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Abstract
Serotonin (5-hydroxytryptamine; 5-HT) is a neurotransmitter produced by a small number of neurons
in the midbrain, pons and medulla. These neurons project widely throughout the neuraxis, where
they release 5-HT and co-localized neuropeptides such as substance P (SP) and thyrotropin-releasing
hormone (TRH). Each of these chemicals produce effects largely through G protein-coupled
receptors, second messenger systems and subsequent neuromodulatory effects on target neurons.
Emerging evidence suggests that 5-HT has additional modes of action during development and in
adult mammals, including trophic effects (neurogenesis, cell differentiation, proliferation, migration
and maturation) and influences on synaptic plasticity. Here, we discuss some of the neuromodulatory
and trophic roles of 5-HT in general and in the context of respiratory control, as well as the regulation
of release of modulatory neurotransmitters from 5-HT neurons. Future directions of study are also
discussed.

1. Introduction
Serotonin (5-Hydroxytryptamine, 5-HT) is one of the oldest bioactive molecules in nature,
where it is found in diverse species from the psychoactive seeds of mucuna pruriens to venoms
in toads and spiders (Collier, 1958). 5-HT plays an important role in nature as a signaling
molecule, acting as a neurotransmitter in all species of the animal kingdom. In the mammalian
CNS, the relatively small number of neurons that produce 5-HT are located along and near the
midline of the brainstem. However, these few neurons project to target regions throughout the
entire neuraxis. The effects of 5-HT (and co-released neuropeptides such as SP and TRH)
depend upon the complement of receptors (15 different 5-HT receptor subtypes cloned, of
which some are post-transcriptionally modified), the second messenger systems they are
coupled to, and the developmental stage in which they are expressed. 5-HT neurons are some
of the first neurons to emerge in the developing hindbrain, where they may play a
morphogenetic and organizational role in neuronal circuits.

With diverse projections and numerous pre- and post-synaptic receptor subtypes, it is not
surprising that the 5-HT system has been proposed to contribute to numerous brain functions
and pathology, including but not limited to neurogenesis, synaptic plasticity, brain homeostasis,
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sleep and circadian rhythms, appetite, pain, thermoregulation, breathing, micturition,
addiction, migraine, depression, fear and anxiety, aggression and rage, learning and memory,
obsessive compulsive disorder, schizophrenia, Prader-Willi syndrome, autism and sudden
infant death syndrome (SIDS). Understanding the anatomy, as well as the classical and novel
mechanisms by which 5-HT operates within the CNS is of great importance in our
understanding the role of 5-HT in these processes.

2.5-HT as a neuromodulator
5-HT belongs to a class of neurochemicals regarded as neuromodulators. Neuromodulation
has a variety of definitions, including “the ability of neurons to alter their electrical properties
in response to intracellular biochemical changes resulting from synaptic or hormonal
stimulation” (Kaczmarek & Levitan, 1987). Neuromodulators are also widely considered to
be substances that alter the response of target neurons to traditional neurotransmitters, but
without directly causing depolarization or hyperpolarization. The effects of many
neuromodulators are dependent upon activation of intracellular signaling cascades by G
protein-coupled receptors, which through changes in cAMP production, intracellular calcium
levels, phosphorylation and other biochemical changes alter ion channel properties. These
effects include changes in spike frequency adaptation via modulation of SK channels (Klein
et al., 1982), modification of A-current (Kaczmarek & Strumwasser, 1984), activation of the
hyperpolarization-activated cation current Ih (Pape & McCormick, 1989), changes in the
delayed rectifier K+ current IK(r) (Benson & Levitan, 1983), the non-inactivating leak K+, or
M-current (Brown & Adams, 1980; Wang et al., 1998), and conversion of tonically firing
neurons to intrinsic bursters (Dekin et al., 1985). Neuromodulators, and 5-HT in particular,
can also influence glutamate and GABA receptor currents by phosphorylation and/or altering
receptor trafficking via G-protein coupled second messenger pathways (Feng et al., 2001;
Bocchiaro & Feldman, 2004).

Most neurotransmitters can act as both neuromodulators and classical neurotransmitters
depending on the receptors present on the target neuron. For example, glutamate and GABA
can act either as fast synaptic neurotransmitters via ionotropic receptors (e.g. GABAA, NMDA
and non-NMDA) or as neuromodulators via G protein-coupled receptors (e.g. GABAB and
metabotropic glutamate). 5-HT can also act as either a fast neurotransmitter or a
neuromodulator, depending on the receptor that it activates. However, since six of the seven
major 5-HT receptor subtypes (5-HT1–2, 4–7) are G protein-coupled receptors (Bockaert et
al., 2006), 5-HT usually acts as a neuromodulator. 5-HT3 receptors are the only 5-HT receptors
that are ligand-gated ion channels (Maricq et al., 1991; van Hooft & Yakel, 2003), and have a
low affinity for 5-HT but fast activation (milliseconds). In contrast, the metabotropic 5-HT
receptors have high affinity and slow activation (seconds).

The specific G proteins through which different metabotropic 5-HT receptors interact lead to
a diversity of pre- and post-synaptic effects (Figure 1). Generally, 5-HT1A,B,D–F, 5-HT4B and
5-HT5 receptors couple with Gαi/o proteins, 5-HT2A–C receptors couple with Gαq proteins, and
5-HT4A,6,7 receptors couple with GS proteins (Richter et al., 2003;Bockaert et al., 2006).
Activation of each of these G proteins leads to the initiation of a different intracellular signaling
cascade, thus providing a range of different effects depending upon which 5-HT receptors are
expressed. Much of the work on signal transduction by 5-HT receptors in general, and
specifically in respiratory neurons, has been reviewed previously in detail (Bayliss et al.,
1997b;Rekling et al., 2000;Raymond et al., 2001;Feldman et al., 2005;Bockaert et al., 2006).

