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Chapter 1

InTroduCTIon

The placenta, the first organ any mammal ever makes, performs a vital role throughout 
pregnancy. This intimate connection between two living organisms is fundamental 
in the reproduction of mammals. Although it is a defining characteristic of placental 
mammals, placentas with varying levels of development are also found in some non-
mammals. The placenta exerts its role in embryonic development via the regulation of 
gas exchange, nutrient transport, removal of waste, hormone production and immune 
defence between maternal and fetal tissues.

Normal functioning of the placenta depends on intricate anatomical, physiological, 
genetic and endocrine interactions. However, this intimate maternal-fetal connection 
also implies a risk. Perturbations of the maternal milieu can be transmitted to the 
embryo through the placenta, potentially causing pregnancy-related complications or 
pregnancy failure. Of human pregnancies, 20-40% are complicated by adverse intra-
uterine conditions such as infections, medication and smoking1. These negative fetal 
exposures increase the risk for disease predisposition and growing evidence supports 
a critical role for the placenta in transmitting these deleterious effects. However, the 
specific mechanisms by which the placenta imparts critical signals to the developing 
embryo are so far unknown.

The eVoluTIon of VerTeBrATe PlACenTA

The placenta was defined as the apposition or fusion of the fetal membranes to the uter-
ine mucosa for physiological exchange by Mossman in 1991, and is one of the morpho-
logically most diverse organs in the animal kingdom2. It is believed that viviparity, the 
phenomenon whereby developing embryos are retained within the reproductive tract, 
has led to the emergence of placentation. Not much is known about how and why vivi-
parity and the placenta evolved, but there are several hypotheses. Current hypotheses 
fall into two categories3. The first category encompasses adaptive hypotheses, which 
propose that the placenta evolved as a result of selective environmental pressures. For 
example, a placenta allows species to increase brood size if sufficient resources are 
available to complete the development of a brood. In contrast, in species without a pla-
centa brood size is constraint at the time of egg fertilization4. Secondly there are several 
conflict hypotheses, such as the suggestion that the placenta evolved as a result of the 
parent-offspring conflict. Mothers will benefit most by providing as many offspring with 
resources as possible, while the offspring will demand most resources for itself. Selec-
tion pressures may have led to the active manipulation of the mother by fetuses via 
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chemical signals such as hormones to gain increased maternal resources. On the other 
hand, maternal adaptations that favour the mother’s fitness might have emerged, such 
as allocating nutrients to all fetuses over a lifespan rather than investing all resources in 
one fetus. Together, this could have led to a self-reinforcing process between maternal 
and fetal tissue, which ultimately may have resulted in placental tissues as we know 
them5–7. As the placenta has arisen independently multiple times within different classes 
it is likely that different processes have played a role in the origin of placentation.

AnImAl models of PlACenTAl funCTIonInG

The placenta is one of the organs with the highest evolutionary diversity among animal 
species, in shape, structure and functioning. Therefore, animal models reflecting human 
placentation have to be critically reviewed8. In this dissertation, placentas of human, 
rat, and two fish species of the genus Poeciliopsis with different degrees of placentation 
were studied. Here, the placental structure and functioning of these different placental 
types are described.

The mammalian placenta; human versus rat
The mammalian placenta consists of a fetal component, developing from the fertil-
ized egg, and a maternal component, developing from maternal uterine tissue. After 
fertilization, the fertilized egg develops in a blastocyst that implants into the maternal 
endometrium, which initiates the development of the placenta. The outer layer of the 
blastocysts becomes the trophoblast, the major part of the fetal placenta divided in a 
cytotrophoblast and syncytiotrophoblast layer, contributing to the placental transport 
function. Maternal-fetal exchange of nutrients and gasses takes place via diffusion be-
tween the maternal arteries and fetal arteries in the villi of the membrane surrounding 
the embryo. The gross morphology and functioning of the rat and human placenta are 
conserved, while at the micro level there are a number of important differences9.

Placental form
The first characteristic on which mammalian placentas can be classified is the gross 
morphology. In mammals, four types of placental forms can be distinguished: diffuse, 
cotyledonary, zonary, and discoid (Figure 1)10. The diffuse placenta surrounds the fetus 
completely and can for example be found in horses and pigs. The cotyledonary placenta 
attaches to the uterine wall in multiple discrete locations, as is for example seen in rumi-
nants. All carnivores, among other species, have zonary placentas, where the placenta 
forms a band around the fetus. Both humans and rats have discoid placentas, meaning 
that the contact of mother and fetal tissue is limited to a surface of discoidal shape.
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Maternal cell layers
Placentas can also be categorized by the number of cell layers separating maternal 
and fetal blood. There are three main categories varying in the number of cell layers 
separating fetal blood from maternal blood10. The least invasive form of placentation 
is epitheliochorial implantation, which occurs in horses, donkeys and pigs. Here, the 
trophoblast is simply attached to the uterine epithelium with minimal destruction of 
the maternal tissue12–15. In an endotheliochorial placenta, occurring in cats and dogs, the 
uterine endometrial epithelial cells are destroyed in the process of implantation, and 
the placental trophoblast cells are in direct contact with maternal endothelial cells10. In 
both epitheliochorial and endotheliochorial placentation there is no direct contact of 
maternal blood with fetal tissue. Further invasion occurs in haemochorial placentation. 
In this type of placentation, which takes place in primates and rodents, the placenta is 
in direct contact with maternal blood because all three maternal layers are eroded. The 
maternal endothelium is penetrated by chorionic (outermost fetal membrane) villi. The 
thin barrier between the maternal and fetal blood permits very efficient exchange of 
oxygen and nutrients.

Thus, both humans and rodents show haemochorial placentation, allowing direct 
contact between the maternal blood and the fetal chorion. However, the depth of tro-
phoblast invasion and vascular remodelling varies10. Although all three layers of cells 

figure 1: Gross morphology of placentas in different species. The fetus is surrounded by a fetal membrane (light 
pink). The placenta (light brown) is formed on the fetal membrane and its morphology varies by species. Figure 
adopted with permission from Nakaya & Miyazawa, 201511.
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surrounding maternal blood vessels are degraded in humans and rats, distinction exists 
as to how many trophoblast layers separate fetal blood from maternal blood.

Three different haemochorial placental types can be distinguished, haemomonochorial, 
haemodichorial and haemotrichorial placentas, with one, two and three trophoblast 
layers, respectively. Humans develop a haemomonochorial placenta while rodents have 
a haemotrichorial placenta. Among all species the deepest invasion of the trophoblast 
is found in humans16. The functional significance of this difference in the number of 
trophoblast layers is not well understood.

Interdigitation
Another difference in placentation in human and rats is the interdigitation of fetal 
and maternal tissue. In humans we see villous interdigitation, while rodents show a 
labyrinth interdigitation as an exchange region17. In the labyrinthine placenta maternal 
blood circulates through channels within the fetal syncytiotrophoblast, while in the 
villous placenta the chorion forms villi for oxygen and nutrient exchange. In rats, the 
zone between the labyrinth and the maternal part of the placenta, the junctional zone, 
consists of spongiotrophoblast cells and a layer of trophoblast giant cells that line the 
implantation site18.

Trophoblast giant cells & glycogen cells
Trophoblast giant cells are characteristic of rodent placentas and play an important role 
in rodent implantation. However, their function and gene expression are analogous to 
extra-villous cytotrophoblast cells in human placentas19. Besides the spongiotropho-
blast and trophoblast giant cells, the junction zone of rodents also contains glycogen 
cells. Glycogen cells are trophoblast cells of unknown origin, and their function remains 
largely unknown20.

Decidua
Most, but not all, species with a haemochorial placenta show the process of decidualiza-
tion. This process involves remodelling of the endometrium for optimal placentation. 
Changes occur for example in the endometrium stromal cells and maternal arteries. 
After this process the endometrium is changed into a structure called the decidua. 
The decidua is the region of maternal tissue that attaches the placenta. It has many 
receptors and secretes many hormones, making it an important component for the 
maternal-placental-fetal cross-talk during gestational development. In humans the 
decidua is formed prior to implantation. The uterine epithelial lining is transformed into 
a secretory lining after ovulation. If fertilization does not occur the uterine tissue is shed. 
In rats and mice, the uterine epithelium undergoes proliferation and differentiation into 
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decidual cells upon attachment of the blastocyst21. Thus, both rats and humans show 
the process of decidualization, but the onset is different.

Inverted yolk sac
Rats and humans differ with regard to the yolk sac, a membranous structure attached 
to the embryo. At early gestation the yolk sac is important for providing nutrition and 
gas exchange, because the placenta is not yet fully developed and equipped to exert its 
function22. In rats the inverted yolk placenta – sometimes referred to as the choriovitel-
line placenta – becomes active early in pregnancy and persists until term23. The inverted 
yolk placenta plays a critical role in rodent pregnancies, and malfunctioning of the 
inverted yolk placenta leads to embryo malformations24. This kind of yolk placenta is 
completely absent in humans. The difference in yolk placenta diminishes the value of 
rodent experiments greatly, as the development of the inverted yolk sac placenta can be 
affected by pharmaceuticals24,25. This is important in toxicity testing as this may result 
in false-positive observations of adverse effects26. This has to be taken into account in 
trying to mimic placental transfer in rodent models as substances may pass the inverted 
yolk sac placenta and therefore influence rodents differently than humans.

Placental hormones
The placental endocrine functions of rodent species and humans are very different27. 
For example, in most animal models, including the rat, there is an abrupt drop in pro-
gesterone levels before parturition28,29. Only in the guinea pig and humans, progesterone 
levels are maintained at a high and increasing concentration throughout gestation30. 
Another difference can be found in the placental expression of corticotropin-releasing 
hormone (CRH). CRH has several functions. For example, in the central nervous system 
CRH is involved in the stress response by inducing the production of glucocorticoids 
(cortisol in humans and corticosterone in rodents). The CRH gene is expressed by human 
placental tissue and found in maternal and fetal serum31–33, but not in rodents, as only 
primates are known to express CRH from their placenta34. Studies interested in endo-
crine functioning of the human placenta should therefore consider the translational 
value of a chosen animal model.

Gestation time
Rats have relatively short gestation times (about 22 days), which is an advantage in most 
animal experiments. However, this can diminish the translational value of pregnancy-
related research. Humans have relatively long gestation periods. Many of the develop-
mental processes that occur in humans during gestation are postnatal events in rats. 
For example, at parturition brain development of humans is further advanced relatively 
to the rat35. Researchers estimate that rat brain development during the first  days after 
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parturition is equivalent to brain development in the third trimester in humans36. There 
are models integrating over one thousand empirically-derived neural events to trans-
late neurodevelopment across several mammalian species including rats and humans 
(http://www.translatingtime.net). This neurodevelopment data originally assembled 
by Finlay & Darlington (1995)37 facilitates investigating and comparing rat and human 
pre- and postnatal brain development greatly.

In summary, the rat and human placenta appear to be similar in gross morphology and 
functioning. However, a more detailed look reveals substantial differences (summarized 
in Table 1). As the rat and human vary in their placental characteristics, the rat should 
be regarded very critically as a model for human placentation and pregnancy. However, 
as no placenta directly mimics human placentation, all researchers should consider the 
placental target of their experiment and evaluate whether the animal model of their 
preference is suitable.

