibility is more likely as hypoxia induces a release
of 5-HT in the NTS area, possibly contributing to the early ventilatory response to hypoxia
(Kanamaru and Homma, 2009). Nevertheless, it was also shown that 5-HT is dynamically
released within the medullary VRC during the hypoxic respiratory depression (Richter et al.,
1999).

The raphé nuclei play a major role in thermoregulation (Blessing and Nalivaiko, 2000;
Morrsion et al., 2008; McAllen et al., 2010) which is also substantiated via the use of
transgenic mouse line Lmx1b, lacking almost all central 5-HT neurons. The Lmx1b mice
become rapidly hypothermic when exposed to cold environment because of impaired
shivering and non-shivering thermogenesis, although they retain normal thermosensory
perception and heat conservation (Hodges et al., 2008). In these mice, mild cold stress
compromises ventilatory control as a result of defective thermogenesis (Hodges and
Richerson, 2008, 2010). In the dorsolateral pons, the lateral parabrachial nucleus may be
pivotal in processing central chemoreceptor inputs and cutaneous thermoreceptor inputs,
with 5-HT inputs contributing to gate the spino-parabrachial thermoafferent pathway for an
optimal interaction of respiratory and thermal regulation (Poon, 2009).

3. 5-HT and respiratory disorders

To understand respiratory dysfunction connected with 5-HT it is important to examine the
role of 5-HT during prenatal development of neuronal circuits because many respiratory
disorders are of neurodevelopmental origin (see 3.2). 5-HT neurons are amongst the earliest
to be expressed during embryogenesis. They develop from embryonic days 10-12 (E10-12)
in mice and ring the first month of gestation in primates (Gaspar et al., 2003, Gaspar, 2004).
They are generated in rhombomeres r1-r3 and r5-r7 caudal to the midbrain-hindbrain
organizer under the control of the fibroblast growth factors 4 and 8 (Fgf4 and Fgf8) and
sonic hedgehog (Shh) from precursors in the ventricular zone (Fig. 4). The combined action
of the secreted positional markers Shh, Fgf4 and Fgf8 defines the dorso-ventral positioning
of 5-HT somata within the CNS. Nkx2.2, downstream of Shh, could be implicated in the
specification of the caudal 5-HT neurons, probably in conjunction with Gata3.

In post-mitotic neurons, the 5-HT phenotype is determined by a sequence of genes such as
Petl, Lmx1b, Nkx2.2, Mashl, Gata2, Gata3, and Phox2b forming a transcriptional network
(Fig. 4) specifying the differentiation of 5-HT neurons (Alenina et al., 2006). It is interesting
to note that Phox2b, a crucial gene for the production of enzymes for catecholamine
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biosynthesis, also plays a pivotal role in the selection between a motoneuron or a 5-HT
neuronal fate (Pattyn et al., 2003).

During development, expression of Lmx1b precedes Petl. Lmx1b knock-out mice lack all
central 5-HT neurons (Ding et al., 2003) whereas Petl knock-out mice have a loss of 70—
80% of central 5-HT neurons (Hendricks et al., 1999; 2003). In Lmx1b conditional knock-
out mice in which Lmx1b was only deleted in Petl-expressing 5-HT neurons, the initial
generation of central 5-HT neurons is normal and the mice survive, although they lack
almost all central 5-HT neurons at later stages of development (Zhao et al., 2006). Thus,
Lmx1 and Petl contribute to establishing the enzymatic machinery required for the
production of 5-HT (Zhao et al., 2006). Two isoforms of Tph exist that produce 5-HT in the
periphery (Tph1) and CNS (Tph2) (Nakamura and Hasegawa,, 2007). Pet1 expression is
strictly limited to the raphe nuclei and appears one day before the 5-HT neurons can be
identified as it contributes to the formation of Tph and SERT. SERT and Vmat2 may be
expressed in glutamatergic neuronal subpopulations which may take-up and store 5-HT
released from neighbouring 5-HT terminals, even though they do not express Tph and do not
synthesize 5-HT (Lebrand et al., 1996, 1998). This is mostly the case in developing thalamic
neurons of neonatal rodents (Lebrand et al., 1996, 1998) and in the locus coeruleus, the
medial and lateral parabrachial, and KF of adult cats where 5-HT containing neurons have
been reported (Léger et al. 1979).