5-HT receptors are expressed both pre- and post-synaptically, and can also be localized extra-
synaptically. In many cases 5-HT is released at sites lacking the specialized membrane
characteristics that define classical synapses. In addition to axon terminals within target fields,
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5-HT neurons often have additional release sites in the form of en passant varicosities (Liposits
et al., 1987; Maley et al., 1990). While the apparent density of en passant varicosities varies
in target regions, these release sites allow 5-HT to have paracrine effects, reaching multiple
local (and more distant) neuronal (and non-neuronal) cells. The distribution of en passant
varicosities versus classical synapses varies in different brain regions, where en passant
varicosities represent 20% in the superior colliculus (Dori et al., 1998), and as much as 97%
in the sensorimotor cortex (DeFelipe & Jones, 1988).

3. The 5-HT system and breathing: Projections and receptors
Neurons in all of the nuclei that govern respiratory control in the pons and medulla are
innervated by 5-HT neurons (Steinbusch, 1981; Holtman, Jr. et al., 1984; Connelly et al.,
1989; Voss et al., 1990). The origin of the projections to respiratory nuclei largely arise in the
medullary raphé nuclei and ventrolateral medulla (parapyramidal region) (Holtman, Jr. et al.,
1984; Connelly et al., 1989; Thor & Helke, 1989; Smith et al., 1989; Manaker & Tischler,
1993). 5-HT-immunoreactive (5-HT-ir) fibers are found in the nucleus of the solitary tract
(NTS), nucleus ambiguus, retrotrapezoid nucleus (RTN), pre-Bötzinger complex (pre-BötC),
and hypoglossal and phrenic motor nuclei (Fuxe, 1965; Holtman, Jr. et al., 1984; Holtman, Jr.,
1988; Zhan et al., 1989; Pilowsky et al., 1990; Voss et al., 1990; Holtman, Jr. et al., 1990b;
Jacobs & Azmitia, 1992), as illustrated in Figure 2A. 5-HT-ir projections within respiratory
nuclei are also often immunoreactive for the neuropeptides SP and TRH, and these synaptic
terminals primarily also originate from the medullary raphé nuclei and parapyramidal region
(Holtman, Jr. et al., 1984; Holtman, Jr. et al., 1990a; Hokfelt et al., 2000). Thus, it is clear that
medullary 5-HT neurons project to and are positioned to modulate respiratory neurons at
multiple sites, including at both the pre-motor and motor neuron levels.

The neuromodulatory effects of 5-HT, SP and TRH on breathing depend upon the complement
of pre-and post-synaptic 5-HT receptors on neurons involved in respiratory control.
Information regarding 5-HT receptor expression is incomplete, but it is clear that there are
many different subtypes of 5-HT receptors expressed within respiratory nuclei (see the Allen
Brain Atlas (Lein et al., 2007)). With regards to the control of breathing, some 5-HT receptors
(5-HT1, 5-HT2, and recently 5-HT4 and 5-HT7 receptors) have been studied more extensively
than others, and these will be the focus of this review.

5-HT1 Receptors
5-HT1A receptors are expressed post-synaptically, particularly in limbic regions (Miquel et
al., 1994; Lanfumey & Hamon, 2004). However, the highest levels of expression of 5-HT1A
receptors are on the somatic and dendritic membranes of 5-HT neurons themselves - often
referred to as 5-HT1A somatodendritic autoreceptors (Sotelo et al., 1990; Aghajanian &
Sanders-Bush, 2002). On both 5-HT and non-5-HT neurons, 5-HT1A receptors are usually
coupled with Gαi/Gαo proteins, which inhibit adenylate cyclase and cyclic AMP generation
(Figure 1). Activation of these receptors generally causes inhibition of neuronal firing, for
example through activation of G protein-gated inwardly rectifying K+ (GIRK) channels
(Andrade et al., 1986; Innis et al., 1988), and inhibition of N- and P/Q-type Ca2+ channels
(Bayliss et al., 1995; Bayliss et al., 1997a). 5-HT1B receptors are primarily localized to axon
terminals of serotonergic, dopaminergic, GABAergic and glutamatergic neurons (Bockaert et
al., 2006), couple to Gαi/Gαo (Bouhelal et al., 1988), and activate K+ channels and inhibit
Ca2+ channels (Raymond et al., 2001). 5-HT1A and 5-HT1B receptors are expressed in the
raphé nuclei, NTS and hypoglossal motor nuclei (Manaker & Verderame, 1990; Okabe et
al., 1997). These properties and synaptic localization of 5-HT1A and 5-HT1B receptors are of
critical importance in determining the effects of 5-HT on 5-HT neurons themselves and on
excitability of respiratory neurons (see below). They are also important in interpreting data
from experiments applying agonists and antagonists of these receptors, since these drugs can
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simultaneously interact with post-synaptic receptors on non-serotonergic neurons and
inhibitory autoreceptors on serotonergic neurons, and these two sites of action can sometimes
lead to opposite effects on respiratory output.

5-HT2 Receptors
5-HT2A, 5-HT2B, and 5-HT2C receptors usually couple with Gαq proteins (Figure 1), which
are positively coupled to phospholipase C (PLC). PLC activation generates inositol
trisphosphate (IP3) and diacylglycerol (DAG). The former increases cytosolic Ca2+ via release
from intracellular stores and the latter activates protein kinase C (PKC) (de Chaffoy de et al.,
1985;Conn et al., 1986). These effects generally lead to increased neuronal excitability through
a variety of mechanisms, including an increase in AMPA-mediated excitatory post-synaptic
potentials (Aghajanian & Marek, 1999), and enhancement of persistent sodium current (Pena
& Ramirez, 2002). There is also evidence for 5-HT2 receptor-mediated activation of
phospholipase A2 independent of the PLC pathway, generating arachidonic acid (Felder et
al., 1990). 5-HT2 receptors play a critical role in respiratory rhythm generation (Pena &
Ramirez, 2002;Gunther et al., 2006;Tryba et al., 2006), and modulation of respiratory motor
neurons (Brandes et al., 2006).