The Poeciliopsis placenta
In this dissertation, two fish species of the live-bearing genus Poeciliopsis (family 
Poeciliidae) were used. This genus is especially interesting for placental research as, 
within this genus, there are species that lack placentas and species that have placentas 
with a great variety of complexity3. Poeciliopsis fish are live-bearing, which means that 
after fertilization the eggs are retained within the ovarian follicles. Poeciliopsis species 
without placentas are nourished by yolk reserves surrounding the developing embryo38. 
Placental Poeciliopsis species, by contrast, transfer nutrients via a follicular epithelium 
that meets the definition of the fusion of fetal and maternal membranes for physiologi-
cal exchange39. The rise and loss of this type of placental structure has occurred several 
times in Poeciliopsis, making it an excellent model of placentation40,41.

Table 1: Summary of the differences in pregnancy and placentation between humans and rats.
human rat

Placental form Discoid Discoid

maternal cell layers Haemomonochorial Haemotrichorial

Interdigitation Villous Labyrinthine

Trophoblast Giant Cells Scarce Abundant

Glycogen Cells No Yes

decidua Yes, develops before implantation Yes, develops with blastocyst 
implantation

Inverted yolk sac No Yes

Placental hormones High progesterone levels are 
maintained, placental CRH expression

Progesterone drop before parturition,
no placental CRH expression.

Gestational time 38 weeks 3 weeks
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Fish within the genus Poeciliopsis show the characteristic of superfetation, meaning that 
they can carry multiple broods at different gestational ages at the same time. In addition, 
the females are able to store sperm (B. J. A. Pollux & D. N. Reznick, unpublished data), so 
after copulation the female will remain pregnant and new broods will continuously be 
born. The gestation time is estimated to be roughly 30 days, based on data from closely 
related species (B. J. A. Pollux & D. N. Reznick, unpublished data). In addition, species 
within this genus differ greatly in their degree of maternal provisioning. A completely 
lecithotrophic species provides nutrients to the egg prior to fertilization via a yolk sac 
allocated to the egg. In contrast, in matrotrophic species the female provides nutrients 
throughout embryonic development via a placenta. Poeciliidae do not have true uteri, 
and embryonic development takes place in the ovarian follicle38. This placental structure 
is formed from the apposition of the ovarian follicle wall and yolk sac of the embryo, into 
highly folded follicular epithelium40.

Within this dissertation, Poeciliopsis gracilis and Poeciliopsis turneri were used. Poecili-
opsis gracilis is a lecithotrophy with a matrotrophy index (MI) value of 0.6942. The MI 
is calculated as the dry mass of the neonate at birth divided by the dry mass of egg at 
fertilization. Poeciliopsis gracilis contains a thin follicle, and the inner surface of the ma-
ternal follicular epithelium is flat, with a cellular layer covered by a non-cellular porous 
membrane40. The follicular blood vessels are suggested to facilitate gas exchange40,43. In 
contrast, P. turneri is an extensive matrotroph (MI value of 41.442) with a thicker follicle 
that is highly hypertrophied, extensively folded, covered with microvilli, and richly sup-
plied with capillaries40.

Although there is significantly more information available on mammalian placentation 
than on placentation in Poeciliopsis, we can conclude that they differ greatly. Poeciliop-
sis have no true uteri but have follicular placentas, where the ovaries are utilized in the 
transformation of the placenta, while rats and humans have haemochorial placentas 
that form from both modified extraembryonic membranes and the maternal uterine 
tissue. However, even if the morphological structures vary greatly, the present study will 
shed light on the functionality of the different placentas in transferring critical signals 
from the maternal milieu.

seroTonIn And ssrI use In deVeloPmenT

One key factor for the regulation of neuronal embryonic development across vertebrate 
taxa is the neurotransmitter serotonin. Serotonin is synthesized in maternal, placental 
and fetal compartments, and is important for early neurodevelopment. In fact, sero-
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tonin receptors and serotonergic metabolic enzymes are expressed before serotonin 
producing neurons are present in the embryonic brain44. This indicates that the mater-
nal-placental-fetal interaction can underlie the impact of serotonin on offspring health 
outcomes. During brain development serotonin acts as a neurotrophic factor, regulating 
cell division, cell differentiation, cell migration, growth cone elongation, dendritic prun-
ing, myelination and synaptogenesis45.

Serotonin plays an important role in the intrinsic and central nervous system, through-
out life, affecting among others, mood, memory and learning, the perception of pain 
as well as cardiovascular function, intestinal peristaltic movements, bladder control, 
etcetera. Dysregulation of serotonin and serotonin receptors in humans have been im-
plicated in many psychiatric and neurological disorders, hypertension, cardiac failure, 
migraine and functional bowel disorders (reviewed by Berger et al.46). Modulators of the 
serotonergic system have been developed as pharmaceuticals, including antidepres-
sants and neuropsychiatric drugs, which may also reduce the risk of myocardial infarcts 
and irritable bowel syndrome47. Thus, changes in maternal serotonin levels during 
pregnancy, for instance by the use of antidepressants can potentially affect a number of 
developmental processes in the offspring.

Selective serotonin reuptake inhibitors (SSRIs) are the most prescribed antidepressants, 
because of their good efficacy, few side effects, and therapeutic safety48. Fluoxetine, 
sold under the brand name Prozac, was the first SSRI that was released in the market 
(late 1980s), and quickly became the most widely prescribed drug in North America, 
and 2nd worldwide49. SSRIs block the serotonin transporter and thereby inhibit the 
reuptake of serotonin into the presynaptic cell. As a result, the extracellular serotonin 
levels are increased and more serotonin is available to bind the postsynaptic receptors. 
This enhances the serotonergic balance and can stabilize mood. The use of SSRIs dur-
ing pregnancy in both Europe and the U.S. has tremendously increased over the past 
decades50–53. In Europe, 2.5-3.3% of pregnant women use SSRIs54,55, while in the U.S. the 
occurrence is between 2.7-5.4%56,57. However, SSRIs can cross the placenta and are found 
in the amniotic fluid58,59, affecting therefore not only the mother but also the developing 
child. Although SSRIs are considered safe for antenatal use60, it has been reported that 
the use of SSRIs during pregnancy may negatively influence the development of the 
unborn child.

Literature shows a number of side effects in the offspring due to prenatal SSRI exposure. 
First of all, SSRI exposure during pregnancy has been associated with attenuated basal 
cortisol levels in neonates61,62, and differential cortisol levels in 3-month-old infants 
in response to a stressor63. Also, the neonatal heart rate response to an acute noxious 
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event is attenuated64. Furthermore, several behavioural changes have been reported, 
such as disrupted sleep patterns in new-borns65, increased internalizing behaviours of 
3-year-old children66, and increased externalizing behaviours in 4-year-old children67. In 
addition, SSRIs reduce utero-placental blood flow, a mechanism thought to be involved 
with hypertension in preeclampsia and gestational diabetes68,69. Recently, there has 
been much interest in the link between maternal SSRI treatment during pregnancy and 
autism spectrum disorders in their offspring. However, the underlying maternal illness 
is more increasingly thought to be the cause of this link, and not SSRIs perse70–72. Taken 
together, these results imply serotonergic influences on the maternal-fetal interaction, 
although the exact mechanisms remain elusive.

The primary target of SSRIs, the serotonin transporter, is evolutionary and function-
ally conserved in vertebrates, and effects of SSRI exposure have been studied in both 
rodents73 and fish74. In rodents, the effect of prenatal SSRI exposure on developing 
offspring has also been studied. A recent systematic review and meta-analysis showed 
that an overall effect of perinatal SSRI exposure on several behavioural domains was 
found in rodents75. SSRI- versus vehicle-exposed rodents showed reduced activity and 
exploration behaviour, more passive stress coping, and less efficient sensory processing. 
In fish the effects of prenatal SSRI exposure have not yet been studied, but it is known 
that direct exposure to SSRIs can alter behavioural parameters such as aggressive and 
anxiety-like behaviour76–79. Therefore, we hypothesise that, like in humans and rodents, 
prenatal exposure to SSRIs will affect fish development.

ouTlIne of ThIs dIsserTATIon

Serotonin plays a key role in the early development across vertebrates. Alterations in 
the maternal serotonergic system, for instance by using SSRIs, may have detrimental 
effects for the developing embryo. The complex maternal-fetal interaction makes it 
unclear whether exposure to SSRIs through the placenta creates a potentially adverse 
environment for the developing offspring, whether SSRI uptake thus increases the risk 
for adverse outcomes in the offspring, and if so, through what underlying mechanisms 
this happens.

The overall aim of this dissertation is to unravel the mechanisms by which the placenta 
imparts the critical signals of disturbed serotonin levels from the maternal environment 
to the developing embryos. The focus of this study is the neurotransmitter serotonin, 
because it plays a crucial role in fetal programming. Serotonin plays a key role in 
neurodevelopment and placental functioning, and when altered during development 
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may result in deleterious effects in the offspring. Olivier and colleagues already showed 
that disturbances in the serotonergic system in humans influences gene expression in 
the placenta80. In this dissertation an innovative comparative approach was exerted to 
obtain important new insights into the mechanisms by which the placenta transmits 
critical serotonin signals, using fish, rats and humans, which vary greatly in the degree 
of embryo provisioning via a placenta.

The general approach in all experimental studies was to expose pregnant females to the 
SSRI fluoxetine and to measure potential effects in either the placenta or the offspring. 
As control for this fluoxetine treatment in the experiments, pregnant females were given 
the vehicle without fluoxetine.

In the two Poeciliopsis fish species (one species lacking a placenta and one having a 
complex placenta), the offspring was assessed for tissue fluoxetine concentrations, 
survival, and growth restriction. In rats and humans, RNA sequencing was performed 
on fetal placental samples to analyse placental gene expression after fluoxetine treat-
ment. In humans, it is difficult to discern between the effects of the SSRIs and the effects 
of the maternal depression itself, as healthy mothers do not take antidepressants. To 
disentangle confounding factors experimental research is needed, which is not war-
ranted in humans. There are strong similarities between placentas from rodents and 
humans in gene- and protein expression81. Therefore, we used the rat placenta as an 
experimental model. Both placentas nourishing male and female fetuses were included 
in RNA-sequencing analyses to examine sex-specific effects of SSRI exposure.

The combined study of fish, rat and human placentas, representative of the great variety 
of evolutionary placental stages in the vertebrate lineage, is unparalleled in the scientific 
literature to date and can reveal important novel insight into the mediating role of the 
placenta during pregnancy. This approach combines a ‘proximate’ research question: 
how does the placenta respond to a changing maternal environment, with an evolution-
ary research question: is this response to the maternal environment conserved among 
different vertebrate species. The central role of the placenta in fetal physiology and 
development, together with the possibility that variation in placental gene expression 
patterns might be linked to important abnormalities in fetal health or even variations in 
later life, asks for further investigation of the placenta.

To this end, the following studies were conducted and described in this dissertation:
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Chapter 2: influences of maternal vulnerability and SSRI treatment on 
developing offspring
This chapter provides a literature review of the interplay between maternal adversity 
and SSRI treatment and their effect on the developing offspring. Specifically, it discusses 
animal models addressing behavioural outcomes of maternal adversity and/or SSRI 
treatment to understand how the prenatal environment influences the health of the 
offspring across its life-span.

