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Chapter 1
General introduction

Chapter 1

The first 1000 days of life
Developmental origins of health and disease

Throughout human history, many supported the notion that events during early childhood are able
to influence adult health1. In the 1980s this idea gained traction in the scientific world and beyond1.
Several epidemiological studies were published around this time by Barker and colleagues, showing
that low birthweight correlates with an increased risk of developing cardiovascular diseases and
metabolic syndrome in adulthood2. These results challenged views that emphasize the contribution
of genetic predispositions or adult lifestyle on the risk of developing noncommunicable diseases.
They facilitated the emergence and popularization of the ever-growing field of Developmental
Origins of Health and Disease (DOHaD)1. Today, it is well-established that early development
harbors exceptional plasticity, and is therefore a time of particular sensitivity to environmental
influences. Within constraints determined by genetic makeup, the early pre- and postnatal
environment effectively “programs” or conditions the individual, a concept referred to as fetal-,
early life-, or developmental programming, conditioning, or plasticity. Belsky and colleagues argue
that some individuals are more susceptible than others to early environmental influences, whether
they are beneficial or adverse, – in a “for better and for worse” manner3. Developmental
programming has been suggested to affect virtually all physiological systems, ranging from general
growth, stem cell lineages, and ageing, to the cardiovascular-, metabolic-, reproductive-, immune-,
and nervous system1. Highlighting its increasingly recognized public health implications, the World
Health Organization has indicated the need to focus on early child development as a means to benefit
adult health4.

Developmental programming of the brain
One particularly fascinating organ whose development and adult functioning is largely shaped
within the first 1000 days of life is the brain, as recognized by organizations such as UNICEF5. The
prenatal and early postnatal period constitutes a period of plasticity for a range of neurological,
behavioral and cognitive outcomes. Commonly studied prenatal factors that contribute to long-term
brain outcomes are maternal nutrition and stress, which have been shown to affect brain
development, learning and memory, emotional behavior and stress responsivity6 and measures of
brain aging7. In a human brain imaging study, birth weight was found to correlate to cortical surface
area and brain volume at a later age8. In addition, it was suggested that early life events may be
associated with vulnerability to mental disorders such as major depressive disorder, schizophrenia,
autism spectrum disorder, and eating disorders later in life9. The brain is in many ways synonymous
with our personality, our ability to cope with stressors, our intelligence; for a large part, its health
determines our happiness and success in life10. Therefore, it is vital that we learn more about the
ways in which the early environment can positively or negatively influence these outcomes.
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Proposed mechanisms

For a long time, there were few candidate biological mechanisms explaining how early life events
could translate into long-term effects on health1. If the phenotype of an organism is determined by
its genetic makeup, how could environmental factors further modulate this phenotype? In recent
years, there has been a growing appreciation for the role of epigenetics – the study of alterations in
phenotype that do not stem from alterations in the DNA sequence. Typically, epigenetic
modifications refer to chemical modifications of the DNA or its associated proteins. By modulating
gene expression, epigenetics is believed to be a mediator between early life environmental influences
and later-life health and behavior11. For example, there is evidence to suggest that during pregnancy,
the placenta can be epigenetically altered as a function of maternal health status, thereby influencing
neurodevelopmental programming of the offspring12.

Maternal depression and SSRI antidepressant use
The fact that maternal health status and lifestyle choices during pregnancy potentially affect the fetus
in a profound and long-lasting manner means that we need reliable knowledge on what is beneficial
and what is harmful for the developing child. Many cases are intuitive: behaviors that are beneficial
to maternal health, such as getting enough sleep, physical activity and a healthy diet, will usually also
benefit the child. Similarly, behaviors harmful to maternal health, such as stress, alcohol
consumption, or smoking tobacco, are likely to be even more harmful to the child. But what happens
if the (future) mother has an illness, and to what extent will it affect her child? And if she needs
treatment, will this be in the best interest of her child as well? Unfortunately, many women and their
doctors struggle to answer these questions. The answers are not always straightforward, particularly
in the case of maternal mental health issues.