5-HT4 and 5-HT7 Receptors
Functional information regarding 5-HT4 and 5-HT7 family receptors in respiratory control is
just beginning to emerge (Manzke et al., 2003; Richter et al., 2003; Manzke et al., 2008). 5-
HT4/7 receptors are usually coupled to Gαs proteins, which activate adenylate cyclase (Figure
1: (Bockaert et al., 1990)). Cyclic AMP production leads to protein kinase A (PKA) activation,
which can directly inhibit voltage-gated K+ channels, Ca2+-activated K+ channels, and in some
cases GABAA currents (Bockaert et al., 2006). These effects can combine to increase
excitability, and are possible mechanisms by which 5-HT4A receptor activation reverses
respiratory depression following fentanyl administration (Manzke et al., 2003). Both 5-
HT4A and 5-HT7 receptors are expressed in the pre-BötC (Manzke et al., 2008). 5-HT7
receptors have also received attention due to the moderate affinity for 8-hydroxy-2-(di-n-
propylamino)tetralin (8-OH-DPAT: (Richter et al., 2003)), a drug previously thought to be a
specific agonist for 5-HT1A receptors.

Tachykinins and TRH Receptors
The tachykinins (SP, neurokinin A and neurokinin B) and TRH (pyroglutamic acid-histidine-
prolineamide) act via the G protein-coupled neurokinin receptors (NK1, NK2 and NK3) and
TRH-R1 and TRH-R2 (Khawaja & Rogers, 1996; Sun et al., 2003). Like 5-HT2 family
receptors, neurokinin and TRH receptors are generally coupled to Gαq proteins, PLC and
increases in intracellular Ca2+. For example, neurokinin receptor activation in inferior
mesenteric ganglion cells leads to depolarization via inhibition of inwardly rectifying K+

channels (Minota et al., 1981). In some cases NK receptors can also positively or negatively
couple with adenylate cyclase (Khawaja & Rogers, 1996). NK1 receptors are important in the
identification and function of the pre-BötC (Gray et al., 2001), and both TRH and NK1 (as
well as 5-HT) receptor activation strongly stimulates RTN neurons (Mulkey et al., 2007).

4. Neuromodulation of respiratory output
Over the years different investigators have made a variety of conclusions about the effect of
5-HT on respiratory output, from net stimulatory, to net inhibitory, to biphasic, to “stabilizing.”
However, we believe that the bulk of the evidence now supports the conclusion that when 5-
HT neurons increase their firing rate under physiological conditions in vivo this leads to a net
stimulatory effect on respiratory output (Richerson, 2004). This occurs via neuromodulation
by 5-HT, SP and TRH acting at multiple sites within the respiratory network, including neurons
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that generate the respiratory rhythm, others that act as or integrate input from chemoreceptors,
and still others that are part of the motor output pathways.

4.1 Respiratory rhythm generation
In vitro experiments have helped to define the mechanisms of the effects of 5-HT neurons on
some of the core rhythm generating elements of the respiratory network, particularly by
studying rhythmic respiratory output generated by slices of the medulla (Smith et al., 1991).
In this neonatal preparation, bath or pre-BötC-specific application of 5-HT, or focal application
of AMPA into the raphé, increases the frequency of hypoglossal motor output (Figure 2B:
(Al-Zubaidy et al., 1996; Schwarzacher et al., 2002; Ptak et al., 2006)). The effect of 5-HT on
hypoglossal nerve output can be mimicked by the 5-HT2 agonist 1-(2,5-dimethoxy-4-
iodophenyl)-2-aminopropane (DOI), and blocked by the 5-HT2A/C antagonist ketanserin (Al-
Zubaidy et al., 1996; Pena & Ramirez, 2002). Hypoglossal nerve root and/or ventral respiratory
group activity has a range of patterns in vitro, including eupnea-like, sigh-like and gasp-like
output (Lieske et al., 2000), where eupnea-like (Pena & Ramirez, 2002; Ptak et al., 2006), and
gasp-like (Tryba et al., 2006) output is dependent upon 5-HT2A receptors. The 5-HT2A-
mediated effects on respiratory rhythm are thought to occur through PLC and PKC activation
and subsequent modulation of transient and persistent Na+ currents (Pena & Ramirez, 2002).

In contrast, Gunther and colleagues report that hypoglossal nerve output from a similar slice
preparation is blocked by a 5-HT2B receptor antagonist, but not ketanserin (Gunther et al.,
2006). Additionally, earlier work by Al-Zubaidy et al. showed that respiratory rhythm in a
similar preparation persisted after bath application of methysergide (Al-Zubaidy et al., 1996).