Chapter 3: ssrI treatment in Poeciliopsis with and without a placenta
In chapter 3, prenatal chronic exposure to different dosages of the SSRI fluoxetine and its 
impact on reproduction and offspring development in two fish species with (P. turneri) 
and without (P. gracilis) a placenta was examined. Both the concentration of fluoxetine 
and its active metabolite norfluoxetine were measured in the pregnant females and their 
embryos. In addition, body development of the offspring born during SSRI treatment 
was assessed. The expression of the serotonin transporter and serotonin 1a receptor 
was examined in the brain of both the mothers and their offspring. In addition, repro-
ductive success of both species during SSRI exposure was measured. Although adverse 
effects in the placental species P. turneri were more notable and larger, we did see that 
P. gracilis, without a placenta, was not completely shielded from adverse effects. Thus, 
even without a placenta there was a negative effect of fluoxetine, but this was seriously 
increased in the species with a placenta.

Chapter 4: transcriptomic changes in the human placenta after SSRI 
exposure
The aim of chapter 4 was to assess whole transcriptome alterations in the placentas 
of women who were prenatally exposed to the SSRI fluoxetine. To this end the fetal 
part of term placentas (after delivery) were collected and RNA-sequencing was used to 
identify differentially expressed genes. Both placentas that nourished male as well as 
female fetuses were included, allowing us to examine sex-specific effects. We showed 
that gene expression was altered for many genes in the placenta of male offspring, while 
transcriptomic changes after fluoxetine treatment in female offspring placentas was less 
affected. In addition, we identified extracellular matrix organization related genes to be 
significantly enriched in association with fluoxetine.

Chapter 5: transcriptomic changes in the rat placenta after SSRI 
exposure
In chapter 5, rats were treated with the SSRI fluoxetine during the whole pregnancy. 
Term placentas were collected and gene expression in the fetal parts was assessed with 
whole transcriptome RNA-sequencing. The placentas of both male and female offspring 
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were included to assess sex-specific effects. Less genes were differentially expressed 
after fluoxetine exposure than were found in the human study. This suggests that a 
large part of the effects on placental gene expression in humans are probably due to the 
underlying maternal illness, rather than the SSRI treatment. In addition, the previous 
findings that the extracellular matrix in the human placenta is linked to fluoxetine treat-
ment were replicated in rats. However, it has to be noted that these effects were not as 
strong as in the human placenta.

Chapter 6: general discussion
In the final chapter, all studies and their results are summarized, and strengths, limita-
tions and implications are discussed. The results of the individual studies are linked 
to reach an overall conclusion. This dissertation shows that the placenta imparts 
disturbed serotonin levels from the maternal environment to the developing embryo. 
Furthermore, shared annotations in differentially expressed genes in human and rat 
placentas exposed to SSRIs were identified. Finally, recommendations for future studies 
are proposed.
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Maternal vulnerability to adversity has a long-term impact on the developing child. 
About 20% of pregnant women suffer from affective disorders. Fetal exposure to ma-
ternal adversity may lead to detrimental consequences later in life. Maternal affective 
disorders are increasingly treated with antidepressants, especially selective serotonin 
reuptake inhibitors (SSRIs). However, the long-term consequences for the offspring 
after exposure to this medication are unclear. The interplay between maternal adversity 
and SSRI treatment has been under investigation and here we discuss how maternal 
adversity and SSRIs are able to shape offspring development. Specifically, we will dis-
cuss animal models addressing behavioural outcomes to understand how the prenatal 
environment influences the health of the developing child across the life-span.
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InTroduCTIon

Although pregnancy is often portrayed as a time of great joy, that is not the reality for 
all women. Depressive symptoms during pregnancy are not uncommon, in fact 20% of 
women experience some depressive symptoms during any time of their pregnancy82. The 
number of women who suffer from major depression during pregnancy is estimated to 
be 4-8%83,84. According to the DSM-5, this disorder is characterized by a depressed mood 
or a loss of interest or pleasure in daily activities for more than two weeks. Depression is 
accompanied by impaired social, occupational, and educational functioning. Untreated 
antenatal depression, that is to say a depressive episode during pregnancy, may have a 
tremendous effect on the developing child85.

Maternal vulnerabilities during pregnancy, such as depression, anxiety or high stress 
levels due to other reasons, are associated with increased and continued activation of 
the hypothalamic-pituitary-adrenal (HPA) axis. The continued activation of the HPA-axis 
in depressed patients causes an elevated stress response and increased cortisol levels86. 
About 40% of the cortisol passes through the placenta87. Consequently, increased 
cortisol levels are found in the urine and saliva of the new-born infants of depressed 
mothers88.

Fetal exposure to increased maternal stress levels impacts the developing child. For 
example, high levels of maternal cortisol are associated with reduced neurological de-
velopment89 and altered cortisol responses of the unborn child to a stressor90. Further-
more, maternal vulnerabilities such as anxiety, depression and elevated stress levels 
are associated with increased fearful temperament and negative behavioural reactivity 
to novelty in infants90,91, and delayed cognitive and neuromotor development92,93 that 
persists into adolescence94. In addition, antenatal depression has also been linked with 
disturbed sleep patterns in infants95 and in 18- and 30-month-old children96. Further-
more, antenatal depression has been linked to reduced fetal growth97,98 and altered 
cardiovascular responses to stress99.

Several studies have looked into the effects of maternal vulnerability on the behavioural 
development of the child. For example, maternal anxiety, but not antenatal depression 
is linked to a difficult child temperament at the age of four to six months100, an increase 
in behavioural and emotional problems at the age of four101 and more internalizing 
behaviour at the age of eight102. Moreover, antenatal depression is associated with de-
layed development in 18-month-olds103, increased externalizing behaviours and a slight 
decrease in IQ in 8-year-old children102 and violent behaviour during adolescence104. 
On the long-term prenatal exposure to maternal depression is associated with a higher 
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chance of developing depression during adolescence105,106 and adulthood107, or risk of 
developing other psychopathologies108. Maternal anxiety as well as maternal depres-
sion during pregnancy are correlated with child attention problems at the age of three 
and four109. Moreover, an increase in reporting symptoms of antenatal depression and 
anxiety positively correlated with an increase in internalizing behaviours in four-year-
olds110. So, anxiety and depression appear to have similar, but at the same time different 
effects on offspring development. However, it is difficult to discern between maternal 
anxiety and depression, due to the common comorbidity between these mental health 
conditions111.

Overall, maternal vulnerability, such as depression and anxiety during pregnancy can 
negatively influence the unborn child on both physiological and behavioural levels. 
However, it remains difficult to discern the direct effects of antenatal depression, an 
aversive postnatal environment due to a depressed mother, and genetic predisposition 
to vulnerability on fetal and infant development. In addition, an increasing percentage 
of women suffering from depression and/or anxiety are treated with antidepressants, 
which on itself might have tremendous effects on the developing child.

mATernAl ssrI TreATmenT And offsPrInG deVeloPmenT

Pharmacological treatment of antenatal depression and/or anxiety is sometimes un-
avoidable. Treatment with antidepressants may relieve the symptoms of the depression 
of the mother and could help in reducing the impact on the unborn child. Nowadays, a 
considerable number of women is treated with antidepressants during pregnancy. In 
Europe this concerns 2-3% of pregnant women97,112, while in the U.S. the occurrence is as 
high as up to 13%52,56. The most prescribed antidepressants are selective serotonin reup-
take inhibitors (SSRIs), because of their good efficacy, few side effects and therapeutic 
safety48. These drugs work by blocking the serotonin transporter and hereby preventing 
the reabsorption of the neurotransmitter serotonin into the presynaptic nerve cell. 
Subsequently, extracellular serotonin levels in the synaptic cleft are increased and more 
serotonin is available to bind the postsynaptic receptors. Although SSRIs are considered 
safe for antenatal use60, it has been reported that the use of SSRIs during pregnancy may 
negatively influence the development of the unborn child. SSRIs can cross the placenta 
and are found in the amniotic fluid58,59, affecting therefore not only the mother but also 
the developing child. This is of extra concern as serotonin plays a key role in embryonal 
development. During the development of the fetal brain serotonin acts as a neuro-
trophic factor, regulating cell division, differentiation, migration, growth cone elonga-
tion, dendritic pruning, myelination, and synaptogenesis45. In fact, serotonin receptors 
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and serotonergic metabolic enzymes are expressed before serotonin producing neurons 
are present in the brain44. Thus, changes in the serotonin levels during neurodevelop-
ment, for instance by the administration of SSRIs during pregnancy, potentially affect a 
number of processes in the developing offspring.

Indeed, literature shows a number of side effects in the offspring due to prenatal 
SSRI exposure. First of all, SSRI exposure during pregnancy has been associated with 
attenuated basal cortisol levels in neonates61,62, and differential cortisol levels in three-
month-old infants in response to a stressor63. Also, the neonatal heart rate response to 
an acute noxious event is attenuated64. Furthermore, several behavioural changes have 
been reported, such as increased internalizing behaviours, such as depression, anxiety 
and social withdrawal during childhood66,113, increased externalizing behaviours in 
four-year-old children67, and disrupted sleep patterns in new-borns65. In addition, SSRIs 
reduce utero-placental blood flow, a mechanism thought to be involved with hyperten-
sion in preeclampsia and gestational diabetes68,69.

Recently, there has been much interest in the link between antenatal SSRI treatment 
and the development of autism spectrum disorders (ASDs) in the child. ASD is a neu-
rodevelopmental condition characterized by difficulties in social communication and 
unusually restricted, repetitive behaviour and interests. The available literature shows 
an association between the prenatal use of SSRIs and the increased risk of ASDs in the 
child70,114–117. It is theorized that this is facilitated by an increase in serotonergic activity 
during brain development118. Several studies found abnormal placental histology to be 
associated with autism diagnosis119,120. Moreover, autistic patients have elevated blood 
platelet serotonin levels121,122. Taken together, these results imply serotonergic influ-
ences on the maternal-fetal interaction, although the exact mechanisms remain elusive.

A possible route for passing adverse intra-uterine effects to the fetus is via epigenetic 
regulation. For example, increased maternal depressive mood during pregnancy is as-
sociated with reduced methylation of the promotor of the gene coding the serotonin 
transporter (SERT) in both mothers and new-borns123. These results suggest increased 
SERT mRNA levels and subsequently modified serotonin levels, contributing to in-
creased vulnerability later in life124. St-Pierre and colleagues therefore conclude that all 
parameters that can alter serotonin homeostasis during early development could lead 
to structural and functional changes in fetal development and brain circuits125. Which 
could subsequently result in a predisposition to psychopathology in adulthood.

Thus, several studies have shown an increased risk for the developing child, both during 
antenatal depression and after prenatal SSRI exposure. However, it is difficult to discern 
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between the effects of the SSRIs and the effects of the depression itself, as healthy moth-
ers do not administer antidepressants. For example, meta-analyses show that the risk 
found for ASD in the offspring after prenatal SSRI exposure is decreased after correcting 
for maternal mental illness126. Thus, the mentioned effects of SSRIs could be due solely 
to the administration of the SSRIs, or alternatively, the SSRIs are only partially effective 
and therefore don’t eliminate all the adverse effects of the depression, thereby adding 
up to the adverse effects of antenatal depression85.