As discussed previously (see Gaspar et al., 2003; Gaspar, 2004; Nakamura and Hasegawa,
2007; Kinney et al., 2007), the early expressed 5-HT neurons affect via 5-HT release,
several developmental processes such as cell division, migration, differentiation and
synaptogenesis. From this view-point it is possible to suggest that 5-HT contributes to the
formation and function of all the central networks. As early as E11.5 when rhombomeric
segmentation disappears in mice, 5-HT neurons of the developing midline raphe system and
5-HT,AR already play a role in initiating and propagating spontaneous, rhythmic and
synchronous activity throughout the hindbrain (Hunt et al., 2005). It cannot be excluded that
these early (E11.5) 5-HT-related rhythmic events which occur at a slow rate (about 2 cycles
per minute) contribute to the emergence of the embryonic respiratory rhythm a few days
later; first at the level of the embryonic parafacial group (E14.5) and one day later at the Pre-
Botzinger complex level (Thoby-Brisson et al., 2009; Fortin and Thoby-Brisson, 2009).
Hence, 5-HT may play a role in the maturation of central networks, including the brainstem
respiratory network and the respiratory rhythm generator. In MAOA-deficient mice (Cases
et al., 1995), the lack of MAOA degradation of 5-HT results in excess of endogenous 5-HT,
with levels of 5-HT during the foetal and neonatal periods 5 to 10-fold higher than in control
mice (Lajard et al., 1999). This perinatal excess of 5-HT is not lethal, but alters behaviour of
MAOA-deficient mice (Cases et al., 1995) and the formation of several neuronal networks.
The excess of 5-HT in MAOA-deficient mice affects the formation of somatosensory maps
(Cases et al., 1996), retinal projections to the dorsal lateral geniculate nucleus (Upton et al.,
1999), spinal locomotor network (Cazalets et al., 2000) and brainstem respiratory network
(Bou-Flores et al., 2000). Excessive 5-HT in MAOA-deficient mice alters the organization
of the distal dendritic tree of phrenic motoneurons, the expression of 5-HT1aR and 5-HT1gR
and the synaptic organisation of the medullary respiratory neurons (Bou-Flores et al., 2000;
Lanoir et al., 2006; Bras et al., 2008). Indeed, transient alterations in 5-HT homeostasis
during development may modify the wiring of network connections and may permanently
affect behaviours (Nakamura and Hasegawa, 2007) and as well, the 5-HTR expression. 5-
HTRs are expressed early in embryonic life and are dynamically regulated during the
perinatal development by 5-HT availability, the latter being regulated via SERT. SERT is
the primary target for widely used antidepressants.
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3.1. Neurodevelopmental disorders linked to 5-HT system alterations

Identified alterations of the 5-HT system play a major role in dysfunctions of the central
respiratory network associated with neurodevelopmental disorders. This review is focused
on the Rett Syndrome (RTT; Katz et al., 2009) and the Prader-Willi Syndrome (PWS;
Zanella et al., 2008; 2009) as prime examples for neurodevelopmental diseases while others
such as congenital central hypoventilation syndrome are reviewed elsewhere (see Amiel et
al., 2009). Finally, despite the lack of an understanding of gene mutation(s) underlying
sudden infant death syndrome (SIDS) we review it under the section of neurodevelopmental
disorders concerning breathing as 5-HT may play a critical role in the onset of SIDS.

Rett Syndrome—Rett Syndrome (RTT)(OMIM312750) is a neurodevelopmental disease
with low prevalence (see Katz et al., 2009) where infants, after an apparently normal
perinatal period, enter a stage of regression and develop neurologic symptoms involving
respiratory deficits. This includes erratic respiratory rhythm and life threatening apnoeas.
RTT mainly concerns girls and approximately 25% of RTT patients may die prematurely
from cardio-respiratory failure. RTT results from mutations in the gene encoding methyl-
CpG-binding protein 2 (Mecp2), one of many of methyl-binding proteins that regulate gene
expression by repressing transcription at methylated promoters.

Breathing abnormalities are amongst the essential criteria prescribed for the diagnosis of
RTT. The respiratory symptoms are more severe during wakefulness than sleep (Wesse-
Mayer et al., 2006, 2008) and are exacerbated by emotions and behavioural arousal. As
mutations in MECP2 are responsible for most cases of RTT, mouse models have been
generated in which Mecp2 is either deleted, mutated or overexpressed. Several mouse
models for RTT are now available, presenting breathing defects reminiscent of RTT. In
Mecp2~¥ mice, with extended exonic deletion of the Mecp2 gene, breathing pattern is
normal from birth to P30 although they show subtle abnormalities of post-sigh breathing
(Voituron et al., 2010) and respiratory responses to environmental challenges (Voituron et
al., 2009). After P30 Mecp2 " develop breathing symptoms, with an erratic rhythm and
life-threatening apnoeas aggravating with age until respiratory distress and death occurs at
about P60 (Viemari et al., 2005). In situ studies using a perfused brainstem preparation
revealed that apnoeas at P45 correlate with discharges of laryngeal adductor motor output
causing upper airway closure (Stettner et al., 2007). These findings indicated that apnoeas in
Mecp2 /Y could be interpreted as breath-hold. Recent data from our labs have now
confirmed the occurrence of active breath-holds in Mecp2~" in vivo (Voituron et al., 2010
under review).