The reasons for the contradictory effects with ketanserin and methysergide are unclear, but
may be due to differences in the experimental approach used in different labs (e.g. age, slice
thickness and/or rostrocaudal level). Alternatively, there may be non-selective effects of these
drugs, since methysergide is an antagonist at some 5-HT receptors and a partial agonist at
others, whereas ketanserin is a 5-HT2 receptor antagonist and also has high affinity for α1-
adrenoreceptors (Korstanje et al., 1986). Another possible explanation is that respiratory
rhythm generation is less dependent on 5-HT in preparations containing more of the respiratory
network. For example, in the in situ perfused brain preparation both eupnea and gasping have
been reported to be unaffected by ketanserin or methysergide (St-John & Leiter, 2007; Toppin
et al., 2007). Similarly, baseline ventilation is normal in adult mice in which serotonin neurons
have been genetically deleted (see below), although there is a lower breathing frequency
(Hodges et al., 2008). These differences in dependence on 5-HT may be due to the ability of
other neurotransmitter systems (e.g. noradrenergic) to maintain normal respiratory activity in
the absence of 5-HT (St-John & Leiter, 2007). This is similar to mechanisms of cortical arousal,
where 5-HT, norepinephrine, histamine and acetylcholine are all capable of converting
thalamocortical rhythms from a sleeping to a waking pattern (Pape & McCormick, 1989;
McCormick & Pape, 1990; McCormick, 1992; Steriade et al., 1993). Although 5-HT
contributes to cortical arousal, loss of 5-HT does not cause loss of consciousness as long as
the other neurotransmitter systems are active. Thus, as with cortical arousal, it is clear that 5-
HT has a general stimulatory effect on the respiratory rhythm, but other neuromodulators may
substitute for 5-HT in its absence.

SP and TRH, which are co-localized in some 5-HT neurons, also strongly stimulate respiratory
output. For example, SP applied to the rhythmically-active rostral medullary slice increases
respiratory frequency (Figure 2C) and regularity, while blockade of endogenous NK-1 receptor
activity with spantide or SSR140333 decreases frequency and regularity (Gray et al., 1999;
Telgkamp et al., 2002; Pena & Ramirez, 2004; Ptak et al., 2006). Capsaicin-induced SP and
glutamate depletion also blocks respiratory rhythm generation in brainstem slices (Morgado-
Valle & Feldman, 2004). Moreover, the respiratory rhythm in preprotachykinin-A null mice,
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as well as rats with lesions targeting NK-1 receptor-expressing pre-BötC neurons, is highly
variable and irregular (Gray et al., 2001; Telgkamp et al., 2002). Both SP and TRH increase
respiratory output in the brainstem-spinal cord preparation (Murakoshi et al., 1985; Lindsay
& Feldman, 1993; Greer et al., 1996), and in vivo (Yamamoto et al., 1981; Hedner et al.,
1983; Holtman, Jr. et al., 1986; Chen et al., 1990). In addition, tonically firing neurons in the
respiratory region of the NTS are converted to intrinsically bursting pacemaker neurons by
application of TRH (Figure 2D: (Dekin et al., 1985). These and other data (Richerson, 2004)
support the concept that 5-HT neurons directly enhance respiratory output via release of 5-HT
and co-localized SP and TRH onto neurons that generate the respiratory rhythm.

4.2 The retrotrapezoid nucleus
The RTN is located in the rostral VLM (Smith et al., 1989), has reciprocal connections with
the pre-BötC (Connelly et al., 1989; Ellenberger & Feldman, 1990), receives afferent
projections from peripheral chemoreceptors (Mulkey et al., 2004), is intermixed with the
parafacial respiratory group (Onimaru & Homma, 2003; Guyenet et al., 2005), and contributes
tonic drive to breathe (Nattie, 2006). Projections from the raphé nuclei to both the dorsal cap
and marginal layer of the RTN are rich in 5-HT, suggesting a functional relationship (Cream
et al., 2002; Mulkey et al., 2007). Consistent with this, TRH injections into the ventrolateral
medulla stimulate ventilation under anesthesia (Cream et al., 1997) and in awake rats (Cream
et al., 1999).

Similar to 5-HT neurons (see below), glutamatergic, Phox2b-expressing RTN neurons respond
to changes in CO2/pH in the presence of glutamate and GABA receptor blockers (Mulkey et
al., 2007), and they have been proposed to be central chemoreceptors. Recent studies have
revealed an intriguing relationship between 5-HT neurons and RTN neurons, where the effects
on the hypercapnic ventilatory response of simultaneous inhibition within the raphé and RTN
are not additive but synergistic (Li et al., 2006). Consistent with this, individual RTN neurons
are strongly stimulated by exogenous 5-HT, SP and TRH, and the effects of 5-HT are mostly
if not completely 5-HT2A-dependent (Mulkey et al., 2007). These data provide support for the
conclusion that RTN neurons are strongly stimulated by 5-HT neurons via release of 5-HT,
and co-localized SP and TRH. Given that 5-HT neurons are pH-sensitive (Wang et al., 2001;
Richerson, 2004), one might suspect that the pH sensitivity of RTN neurons is mediated by
synaptic input from raphé neurons. This possibility was tested using voltage clamp
experiments. The authors found that the current induced by changes in pH had a different
reversal potential than that induced by exogenous 5-HT (Mulkey et al., 2007), and from this
they concluded that the chemosensitivity of RTN neurons is intrinsic. However, these
experiments are not a direct test of this possibility. First, involvement of SP and TRH was not
excluded. Second, the only way to directly prove that the pH response is not mediated in part
by raphé input is to either physically separate the two groups of neurons, or to demonstrate that
changes in firing rate induced in RTN neurons by changes in pH are not reduced or prevented
by antagonists of 5-HT, SP and TRH receptors. Indeed, since there are many 5-HT neurons
present in the rostral medulla (some of which increase their firing rate in response to acidosis)
(Wang et al., 2001; Richerson, 2004), it remains possible that some or all of the response of
RTN neurons to pH is indirectly mediated by an increase in release of 5-HT, SP and TRH from
5-HT neurons.

