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Serotonin is implicated in many, if not all, psychiatric disorders
and is therefore the most studied neurotransmitter in our brain.
Nevertheless, the developing serotonergic system and especially
its role during brain maturation are still poorly understood. The
role of serotonin in psychiatric conditions like anxiety, depres-
sion, and autism is either investigated in advanced stages of the
disorder or in the context of selective serotonin reuptake inhibitor
(SSRI) treatment. However, there is ample evidence for serotonin
playing a crucial role in the early development of the nervous sys-
tem, and that this role is different from the function of serotonin
in the mature brain.

In this Research Topic entitled “Deciphering serotonin’s role
in neurodevelopment” we, together with leaders in the field, have
brought together the most recent insights in serotonin’s diverse
roles especially during development, by means of both reviews
and new empirical data. (Smidt and van Hooft, 2013) provide
an overview of the development of the serotonergic system in
rodents. Serotonergic neurons are born at embryonic day 10.5
caudal to the mid-hindbrain border (the isthmus). A plethora of
transcription factors are temporally and spatially expressed here
which determine the fate of the newborn neurons and their sero-
tonergic phenotype. Yet, local synthesis within the raphe nuclei
is not the only source for serotonin during embryonic brain
development. As reviewed by Velasquez et al. (2013) the pla-
centa is additionally involved in the synthesis of serotonin using
maternally derived tryptophan. This placental source of serotonin
may be a critical link between early genetic and environmental
perturbations and their impact on brain maturation, includ-
ing the development of the serotonergic system itself. As such,
in the paper by Witteveen et al. (2013) the outgrowth of sero-
tonergic neurons from the rostral raphe cluster to the medial
prefrontal cortex (mPFC) is investigated as a function of genetic
variance in the gene encoding the serotonin transporter (5-HTT)
using dorsal/median raphe and prefrontal explants. It was found
that whereas the dorsal raphe serotonergic outgrowing neurites
remained unaffected by the loss of 5-HTT, the median raphe
serotonergic neurites switched from a strong repulsive toward an
attractive interaction when cocultured with the mPFC. As a result,
the mPFC of 5-HTT deficient rats may receive more serotonergic
innervation from the median raphe nucleus compared to wild-
type rats. Furthermore, it was shown that the number of Satb2-
positive callosal projection neurons was reduced in absence of the
5-HTT. Besides the development of the raphe- prefrontal network

formation also the anatomical and physiological properties of the
somatosensory system is affected by 5-HTT ablation. Miceli et al.
(2013) report that thalamocortical afferents (TCA’s) innervating
their main target structures in layer 4 of the somatosensory cortex,
the “barrels” representing the whiskers, are more diffuse and less
topologically organized in absence of the 5-HTT. Accordingly, the
barrel cortex pattern, although clearly present in 5-HTT deficient
rats, was more diffuse with smaller barrels and increased inter-
barrel widths. It is well possible that these extensive structural
alterations in the topological organization affect somatosensory
(whisker-mediated) perceptions. Intriguingly, these perceptions
are indeed reduced in 5-HTT knockout mice [reviewed by Kinast
et al. (2013)]. The somatosensory system is not the only sen-
sory system showing a dependency on serotonin during brain
development, as was demonstrated by Zhang et al. (2013). The
serotonergic raphe nuclear complex projects directly to the olfac-
tory bulb and olfactory performance is known to depend strongly
on serotonin. The authors found that neonatal SSRI application
caused a gender specific reduction in the 5-HTT expressing fibers
that innervate the olfactory bulb in rats.

Serotonin can act through one of the 15 identified 5-HT recep-
tor subtypes. Besides the 5-HT1B receptor, the 5-HT3, and 5-HT6

receptors may play specific roles in the serotonin-mediated neu-
rodevelopmental processes as nicely reviewed by Vitalis et al.
(2013). Different aspects of cortical construction such as neuronal
migration or dendritic differentiation are steered through the 5-
HT3A and the 5-HT6, receptor, respectively. Indeed, as reviewed
by Engel et al. (2013) 5-HT3 receptors expressed on cortical
interneurons and Cajal-Retzius cells regulate the morphology,
positioning, and connectivity of the local microcircuitry during
late embryogenesis. As the authors suggest, the 5-HT3 receptor
may play an important role in autism, given that mice lacking the
5-HT3 receptor show social impairments and hypercomplexity of
cortical layer 2/3 as is characteristic for autism. Furthermore, the
5HT3 receptor is a likely target of prenatal SSRI effects as neatly
described by Olivier et al. (2013).

As reviewed by Kinast et al. (2013) the cognitive (PFC-
dependent) and somatosensory phenotypes observed in 5-HTT
knockout rodents as well as human subjects carrying the low
activity variant of the serotonin transporter linked polymorphic
region (5-HTTLPR) strikingly resemble those seen in autistic
patients, rats prenatally treated with VPA (rat model for autism),
and human and rodent subjects prenatally exposed to SSRIs (see

Frontiers in Cellular Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 212 | 1

CELLULAR NEUROSCIENCE 18

http://www.frontiersin.org/Cellular_Neuroscience/editorialboard
http://www.frontiersin.org/Cellular_Neuroscience/editorialboard
http://www.frontiersin.org/Cellular_Neuroscience/editorialboard
http://www.frontiersin.org/Cellular_Neuroscience/about
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/journal/10.3389/fncel.2013.00212/full
http://www.frontiersin.org/people/u/35489
http://www.frontiersin.org/people/u/35475
http://www.frontiersin.org/people/u/2577
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive


Homberg et al. Serotonin’s role in neurodevelopment

FIGURE 1 | The relationship between genetic and pharmacological manipulations affecting the serotonin system showing similar effects on brain

wiring and behaviour (from Kinast et al., 2013), see below.

also Olivier et al., 2013) (Figure 1). However, these commonali-
ties may be dependent on maternal depression, as executive func-
tion got worse in children being homozygous for the 5-HTTLPR
long allele when the mother was depressed, whereas children pre-
natally exposed to SSRIs and carrying the 5-HTTLPR short allele
were insensitive to maternal depression (Weikum et al., 2013).
Nonetheless, loss of 5-HTT, prenatal SSRI exposure and autism
may be interconnected by both showing a reduction in callosal-
dependent intercortical connectivity, which—together with the
finding of Witteveen et al. (2013) that callosal projection neurons
seem to be altered in 5-HTT knockout rats—raise the possi-
bility that serotonin affects the identity of projection neurons.
Early serotonergic innervations may control laminar and cellular
identities of cortical areas involved in complex behavior, possi-
bly by acting on the reelin release by Cajal Retzius cells through
the 5-HT3 receptor. The results presented in this Research Topic
demonstrate the crucial role of serotonin in neurodevelopment
and thereby reveals itself as a key player in the onset of neuropsy-
chiatric disorders like anxiety, depression, and autism.
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