The breathing symptoms of Mecp2~/Y mice are thought to reflect respiratory dysfunction
caused by alterations in several neurochemical systems, including the 5-HT system (Katz et
al., 2009). In Mecp2~"¥ mice, the number of 5-HT neurons is normal but HPLC
measurements have revealed reduced levels of 5-HT in the brain and the medulla. In
addition, comparison of mRNAs encoding 5-HT metabolic enzymes, 5-HTR subtypes and
the 5-HT transporter in respiratory related areas of WT and Mecp2 =¥ mice has revealed
significant decreases in mutant mice by P40 (Manzke et al., 2008). As the alterations of the
5-HT system are detected at a rather late developmental stage, they are unlikely linked to
initiating the breathing deficits but they may still contribute to the expression of breathing
instability.

Prader-Willi Syndrome—~Prader-Willi syndrome (PWS) (OMIM 176270) is a rarely
occurring (prevalence 1/25000) multi-genetic and neurodevelopmental disorder (Zanella et
al., 2009). PWS patients develop complex neurologic deficits that advance with age.
Amongst the first deficit is a marked neonatal hypotonia leading to feeding problems
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followed by hyperphagia at later stages leading to obesity during childhood. In addition,
hypothalamic dysfunction results in growth hormone deficiency, hypogonadism,
dysautonomy, learning disabilities, behavioral and psychiatric problems. PWS patients also
display breathing disorders, including frequent sleep apnoeas and attenuated ventilatory
response to hypoxia and hypercapnia (Nixon et al. 2002; Festen et al. 2006). Since these
breathing disorders appear well before obesity, and it is hypothetised that the deficits are
present at birth (Zanella et al. 2008).

PWS is caused by the loss of the paternal expression of several genes of the 15g11-q13
family. Among several mutant mice generated as model for PWS, Necdin deficient mice
(Ndn-KO) display respiratory disorders similar to that seen in PWS (but not obesity)
(Zanella et al. 2008). This suggests that the human Necdin gene may be responsible for the
breathing symptoms associated with PWS.

In vivo and in vitro approaches revealed dysfunctions of the central respiratory network of
Ndn-KO. First, in vivo plethysmography at P2 reveal that Ndn-ko neonates (compared to
WT littermates) have a highly variable respiratory rhythm, frequent apnoeas and attenuated
responses to hypoxia and hypercapnia. Secondly, the isolated respiratory network of Ndn-ko
neonates (compared to WT littermates) produce a variable respiratory rhythm, frequent
apnoeas, weak response to hypoxia and a paradoxical reduction of the respiratory rhythm
under 5-HT application. The central respiratory network of neonatal Ndn-KO mice does not
seem to work appropriately at birth, consistent with results obtained in Ndn-ko foetuses (Ren
et al., 2003). In mice, the Necdin allele is expressed in the maturing CNS as early as E10.5,
with a peak expression between PO and P4. Ndn mRNA is expressed in the cortex, the
hypothalamus and several brainstem respiratory networks, such as the NTS, the hypoglossal
motor nucleus and the VRC, but not in the pre-Bétzinger complex or the RTN/pFRG areas.
Interestingly, high levels of Ndn mRNA (Lee et al. 2003) and proteins have been detected in
most 5-HT neurons examined in the medulla (Zanella et al. 2008). Using Rabies Virus to
retrogradely label the respiratory network after inoculation into the diaphragm revealed that
5-HT neurons expressing Necdin were synaptically connected to the medullary respiratory
network controlling the diaphragm. The number of 5-HT neurons in WT and Ndn-KO
neonates does not reveal a significant difference, revealing that Ndn is not crucial for 5-HT
neurons maturation and survival. However, 5-HT concentrations in the medulla of WT and
Necdin-KO neonates are more than 50% increased in Ndn-KO compared to WT (Zanella et
al. 2008). These findings suggest that excess in endogenous 5-HT in Ndn-KO mice alters the
maturation of the central respiratory network, leading to persistent anomalies in respiratory
rhythmogenesis and regulation. The same may occur in PWS patients and is supported by
evidence of abnormal levels of 5-HT metabolites in the cerebrospinal fluid and abnormal
MAOA activity in platelets (Akefeldt et al. 1998). In addition, treatments targeting 5-HT
systems have been used in PWS patients and have shown significant alleviation of some
symptoms but nothing is known about the effects of 5-HT treatment on breathing symptoms
of PWS patients (Goldstone 2004).