Depression during pregnancy
Prevalence
One of the most common mental health problems during pregnancy is depression. Estimates of the
prevalence of a major depressive disorder during pregnancy range from 5 to 15%, depending on
cohort and research design13–16. Perinatal depression is a debilitating disorder which comes at a high
cost to the mother as well as her developing child14.
Developmental outcomes
Maternal depression or depressive symptoms in the perinatal period have been associated with a
range of potential health consequences. Complications related to pregnancy, such as preterm
delivery, intrauterine growth restriction17, and preeclampsia18 have been suggested to increase with
maternal depression. Additionally, neurodevelopmental outcomes in children are altered after
exposure to maternal depression19. Some examples include suboptimal neonatal neurobehavioral
functioning20, lower infant motor development- and language scores21 and poorer executive
functioning capabilities of the child22. Brain imaging studies have shown that maternal depressive
symptoms during pregnancy correlate positively with connectivity in emotion-regulation networks
11
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in the infant brain23. Antenatal maternal depression is also associated with decreased cortical
thickness24,25 and an increased response of the amygdala to negative stimuli in childhood26. There is
evidence for sex differences in the effects of exposure to maternal depressive symptoms during
gestation, with girls showing a larger reduction in connectivity in brain regions relevant to the
processing of emotions27, a larger increase in right amygdala volume28, and a larger decrease in
cortical thickness29 than boys. Highlighting the potential long-term effects, exposure to maternal
depression puts children at a higher risk of developing depression during adolescence30.

SSRI antidepressant use during pregnancy
Although major depressive disorder is a heterogeneous disease with many potential underlying
causes31, aberrant regulation of the neurotransmitter serotonin has long been considered central to
the core symptoms of depression32. This is the rationale for employing medication targeting the
serotonin system to treat depression. The most popular antidepressants belong to the group of
selective serotonin reuptake inhibitors (SSRIs). They target the serotonin transporter (SERT),
preventing the reuptake of serotonin, thereby increasing the extracellular levels of serotonin33. SSRIs
gained popularity in the late 1980s, when fluoxetine (Prozac) was released onto the market34. Within
a few years, it became the number 1 prescribed drug in North America, and number 2 worldwide34.
Prevalence
SSRI antidepressants are considered relatively safe to use during pregnancy, as they do not exhibit
major teratogenic effects35. Therefore, many women continue or start SSRI treatment during
pregnancy to combat the debilitating symptoms of depression. In fact, SSRI use during pregnancy
has significantly increased over the last few decades36–39. Recent surveys of SSRI use in large
population studies vary from 2.5-3.3% of pregnancies in Europe40,41 to 2.7-5.4% in the US42,43. This
equates to hundreds of thousands of pregnancies every year in these regions alone.
Developmental outcomes
Exposure to SSRIs during gestation has been associated with slight increases in the risk for preterm
birth44, transient withdrawal symptoms, neonatal persistent pulmonary hypertension, and
cardiovascular malformations17. On the behavioral level, researchers have described a phenomenon
termed the “SSRI paradox”: while adult SSRI use decreases anxiety and depression, in utero SSRI
exposure might increase the risk of developing anxiety and depression later in life45. For example,
exposure to SSRIs during fetal development has been associated with higher levels of anxiety46, lower
motor-, social- emotional- and adaptive behavior skills47, and a greater likelihood of developing
mental and behavioral disorders such as autism spectrum disorder (ASD), attentiondeficit/hyperactivity disorder (ADHD), and mental disability48. Certain effects seem to be sexspecific; a heightened risk of developing ASD was found only in boys49. It should be noted that not
all studies find significant effects of in utero exposure to SSRIs and neurobehavioral outcomes22,50,51.
On the brain level, neuroimaging studies have shown that white and gray matter structure52 and
connectivity53–55 is altered in offspring after exposure to SSRIs during gestation.
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Challenges in human research