Clearly, more studies are needed to delineate anatomic and functional relationships between
5-HT and RTN neurons in order to understand the partnership among these two sets of putative
chemoreceptors. Since RTN neurons also receive inputs from peripheral chemoreceptors, they
may be a key site for neuromodulation by 5-HT neurons. Whether or not the response of RTN
neurons to acidosis is intrinsic, they may play an important role as a relay center integrating
information from other chemoreceptors.
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4.3 Motor Neuron Excitability
Motor neurons are the final integration point in motor behavior, and as such receive diverse
synaptic inputs from many neurons, including 5-HT neurons. The effects of 5-HT on cranial
and spinal motor neurons have recently been reviewed in detail (Rekling et al., 2000). The
predominant effect of 5-HT is to enhance motor neuron excitability, by a variety of mechanisms
including inhibition of leak K+ currents, activation of Ih and enhancement of L-type Ca2+

currents (Talley et al., 1997; Rekling et al., 2000; Talley et al., 2000). The most extensively
studied respiratory motor neurons are those in the hypoglossal (XII) nucleus, which express
5-HT1B, 5-HT2A, 5-HT2C, 5-HT3, and 5-HT7 receptors (Okabe et al., 1997). Hypoglossal
motor neurons (HMs) also transiently express 5-HT1A receptors during development, and in
neonates their activation causes depolarization, inhibition of the after hyperpolarization (AHP),
and an increase in firing rate, without affecting input resistance (Bayliss et al., 1995; Talley
et al., 1997). The inhibition of the AHP in this case is due to inhibition of N- and P/Q-type
calcium channels, secondarily decreasing Ca2+-dependent K+ conductance. In juvenile HMs,
the mechanisms of 5-HT-induced depolarization are different, where there is a decrease in
input resistance with no change in the AHP (Talley et al., 1997). In adults, both endogenous
and exogenous 5-HT directly depolarizes HMs via 5-HT2A receptors, likely through inhibition
of leak K+ channels (Fenik & Veasey, 2003; Brandes et al., 2006). Interestingly, second
messengers coupled to NK1 and TRH receptors also converge on and inhibit leak K+ channels
(Talley et al., 2000), so that 5-HT, SP and TRH all lead to stimulation of HMs.

In the in vitro brainstem spinal cord preparation from neonatal rats, phrenic motor neurons are
depolarized by 5-HT via (postsynaptic) 5-HT2 receptors, while inspiratory synaptic drive to
these neurons is inhibited via activation of (likely pre-synaptic) 5-HT1B receptors (Lindsay &
Feldman, 1993; Di Pasquale E. et al., 1997). Similarly, excitatory post-synaptic currents
(EPSCs) evoked in hypoglossal motor neurons (by stimulation of afferents that were not
identified as respiratory) are inhibited by 5-HT1B receptor activation in rat brain slices, and
this was proposed to be due to pre-synaptic inhibition of glutamatergic synaptic input (Singer
et al., 1996). Taken together, these data suggest that there is a combination of postsynaptic
stimulation of respiratory motor neurons, pre-synaptic inhibition of excitatory synaptic inputs,
and enhancement of rhythmic drive from the central pattern generator. Despite the decreased
synaptic efficacy, the net effect still appears to be enhancement of respiratory output (Lindsay
& Feldman, 1993). Experiments performed in vivo support the conclusion that the net effect
of 5-HT neurons on motor output is stimulatory (Fenik & Veasey, 2003; Brandes et al.,
2006). Unilateral injection of the 5-HT2A receptor antagonist MDL 100,907 into the XII
nucleus of rats in vivo decreases XII nerve output by > 60%, and blocks the excitatory effects
of 5-HT application (Fenik & Veasey, 2003). Brandes and colleagues found similar effects in
decerebrate dogs in vivo, where iontophoretic application of ketanserin decreased, and
exogenous 5-HT increased the inspiratory activity of individual hypoglossal motor neurons
(Brandes et al., 2006).

Enhancement of motor neuron output is also characteristic of the role of 5-HT in long-term
facilitation (LTF) and some other forms of respiratory plasticity. LTF is a prolonged
enhancement of respiratory motor output that can be induced by intermittent hypoxia. The
increase in motor output is dependent upon activation of 5-HT2 receptors, which acts in part
by increased BDNF production and enhanced efficacy of glutamatergic neurotransmission
from descending respiratory drive. The mechanisms and role of 5-HT in LTF is the subject of
several reviews (Baker-Herman & Mitchell, 2002; Feldman et al., 2003; Baker-Herman et
al., 2004).

In summary, the predominant effect of 5-HT on respiratory motor neurons is excitation. The
receptors and downstream mechanisms involved differ with age, experimental protocols and
the specific motor neuron pools.
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5. Integrating pre- and post-synaptic effects of 5-HT neurons
Different authors have come to different conclusions regarding the net effects of 5-HT on
ventilation. This is due in part to early studies using systemic p-chlorophenylalanine (PCPA)
to deplete serotonin. This causes hyperventilation (Olson, Jr. et al., 1979; Mitchell et al.,
1983), which was interpreted by the authors as indicating that 5-HT normally inhibits breathing.
However, in one of these same studies (Olson, Jr. et al., 1979) and in others (Mueller et al.,
1984), 5-HT neuron-specific lesions using 5,7-dihydroxytryptamine (5,7-DHT) causes
hypoventilation, which leads to the opposite conclusion, i.e. that 5-HT neurons stimulate
breathing. It is now known that PCPA can lead to results that are erroneous (Jouvet, 1999).
This is due in part because this agent, in addition to depletion of central 5-HT (Koe &
Weissman, 1966), can alter or deplete peripheral 5-HT and other neurotransmitter systems
(Reader & Gauthier, 1984; Dailly et al., 2006). Remarkably, when PCPA is given at a dose
sufficient to reduce brain 5-HT by 90%, there is no change in the post-synaptic response to
stimulation of ascending 5-HT fibers to hippocampal neurons (Chaput et al., 1990). This
maintenance of normal serotonergic synaptic transmission appears to be due to a decrease in
inhibition of autoreceptors on 5-HT terminals, leading to enhanced efficacy of 5-HT release
in response to pre-synaptic action potentials. In addition, PCPA would not deplete co-localized
neuropeptides, and in fact could cause a compensatory increase in release of TRH and SP.
Thus, experiments using serotonin depletion are not an effective means to determine the role
of 5-HT neurons in ventilatory control. This problem is avoided when using 5,7-DHT, which
prevents release of 5-HT as well as the co-transmitters SP and TRH (Olson, Jr. et al., 1979;
Mueller et al., 1984), potentially explaining why this approach leads to different conclusions.