Sudden Infant Death Syndrome (SIDS)—SIDS is defined as the sudden and
unexpected death of an infant (<12 months) that remains unexplained despite a complete
autopsy and post-mortem examination. SIDS is the leading cause of infant death in
industrialized countries, with twice as many boys than girls and the peak incidence
occurring at 2-4 months. SIDS is of multi-origin and its actual neurogenic cause remains
unknown. However, a recent review (see Paterson et al., 2009) proposes that prenatal
alterations of the maturing 5-HT system weaken the robustness of the neonatal respiratory
system, which increases the risk of SIDS. The commonly accepted hypothesis is that SIDS
occurs when three factors simultaneously impinge on the infant: 1) an underlying
vulnerability, 2) a developmental window (the 2—4 months critical period), and 3) several
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environmental factors heightening the infant vulnerability (e.g. face-down sleeping position,
bed sharing, warm environment, prenatal exposure to drugs, nicotine, alcohol). A consensus
has been reached that infant vulnerability may be related to an altered respiratory control
during sleep, possibly including reduced chemoreceptor sensitivity, abnormal
rhythmogenesis causing failure to initiate inspiration and/or gasping. A common scenario is
that SIDS is facilitated by hypercapnia/hypoxia from re-breathing exhaled air as a result of
sleeping in the face-down position in a warm bedroom. However, the precise nature of the
trigger(s) for SIDS remains unknown.

Post-mortem examination have revealed that an important subset of SIDS infants
(approximately 70% of studied cases) have abnormalities of different 5-HT markers in the
brainstem (Paterson et al., 2006; Paterson et al., 2009, Duncan et al., 2010). As the 5-HT
system affects maturation and function of the respiratory network, as well as sleep and
thermoregulation, such 5-HT anomalies may induce alterations/dysfunctions of the
respiratory system, which may contribute to SIDS during the critical developmental window
in conjunction with environmental stressors. A pioneering study reported abnormal levels of
5-HT metabolites found in the cerebrospinal fluids of SIDS infants (Caroff et al., 1992).
Since then multiple abnormalities of the 5-HT system have been observed in SIDS victims,
such as an increased number of 5-HT neurons, reduced expression of 5-HT5R and 5-
HT,aR, reduced 5-HT binding, abnormal Tph expression, reduced brain 5-HT levels and
altered 5-HT turnover (Paterson et al., 2009). As in rodents, 5-HT neurons in humans are
expressed early in embryogenesis, as early as the 7th gestational week (Kinney et al., 2007).
Post-mortem tract-tracing reveal that human 5-HT neurons send axonal projections to
brainstem respiratory-related areas such as the NTS and the hypoglossal motor nucleus,
where the presence of SERT, 5-HT1aR, and 5-HT,aR binding sites have been
demonstrated. In addition, NK1-positive neurons in the putative PreB6tzC area of infants
express 5-HT1aR and 5-HT,R (see Fig. 3 in Paterson et al., 2009). Consistent with the
developmental role of 5-HT in central respiratory networks, SIDS can be linked to mal-
development of 5-HT circuits during the early foetal life, which may become fatal later after
birth.

Recent studies have screened for the genetic basis of 5-HT anomalies that may play a role in
SIDS. First, significant differences in genotype distribution and allele frequency of the
SERT promoter gene were found in a Japanese SIDS and control infants groups, with more
frequent L and XL alleles in SIDS infants (Narita et al., 2001). As the L allele induces a
more efficient 5-HT re-uptake than the S allele, 5-HT availability at the synaptic cleft and 5-
HT modulation of the respiratory network might be reduced in SIDS victims. SERT gene
anomalies in SIDS cases are also observed in other ethnic groups (Weese-Mayer et al.,
2003a, 2003b). PHOX2B is an important gene for the production of essential enzymes for
catecholamine biosynthesis and for the selection between motoneuron and 5-HT neuronal
fate in the embryonic CNS. A study (Rand et al., 2006) suggests a potential relationship
between the 5HT system, PHOX2B, and SIDS. However, genetic variations of genes for the
5-HT1aR and 5-HT,aRr Were reported unlikely to be responsible for the 5-HT system
alterations observed in SIDS victims (Morley et al., 2008; Rand et al., 2009). Thus,
significant changes in 5-HT;ar and 5-HToaR expression observed in SIDS victims could be
a secondary effect in a global autonomic circuit instability. On the other hand, genetically
induced over-expression of 5-HT; ar in mice induce sporadic bradycardia and hypothermia,
frequently progressing to death, suggesting that excessive 5-HT auto-inhibition and altered
5-HT homeostasis are risk factors for SIDS (Audero et al., 2008). In addition, besides 5-HT
deficits, catecholaminergic deficits may occur, altering the noradrenergic modulation of the
respiratory network and therefore increasing SIDS risks (Hilaire, 2006).
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3.2. Respiratory dysfunction connected to alteration of 5-HT system with unclear genetic
background

