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HIGHLIGHTS

® Mood-related behavioural changes are observed after both prenatal and postnatal SSRI exposure.
e Autism-related features arise in response to early postnatal increases in serotonin levels.
® Sexual behaviour is affected by SSRI exposure during the late postnatal period.

ARTICLE INFO ABSTRACT

Article history: Serotonin is well known for its role in psychiatric disorders like depression and autism, but it is less clear
Received 5 April 2014 how aberrant behaviour associated with these disorders are shaped by serotonergic alterations during
Received in revised form 10 May 2014 prenatal and postnatal development. The use of serotonergic antidepressant agents and other drugs dur-
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Available online 23 May 2014 ing pregnancy and breastfeeding can change brain development, and the behavioural consequences may

depend on the stage of development; prenatal, early and late postnatal. The aim of this review is to provide
an overview of the behavioural consequences of changes in serotonin levels during these three critical

I;:Jr/gzg:g;" developmental stages. The studies together demonstrate that risk for mood disorders (including social
Depression deficits) is related to serotonergic perturbations during the prenatal and postnatal phases, whereas risk
Neurodevelopment for autism-like features and sexual abnormalities increases when serotonin levels are increased during
Prenatal the postnatal period. This insight may inform timed strategies to reduce risk for psychiatric disorders.
Postnatal © 2014 Elsevier B.V. All rights reserved.
Behavior
Contents
B R o1 o Ta L€ 5 () o 4
2. 5-HT and brain development iN TOAENES .. ... ...ttt ettt ettt ettt ettt et ie e et ee e et ie e e et ee e et e e e e e e ettt ee e e e e eanaaeeennaaaaes 4
2.1, Prenatal 5-HT level Changes iN TOAeNES . .. ..o ottt ittt ettt ettt et ettt e e e e e e e e e e e e e e e e e iae e e e e e e aeeaaannas 5
2.2.  Early postnatal 5-HT level Changes iN FOANTS . ... ...ttt ittt et ittt et e ettt e e et e e e et e e et e e e et ae e e e ae e e e e eanaaeannns 6
2.3.  Late postnatal 5-HT level Changes in TOA@NES. . ... ...ttt ettt ettt ettt ettt e et e e e et e e e ee e e ee e e e aae e e e e eaaneaenns 7
B S 2 |y AV U (o T 0T 1 0 = i o T 1 7
2.5, Prenatal and Postnatal 5-HT . ... ...iiuii ittt ettt ettt e et e e et e, 8
I ) ol 11 ) U 9

Abbreviations: 5-HT, 5-hydroxytryptamine serotonin; SSRI, selective serotonin reuptake inhibitors; 5-MT, 5-methoxytryptamine; 8-OH-DPAT, 8-hydroxy-2-(di-
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1. Introduction

Serotonin (5-hydroxytryptamine; 5-HT) is known as a
monoamine neurotransmitter that plays a major role in neu-
ral plasticity. The 5-HT system can be manipulated by different
types of drugs like antidepressant agents, which cause alterations
in 5-HT levels and thereby influence many brain regulated func-
tions such as mood, cognition, perception, sleep and appetite.
In recent years, it has been well established that 5-HT not only
influences brain functioning as a monoamine neurotransmitter
but also brain development as a neurotrophic factor [1-3]. This
is of fundamental interest and increases our understanding of
disorders with a neurodevelopmental fundament like anxiety,
depression and autism. This also helps to elucidate whether
antidepressant treatment - targeting the 5-HTergic system - dur-
ing pregnancy and/or breastfeeding has detrimental consequences
for the development of children [4,5].