Despite the high number of studies investigating the effects of exposure to maternal depression
and/or SSRI use during pregnancy in human cohorts, there are important limitations to these types
of studies.
Depression vs SSRI
The health outcomes in babies and children who were exposed to maternal depressive symptoms
are strikingly similar to those associated with in utero exposure to SSRI antidepressants. For
scientific advancement of knowledge, but certainly also for better informed treatment decisions, we
would like to determine the nature and severity of the effects caused only by the depression, only by
the SSRI, and those potentially mediated by an interaction between the two. This is difficult, because
no pregnant women without (a history of) mental health issues are prescribed SSRIs. Therefore, the
biggest challenge for researchers studying the role of early SSRI exposure is to control for the
confounding factor of maternal psychiatric symptoms56. The importance of proper study design and
analysis is illustrated by research showing that the increased risk of developing ASD as a result of
SSRI exposure during gestation was not significant after controlling for maternal psychiatric
diagnosis57, suggesting it was the underlying maternal illness that caused the effect57. One commonly
used method to control for maternal illness is to compare SSRI-exposed children to those exposed
to unmedicated maternal depression53–55. However, these groups might still differ in the intensity or
nature of the underlying depressive symptoms58. Without properly designed experiments, it remains
challenging to demonstrate a causal role for SSRI exposure in mediating any effects48.
Pathways and mechanisms
Another question difficult to answer with human studies is how maternal depressive symptoms and
SSRI use during pregnancy contribute to health outcomes in offspring. A likely mechanism is that
they affect the fetal brain directly. SSRIs reach the developing fetal brain by crossing the placenta59
at a time when SERT is widely expressed in the brain60 and serotonin is a neurotrophic factor61. By
altering brain serotonin regulation, early SSRI exposure has the potential to modulate brain circuit
formation and long-term mental health62. How this exactly takes place has yet to be determined.
Although neuroimaging studies can yield useful knowledge about brain structure and function at a
particular moment63, human studies do not allow for invasive analyses such as longitudinal tracking
of detailed neurobiological and molecular data.
However, there is one human organ of interest that is relatively easy to obtain for in-depth
study: the placenta. The placenta facilitates exchange of nutrients and waste between the maternal
and fetal blood circulations64. It also has specialized endocrine functions and produces various
neuroactive molecules64. Genes expressed in the placenta are known to be epigenetic targets, and are
linked to neurodevelopmental outcomes65. It is certainly possible that the long-term outcomes of
prenatal maternal depressive symptoms and/or SSRI use are mediated by changes in the placenta66.
A pilot study investigating this hypothesis identified several genes that had altered expression in
placentas from depressed women compared to controls and placentas from antidepressant-treated
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women compared to controls67. In another study, human embryos were treated with fluoxetine and
several proteins involved in cell growth, cell proliferation, and inflammation were detected that were
not present in control embryos68. These types of studies offer unique insights because they allow for
in-depth study of human tissue.
Nevertheless, for advancing our understanding of how in utero exposure to maternal
depression and/or SSRI treatment might alter neurobiological outcomes, we would ideally study the
physiology of a pregnant woman and her child and its developing brain, from the circuit-level down
to the molecular level. This is unfeasible in humans. Because of the limitations of studies in humans,
rodent studies can play a valuable role in developing further knowledge of this subject.