While 5-HT can inhibit some respiratory neurons (Lalley et al., 1995), and it is possible that
5-HT neurons inhibit respiratory output under some conditions (Richerson, 2004), the effects
of 5-HT, SP and TRH at multiple sites within the respiratory network suggests a general
facilitory role. The neuromodulatory effects of 5-HT, SP and TRH on respiratory rhythm
generation, non-5-HT chemosensitive neurons, and respiratory motor neurons likely combine
to enhance ventilation, as suggested previously (Richerson, 2004; Hodges et al., 2008). Recent
data from a genetically modified mouse support this conclusion. Lmx1bf/f/p mice, in which the
transcription factor Lmx1b is genetically deleted in Pet1-expressing (5-HT) neurons, exhibit a
near-complete absence of 5-HT neurons as adults (Figure 3A-D: (Zhao et al., 2006)). As a
result, 5-HT and 5-HIAA levels in the brain and spinal cord are severely reduced, without
affecting peripheral 5-HT or other monoamines such as dopamine and noradrenaline. As with
5,7-DHT, the absence of 5-HT neurons in Lmx1bf/f/p mice also leads to loss of co-localized SP
and TRH, but this genetic approach has an advantage over 5,7-DHT, because the latter is only
able to eliminate a minority of 5-HT neurons. Minute ventilation in adult Lmx1bf/f/p mice is
relatively normal, although on average they have a lower breathing frequency at rest (Figure
3E: (Hodges et al., 2008)). When 5-HT is administered intracerebroventricularly there is
stimulation of ventilation (Figure 3E–F), indicating that the net central effect of 5-HT on the
respiratory network is stimulatory in the absence of pre-synaptic, somatodendritic autoreceptor
inhibition of 5-HT, TRH and SP release.

6. Intrinsic properties of 5-HT neurons and regulation of neurotransmitter
release

In addition to understanding the mechanisms that underlie the downstream modulatory effects
of 5-HT, TRH and SP, we must also identify the conditions that alter 5-HT neuron activity and
thus neurotransmitter release. 5-HT neurons have a characteristic, pacemaker-like tonic pattern
of firing, with action potentials that arise from slow ramp depolarizations and are followed by
a prominent after hyperpolarization (Aghajanian & Sanders-Bush, 2002). The firing rate of 5-
HT neurons is remarkably unaffected in vivo by a wide range of behavioral, physiological and
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environmental conditions (Jacobs & Fornal, 2008). In fact, increasing ambient temperature,
pyrogen-induced fever, tonic or phasic painful stimuli, acute or chronic changes in blood
pressure, heart rate or norepinepherine levels, significant blood loss (hemorrhagic shock) or
other forms of “stress” are all unable to alter the firing rate of electrophysiologically identified
5-HT neurons (Auerbach et al., 1985; Fornal et al., 1987; Martin-Cora et al., 2005).
Extracellular 5-HT levels have also been found to be relatively constant in the forebrain of rats
during other “stressful” activities (pain, forced swim, exposure to natural enemy) supporting
the conclusion that 5-HT neuron activity is relatively constant in vivo (Jacobs & Azmitia,
1992; Rueter & Jacobs, 1996). The relatively constant firing of 5-HT under most conditions
would thus be expected to provide tonic stimulation of respiratory output.

There are conditions that do cause a change in firing rate of some 5-HT neurons. These include
sleep state (Jacobs & Fornal, 1991), environmental cooling (Martin-Cora et al., 2000),
repetitive motor activities (e.g. walking and chewing: (Fornal et al., 1996)) and CO2 inhalation
(Veasey et al., 1995; Veasey et al., 1997). The firing rates of 5-HT neurons are highest during
wakefulness, decrease during slow-wave sleep, and reach a minimum during REM sleep
(Jacobs & Fornal, 1991). This sleep state dependence is consistent for all raphé nuclei, though
5-HT neurons in the medulla do not reduce their firing rate during sleep as much as 5-HT
neurons in the midbrain (Jacobs & Azmitia, 1992). Most 5-HT neurons in the medulla are also
activated during repetitive motor activity, increasing 5-HT neuron firing rates 2–5 fold during
feeding and walking (Veasey et al., 1995). Additionally, as many as 50% of raphé pallidus/
obscurus 5-HT neurons increase activity during environmental cooling (Martin-Cora et al.,
2000), and 5-HT neuron activity also increases with hypothalamic cooling (Nason, Jr. &
Mason, 2006). Likewise, a subpopulation (22%) of both medullary and midbrain 5-HT neurons
increase their firing rate during CO2 inhalation in conscious cats (Veasey et al., 1995; Veasey
et al., 1997). This response is an intrinsic property of some medullary and midbrain 5-HT
neurons, because hypercapnic acidosis induces large changes in their firing rate in the absence
of fast synaptic transmission in brainstem slices and after physical isolation in culture (Wang
et al., 2001; Severson et al., 2003).