Selective serotonin reuptake inhibitors (SSRIs) are the most
frequently prescribed drugs for the treatment of depression and
anxiety-related disorders. They are mainly prescribed because of
their proven safety in adults and are for that reason the preferred
drug for the treatment of depressed pregnant and postpartum
women [6]. Pregnancy is a risk factor for depression, and given
that depression is detrimental for both the mother and unborn
child it has to be treated. From the 10-16% of pregnant woman
that suffer from depression [7], 25% continue antidepressant use
during pregnancy and 0.5% just start to use them during this
time [5]. SSRIs can cross the placenta [8] and can be transferred
via breast milk [9]. The exposure to these antidepressant drugs
not only lead to neonatal withdrawal-related complications, like
low birth weight and pulmonary hypertension, but also influence
the whole neurodevelopmental process [10,11]. Given that SSRIs
increase 5-HT levels by inhibiting its re-uptake [12] and that 5-HT
is a major neurotrophic factor [1-3], prenatal and early postnatal
SSRI exposure may affect neurodevelopment of the unborns and
newborns, respectively [13,14]. Indeed, autism is characterized by
hyperserotonemia, which is hypothesized to be related to increased
5-HT levels in the embryonic brain [15]. Prenatal SSRI exposure
in humans also increases the risk for autism [16]. Furthermore,
anxiety and depression are ascribed to constitutive alterations in
5-HTergic tone. Hence, early life alterations in 5-HT levels can con-
tribute to a constellation of psychiatric disorders. Strikingly, this
opposes the effects of SSRIs when given during adulthood, because
in adults SSRIs are used to treat depression, anxiety-related symp-
toms and autism [17].

Developmental effects of 5-HT may well be different across
developmental stages, because during each stage specific processes
take place. While some previous reviews have touched upon the
consequences of 5-HT alterations during development [4,18-20], it

remains open whether there are critical stages in the neurodevel-
opmental effects of 5-HT, and whether behavioural consequences
are dependent on the neurodevelopmental stage during which 5-
HT levels are altered. In this review we focus on the 2nd half of
pregnancy (hereafter referred to as ‘prenatal’) and the early and
late postnatal developmental phases in rodents, which correspond
to the second and third trimesters of human pregnancy [19,21].
The development of the serotonergic system starts halfway preg-
nancy in rodents (~the second trimester of human pregnancy),
and the outgrowth and guidance of the serotonergic neurons to
its final targets occurs during the course of the remainder of
the rodent pregnancy. During the early/late postnatal phases in
rodents (~third trimester of human pregnancy) the development
of neurons are refined (Fig. 1). Given these progressing neurodevel-
opmental processes across neurodevelopmental stages it is likely
that that the later life behavioural consequences of neurodevelop-
mental SSRI exposure are dependent on the developmental stage
during which this exposure takes place. Therefore, the outstanding
question we aim to answer is: “Are the behavioural consequences
of developmental SSRI exposure dependent on its timing?”

To understand the behavioural consequences of timed neurode-
velopmental SSRI exposure, rodents provide several experimental
advantages. First, whereas it is difficult to control the timing of
developmental SSRI exposure in humans, this timing can be con-
trolled in rodents. Second, rodents can overcome the long life cycle
of humans. The other side of the coin is that results from animal
studies need to be translatable to humans. Given that placental
transfer of SSRIs is similar in rodents and in humans [22,23], and
that plasma SSRI levels are similar in rodents and humans [23]
translation is expected to be realistic. For these reasons and the
aim to answer the outstanding research question we concentrate
onrodent studies that (1) investigated manipulations of specifically
the serotonergic system and (2) applied manipulations that were
limited to a certain developmental period; the prenatal phase, the
early and/or late postnatal phase and the entire prenatal plus post-
natal phase. Manipulations of the serotonergic system will be mon-
itored through the use of different SSRIs or tricyclic antidepressants
(clomipramine). Additionally, we review studies that manipulated
the 5-HTergic system during the developmental time windows
of interest using 5-HT agonists (5-MT, 8-OH-DPAT, CGS-120066B,
mCPP), 5-HT antagonists (WAY-100635, GR-127935), neurotoxins
(5,7 DHT), tryptophan depletion, 5-HTP (a metabolic intermedi-
ate in 5-HT synthesis), and 5-HT antibodies, because these studies
contribute to the answering of the outstanding question.

2. 5-HT and brain development in rodents

Before 5-HT is synthesized by the brain itself, at embryonic day
10.5 (E10.5), 5-HT is derived from the placenta [24]. It has been
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Fig. 1. Schematic overview of the developmental time points and the processes that mainly take place during rodent and human pregnancy and early life referring to the
serotonergic system [1,4,14,24-43]. Development and outgrowth of 5-HT neurons is not finished at PO/end of second trimester but at P21.
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