PreClInICAl sTudIes – PerInATAl ssrI exPosure

In humans it is difficult, if not impossible, to discern the effects of the SSRI and the 
depression itself on fetal development. It’s not ethical to study the effects of SSRIs in 
healthy pregnant women. In addition, it is impossible to study gene expression and 
epigenetic changes in the fetal brain as a result of prenatal SSRI exposure. Due to these 
limitations of human research, researchers often use animal models, specifically ro-
dents, to get a more profound insight into the mechanisms underlying the observations 
seen in human studies.

It should be noted that the timing of brain development is different in humans in com-
parison to rodents. A rodent brain at postnatal day seven to ten is considered to be the 
rough equivalent of a new-born human infant127. Thus, to mimic SSRI exposure during 
the entire pregnancy in humans, rodents should be exposed both pre- and postnatally. 
In addition, it is known that SSRIs are also found in breast milk128, again underlining the 
need to research both the effects of pre- and postnatal SSRI exposure. For exposure to 
SSRIs around these time-points we will use the term perinatal SSRI exposure; when tim-
ing of the SSRI exposure is of particular importance we will distinguish between pre- and 
postnatal exposure to SSRIs.

social behaviour
As serotonin is a key regulator of social responses and prenatal SSRI exposure is being 
linked to ASDs, which are characterized by impaired social behaviour117, this behav-
ioural parameter is often addressed in researching the effects of prenatal SSRI exposure 
in animals.

Social play at juvenile age is an essential behaviour in rodents for the development of 
the necessary social, cognitive, emotional and physical skills129. SSRIs are well described 
in literature as reducing social play behaviour in young rats when prenatally130 or post-
natally131–134 administered. These effects of SSRIs seem sex-mediated, as males are more 
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affected than females133, or females are not even affected at all134. This is interesting 
because this is analogous to the situation where men are three to four times more likely 
to get diagnosed with ASDs in comparison to women135. In spite of that, not all studies 
find similar results. In a recent study136, social play behaviour was unaltered after prena-
tal SSRI exposure. However, in the latter study social play was assessed with a familiar 
play partner (littermate) while other studies use a novel conspecific.

Findings on the effects of prenatal SSRI exposure on social behaviour at adult age are 
more conflicting. Olivier and colleagues130 found reduced social exploration in adult 
male rats after prenatal SSRI exposure. Another study found that four days of postnatal 
treatment with SSRIs led to increased sniffing, contact with, and total social interaction 
with a novel conspecific in males137. Yet other studies found no effect of prenatal SSRI 
exposure on social exploration in both males and females138,139. In general, studies on 
the exposure of SSRIs during early development on adult social interaction behaviour 
are unconvincing. Studies on social motivation on the other hand, measured as the 
preference of a rodent to spent time with a novel conspecific over interaction with an 
object, appear to be more in line. Decreased social motivation is found in both males 
and females when postnatally exposed to SSRIs132–134,140. On the other hand, prenatal ex-
posure to SSRIs led to an increase in motivation to interact with a conspecific in mice138. 
Thus, while literature on the effects of perinatal SSRI exposure on social behaviour dur-
ing adulthood is still limited, both timing of the exposure and sex are important factors 
in the subsequent social development.

Another form of social interaction under the influence of the neurotransmitter serotonin 
is aggression141. Indeed, during both childhood and adulthood SSRIs are successfully 
used to reduce aggressive and violent behaviour in certain mental disorders142,143. Peri-
natal exposure to SSRIs on the other hand leads to increased externalizing behaviour, 
such as aggression, in children67. In rodents the findings on effects of perinatal SSRI 
exposure on aggressive behaviour are conflicting. Several studies show an increase in 
male, but not female aggressive behaviour136,138,139,144, while other studies show reduced 
aggressive behaviour in male rodents perinatally exposed to SSRIs145,146.

Serotonin is known to be involved in the regulation of maternal care147. Thus, perinatal 
SSRI exposure can be expected to alter maternal caregiving behaviour of both the SSRI 
treated mother and her female offspring when they are mothers later in life. Typical 
maternal behaviours include nest building, gathering the young into the nest, mater-
nal licking and nursing the pups. Studies on the effect of direct SSRI exposure find an 
increase in these behaviours148,149, or no effect at all150. So far only one study has been 
performed on the effects of prenatal exposure on maternal care later in life, and interest-
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ingly here they find a reduction in maternal caregiving behaviours138. This suggests that 
direct changes in serotonin levels, such as an increase in extracellular serotonin levels 
during SSRI treatment and changes in serotonin levels during development differentially 
alter the quality of maternal care.

Another role for serotonin is its signalling in sexual development, on both the brain 
and at a behavioural level151. In addition, chronic SSRI treatment may result in sexual 
dysfunction152. Not much is known about the effect of perinatal SSRI exposure on the 
sexual behaviour of children later in life. In rodents, however, several studies have been 
performed. The effect of perinatal SSRI exposure depends on the timing of treatment. 
When postnatally administered, male sexual behaviour later in life is reduced133,153–156. In 
contrast when the SSRI is prenatally, or both prenatally and postnatally administered, 
there is no effect on sexual behaviour of male rodents157,158. Interestingly there appears 
to be an opposite effect in female offspring, where postnatal SSRI exposure leads to 
an increase in sexual behaviours138,159. Thus, apart from the effect of timing, sex of the 
offspring also differentially alters the effect of perinatal SSRI exposure on reproductive 
behaviour.

Affective behaviour
It has long been established that serotonin is involved in affective disorders160. Affec-
tive disorders, also called mood disorders, include psychiatric disorders such as major 
depressive disorder and anxiety disorders.

A large body of preclinical research has shown the relationship between perinatal SSRI 
exposure and anxiety. Although there are some studies finding no effects, several stud-
ies did find an increase in anxiety-like behaviour and/or less explorative behaviour in 
an open field test when rodents are perinatally exposed to SSRIs130,146,161–167. An increase 
in anxiety-like behaviour in the elevated plus maze and the novelty supressed feeding 
test is also found130,161,162,168. Nevertheless, there are also studies that do not find ef-
fects at all150,154,169–174, and two studies even found a decrease in behaviours related to 
anxiety155,175. Even though results differ among studies, these differences are not clearly 
linked to sex of the offspring or timing of the SSRI exposure. So even though there ap-
pears to be a clear link between perinatal SSRI exposure and anxiety later in life, to get 
a more profound insight into the mechanisms behind this and the role of timing and sex 
more research has to be done.

It is difficult to determine if a rodent is depressed, or even to determine if it is possible for 
rodents to experience depression. However, rodents can show behaviours characteristic 
of the behaviours humans show during episodes of major depression. Such behaviours 
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encompass despair and anhedonia176. To measure behavioural despair in rodents the 
forced swim test is usually performed177. In this test the animal is placed in an unes-
capable container filled with water, forcing the rodent to swim. After making efforts to 
escape the animal may eventually stop his efforts and become immobile. The amount 
of time spent immobile is used as a measure of helplessness and behavioural despair. 
As reviewed178, most, but not all, studies performing the forced swim test after perinatal 
SSRI exposure find an increase in immobility146,162,163,168,169,172,173,179–184. Three studies did 
not find an effect130,150,174, and three studies even found a decrease in immobility166,175,185. 
The reviewers propose that these differences may be due to strain effects, where some 
strains could be more susceptible to early life SSRI exposure while others are resistant. 
In addition, they point out that the effect of perinatal SSRI exposure is greater when the 
animals are exposed during early postnatal period rather than the prenatal period.

Anhedonia is another behaviour often assessed as a measure for depression. Anhedonia 
is the inability or lack of motivation to experience pleasure from rewarding activities 
and is measured in rodents with the sucrose preference test186. In this test two drinking 
bottles are placed in the rodent’s home cage. One is filled with water and the other with 
a sucrose solution. Preference for the sucrose solution is considered typical hedonic 
behaviour, whereas lack of bias towards the sucrose water is characterized as a sign 
of anhedonia. It appears that only postnatal SSRI exposure increases anhedonia later 
in life187, as opposed to prenatal exposure130,188. This once more emphasizes that the 
moment of exposure is an important factor in assessing the effects of perinatal SSRI 
exposure.

Thus, not only sex of the offspring, but also the timing of the SSRI exposure appears 
to play an important role in behavioural development. However, all aforementioned 
studies are performed in offspring from healthy rodent mothers. In practice, pregnant 
women are usually treated with SSRIs when they are suffering from anxiety and/or 
depression. It’s likely that both maternal factors and the treatment with SSRIs affect 
serotonin functioning in the embryo and infant. The interplay of these two factors might 
shape the development of the fetus in a different way than antenatal depression or 
prenatal SSRI exposure on its own. Thus, to make a more valid translational step to the 
human situation, animal models of maternal vulnerability have to be used.
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PreClInICAl sTudIes – mATernAl VulnerABIlITy And 
PerInATAl ssrI exPosure

To induce maternal vulnerability in healthy rodents, researchers often use the early 
life stress (ELS) model. Maternal separation is one of the manipulations often used 
to create ELS. In this procedure the offspring is taken away from the mother for a few 
hours during the day, and this happens daily during a period of a few early postnatal 
weeks. This procedure leads to a long-term and intergenerational increase in anxiety 
and depressive-like behaviours189–194. Female offspring exposed to ELS and showing an 
increase in anxiety and depressive-live behaviours can be used as a model of maternal 
vulnerability later in life. Little is known about the interaction of such maternal vulner-
ability and treatment with SSRIs during pregnancy.

social behaviour
So far only two studies have looked into the combined effects of maternal vulnerabil-
ity and perinatal SSRI exposure on social play behaviour and social interaction of the 
offspring later in life. In 2017, Gemmel and colleagues136 showed that the reduction in 
social play behaviour in juveniles due to maternal vulnerability is prevented by perinatal 
SSRI treatment regardless of the sex of the offspring. This suggests a rescuing effect of 
SSRIs on social behaviour in offspring of stressed mothers. However, social aggressive 
play was increased in adolescent offspring exposed to perinatal fluoxetine and maternal 
vulnerability in both sexes. In addition, time spent on grooming a novel conspecific was 
decreased in males only. In a later study, Gemmel and colleagues195 did not find such an 
interaction effect on social behaviour in adult offspring. Even though, maternal vulner-
ability itself decreased social investigation in adult males while perinatal SSRI exposure 
increased social investigation in adult females and increased social play in adult males. 
Thus, normalization by SSRIs of altered social play and social interaction, due to ma-
ternal vulnerability might only be short-lived as it does not persist into adulthood. With 
regard to aggression, however, long-term protective effects of SSRIs are found144. In this 
study, aggressive behaviour was decreased as a result of maternal vulnerability which 
was normalized when perinatal SSRI exposure was included in the treatment.

One study has looked into the combined effect of SSRI exposure and maternal vulner-
ability on offspring sexual development156. Perinatal SSRI exposure reduced sexual 
behaviour in male offspring, while interestingly maternal vulnerability alone or the 
combination of maternal vulnerability and perinatal SSRI exposure did not have any 
effect on the development of sexual behaviour.
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So, even though SSRI treatment of vulnerable mothers appears to have a protective ef-
fect on offspring social development, these findings are not consistent over all types of 
behaviour and differ with the moment of assessment of the offspring.