Here we summarize the implication of 5-HT in breathing disorders which are not explicitly
linked to a genetic cause and show onset during different stages of life. Examples of these
disease types include breathing abnormalities linked to neurodegenerative diseases (e.g.
dementia), sleep apnoea syndromes and panic disorders. Importantly, all these diseases may
have a genetic pre-disposition and with the disease onset and expression influenced by
epigenetics. However these genetic/epigenetic factors are not yet well understood.

Sleep apnoea syndrome (SAS)—As already outlined the 5-HT system is a potent
modulator of neuronal circuits that control breathing. However, 5-HT has also strong
implication in the regulation of the sleep-wake cycle (Popa et al., 2005). Alterations of the
5-HT system that affect both respiration and sleep may contribute to SAS. In fact
compelling experimental evidence has accumulated supporting a crucial role of the 5-HT
system in the generation of apnoeic events.

First, subjecting anaesthetized neonatal rats to intraperitoneal injection of I-tryptophan,
which activates the 5-HT biosynthesis, increases 5-HT levels and induce transient apnoeas.
Some of these apnoeas showed airways obstructions (Hilaire et al., 1993). Application of 5-
HT or other serotonergic drugs to the 1\VVth ventricle in decerebrated Kittens also induces
apnoeas (Khater-Boidin et al., 1996). Also, transgenic mice lacking 5-HT,aR showed
increased incidence for SAS (Popa et al., 2005). Finally, increasing 5-HT levels in WT mice
by pharmacological blockade of the 5-HT degradation also increased the number of sleep
apnoeas (Real et al., 2007). MAOA-KO mice linked to excess of 5-HT display frequent
apnoeas and their numbers can be reduced by treatment to block 5-HT biosynthesis (Real et
al., 2007) or by enhancing 5-HT (Real et al., 2009). C57/BL6 mice spontaneously produce
transient breath-holds characterised by glottal closure (Stettner et al., 2008a) and the
incidence of these active breath-holds could be decreased with application of the 5-HT1 AR
agonist 8-OH DPAT (Stettner et al., 2008b).

In humans most of the sleep apnoeas are considered to be obstructive sleep apneas (OSA).
This specific type of sleep apnoea is caused by a decreased tone of the upper airway muscles
during sleep. In connection with predisposing factors such as unfavourable upper airway
anatomy and obesity, upper airway atonia can cause physical obstruction to respiratory
airflow thus leading to repetitive apnoeas during sleep. OSA is now recognized as a major
disorder and an important cause of medical morbidity and mortality affecting millions of
people worldwide. For example OSA is considered to be the most common respiratory
disorder in adults and concerns >20 million people in the USA alone (Lavie and Lavie,
2008). OSAs have predispositions to hypertension, cardiovascular disease, stroke, and even
sexual dysfunction. Pharmacological management of sleep apnoea remains a major problem
(see Abad and Guilleminault, 2006) and modulation and stabilization of the 5-HT system is
a prime target. Studies of control subjects and medically healthy recreational users of
“ecstasy” (a popular recreational drug and a selective brain 5-HT neurotoxin) suggest that
brain 5-HT dysfunction may play a causal role in the pathophysiology of sleep apnoeas
(McCann et al., 2009). Another clinical study involving SAS patients and healthy controls in
Chinese Han population has suggested that SERT gene may be involved in susceptibility to
SAS (Yue et al., 2008).

Neurodegenerative disease—Neurodegenerative diseases and dementia are
characterized by cognitive, behavioural and emotional deficits. However, despite breathing
dysfunction being a major problem in these neurodegenerative diseases and dementia,
respiratory deficits receive less attention compared to the loss of memory. In fact
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Subramanian et al (2008) have suggested that the elimination of the midbrain periaqueductal
gray (PAG) control of brainstem respiratory networks may contribute to the animals (and
humans) inability to express emotions as seen in very many neurodegenerative behavioural
disorders. Thus, it could well be that breathing dysfunction may play a major role in
cognitive, behavioural and emotional impairments

In fact dementia patients suffer from sleep-disordered breathing, with the common cascade
of repeated transient apnoea and hypoxemia, disrupted sleep, day-time fatigue along with
decreased cognitive abilities (Bliwise, 2002, 2004; Cooke et al., 2006). Possible links
between sleep-disordered breathing and dementia are supported by the advent of mental
impairment in persons suffering from sleep-disordered breathing and subsequent cognitive
improvement with continuous positive airway pressure treatment (Cooke et al., 2009a,
2009b). The development of dementia in persons retaining a good respiratory function at
midlife has been found to be low (Guo et al., 2007). The correlation between cardio-
respiratory fitness and reduced brain atrophy in dementia patients has also been reported
(Burns et al., 2008). These findings reveal that respiratory disorders may not be a secondary
factor as commonly assumed in dementia.