Thus, one would predict that changes in sleep state, locomotion, environmental temperature
or hypercapnic acidosis would alter 5-HT levels in target regions. Indeed, hippocampal 5-HT
levels correlate well with changes in sleep state as predicted, with extracellular 5-HT levels
greater during wakefulness than non-REM and REM sleep (Penalva et al., 2003). Additionally,
5-HT synthesis and turnover are elevated in the thoracic spinal cord after environmental cooling
(Passerin & Henley, 1994), and extracellular 5-HT levels increase in the hypoglossal motor
nucleus during hypercapnic acidosis (Kanamaru & Homma, 2007).

The relatively constant firing of 5-HT neurons during wakefulness would be expected to
contribute to a tonic drive to breathe, and the reduction in 5-HT neuron population activity
likely contributes to the decrease in ventilation that normally occurs during sleep. Likewise,
an increase in 5-HT neuron firing during environmental cooling and in response to inhalation
of CO2 may contribute to the increase in ventilation that occurs under these conditions, as
suggested by recent experiments (Hodges et al., 2008). The increase in 5-HT neuron activity
with locomotion may also contribute to the increase in ventilation with exercise.

7. Trophic Effects of 5-HT
It has been postulated that, due to the relatively early emergence of 5-HT neurons in
embryogenesis, 5-HT may contribute to CNS development (Lauder & Bloom, 1974; Lauder
& Bloom, 1975). Indeed, there are data suggesting “non-traditional” roles for 5-HT in cell
proliferation, migration and differentiation, as well as synaptogenesis, neurogenesis, and
cortical network organization (Gould, 1999; Buznikov et al., 2001; Santarelli et al., 2003;
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Janusonis et al., 2004; Vitalis et al., 2007). 5-HT has also been proposed to promote
maintenance of brain homeostasis via trophic and metabolic effects on both neuronal and non-
neuronal cells (Azmitia, 2007). Many of these effects also appear to be regulated by G proteins
and other second messenger pathways that activate gene transcription and protein translation.

5-HT can exert morphogenetic, or trophic effects on neurons within the developing respiratory
network. Mice with deletion of the gene encoding monoamine oxidase A (MAOA),
characterized by extremely high levels of 5-HT in the brain during development, display altered
thalamocortical and spinal neuronal morphologies (Cases et al., 1996; Bou-Flores et al.,
2000; Vitalis et al., 2007) Phrenic motor neurons from MAOA-KO mice have dense
arborizations, with greater numbers of dendritic spines and varicosities (Figure 4A: (Bou-
Flores et al., 2000)). The altered phrenic motor neuron morphology observed in MAOA-KO
mice can be reversed by prenatal treatment with the 5-HT2A antagonist SR46349B, and
mimicked by prenatal DOI application in wild type mice. These morphologic alterations have
apparent functional significance, as phrenic nerve output from neonatal en bloc preparations
of MAOA-KO mice shows greater variability in respiratory cycle duration, which is reversed
with prenatal treatment with PCPA or SR46349B. In addition, wild type mice display a 25%
increase in frequency of phrenic output in response to exogenous 5-HT, whereas there is no
effect in neonatal MAOA-KO mice (Figure 4B). Finally, adult MAOA-KO mice also exhibit
an increased breathing frequency and decreased tidal volume, blunted responses to lung
inflation and hypoxia, and altered morphology of intercostal (but not phrenic) motor neurons
(Burnet et al., 2001). While it is unclear if these functional effects of excess 5-HT arise at the
level of the phrenic motor neurons or elsewhere in the respiratory network, these findings show
a trophic role for 5-HT in the development of the respiratory network (Hilaire & Duron,
1999), and further suggest that some of these developmental effects persist into adulthood.

Conversely, there are other experiments in which 5-HT is reduced or absent that suggest that
decreased 5-HT does not have an equal and opposite effect on development. Pet-1 null mice
for example, which lack ~70% of all 5-HT neurons show normal gross anatomy of most brain
structures (Hendricks et al., 2003). Similarly, our analysis of Lmx1bf/f/p mice with near-
complete absence of central 5-HT neurons also reveals normal gross neuroanatomy (Hodges
et al., 2008). Consistent with this are the observations of only subtle and transient changes in
cortical development after chronic prenatal treatment with PCPA (Vitalis et al., 2007). In
contrast, PCPA has been found to influence spinal cord development and motor output during
early post-natal life (Pflieger et al., 2002), and destruction of spinal projecting 5-HT fibers
with 5,7-DHT or blocking 5-HT1A receptors with NAN-190 can inhibit the development of
mature motor behaviors in tadpole larvae (Sillar et al., 1995). Thus, it is clear that 5-HT can
influence development of the respiratory network and spinal cord function, but more
experiments are needed to determine the relative importance of trophic effects of 5-HT (and
other transmitters) on the developing and adult respiratory network.

8. Defects of the 5-HT system: relevance to SIDS
SIDS has long been associated with defects in respiratory control and thermoregulation during
sleep (Shannon et al., 1977; Hunt et al., 1981; Dunne & Matthews, 1988), and recent advances
point to multiple defects in the 5-HT system in SIDS victims (Panigrahy et al., 2000; Paterson
et al., 2006). These defects include a decrease in 5-H T1A receptor binding and serotonin
transporter density, as well as an increase in the number of granular (possibly immature) 5-HT
neurons (Paterson et al., 2006). Thus, determining the physiologic roles of 5-HT neurons would
help advance our understanding of the pathophysiology of SIDS.