Affective behaviour
Affective behaviours of the offspring such as anxiety and depression-like behaviours 
have also been studied after the offspring was exposed to a combination of maternal 
vulnerability and perinatal SSRI exposure. One study196 showed that the increase in 
anxiety due to maternal vulnerability can be reversed by the postnatal administration 
of SSRIs. When prenatally administered, such a rescuing effect was not found150. How-
ever, the effect of maternal vulnerability was limited and only found in males in this 
study. Two studies assessed depressive-like behaviour after perinatal exposure to both 
maternal vulnerability and SSRIs. Both studies found that SSRIs normalize the increase 
in immobility in the forced swim test due to maternal vulnerability150,197. Thus, so far, 
the effect maternal vulnerability has on anxiety and depressive-like symptoms in the 
offspring later in life appear to be reversed by SSRIs.

ConClusIon

In conclusion, children from mothers who suffer from anxiety or major depression 
during their pregnancy are at risk of developing several psychopathologies later in 
life. Moreover, treatment with SSRIs during pregnancy can also lead to long-term 
consequences for the children. However, it is difficult to determine if these effects are 
due to the SSRI treatment, maternal vulnerability, or a combination of both. Preclini-
cal research in rodents showed that perinatal SSRI exposure by itself led to alterations 
in social behaviour later in life. Specifically, social play in juveniles, sexual behaviour, 
maternal care in females, and aggression in males were influenced. Affective behaviours 
were also influenced, where both anxiety and depressive-like behaviours were increased 
due to perinatal SSRI exposure. Both the moment of SSRI exposure, pre- or postnatal, 
and sex of the offspring appear to be important factors in the development of social and 
affective behaviours after perinatal SSRI treatment.

Recently, researchers have started to look into the combined effects of maternal vulner-
ability and perinatal SSRI exposure in preclinical studies to make a more valid transla-
tional step to the human situation. Even though only a few studies have been done so 
far, it seems that, at least some developmental alterations on offspring behaviour due to 
maternal vulnerability can be normalized by perinatal SSRI exposure. These are interest-
ing and promising results and further investigation into the risks and benefits of SSRI 
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use during pregnancy in appropriate animal models are necessary to help depressed 
women in their decision to use SSRIs during pregnancy.
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Depressive symptoms during pregnancy are usually treated with selective serotonin 
reuptake inhibitor (SSRI) antidepressants. SSRIs influence the levels of serotonin, one of 
the key factors of neural embryonic development across vertebrate taxa, and their use 
during pregnancy has been associated with adverse effects for the developing embryo. 
However, the role of the placenta in transmitting these negative effects is not well un-
derstood. As placentation independently evolved and disappeared several times in the 
live-bearing fish genus Poeciliopsis, these model organisms offer a great opportunity to 
study the mediating role of the placenta. We examined if prenatal chronic exposure to 
different dosages of the SSRI fluoxetine negatively impacts reproduction and offspring 
development in two fish species, one species with (P. turneri) and one species without 
(P. gracilis) a placenta. We found both fluoxetine and its active metabolite norfluoxetine 
to be present in P. gracilis and P. turneri embryos. Exposure to increased fluoxetine 
concentrations led to a greater decline in offspring born, most prominently in P. turneri. 
In addition, P. turneri offspring body mass and body length negatively correlated with 
increased fluoxetine concentration during treatment, an effect that was not notable in 
P. gracilis. The expression of the serotonin transporter and the serotonin 1a receptor 
in the brains of both the mothers and the offspring were positively correlated with the 
fluoxetine concentration in the water in both species. Although adverse effects, such 
as a decrease in reproduction and decreased offspring developmental growth, in the 
placental species P. turneri were more notable and larger, we did see that P. gracilis, 
without a placenta, was not completely shielded from adverse effects. Thus, even with-
out a placenta there is a negative effect of fluoxetine, but this is seriously increased with 
a placenta, which should be considered in prescribing fluoxetine to pregnant women.
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InTroduCTIon

Serotonin is one of the key factors of neural embryonic development across vertebrate 
taxa. This neurotrophic factor regulates cell division, cell differentiation, cell migration, 
dendritic pruning and synaptogenesis45. Alterations in the serotonergic system, for 
instance by using selective serotonin reuptake inhibitors (SSRIs), may influence the 
development of the embryo. SSRIs are used to treat depression, and their use during 
pregnancy in both Europe and the U.S. has tremendously increased over the past de-
cades, with fluoxetine being one of the most prescribed antidepressants50–53. By target-
ing the serotonin transporter, SSRIs block serotonin reuptake into the presynaptic cell, 
thereby increasing extracellular serotonin levels. In humans, SSRIs are known to cross 
the placenta and are found in the amniotic fluid, affecting therefore not only the mother 
but also the developing child58,59. Although SSRIs are considered safe for antenatal 
use and do not cause serious teratogenic effects, studies report that the use of SSRIs 
during pregnancy does influence the offspring198. Several behavioural changes have 
been reported as a result of SSRI treatment during pregnancy, such as disrupted sleep 
patterns in newborns65, increased internalizing and externalizing behaviour including 
aggression in toddlers66,67,113, and lower scores on motor-, social-emotional and adap-
tive behavioural tests199. In addition, SSRIs have been reported to induce the risk of 
spontaneous abortion200, and are significantly associated with a lowered birth weight201. 
As SSRIs are known to cross the placenta and thereby reach the fetus, we hypothesize 
that the placental connection between mother and the developing embryo imposes an 
increased risk for the embryo. However, the role of the placenta in transmitting these 
negative effects to the embryos is not well understood.

Because of the limitations of human studies (e.g., ethical reasons, healthy pregnant 
women are not treated with SSRIs), animal models are often needed to further deepen 
our understanding of the mechanisms by which altered serotonin levels may be passed 
on from mother to offspring. Placentas have evolved only once in mammals, but many 
times in reptiles and fishes. As in humans, the animal placenta exerts its role in embryonic 
development via the regulation of gas exchange, removal of waste, nutrient transport, 
hormone production, and immune defence between maternal and fetal tissues. Fish are 
a potentially interesting model in this regard, because (i) the primary target of SSRIs, the 
serotonin transporter, is evolutionary and functionally conserved74, (ii) like in humans, 
exposure to SSRIs affects fish’ aggressive and anxiety behavior76–79, and (iii) as fish are 
small, inexpensive, and relatively easy to house they are a convenient test subject.

The live-bearing fish genus Poeciliopsis (family Poeciliidae) offers a great opportunity to 
study the mediating role of the placenta, as placentation independently evolved three 



42

times in the genus Poeciliopsis3,42. The eggs of this live-bearing species develop within 
the mother. Members of the genus Poeciliopsis do not have true uteri, and embryonic 
development takes place in the ovarian follicle38. Placental structures are formed from 
the apposition of the ovarian follicle wall and yolk sac of the embryo. Some species are 
completely lecithotrophic42; they lack a placenta and provide nutrients to the egg prior 
to fertilization via a yolk sac allocated to the egg. Their maternal follicles are thin and 
the inner surface of the maternal follicular epithelium is flat, with a cellular layer cov-
ered by a non-cellular porous membrane40. The follicular blood vessels are suggested 
to facilitate gas exchange40,43. Other species are matrotrophic, with thicker follicles that 
provide nutrients throughout embryonic development via a placental structure with a 
highly folded follicular epithelium and an inner surface covered with microvilli42. These 
epithelial folds are comprised of cuboidal and columnar cells, richly supplied with capil-
laries40. Here, we investigated whether the presence of a placenta increases the risk for 
adversity in the unborn offspring because of altered serotonin levels in the mothers’ 
milieu, by comparing the effects of an SSRI in two closely related live-bearing species 
that markedly differ in the presence/absence of a placenta41: Poeciliopsis gracilis lacks a 
placenta and P. turneri has a well-developed placenta.

In this study, our aim is to see if placental interaction influences the effects of prenatal 
chronic SSRI exposure on the offspring. Moreover, in teleosts, an infraclass containing 
96% of all fish species, the serotonin system plays an important role in the mechanism 
underlying reproduction, suggesting that SSRIs could also influence the fish’ reproduc-
tive functions202. To establish this, we exposed P. gracilis and P. turneri to fluoxetine 
treatment, a commonly prescribed antidepressant in humans, for a period of six weeks. 
Then, we examined body tissue SSRI concentrations in mothers and embryos, reproduc-
tive success, offspring body size, and neural gene expression of the genes encoding the 
serotonin transporter (slc6a4) and the serotonin 1a receptor (htr1a). It is known from 
human and rodent studies that both slc6a4 and htr1a expression are downregulated by 
SSRI treatment203–207. As our study is the first to investigate the effects of prenatal fluox-
etine exposure in Poeciliopsis, and because timing and dosing of SSRIs may influence 
outcomes, we assessed a broad range of fluoxetine concentrations in these fish. This 
approach will give insight in the placental role and fetal consequences due to alterations 
in maternal serotonergic functioning that can possibly be extrapolated to the pharma-
cological impact in humans.
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meThods

experimental animals
Experimental subjects were reared from birth to sexual maturity (~6 months) in 30 litre 
community tanks at a density of 30 fish of equal age per tank. As soon as the fish reached 
maturity, they were transferred to 10 litre aquaria, one male and two females per tank. 
During a 15-week period prior to the start of the experiment, the females were kept with 
conspecific males to allow for mating and fertilization of the females. At the start of the 
experiment, the males were removed from the 10 litre aquaria, leaving only the two 
females. Because P. gracilis have larger litters than P. turneri we used respectively 8 and 
10 females per treatment group. A total of 24 tanks were used to house 48 adult female 
P. gracilis in pairs, and another 30 tanks were used to house 60 adult female P. turneri. All 
fish were kept at a constant temperature of 25 °C ± 1, with pH values of 7.7 ± 0.3, under 
a 12:12 light-dark cycle. The fish were fed ad libitum with newly-hatched brine shrimp 
(Artemia salina) in the morning and fish flakes (Tetramin) in the afternoon. All experi-
mental procedures were carried out at the Aquatic Research Facilities (ARF-CARUS) of 
Wageningen University (Wageningen, The Netherlands). This study was carried out in 
accordance with the principles of the EU Directive 2010/63/EU.

drug administration and water measurements
The aquaria were divided over six treatment groups. For a total period of six weeks a 
fluoxetine solution was daily administered to the aquaria. To construct a dose response 
curve fluoxetine was administered to the aquaria in the different treatment groups in 
concentrations of 0, 0.5, 1, 10, 20 or 40 µg fluoxetine per litre aquarium water. The con-
centrations were selected to cover both environmentally relevant (0.5 and 1 µg/L)208–217, 
and pharmacologically relevant concentrations (10, 20 and 40 µg/L). The latter were 
calculated by the application of the Fish Plasma Model218, under the Read Across Hy-
pothesis, stipulating that a drug will affect non-target organisms only if the molecular 
targets have been conserved, resulting in a pharmacological effect if plasma concentra-
tions are similar to human therapeutic concentrations79,218,219.

The Fish plasma model aims to predict the Fish steady state Plasma concentrations 
(FssPC) of a drug starting from a given water situation. We used the improved model of 
Margiotta and collaborates (2014) after it was shown that water pH significantly affects 
ionization, bioavailability and toxicity of SSRIs79,220. The following equations were used:

Log Pblood:water = 0.73 x Log D7.4 – 0.88
FssPC = [water concentration µg/L] x Pblood:water
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We have set 1.99 as Log D value by a pH of 7.4221, as fluoxetine plasma concentrations 
were found to be 100 ± 50 µg/L in patients suffering from major depression222, we chose 
fluoxetine water concentrations of 10, 20 and 40 µg/L leading to (predicted) fish plasma 
concentrations of around 40 to 140 µg/L.