More direct evidence for neurodegeneration of brainstem respiratory networks is provided
by the finding of tauopathy in monoaminergic nuclei (Parvizi et al., 2001), raphe nuclei
(Rib et al., 2000; Grinberg et al., 2009), pontine parabrachial nuclei (Rub et al., 2001) and
medullary reticular formation (Attems et al., 2007). A recent study from our laboratories
showed for the first time that tauopathy in the above mentioned brain-areas is also found in
the transgenic mouse line Tau-P301L (Dutschmann et al., 2010). In this specific mouse line,
tauopathy was most prevalent in the pontine respiratory group (e.g. parabrachial nuclei) and
midbrain periaqueductal grey, which are involved in supra-medullary respiratory control and
specifically in upper airway patency and upper airway related behaviours (Dutschmann et
al., 2004; Gestreau et al., 2005; Subramanian et al., 2008). Dense tauopathy was also
observed in the medullary raphe nuclei providing the main source of 5-HT mediated
modulation of central breathing circuits, while the primary pattern and rhythm generating
nuclei of the VRC were largely devoid of tauopathy (Dutschmann et al., 2010). This
selective pattern of tauopathy is also reflected in the breathing phenotype of the animals.
Upper airway dysfunction affects the laryngeal airflow control particularly during increased
chemical drive in the respiratory network in response to hypercapnia (Dutschmann et al.,
2010). The identified activation of the laryngeal adductors during the inspiratory phase may
not only impair airflow and oxygen uptake but also other important upper airway behaviours
such as vocalisation or swallowing which were not tested in the study. Upper airway
disorders are common features in various forms of dementias. For instance, progressive
aphasia is a frontotemporal dementia associated with downstream motor speech deficits
(Hillert, 1999; Tolnay and Probst, 2002). In addition, laryngeal adductors are essential for
laryngeal closure during swallowing preventing aspiration of food or fluids into the lungs.
Dysphagia and aspiration pneumonia belong to the most serious and common complications
in dementia patients (Kalia, 2003).

Amongst neurodegenerative diseases multiple systems atrophy (MSA) is most closely linked
to cardio-respiratory function. MSA is linked to severe autonomic failure leading to sudden
death. Hallmarks of MSA amongst endocrine and cardiovascular disturbances are OSA and
laryngeal stridor (Benarroch, 2002; Benarroch, 2007). Autopsy of MSA victims show
changes in the various catchelomaniergic cell groups and brainstem raphe nuclei (Benarroch
et al., 2004; Benarroch et al., 2007). These changes in the serotonergic system could directly
relate to the upper airway phenotype, since experimental evidence shows that serotonergic
inputs from the medullary raphe facilitate activity of inspiratory laryngeal abductor
motoneurons (Berkowitz et al., 2005; Sun et al., 2002). Thus, loss of serotonergic inputs to
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laryngeal motorneurones of nucleus ambiguus could explain the sleep related upper airway
disorders not only in MSA but also dementia patients.

Disease related alteration of the 5-HT system may also contribute to behavioural symptoms
(Rib et al., 2000; Grinberg et al., 2009) in dementia. Autopsy of dementia patients reveal
normal numbers of 5-HT neurons in the dorsal raphe nuclei (Hendricksen et al., 2004) but
abnormal density of 5-HT1 and 5-HT,aR (Yeung et al., 2010) in pons and medulla. In the
cortex of AD patients 5-HT AR alteration was found in correlation with aggressive
behaviours (Lai et al., 2003) and a reduced density of 5-HT4R expression connected to
hyperphagia (Tsang et al., 2010). The reduced density of 5-HT,R found post-mortem in
patients was confirmed in the anterior cingulate cortex of a small sample of living patients
with Alzheimer’s disease (AD), although 5-HT,aR binding was found normal (Santhosh et
al., 2009). Also, a reduction of SERT binding was observed in the cortex of dementia
patients by PET, consistently with a 5-HT dysfunction affecting higher centers of cognition
and emotion (Ouchi et al., 2009).

Certain SERT inhibitors and drugs targeting 5-HTR have been tested in neurodegenerative
diseases (Lauterbach et al., 2010; Neugroschl and Sano, 2010). However, no conclusive data
on effective treatment of behavioural symptoms in dementia are published and potential
effects of SERT inhibitors on upper airway dysfunction or sleep apnoea are not tested as yet.