The contributions of 5-HT neurons to breathing, thermoregulation and sleep are becoming
clearer (Richerson, 2004; Madden & Morrison, 2006; Toth et al., 2006; Hoffman et al.,
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2007; Hodges et al., 2008). Based on the observations of severe reductions in the hypercapnic
ventilatory response and thermoregulatory failure in a cold environment in Lmx1bf/f/p mice, 5-
HT neurons may act to coordinate metabolic, ventilatory and thermoregulatory demands,
particularly when faced with an exogenous stressor (Hinrichsen et al., 1998; Hodges et al.,
2008). This concept, when combined with the non-traditional trophic roles of 5-HT during
development discussed in this review, suggests a link between abnormalities of the 5-HT
system and developmental dysregulation of breathing, body temperature and sleep.
Dysfunction of the 5-HT system may contribute to and/or cause SIDS by leading to disruption
in the coordination of respiratory output with changes in sleep state, CO2/pH levels and body
temperature (Richerson, 2004; Hodges et al., 2008).

9. Summary, open questions and future directions
5-HT neurons project to multiple respiratory nuclei and release 5-HT, SP and TRH - each of
which activate G protein-coupled receptors and act to modulate neuronal excitability via second
messenger systems. Our current understanding of pre- and post-synaptic receptor expression,
and the specific second messenger cascades each receptor activates provides some clarity to
the sometimes seemingly opposing effects of 5-HT in breathing. Pre-synaptic activation of 5-
HT receptors directly inhibits the release of 5-HT and other neurotransmitters, while post-
synaptic 5-HT, SP and TRH receptor activation is generally stimulatory. Thus, the net effect
of an increase in firing of serotonin neurons appears to be excitatory at the pre-motor and motor
neuron levels in the respiratory network, and a decrease in stimulation of the respiratory
network by 5-HT neurons may lead to hypoventilation (e.g. during sleep).

Decades of research investigating the role of 5-HT neurons in respiratory control have provided
us with a variety of data using multiple approaches, but left us with a significant number of
questions. For example, our current knowledge of pre- and post-synaptic 5-HT, NK-1 and TRH
receptor distribution within specific respiratory nuclei is limited, and extending our knowledge
would enhance our interpretation of how 5-HT neurons interact with other respiratory neurons.
We must also determine if the function of the 5-HT system changes during development, and
if so what impact this has on the control systems that 5-HT neurons regulate. Additionally,
further investigation is required to determine other possible conditions/interactions (in addition
to sleep state, CO2/pH and environmental temperature) that alter the activity of 5-HT neurons
and/or the release of these neuromodulators. Finally, furthering our understanding of the
function of the 5-HT system will ultimately shed light on human diseases linked to 5-HT system
dysfunction, and may lead to new modes of prevention and treatment.
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Figure 1. General neuromodulatory effector pathways of 5-HT, SP and TRH receptors
Shown are some of the known (arrow = activation, blunt line = inhibition) and postulated
(question marks) pathways and effectors through which 5-HT, SP and TRH receptor activation
affect membrane excitability. Abbreviations: AA (arachidonic acid), DAG (diacylglycerol),
GIRK (G-protein-gated inwardly rectifying potassium channel), IP3 (inositol trisphosphate),
KV (voltage-gated potassium channel), PIP2 (phosphatidylinositol bisphosphate), PK (protein
kinase), PL (phospholipase), SK (small conductance calcium-activated potassium channel),
TASK (TWIK-related acid-sensitive potassium channel)
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Figure 2. 5-HT neuron projections and neurotransmitter effects on respiratory output
A) Illustration of cell body location of 5-HT neurons (ovals), and representative projections
(bold lines) to the nucleus of the solitary tract (NTS), hypoglossal motor nucleus (XII), nucleus
ambiguus (NA), pre-Botzinger complex (pre-BotC), and the retrotrapezoid nucleus (RTN)
from the raphé obscurus (Rob), raphé pallidus (Rpa) and parapyramidal (Ppy) regions. Also
shown is the spinal trigeminal nucleus (5-SP). B) Activity recorded from a hypoglossal nerve
rootlet (top) and motor neuron (bottom) in a brain slice before, during and after bath application
of 5-HT. C) Integrated ventral respiratory group (VRG) activity and membrane potential of a
rhythmic VRG neuron (VM) activity before and during bath application of SP. D) Bath
application of TRH during a recording from the respiratory portion of the NTS converts this
tonically-firing neuron (left) into an intrinsic bursting pacemaker (right). Data in B), C) and
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D) were adapted from Schwarzacher et al., 2002, Pena and Ramirez, 2004, and Dekin et al.,
1985.
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Figure 3. Exogenous 5-HT stimulates breathing in mice lacking central 5-HT neurons
Immunocytochemical staining for 5-HT in the dorsal raphé and caudal raphé of wild type (A
& B) and Lmx1bf/f/p (knockout) mice (C & D). E) Plethysmography tracings from WT (blue),
Lmx1bf/f/p (red) and Lmx1bf/f/p mice with intracerebroventricular (ICV) 5-HT (green) at
baseline (control) and breathing 7% CO2. F) ICV 5-HT stimulates ventilation at rest and while
breathing 5 and 7% CO2. A-D is adapted from Zhao et al., 2006, and E & F from Hodges et
al., 2008.
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Figure 4. Trophic effects of 5-HT on cortical and brainstem networks in monoamine oxidase A
knockout (MAOA-KO) mice
A) Camera lucida drawings of biocytin-stained phrenic motor neurons from wild type (C3)
and MAOA-KO (Tg8) mice. Note that DOI in the wild type increases, whereas SR46349B in
MAOA-KO mice decreases, dendritic morphology. B) Phrenic nerve recordings (raw and
integrated data) from brainstem-spinal cord preparations. Frequency responses to 5-HT in
MAOA-KO mice are completely blunted, likely due to extremely high levels of endogenous
5-HT. A & B were adapted from Bou-Flores et al., 2000.
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