Fluoxetine solutions to be administered to the aquaria were prepared by dissolving 
fluoxetine (Fluoxetine 20 PCH, Pharmachemie BV, The Netherlands) in sterile water. 
Solutions were prepared once every fortnight and kept at 4 °C until used. All replicate 
aquaria that received the same concentration formed a closed-circulation system, con-
nected to a large storage tank with biofilter (in other words, each treatment group was 
connected to a separate biofilter). The water of each individual aquarium was drained, 
passed through the biofilter and send back to the individual aquaria.

To analyse the dynamics of fluoxetine concentration in the aquaria, water samples 
were taken on five moments during our six-week experiment: (i) half an hour after the 
first fluoxetine administration, (ii) 24 hours after the first fluoxetine administration, (iii) 
half an hour after fluoxetine administration on day 15, (iv) half an hour after fluoxetine 
administration on day 29, and (v) 24 hours after the last fluoxetine administration on 
day 42. The concentrations of fluoxetine and its active metabolite norfluoxetine were 
measured in the water samples with the use of high-performance liquid chromatog-
raphy (HPLC) by Charles River Laboratories (Groningen, The Netherlands). An aliquot 
of each water sample was diluted with dilution solvent (acetonitrile with 0.4% formic 
acid). Following dilution, internal standards fluoxetine-D6 and norfluoxetine-D6 were 
added. Levels of fluoxetine and norfluoxetine were quantified using LC-MS/MS method. 
Of each prepared sample, an aliquot of sample was injected on the HPLC column by 
an automated sample injector (SIL30-AC, Shimadzu, Japan). Chromatographic separa-
tion was performed on a Synergi 2.5 µM Max-RP analytical column (100 x 3.0 mm, 2.5 
µm, Phenomenex) held at a temperature of 35 °C. Components were separated using a 
gradient of acetonitrile and ultra-purified water both containing 0.1% (v/v) formic acid 
at a flow rate of 0.3 mL/min. The MS analyses were performed using an API 4000 MS/MS 
system with a Turbo Ion Spray interface (Sciex, U.S.). The instrument was operated in 
multiple-reaction-monitoring (MRM) mode. The acquisitions were performed in positive 
ionization mode, with optimized settings for test item and internal standards. Data were 
acquired and processed using the Analyst™ data system (v 1.6.2, Sciex, U.S.). The lower 
limit of detection was 0.02 µg/L for fluoxetine and 0.0006 µg/L for norfluoxetine.

female dissection, embryo collection and tissue measurements
After six weeks of treatment, and roughly 24 hours after the last dose of fluoxetine was 
administered, the pregnant females were terminated using MS-222. Body mass was 
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obtained using a Ohaus® Scout® Pro balance scale, and total length was measured 
with a calliper ruler. Ovaries were dissected out and immediately frozen in RNAlater. 
Embryos present in the ovaries were counted and staged (from 0 till 50) according to 
Haynes’ Standardized Classification of Poeciliid Development for Life-History Studies223. 
Embryos in stage 0, 5, 10, and 15 were classified as ‘early stage’, in stage 20, 25, and 30 as 
‘middle stage’ and in stage 35, 40, 45 and 50 as ‘late stage’.

Fluoxetine and norfluoxetine concentrations were determined in the tissue (whole body 
without the head) of two females per species per treatment. In addition, we measured 
fluoxetine and norfluoxetine concentrations in all the late-stage embryos of those fe-
males (whole bodies). Fish tissue samples were homogenized in extraction solvent (0.6 
M perchloric acid with 0.1% ascorbic acid in ultra-purified water, 2 µL per each mg tis-
sue) using a Precellys Evolution homogenizer. The homogenate was centrifuged (30 min, 
18000 x g, 4 °C) and the resulting supernatant was further diluted with dilution solvent, 
followed by internal standard addition of fluoxetine-D6 and norfluoxetine-D6. Levels 
of fluoxetine and norfluoxetine were quantified using HPLC as in the water samples 
described above. The lower limit of detection of fluoxetine was 0.375 pmol/g and 0.15 
pmol/g for norfluoxetine.

Offspring collection and duration of exposure
Both P. gracilis and P. turneri have superfetation, i.e. the ability to carry multiple, tempo-
rally overlapping litters that are fertilized at different timepoints3,224,225. The females are 
able to store sperm, and after a single copulation and fertilization the female will remain 
pregnant and new broods will continuously be born, with a new litter approximately 
every two weeks226. Superfetation in Poeciliopsis allows us to examine the role of timing 
of prenatal SSRI exposure in the offspring, i.e. after the start of the experiment every few 
weeks a new brood will be born with a different exposure time to SSRIs (Figure 1).

During the six-week treatment period, all born offspring were recorded and collected 
daily before fluoxetine administration and directly terminated in MS-222. We estimate 
the gestation time to be roughly 30 days, based on data from closely related species (B. 
J. A. Pollux & D. N. Reznick, unpublished data). Thus, offspring born during the first weeks 
of the experiment were only exposed to fluoxetine during the last part of gestation, and 
offspring born further into the experiment were exposed for increasing length of the ges-
tation period. Lastly, offspring born after roughly 30 days of chronic SSRI treatment were 
prenatally exposed during the entire length of gestation. Total length (including tail fin) 
and body mass of each offspring was measured three times using a Ohaus® Scout® Pro 
balance scale and digital calliper ruler and averaged.
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Brain dissection
Maternal brains were dissected by cutting off the head and removing the soft tissue on 
the ventral side of the head until the skull bone was reached. The head was then spread 
open by pushing on the cartilage bone of the eye socket after the hard tissue around 
the eyes was pried away. In between the eye sockets, soft tissue was torn away until 
the optic nerves were visible. The optic nerves were cut with scissors and the eyes were 
removed. Left and right lateral sides of the skull were pinched, close to the optic nerve 
ending, and carefully pulled away from each other to free the brain from the skull. These 
procedures were performed in phosphate buffered saline on ice and brains were im-
mediately further processed to isolate the RNA.

Offspring brains were dissected by tearing the dorsal side of the head open with pre-
cise forceps. After removing skull tissue, the brain was removed by first pulling on the 
medulla. Then, forceps were pushed under the brain and held by the optic nerves. By 
pulling on the optic nerve, the whole brain was freed. These procedures were performed 
in phosphate buffered saline on ice and brains were immediately further processed to 
isolate the RNA.

rnA isolation and reverse transcription
Brains were lysed in TRIzol™ reagent (Ambion, Life Technologies) and disrupted twice 
for two minutes at 30 Hz using a TissueLyser II (Qiagen) with 5 mm stainless steel beads. 
Chloroform (Sigma-Aldrich) was added for phase separation and isopropanol (Acros Or-
ganics) was added to precipitate the RNA. After a washing step with 75% ethanol (Merck, 

figure 1: Experimental timeline of the fluoxetine treatment. Previous to the experimental treatment, a 
male was placed with two females per aquarium for fifteen weeks, allowing for copulation. The male was 
removed from the aquarium when treatment started. Fluoxetine was daily administered to each aquarium 
for six weeks; different dosages of fluoxetine were administered to the subsets of aquaria. Due to super-
fetation new broods were continuously born over the six-week treatment period with different lengths of 
fluoxetine exposure (green lines). After the experimental treatment the pregnant females were terminated 
and embryos were collected from the ovaries.
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Boom lab) the RNA pellet was dissolved in UltraPure™ DNase/RNase-free distilled water 
(Invitrogen).

RNA concentration, integrity and purity were checked using a NanoDrop 200 spectro-
photometer (Thermo Scientific) and 0.8% agarose gel electrophoresis. Samples of low 
quality were omitted from further assessment.

To remove gDNA from the obtained RNA, DNase I - Amp grade (Invitrogen) was used ac-
cording to the manufacturer’s protocol to remove genomic DNA from the obtained RNA. 
Complementary DNA (cDNA) was synthesized using oligo(dT)18 primers and RevertAid 
H Minus Reverse Transcriptase (Thermo Scientific) according to the manufacturer’s 
protocol using a Veriti 96 well thermal cycler (Applied Biosystems).

Quantitative reverse transcriptase PCr (qrT-PCr)
Amplification was performed using PowerUp™ SYBR™ Green Master Mix (Thermo Scien-
tific). Selected genes and designed primer sequences are indicated in Table 1. Primer 
sequences were designed on the recently sequenced P. gracilis and P. turneri genomes227. 
In the fish brain both the serotonin transporter (slc6a4) and the serotonin 1a receptor 
(htr1a) have two variants, slc6a4a & slc6a4b, and htr1aa & htr1ab228. The sequence we 
used for the serotonin transporter (slc6a4) had a 67% and 70% identity with slc6a4a 
and 57% and 59% identity with slc6a4b for P. turneri and P. gracilis respectively. The 
sequence we used for serotonin 1a receptor (htr1a) had a 79% identity with htr1aa and 
a 78% identity with htr1a in both P. gracilis and P. turneri. The designed slc6a4 and htr1a 
primers only gave one hit when blasted against the P. gracilis and P. turneri genome 
in PCR Virtual Lab (Genetic Science Learning Center 2018, retrieved March 2021, from 
https://learn.genetics.utah.edu/content/labs/pcr/), confirming that we only target one 
of the slc6a4 and htra1 receptor variants.

Table 1: Designed primer sequences for P. gracilis and P. turneri to assess the gene expression levels of the 
serotonin transporter (slc6a4) and serotonin 1a receptor (htr1a) with qRT-PCR. Beta-actin and ribosomal 
protein L7 (RPL7) were used as reference genes.

forward primer sequence reverse primer sequence

Target gene

Slc6a4 CTGCCACGTTCTTTGCCATC ACCACTCCCGTCTCTTAGCT

Htr1a ATCCCCCTCATCCTCATGCT GACACGGCCAAACACTTGTC

reference gene

Beta-actin GCGACCTCACAGACTACCTC ATGTCACGCACGATTTCCCT

Rpl7 ATGTCTCGTATGGCTCGCAA GCGGAC CTTTGGTGGGAC
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Primers were tested on both P. gracilis and P. turneri cDNA with the use of REDExtract-N-
Amp™ reagent (Sigma Aldrich) using a Veriti 96 well thermal cycler (Applied Biosystems) 
and 0.8% agarose gel electrophoresis to verify the presence of the right DNA product. All 
primers used were confirmed to anneal to both P. gracilis and P. turneri cDNA.

Gene expression assays were first optimized leading to optimal forward and reverse 
primer concentrations of: slc6a4 200 nM, htr1a 600 nM, beta-actin 600 nM, and rpl7 400 
nM. For all reactions 10 ng of cDNA was used. Reactions were run in triplicate on 96 
fast half skirt qPCR plates (Sarstedt) in an Applied Biosystems 7500 Fast Real-Time PCR 
system (Life Technologies), with thermal cycling conditions: 2 min 50 °C, 2 min 95 °C; 40 
cycles of 3 sec 95 °C, 30 sec 60 °C. A dissociation curve was established (15 sec 95 °C, 1 
min 60 °C, 15 sec 95 °C), revealing only a single peak signifying that amplification of only 
one PCR product was contributing to the measured cycle threshold (Ct) value.

qPCR data analysis
Mean Ct values within triplicates were calculated and if the standard deviation (SD) of 
the mean Ct value was ≥ 0.3, the most deviating measurement was excluded. When after 
removal the two remaining measurements still had an SD of ≥ 0.3 the qPCR was repeated 
for that sample. Relative gene expression was calculated as 2-ΔΔCt values, as described in 
Rao et al. (2013), taking into account the PCR efficiency of each individual sample229. PCR 
efficiencies were calculated using LinRegPCR v.2020.0230.