Mental disorders linked to disturbed breathing: A role for 5-HT—Amongst a
variety of mental disorders the panic disorder is considered most directly to be linked to an
aberration in the control of respiration (Klein, 1993, Nardi et al., 2009). Contrary to other
anxiety related disorders panic disorder is often characterized by respiratory symptoms, such
as hyperventilation and shortness of breath (Nardi et al., 2009). Moreover, patients with
panic disorder were reported to show increased respiratory variability between panic attacks
(Gorman et al., 1988; Martinez et al., 2001) even during sleep (Stein et al., 1995).
Interestingly, patients also display hypersensitivity to CO, (Papp et al., 1993). Whether the
breathing abnormalities are causal to specific changes in neuronal circuits sensitive to CO,
(potentially including the medullary raphe) remains undetermined. Evidence that changes in
the 5-HT system may be indirectly implicated in the breathing abnormality arise from the
established finding that long-term treatment with 5-HT reuptake inhibitors can alleviate
panic attacks. However, direct evidence of pathological changes in 5-HT system from
autopsy is not yet available and to our knowledge an animal model for panic disorder is not
currently established.

4. Therapeutic use of serotonergic drugs in central respiratory dysfunction

The targeted use of serotonergic drugs to treat centrally mediated respiratory disorders is
sparse. The use of the 5-HT1 R agonist buspirone was successful in the treatment of severe
apneusis occurring in a child after ponto-medullary surgery (Wilken et al., 1997). Further, it
has been shown that breathing stabilizes in a RTT patient after buspirone administration
(Andaku et al., 2005). The use of 5-HT,/3R antagonist significantly reduces the apnoea
index in sleep apnoea patients but also reveals sedation and weight-gain as unwarranted side
effects (Carley et al., 2007). A recent placebo controlled clinical trial completely failed to
show effective treatment of respiratory abnormality in panic disorder (Coryell and Rickels,
2009).

Besides the largely unsatisfactory results in clinical trials, experimental evidence proposes
interesting future avenues for the use of serotonergic drugs in central respiratory disturbance
and failure. For example, 5-HT4R and 5-HT; AR agonists have been shown to compensate
central respiratory disturbances including apneusis or apnoeic periods in the experimental
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settings (El-Khatib et al. 2003, Lalley et al. 1994a, Manzke et al. 2003, 2009, Shabizada et
al., 2000, Stettner et al. 2008, Wilken et al. 1997, Yamauchi et al. 2008a, b, Guenther et al.,
2009). Specifically 5-HT4R and 5-HT1 AR agonists may have a broader applicability in the
treatment of opioid mediated respiratory arrest. Opioids are currently the most powerful
analgesics available to treat pain but their use is limited by side effects including the risk of
fatal apnoea. Recent evidence provided by Diethelm Richter’s group suggest that 5-HT4R or
5-HT; AR mediated recovery of p-opioid receptor evoked respiratory depression or even
total arrest (Manzke et al. 2003, 2009). The use of a 5-HT1 AR agonist has been shown to
evoke breathing recovery following opioid induced respiratory depression in awake rodents
(Dutschmann et al., 2009). However it needs to be mentioned that preliminary test in
humans failed to produce similar beneficial effect on opioid evoked respiratory depression
(L6tsch et al., 2005; Oertel et al., 2007).

In summary, the discrepancies between promising effect of serotonergic drugs on various
central breathing instabilities as seen in animal models and the comparable results as seen in
human trials remain. One reason for the unpredictability of serotonergic drug treatment is
related to pronounced pre-synaptic autoinhibitory mechanism, which fine tunes afferent
synaptic inputs to 5-HT neurons. For instance the block of 5-HT re-uptake can lead to
increased activation of pre-synaptic 5SHT1aR of the raphe nuclei by endogenous 5-HT. This
in turn suppresses synaptic drive to 5HT neurons consequently reducing 5-HT release in
central nervous system. Therefore a drug aiming to potentiate the action the 5-HT system
does not produce the warranted net-effect in the brain. Future breakthroughs in drug design
may help to tailor serotonergic drugs to specifically target respiratory disorder with minimal
impact on other physiological systems.