Using rodents to study maternal depressive-like symptoms
and SSRI use
Translational value of rodent experiments
Using rodents to model human health and disease
Many controlled experiments that are required to answer questions about human health and disease
are not performed in humans. For obvious ethical- but also practical- and financial reasons, model
systems like laboratory animals are used instead. Rodents play an important role in this regard, due
to the similarities between humans and rodents in their genetic makeup, and by extension their
nervous-, cardiovascular-, endocrine-, and immune systems69. These similarities, in addition to the
ease of husbandry and small size, have made rodents the most commonly used laboratory animals
to model aspects of human physiology. Recent advances in genetic engineering technologies have
led to staggering new possibilities of studying the effect of particular genes on development and
physiology70. However, in the search for methods to make precision medicine a reality, laboratory
rodents are useful for more than gene variant interpretation71. They offer the opportunity for deep
phenotyping and integration with “-omic” data in multiple tissues, for investigation of
environmental exposures, and for in vivo modeling of phenotypes discovered in humans71.
Using rodents to study the brain
One of the main benefits of using laboratory rodents in experiments is that they mature much faster
than humans. At the same time, key developmental events and the anatomy and functioning of the
rodent brain are remarkably similar to that of the human brain72. For example, the architecture of
neurotransmitter systems such as the serotonin system are fairly conserved across species56,73,74. In
terms of brain maturation, the first postnatal weeks in rodents approximately correspond to the third
trimester of gestation in humans75. Overall, rats and mice play an important role in advancing our
knowledge of the neurobiology and neuropharmacology of psychiatric disorders76. For instance,
rodent experiments enable in-depth investigation of molecular alterations at key
neurodevelopmental time points that may elicit long-term outcomes.
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Rodent models of depressive-like symptoms
Validity of rodent models
Rodent models for human health and disease can be evaluated and compared on several dimensions.
The most important and longest-standing criteria used for this purpose are face validity, predictive
validity, and construct validity77. Face validity refers to the similarity in symptoms between the
rodent model and the human condition. Predictive validity requires that manipulations or
treatments have similar effects in the rodent model as in humans. Construct validity concerns the
pathways or mechanisms of disease that are supposed to be similar in the rodent model and in
humans. It is important to acknowledge that many complex human diseases like major depressive
disorder do not have a perfectly corresponding rodent model. However, specific aspects of a human
disease can often be reproduced quite accurately in rodents, which can be used to further our
understanding of biological systems, how they relate to human health and disease, and how they
might be manipulated to our advantage78.
Rodent models of endophenotypes of depression
Generally, rodent models relevant to depression can be divided into three categories: direct genetic
manipulations, breeding for a specific behavioral pattern, and environmental manipulations77.
Purely genetic techniques that cause baseline depressive-like behavior have a relatively low validity,
because depression is an episodic disorder that usually manifests itself during or after adolescence79.
In contrast, rodent models using stress exposure have higher validity, because life adversity or
trauma is the most well-established risk factor for depression in humans78. Additionally, the
dysregulated stress system shows clear parallels between species78. There are various methods used
to induce stress in laboratory rodents in the context of depression research, such as chronic mild
stress, chronic social defeat stress, social instability, loss of enrichment, social transmission of stress,
early life stress, and corticosterone supplementation80. Rodents with a genetic vulnerability in
combination with an environmental stressor might reproduce the human situation best77,79.
Modeling aspects of maternal depression during pregnancy
Rodent models relevant to perinatal maternal depression also usually use some form of stress to
induce the desired phenotype. The stress can either be applied prior to gestation, during gestation,
or in the early postnatal period81. This postnatal period is still relevant since this includes the rodent
equivalent of the human third trimester75. Endophenotypes of depression that are observed in dams
exposed to stress are behavioral (such as anhedonia or behavioral despair), physiological (such as
weight changes), hormonal (such as stress hormones) and neuroanatomical (such as neuronal
death)81. In addition, reversal of these changes by antidepressant treatment is sometimes observed81,
confirming the predictive validity of these models. Overall, although they are not a perfect
representation of the human situation, these rodent models reproduce crucial neurobiological
aspects of peripartum depression81.
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Developmental outcomes
In rodents, perinatal exposure to maternal stress affects behavioral outcomes later in life, such as
anxiety-like behavior, and learning and memory82. Studies have identified neurochemical,
molecular, and epigenetic modifications in the brain that are likely candidates for mediating these
effects83,84.