Analyses and statistics
All analyses were carried out using the statistical software R (version 3.5.3)231, using the 
packages ggplot2232 and lme4233. Regular measurements of fluoxetine water concentra-
tions during the experiment revealed a contamination with fluoxetine in the 0 µg/L 
fluoxetine treatment group, and therefore this group was omitted from further data 
analysis. To compare the various measurements between the two species and the five 
remaining treatment groups (i.e., 0.5, 1, 10, 20 and 40 µg fluoxetine per litre; Table 2), 
and treatment duration (where applicable), we used either general or generalized linear 
mixed-effect models depending on the distribution of the data (i.e., normal or Poisson, 
respectively). Unless stated otherwise, species (2 levels: P. gracilis and P. turneri), treat-
ment (5 levels: 0.5, 1, 10, 20 and 40 µg /L), duration of treatment (3 levels: week 1-2, week 
3-4 and week 5-6; only for the longitudinal measurements) and their interactions were 
added as fixed effects to the model, while aquarium number (20 levels for P. gracilis and 
25 levels for P. turneri after omitting the contaminated 0 µg/L fluoxetine treatment group) 
was added as random effect to account for the repeated measurements and covariance 
between females in the same aquarium. Through step-wise model simplification, we 
assessed which of the above-mentioned fixed effects were significant in the model, by 
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comparing models with the ANOVA command. The Akaike information criterion (AIC) 
was used for model selection, to assess which (full or simplified) model best fitted the 
data. The delta AIC between different models was used to evaluate if the superior model 
was significantly better (see supplementary data S3 for p-values, AIC values, chi-square 
values, and degrees of freedom).

For determining the fluoxetine and norfluoxetine concentrations and transfer rates, we 
analysed two females (plus her pooled late-stage embryos) per species per treatment. 
However, not in all treatments late-stage embryos were found in the ovaries. In addition, 
one sample was removed because it was a clear outlier (approximately ten standard de-
viations away from the median of other low treatment samples, see supplementary data 
S4). This led to the group sizes shown in Table 2. The fluoxetine and norfluoxetine trans-
fer rate from mother to embryos was calculated by dividing the measured concentration 
of the mother by the measured concentration in all her pooled late-stage embryos. To 
optimize normality and homoscedasticity of model residuals, all the concentrations 
and rates were log-transformed. Tissue concentrations were compared using a general 
linear mixed effect model with species, treatment, and generation (2 levels: mother and 
offspring) and their interactions added as fixed effects to the model, while sample ID (40 
levels for P. gracilis and 50 levels for P. turneri; the same ID was used for each mother and 
her embryos) was added as random effect to account for paired measurements. Transfer 
rates were compared using an ANOVA, as we did not conduct repeated measurements 
nor used females from the same aquarium.

Table 2: Number of samples per group for fluoxetine and norfluoxetine tissue concentration measure-
ments in P. gracilis and P. turneri.

Treatment fluoxetine per day number of mothers number of embryos

P. gracilis Low 1 0.5 µg/L 2 2

Low 2 1 µg/L 1 1

Medium 1 10 µg/L 2 2

Medium 2 20 µg/L 2 2

High 40 µg/L 2 1

P. turneri Low 1 0.5 µg/L 2 2

Low 2 1 µg/L 2 2

Medium 1 10 µg/L 2 1

Medium 2 20 µg/L 2 0

High 40 µg/L 2 0
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The number of litters born over time and the litter sizes were both grouped over two-
week intervals, as this best reflects the reproductive biology of our study species who 
approximately deliver one litter every two weeks. The resulting count data (non-nega-
tive integer values) were analysed using generalized linear mixed-effect models with a 
Poisson error distribution and log link function and the number of alive females added 
as offset. Reproductive success, defined as the total number of offspring born over the 
six-week treatment period per tank (two females), was analysed using a generalized 
linear mixed-effect model with a Poisson error distribution and log link function and the 
‘alive females score’ included as offset. This latter score was calculated as the sum of the 
number of females alive for each week, so if both females were alive all six weeks this led 
to a score of 12, while if one female died halfway through the experiment, the score was 
9. The total number of embryos and eggs dissected from the ovaries was also analysed 
with a generalized mixed-effect model using a Poisson error distribution and log link 
function. Finally, data on offspring length and body mass was log-transformed to opti-
mize normality and homoscedasticity of model residuals and subsequently tested with 
a general linear mixed-effect model, with duration of treatment added as a fixed effect.

To test the effect of species and fluoxetine concentration on the expression of the se-
rotonin transporter (slc6a4) and the serotonin 1a receptor (htr1a) in the brains of the 
mother and their embryos we calculated log mean normalized expression (MNE)229 val-
ues. Log MNE values were analysed with general linear mixed-effect models. Offspring 
data was grouped over two-week intervals reflecting the reproductive biology of these 
two species. qPCR plate number was added as random variable to account for technical 
differences.

resulTs

General observations
We treated five groups of pregnant P. gracilis (without placenta) and P. turneri (with pla-
centa) with different concentrations of fluoxetine for a total period of six weeks, by daily 
adding a fluoxetine solution to the aquaria. A few females died during the experimental 
period, but there was no increase in mortality for treatments with higher fluoxetine 
concentrations (supplementary data; S1). Female body mass measured at the end of the 
experiment did not significantly differ among treatment groups (supplementary data; 
S2).

The fluoxetine concentration in the aquaria decreased over the course of 24 hours after 
the first administration of fluoxetine (Table 3). With daily supplementation, however, 
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concentrations of both fluoxetine and norfluoxetine in the water gradually increased 
over the course of the experiment in all treatment groups (Table 4). Since the fluoxetine 
and norfluoxetine concentrations consistently differed between the five treatments 
we hereafter refer to the treatments as “Low 1”, “Low 2”, “Medium 1”, “Medium 2” and 
“High” instead (Tables 3 and 4).

Fluoxetine and norfluoxetine concentrations in mother and embryo 
tissue
Fluoxetine and norfluoxetine tissue concentrations were measured in mothers (whole 
body without their heads) and all her pooled late-staged embryos (whole bodies). Both 
fluoxetine and norfluoxetine tissue concentrations were higher in placental P. turneri 
than in non-placental P. gracilis (fluoxetine p = 0.042; norfluoxetine p < 0.001). In all treat-
ments both fluoxetine and norfluoxetine were present in higher concentrations in the 
embryos than in the mothers, but this difference was smaller at higher concentrations 
(Figure 2; treatment x generation; fluoxetine p < 0.001; norfluoxetine p < 0.001).

Table 3: Fluoxetine concentrations in μg/L in aquaria over the course of the experiment. Measurements 
were taken half an hour after fluoxetine administration on day 1, 15 and 29, and 24 hours after fluoxetine 
administration on the second and last day. No sample was taken on day 1 for treatment Low 2. Numbers 
are rounded to two decimals.

Treatment
fluoxetine 
per day

day 1
30 minutes

day 2
24 hours

day 15
30 minutes

day 29
30 minutes

day 42
24 hours

Low 1 0.5 (µg/L) 0.28 0.28 0.60 1.25 0.82

Low 2 1.0 (µg/L) No data 0.24 1.07 1.46 1.30

Medium 1 10 (µg/L) 5.16 1.86 18.40 30.40 24.75

Medium 2 20 (µg/L) 10.35 4.21 50.73 38.36 55.68

High 40 (µg/L) 26.23 8.66 150.54 199.21 242.10

Table 4: Norfluoxetine concentrations in μg/L in aquaria over the course of the experiment. Measurements 
were taken half an hour after fluoxetine administration on day 1, 15 and 29, and 24 hours after fluoxetine 
administration on the second and last day. No sample was taken on day 1 for treatment Low 2. Numbers 
are rounded to two decimals.

Treatment
fluoxetine 
per day

day 1
30 minutes

day 2
24 hours

day 15
30 minutes

day 29
30 minutes

day 42
24 hours

Low 1 0.5 (µg/L) 0.00 0.00 0.00 0.01 0.01

Low 2 1.0 (µg/L) No data 0.00 0.01 0.01 0.01

Medium 1 10 (µg/L) 0.00 0.00 0.09 0.20 0.14

Medium 2 20 (µg/L) 0.00 0.01 0.14 0.23 0.21

High 40 (µg/L) 0.00 0.01 0.39 0.66 0.70
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No signifi cant diff erences were found in the transfer rate of fl uoxetine between species 
or treatment concentrations. However, P. turneri did have a signifi cantly higher transfer 
rate of norfl uoxetine than P. gracilis (ANOVA: F1,11 = 6.70, p = 0.0490;  Figure 3).

reproductive outcome
Throughout the six-week experiment, we daily collected all new-born off spring, both 
dead and alive. A total of 761 off spring were collected of which 65 were found dead. 
The percentage of dead off spring was increased by fl uoxetine dose for P. turneri, while 
this was not the case for P. gracilis, (supplementary data; S5). However, it is diff icult to 
fi nd dead or decaying off spring in the aquaria because of their small size (especially 
for P. gracilis) and it is possible that we missed dead new-born off spring. Due to this 
uncertainty, we only took alive off spring into consideration for all further analyses on 
reproductive success.

All living off spring born during the six-week treatment period were grouped into two-
week time intervals, representing the reproductive nature of both species. A ‘litter’ was 
defi ned as all living off spring born within 24 hours. The number of litters born during 
the six-week experimental period signifi cantly declined over time in both species (p = 
0.004, interactions p = n.s.). This eff ect appears to be more consistent and pronounced 
in P. turneri in comparison to P. gracilis (Figures 4a and 4b), but no signifi cant interaction 
eff ect was found, indicating that both species responded similarly over time. There were 
no signifi cant diff erences in number of litters between species or treatment.

figure 2: (a) Average fl uoxetine and (b) norfl uoxetine tissue concentrations in non-placental P. gracilis and 
placental P. turneri mothers and their embryos. The logarithmic x-axis displays the fl uoxetine concentration 
of the fi ve diff erent treatments in the aquarium water at the end of the treatment period. The logarith-
mic y-axis displays the (nor)fl uoxetine concentration found in mother or embryo tissue. Both fl uoxetine 
and norfl uoxetine tissue concentrations were higher in placental P. turneri than in non-placental P. gracilis 
(fl uoxetine p = 0.042; norfl uoxetine p < 0.001). In all treatments both fl uoxetine and norfl uoxetine were pres-
ent in higher concentrations in the embryos than in mothers, but this diff erence was smaller at higher con-
centrations (treatment x generation: fl uoxetine p < 0.001; norfl uoxetine p < 0.001). Mean ± SEM are shown.
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Litter size signifi cantly diff ered between species, with P. gracilis having larger litters 
(p < 0.001). Higher fl uoxetine concentration led to a greater decline in litter size over 
treatment time (Figures 4c and 4d; duration of treatment x treatment: p < 0.001). This 
reduction in litter size is especially clear for P. turneri when aggregating the data over the 
whole six-week treatment period (Figures 4e and 4f).