5. Conclusion

Compelling experimental evidence shows that the 5-HT plays a crucial role in the central
control of breathing. Disease-related alterations of 5-HT system (linked to genetic and/or
environmental factors) induce severe breathing disorders occurring at different stages in life,
ranging form the early post-natal period with SIDS, neurodevelopmental disorders and to
neurodegenerative disease in the elderly and ageing. The wide range of neurologic diseases
correlate to several differential mechanisms through which 5-HT may affect the respiratory
system. There is much to be deciphered on the precise mechanism through which SHT
mediates respiratory function (and dysfunction) and the future is bright and forthcoming.
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Fig. 1. Schematic illustration of 5-HT biosynthesis and neurotransmission

L-Tryptophan (L-Trp) is transformed in 5-hydroxytryptophan (5-HTP) by the enzyme
Tryptophan hydroxylase (Tph) and subsequently into serotonin (5-HT) by the enzyme
Aromatic L-amino acid decarboxylase (Aadc). In normal conditions, the rate-limiting step of
the 5-HT biosynthesis is Tph and not Aadc. After 5-HT release re-uptake is mediated via the
serotonin transporter (SERT) and is degraded in 5-hydroxy-indol acetic acid (5-HIAA) by
the enzyme monoamine oxydase A (MAOA). Common pharmacological tools used to alter
the 5-HT biosynthesis such as p-chlorophenylalanine (pcpa) which blocks 5-HT synthesis,
MAOA inhibitors (I-MAOA) which block the degradation and the antidepressant Fluoxetine
which blocks 5-HT re-uptake are also illustrated.
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Fig. 2. Distribution and connectivity of serotonin neurons in the brainstem

Neurons synthesizing 5-HT are found in distinct cell groups called as the raphe in the
brainstem. These cells form a column along the midline extending from the caudal medulla
to the midbrain. The raphé neurons project to virtually all regions of the neuraxis. The
hashed line is intended to elucidate the columnar structure of the raphe system along the
midline. The red regions indicate the respiratory columns. Rob: raphe obscurus; RMg: raphe
magnus; RPa: raphe pallidus; PnR: pontine raphe nuclei; DRc: caudal dorsal raphe; DR:
dorsal raphe; VRC: ventral respiratory column; NTS: nucleus tractus solitari; PRC: pontine
respiratory column; KF: Kélliker-Fuse; XI11I: hypoglossal motor nuclei; PAG: periaqueductal

gray.
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A — Effects of bath application of 5-HT on rhythmic phrenic bursts

| 5HT1A-R frequency Increase | | 5-HT1B-R amplitude reduction |

T 5_HT I —
5-HT2A-R tonic discharge

B - 5-HT2A-R activation depolarizes phrenic motoneurones

Fig. 3. 5-HT modulation of neonatal respiratory activity

A) Traces showing in vitro phrenic bursts recorded from en bloc preparations of neonatal
mice and changes evoked following bath application of 25uM 5-HT (horizontal bar). Note
that 5-HT application induced complex effects characterized by an increase in phrenic burst
frequency (due to activation of medullary 5-HT1AR), a tonic discharge of motoneurons (due
to activation of spinal 5-HT,aR) and a reduction in phrenic burst amplitude (due to a
possible presynaptic activation of spinal 5-HT1gR). Scale bar: 1 min (see Bou-Flores et al.,
2000).

B) 5-HT,AR activation depolarizes phrenic motoneurons. Intracellular recording of a
phrenic motoneuron before (B1) and after 5-HT application (B2). 5-HT induced a 20mV
depolarization and a tonic firing of the motoneuron (time scale: 1 s; spikes truncated). B3:
Immunohistochemistry reveals that neonatal phrenic motoneurons (retrogradely labelled
with rhodamine) widely express 5-HT,aR (white dots). Calibration bar: 20 um. (see also
Bras et al., 2008)

C) 5-HT neurons synaptically coupled with respiratory neurons. Schematic drawing
illustrates medullary neurons that project to phrenic motoneurons in neonatal mice after
rabies virus (RV) inoculated in the diaphragm at P1. After RV inoculation in the diaphragm,
RV progressively infected neurons controlling phrenic motoneuronal output. Thirty hours
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after inoculation phrenic motoneurons were labeled. After 36 hours neurons in the VRC
revealed labeling and after 42 hours infected neurons were observed in histochemically
identified 5-HT neurons of the raphe nuclei obscurus (1-2) and pallidus (3-4). These
experiments illustrate the synaptic connectivity of raphe 5-HT neurons with phrenic
premotor neurons in the VRC. Calibration bars: 100 um. (also see Zanella et al., 2008)
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Fig. 4. Genetic determination and genesis of 5-HT neurons

During the early embryogenesis 5-HT neurons are generated from ventricular zone
precursors controlled by fibroblast growth factors 4 and 8 (Fgf4 and Fgf8) and sonic
hedgehog (Shh). In post-mitotic neurons, a complex network of genes such as Pet1, Lmx1b,
Nkx2.2, Mashl, Gata2, Gata3, and Phox2b will determine the important proteins for 5-HT
biosynthesis and neurotransmission such as Tph, Aadc, SERT. (for details see Fig. 1).
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