Perinatal SSRI exposure in rodents
Rodent models of perinatal SSRI exposure
To study the effects of perinatal exposure to SSRIs in rodents, researchers administer these drugs
during pregnancy, or in the first postnatal weeks, or throughout this entire period. The pups can
either be exposed indirectly, through treatment of the mother and then lactation, or by injecting the
newborn pups directly. The method of SSRI administration can be subcutaneous, oral, or
intraperitoneal. In contrast with most human studies, these animal experiments involve tight control
over drug dosing and timing.
Developmental outcomes
Following concerns about the effects of perinatal SSRI exposure, many animal experiments have
been performed to examine neurobiological outcomes, as described in numerous literature
reviews56,62,73,74,85–87. A range of behavioral outcomes have been assessed, such as anxiety-like
behavior and stress-coping behavior. Additionally, neurochemical changes in the brain88–98 and the
neuroendocrine response to stress92,99–106 have been the focus of study. Brain systems and regions
that have been studied include the serotonergic system107, the prefrontal cortex108,109, the limbic
system99,110,111, the hippocampus99,111,112, the dorsal raphe nucleus109,110, and the hypothalamus99.
Levels of analyses include brain structure and connectivity110,113–118, neuronal health92,97,104,108,119–123,
protein
expression98,107,113,124–129,
gene
expression98,99,103,112,130–136,
and
epigenetic
100,112,132,137
modifications
.

Opportunities for rodent research
Separate and combined effects of maternal depressive-like symptoms and SSRI exposure
The studies described in Section 3.2. investigate the effect of maternal depressive-like symptoms,
while those in Section 3.3. investigate the effect of SSRI exposure during pregnancy. However, these
two might interact; the effect of developmental SSRI exposure on offspring might depend on the
presence or absence of a depressive-like phenotype in the mother62,74. In order to enhance the
translational value of rodent studies on this topic, models have been designed to examine the effects
of early SSRI exposure in combination with maternal (pre)gestational stress62. It has been shown that
(pre)gestational maternal stress and perinatal SSRI exposure interact to affect stress-coping behavior
and neurogenesis122, and serotonin levels in the brain138,139. However, the number of studies of this
interaction is still limited. Replication studies and studies that investigate the underlying
mechanisms are needed.
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Novel methods and mechanisms: microbiomics and transcriptomics
Molecular biology techniques offer the opportunity to investigate the “how”: which biological
pathways mediate the long-term effects of maternal depression and antidepressant use during
pregnancy? Technology is rapidly advancing, and the accessibility and affordability of methods that
already exist is also growing. This has opened up an era of unprecedented creation and analysis of
large, complex datasets on biological systems at various levels. Microbiomics and transcriptomics
are two promising “-omics” analyses that may provide new information on the long-term effects of
maternal depressive-like symptoms and SSRI exposure.
The gut microbiome is collective genetic material of all the microorganisms residing in the
gastrointestinal tract. The gut microbiome and host serotonin regulation influence each other. Some
microbes modulate serotonin homeostasis140, while altered serotonin homeostasis by SSRI treatment
is associated with the composition of the gut microbiome in humans141–144 and rodents145–150. In
addition, major depressive disorder in humans141,151–156 and depressive-like symptoms in rodents157–
161
are associated with distinct gut microbiota signatures. During pregnancy, the gut microbiome is
remodeled162, potentially altering its potentially increasing its vulnerability to pharmacological and
environmental influences. Importantly, the perinatal period is characterized by a high metabolic
demand163, and the gut microbiota synthesizes a proportion of metabolites that are found in the
systemic circulation164,165. SSRI use might alter the metabolic output of the maternal gut microbiota,
and thereby metabolite supply to the developing fetus. This is a yet unexplored potential pathway to
lasting health outcomes.
Long-term behavioral effects of exposure to maternal depressive-like symptoms and SSRI
use during pregnancy are thought to be the result of changes in brain development. Despite evidence
that the corticolimbic- and somatosensory system in the brain play a role45, the developmental
pathways are largely unknown. Rodents offer the opportunity to study the brain down to the
molecular level at the developmental stage of choice. RNA sequencing (RNAseq) and subsequent
bioinformatics analyses yield a complete picture of the gene expression in a particular brain region
at a particular time. Although targeted gene expression assays have been used in this field to examine
serotonin-131,133 and neurotrophin-related100,103 genes, unbiased approaches such as RNAseq can
generate new insights.
Sex differences
Both human and animal research has traditionally been conducted mainly in male subjects.
However, it is known that many physiological systems, including the brain, exhibit sex-specific
characteristics166. For example, developmental exposure to stress affects males and females
differently and might be the reason for differential susceptibility to certain mental disorders between
the two sexes167. Additionally, evidence suggests that the brain serotonin system matures at a
different rate in males than females62. A growing awareness of the importance of studying both sexes,
compounded by requirements from funding bodies and ethical approval boards, is now leading to
an increase in studies focusing on females168. Importantly, when both sexes are investigated, sexspecific effects are often observed in the neurodevelopmental effects of early exposure to
SSRIs118,139,169 and prenatal stress139,170. However, many researchers still use exclusively males in their
17
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studies, as is the case for all transcriptome-wide analyses of the brain after early SSRI exposure
published so far99,111,112. More studies are therefore needed to determine if and how males and females
might be differentially affected at the molecular level.
Improving translatability of animal studies
In line with the “3Rs” of animal research, Replacement, Reduction, and Refinement, continuous
efforts are needed to maximize the utility of the animal studies171. One approach to this is to make
better use of all the animal experiments that have already been performed in the past, by combining
studies in a systematic review. Systematic reviews have long been considered to provide the highest
form of medical scientific evidence, but are surprisingly rarely performed on animal studies172. This
despite the fact that human clinical trials are usually based on the results of preclinical evidence172.
Although systematic reviews of animal studies gained some popularity over the past decade, there is
still a lot of untapped potential in using them to summarize, analyze, evaluate and communicate the
results of animal studies173. For example, meta-analyses are powerful tools for combining the results
of animal studies, especially considering that individual studies are often underpowered174.

Experimental approach
The work using laboratory rats described in this thesis consists of a two-part animal model with the
aim of mimicking key aspects of maternal depressive-like symptoms and SSRI use in humans. The
first part is a model of maternal vulnerability, and the second part is treatment with SSRIs in the
peripartum period.

Model for maternal vulnerability
SERT genotype X stress interaction
The animal model is based on findings from a human population study on a Gene X Environment
interaction published in the early 2000s175. With rising interest in behavioral genetics, and fueled by
developments in molecular biology techniques, several influential studies by the same research
group were published in Science showing evidence that particular genotypes related to serotonin
homeostasis modulate the effect of adverse experiences on the risk for developing
psychopathology176. For example, they showed that a polymorphism in monoamine oxidase A
(MAOA), coding for the enzyme that breaks down monoaminergic neurotransmitters such as
serotonin, interacted with childhood maltreatment to influence antisocial behavior in men177.
Their next study focused on a polymorphism in the promoter region of the SERT gene; the
5-HTT gene-linked polymorphic region (5-HTTLPR)178. This polymorphism is naturally present in
the human population and modulates the transcription of the SERT178. The short (s) allele is
associated with lower SERT gene expression than the long (l) allele178,179. About 50% of the
population has an “s/l” genotype, and about 20% an “s/s” genotype178. The research group
hypothesized that the 5-HTTLPR polymorphism acts as a moderator of the risk of developing
depression, based on three lines of evidence175. First, SERT knockout mice were shown to display
more fearful behaviors180 and a heightened adrenocorticotropic hormone (ACTH) response to acute
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injection stress181 compared to their wild type counterparts, suggesting that genetically-determined
lowered SERT expression leads to a more stress-reactive phenotype. Second, in rhesus macaques the
“s” allele is associated with decreased serotonergic function only in individuals exposed to stress
early in life182. Third, in humans the “s” allele is associated with enhanced reactivity of the amygdala
to fearful stimuli, suggesting that the stress response is modulated by the 5-HTTLPR183.
Indeed, the results of their study on 847 men and women showed that the association
between the number of stressful life events, such as employment-, housing- or relationship stressors,
and the probability of a major depressive episode was weakest among “l/l” allele carriers, stronger
in “s/l” carriers, and strongest in those with an “s/s” genotype175. In addition, childhood
maltreatment only predicted adult depression in those carrying at least one “s” allele175. These results
inspired many follow-up studies in various human cohorts184, as well as animal experiments185.
Heterozygous serotonin transporter knockout (SERT+/-) rat
Although the SERT polymorphism occurs naturally in humans and other primates, it does not in
rodents. Therefore, researchers have turned to genetic knockout models in laboratory rodents to
study the effects of these gene variants in a controlled environment. Since genetic manipulation tools
in mice are more advanced than in rats, SERT knockout mice already existed before the year 2000186.
A rat SERT knockout model was long awaited, because rats offer advantages over mice in research
areas covering complex behaviors, physiology and pharmacology76,187. In the early 2000s, N-ethylN-nitrosurea (ENU)-driven target-selected mutagenesis was used to introduce a premature stop
codon in the rat SERT gene, resulting in a non-functional protein product and the first SERT
knockout Wistar rats (Slc6a41Hubr)188,189. While SERT protein and gene expression are completely
absent in homozygous knockout (SERT−/−) animals, heterozygous knockout animals (SERT+/−) show
only a 40-50% decreased expression of SERT compared to wildtype animals186,190. This is similar to
the expression in human “s” allele carriers. Combined with neurochemical evidence, this suggests
that SERT+/− animals are translationally relevant186,190,191.
Early life stress in SERT+/- female rats
To study the effects of maternal depressive-like symptoms, the experimental work in this thesis
involves a rat model of maternal vulnerability (MV), based on the human SERT X stress interaction
studies described above. First, SERT+/− rats were mated, leading to litters with SERT+/+, SERT+/−, and
SERT−/− offspring (F0). After birth at postnatal day 0 (PND0), litters were allocated to either a
stressful- or a control rearing condition.
The stressful rearing condition involved separating the pups from the dam for 6 hours
daily from PND2 until PND15 (Figure 1). This procedure, known as maternal separation, is a
commonly used method of inducing early life stress in laboratory rodents192. The maternal
separation procedure was initiated every day at the same time. Pups were taken from their home
cage, and placed per litter in a smaller cage with sawdust bedding. The cage was moved to another
room to prevent communication with the dam, and kept warm on a heating mat to aid the pups in
maintaining body temperature. The control rearing condition involved handling the pups for 15
minutes daily from PND2 until PND15 (Figure 1). This method was chosen to control for the effect
19
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of enhanced maternal care that is usually observed when pups are reunited with the dam193. At
PND21, pups were ear punched for identification, and the punched tissue was used for SERT
genotyping. They were then weaned, and socially housed with same-sex animals.
The SERT+/- female offspring from these nests (F1) possess a genetic predisposition to
stress vulnerability. In adulthood, previously stressed SERT+/- females show anhedonia, an
endophenotype associated with depressive symptoms194. Compared to their control counterparts
with the same vulnerable genotype, stressed females have a lower preference for sucrose, and lower
gene expression of nerve growth factor in the basolateral amygdala and the paraventricular nucleus
in the brain194. Because these SERT+/- females become mothers themselves (to generate F2), they are
referred to as maternal vulnerability (MV) females, who have either been stressed in early life (sMV)
or control handled (cMV) (Figure 1).

Figure 1: Early life stress in SERT+/- females. The encircled number (3) refers to its respective chapter number. Fecal samples
were collected at weaning age (3).

Perinatal fluoxetine treatment
sMV and cMV female rats were paired with wildtype males for 24 hours. This was gestational day 0
(GD0). Dams were treated with the SSRI fluoxetine (FLX) or vehicle (Veh) for 6 weeks: from the
start of pregnancy (GD1) until the end of lactation (PND21) (Figure 2). Every day, the dams were
weighed and then received an oral dose of 10 mg/kg FLX or Veh (1% methylcellulose).

Figure 2: Perinatal fluoxetine treatment. The encircled numbers (4, 5, and 6) refer to their respective chapter numbers. Fecal
samples were collected throughout pregnancy and lactation (4), placentas were collected at GD21 (5), and offspring brains were
collected at weaning age (6).

20

General introduction

Outcome measures

Behavioral consequences for the offspring using this experimental approach have been described
elsewhere195. In short, developmental fluoxetine exposure is associated with reduced ultrasonic
vocalizations in pups, reduced social play behavior in male and female juveniles, and reduced social
behavior in male adults196. In addition, it increases anxiety-like behavior and anhedonia in females,
but not in males197. In adult males, perinatal FLX exposure reduces aggression198. Overall sexual
performance is not affected, but a reduced mounting frequency is observed198. Lastly, perinatal FLX
exposure alters aspects of female circadian behavior, but only after a non-photic challenge199.
Maternal sMV phenotype is associated with increased social behavior in adult female offspring.
Overall, developmental FLX exposure has sex-specific long-term effects on behavior that are
stronger than those of the maternal sMV phenotype.
This thesis describes the potential molecular underpinnings of these alterations in
behavior, using the same animal model. The microbiome and metabolic output were studied in fecal
samples as described in Chapters 3 and 4 (Figure 1 and 2), gene expression was examined in the
placenta in Chapter 5 (Figure 2) and transcriptomics and epigenetics were investigated in offspring
brain regions in Chapter 6 (Figure 2).

Aim and outline of this thesis
Aim of thesis

The overall aim of this PhD thesis is to examine potential mechanisms linking perinatal SSRI
antidepressant exposure to long-term health outcomes, using a rat model of maternal depressivelike symptoms. To this end, the following studies were conducted and described in this thesis:

Chapter 2: meta-analyses

The aim of Chapter 2 was to determine whether there is an overall effect of perinatal SSRI exposure
in animals on behavioral outcomes in all previously published studies. Using a systematic search, we
identified all available studies of this topic. Then, we performed meta-analyses corresponding to 9
behavioral domains. We also investigated the potential modulating roles of animal sex, the presence
or absence of stress exposure, and timing of SSRI exposure.

Chapter 3: the juvenile microbiome

Chapter 3 was designed to characterize the influence of SERT genotype on the gut microbiota
composition in juvenile animals (Figure 1). In addition, we investigated the effect of early life stress
exposure and its potential interactions with SERT genotype on the gut microbiota. To this end, we
collected fecal samples at weaning age and used 16S ribosomal RNA marker gene sequencing and
bioinformatics techniques to characterize features of the microbiome.
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Chapter 4: the maternal microbiome

In Chapter 4, we hypothesized that a depressive-like phenotype, SSRI treatment, and their
combination affect the microbial community composition and function during pregnancy and the
postpartum period. Therefore, we collected weekly fecal samples during pregnancy and lactation for
16S rRNA gene sequencing (Figure 2). Moreover, to investigate whether changes in the gut
microbiome relate to changes in metabolic output, we performed targeted metabolomic analyses.

Chapter 5: placental gene expression

Chapter 5 describes a study aimed at validating changes in placental gene expression in pregnancies
characterized by maternal depressive symptoms and SSRI use as described in the human literature.
We collected rat placentas for analysis just before the moment of natural birth (Figure 2). Then, we
measured expression of genes related to the stress- and serotonin system, neurogenesis, signal
transduction, and angiogenesis.

Chapter 6: brain transcriptomics and epigenetics

The aim of Chapter 6 was to assess sex-specific molecular alterations in the prefrontal cortex and
basolateral amygdala of juvenile rats. After exposure to a maternal depressive-like phenotype and/or
SSRIs, brains of male and female offspring were collected at weaning age (Figure 2). RNA sequencing
was used to identify differences in transcriptomic state, and subsequent DNA methylation of
targeted genes was used to correlate gene expression to epigenetic regulation.

Chapter 7: general discussion

In Chapter 7, all previous chapters are summarized and potential areas of synergy discussed. The
strengths, limitations and implications of the results presented in this thesis are outlined. Finally,
suggestions for future studies are presented.
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