We further looked at total reproductive success of the females in our study, which was 
calculated as all off spring born per aquarium corrected for the number of alive females 
in that aquarium. Here we found an interaction eff ect for species and treatment (p < 
0.001), with the number of off spring tending to decline with increasing dosages of fl uox-
etine in P. turneri, but not in P. gracilis (Figure 5).

figure 3: (a) Fluoxetine and (b) norfl uoxetine transfer rates for P. gracilis (no placenta) and P. turneri (pla-
centa) female and her late stage (pooled) embryos. Each data point depicts the calculated transfer rate 
(concentration embryos/concentration mother) for one sample. P. turneri had a signifi cantly higher transfer 
rate of norfl uoxetine than P. gracilis (ANOVA: F1,11 = 6.70, p = 0.0490), while for fl uoxetine no signifi cant 
diff erences were found.
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figure 4: Reproduction in P. gracilis (no placenta) and P. turneri (placenta) during fluoxetine treatment. (a) 
& (b) Average number of litters born per female over time for P. gracilis and P. turneri. The x-axis shows the 
time of birth (born in treatment week 1 and 2, 3 and 4, or 5 and 6). (c) & (d) Average litter size over time for 
P. gracilis and P. turneri. The x-axis shows the time of birth (born in treatment week 1 and 2, 3 and 4, or 5 
and 6). (e) & (f) Total average litter size over the whole course of the experiment for P. gracilis and P. turneri 
per treatment group. Litter size significantly differed between species, with P. gracilis having larger litters 
(p < 0.001). In addition, the number of litters born during the six-week experimental period significantly 
declined over time in both species (p = 0.004).  And higher fluoxetine concentration led to a greater decline 
in litter size over treatment time (duration of treatment x treatment: p < 0.001). In all plots mean ± SEM are 
shown.
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We further examined the number of embryos (Figure 6a) and unfertilized eggs (Figure 
6b) present in the uterus of the females at the end of the experiment (i.e., at the end 
of week six). Because several developmental stages are present in superfetatious fi sh, 
we distinguished between early-staged, mid-staged, late-staged and total number of 
embryos. In Figure 6a, we only show the results for total number of embryos, because 
the number of embryos were similar for all embryo stages (see supplementary data S6 
for the separate developmental stages). The total number of embryos in the ovaries was 
higher in P. gracilis in comparison to P. turneri (p < 0.001) and declined with increasing 
fl uoxetine concentrations (p < 0.001; Figure 6a). In addition, the number of unfertilized 
eggs in the ovaries decreased for P. turneri with increasing treatment concentration in 
comparison to P. gracilis (species x treatment: p = 0.010;  Figure 6b).

Off spring body size
We examined the eff ect of fl uoxetine on off spring development in our study species by 
measuring the body length and body mass at birth, of all the off spring born over the 
six-week experimental period.

figure 5: Reproductive success of P. gracilis (no placenta) and P. turneri (placenta). Reproductive success 
is depicted here as the total number of off spring born over the six-week treatment period per tank (two 
females). There was an interaction eff ect for species and treatment (p < 0.001), with the number of off spring 
tending to decline with increasing dosages of fl uoxetine in P. turneri, but not in P. gracilis. Data falling out-
side the Q1 – Q3 range of the boxplot are plotted as outliers.
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Body length of the off spring was signifi cantly shorter at higher treatment concentrations 
(p = 0.014). A signifi cant interaction eff ect (species x treatment duration: p < 0.001), sug-
gests that this eff ect is caused by P. turneri, which shows a negative correlation between 
prenatal exposure time to fl uoxetine (treatment day) and body length (Figure 7b), while 
P. gracilis does not (Figure 7a).

For body mass, we found a three-way interaction for species, treatment day and 
treatment (p = 0.037). Body mass of P. turneri off spring were higher than for P. gracilis 
off spring (Figures 7c and 7d), which is a known biological diff erence234. The body mass 
of P. gracilis remained stable over time (treatment day) and over treatments (Figure 
7c), while in P. turneri we observed a decline in off spring body mass over time and with 
increasing treatment concentration (Figure 7d).

Brain gene expression
We examined the expression of the serotonin transporter (slc6a4) and the serotonin 
1a receptor (htr1a) in the brains of the mother (direct exposure via the water) and her 
off spring (indirect exposure in utero) in response to diff erent fl uoxetine concentrations.

The gene expression levels of slc6a4 in the brains of adult females did not signifi -
cantly diff er between species (Figure 8a); however, the expression levels of htr1a were 
signifi cantly higher in P. turneri than in P. gracilis (Figure 8b, p = 0.003). Moreover, the 
expression levels of both slc6a4 and htr1a were positively correlated with the fl uoxetine 
concentration in the water in both species (p = 0.001,  Figure 8a; p = 0.001,  Figure 8b).

figure 6: (a) Number of embryos and (b) unfertilized eggs found in ovaries of P. gracilis (no placenta) and 
P. turneri (placenta) females aft er six weeks of fl uoxetine treatment. The total number of embryos in the 
ovaries was higher in P. gracilis in comparison to P. turneri (p < 0.001) and declined with increasing fl uox-
etine concentrations (p < 0.001). In addition, the number of unfertilized eggs in the ovaries decreased for P. 
turneri with increasing treatment concentration in comparison to P. gracilis (species x treatment: p = 0.010). 
Data falling outside the Q1 – Q3 range of the boxplot are plotted as outliers.



57

Chapter 3

To determine the effect of prenatal fluoxetine exposure on the expression of slc6a4 and 
htr1a in the brains of new-born offspring, the duration of treatment (i.e., 1-2 weeks, 3-4 
weeks or 5-6 weeks) was taken into account as a measure of total exposure time during 
gestation. We found a three-way interaction between species, treatment and the duration 
of treatment for both slc6a4 (p < 0.001;  Figure 9a and 9b) and htr1a (p = 0.009; Figures 9c 
and 9d). The expression of slc6a4 in the brain increased in P. gracilis offspring treated with 
higher concentrations of fluoxetine (Figure 9a), while in P. turneri offspring the patterns 
seem to be more idiosyncratic (Figure 9b). Just as in their mothers, gene expression of 
htr1a in the offspring brains was higher in P. turneri in comparison to P. gracilis (Figures 
9c and 9d). In both P. gracilis and P. turneri, htr1a expression appears to be unaffected or 
slightly increased over time for most concentrations, except for the “High” concentration 
where the expression of htr1a negatively correlates with treatment day (Figures 9c and 9d).

dIsCussIon

In this study, we aimed to determine whether chronic treatment with the SSRI fluoxetine 
differentially altered reproduction and offspring development in two live-bearing fish 

figure 7: Offspring developmental growth after prenatal fluoxetine exposure. Body length of (a) non-
placental P. gracilis and (b) placental P. turneri offspring, and body mass of (c) P. gracilis and (d) P. turneri 
offspring born over the six-week treatment period displayed by the day of treatment on which they were 
born. Body length was significantly less at higher treatment concentrations (p = 0.014), with a significant 
interaction effect for species and treatment duration (p < 0.001). Body mass showed a three-way interac-
tion for species, day of treatment the offspring was born, and treatment itself (p = 0.037).
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figure 8: Log mean normalized gene expression (MNE) of (a) slc6a4 and (b) htr1a in Poeciliopsis adult and 
off spring brains (prenatally) exposed to fl uoxetine in ascending concentrations. In mothers both slc6a4 and 
htr1a gene expression signifi cantly diff ered between treatments (p = 0.0011; p = 0.0011), with increasing 
expression at higher treatment concentrations. The gene expression of htr1a was signifi cantly higher in P. 
turneri (p = 0.0029). N = 3 - 19 per group (see supplementary Table S7). Data falling outside the Q1 – Q3 range 
of the boxplot are plotted as outliers.

figure 9: Log mean normalized gene expression (MNE) of slc6a4 in (a) non-placental P. gracilis and (b) pla-
cental P. turneri, and htr1a in (c) P. gracilis and (d) P. turneri off spring brains prenatally exposed to fl uoxetine 
in ascending concentrations. The level of gene expression is plotted for the “treatment day”, which repre-
sents the day during treatment when the specifi c off spring were born. A signifi cant 3-way interaction was 
found between species, treatment and the date of birth during treatment for both slc6a4 and htr1a (p = 
0.0003; p = 0.0086).  N = 6 - 19 per group (see supplementary Table S7).
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species. Our experimental results demonstrate that P. turneri, a live-bearing fish species 
with a well-developed placenta, is more affected by fluoxetine treatment than the closely 
related P. gracilis, which does not have placental structures to provide nutrients to the 
embryo during development. Concentrations of fluoxetine and norfluoxetine increased 
in both mothers and embryo tissue with increasing concentrations of fluoxetine treat-
ment in both P. gracilis and P. turneri. While the transfer rate of fluoxetine from mothers 
to embryos was not significantly different between species, the transfer rate of norfluox-
etine was higher in P. turneri than in P. gracilis. Increasing concentrations and duration 
of fluoxetine exposure reduced reproduction predominantly in P. turneri. In the higher 
treatment concentrations P. turneri barely produced any offspring, while this effect was 
not seen in P. gracilis. The body length and mass of the offspring were also reduced in 
P. turneri with increasing treatment concentrations and duration of exposure, but not 
in P. gracilis. The expression of the serotonin transporter (slc6a4) and the serotonin 1a 
(htr1a) receptor in the brains of both the mothers and the offspring were positively cor-
related with the fluoxetine concentration in the water. Overall, our data indicate that 
the reproduction and offspring development in P. turneri are more heavily affected by 
high fluoxetine concentrations than in P. gracilis, which could be due to the presence of 
a placenta in P. turneri.

Fluoxetine concentration in the aquarium waters decreased over the course of 24 hours 
after administration of the drug. With daily supplementation, the concentrations contin-
ued to increase between day one and fifteen but then remained fairly stable, except for 
the high treatment group, where concentrations continued to increase over the entire 
six weeks of the experiment. The observed decrease in fluoxetine levels after admin-
istration is not in line with previous studies showing that fluoxetine concentrations 
decreased less than 4% during the first 48-56 hours235,236. However, to our knowledge no 
biological filters were used in those experiments. In a small pilot study without fish, we 
measured the course of the fluoxetine concentration over 24 hours after administration 
in three aquaria with a biofilter, and in one aquarium without a biofilter. We found an 
average decrease in fluoxetine concentration of around 78% for the aquaria containing 
biofilters and a decrease of around 30% in the aquarium without a biofilter (supplemen-
tary data S8). We assume that the bacteria in the biological filter in our experiment are 
mainly responsible for the fluoxetine degradation and speculate that in the high treat-
ment group the capacity of the biofilter to break down fluoxetine was saturated. These 
results underline the need to monitor the concentration of pharmaceuticals in aquaria, 
especially in experiments that study chronic exposure and make use of a biological filter.

We had initially planned to include a non-fluoxetine control treatment, but due to a 
contamination, we unfortunately had to exclude these aquaria from the study. There-
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fore, we were not able to assess whether fluoxetine in lower concentrations affected P. 
gracilis or P. turneri, as we could not compare our findings at these low concentrations 
to a situation without fluoxetine. However, due to the dose-response nature of our study 
we were able to confirm that increasing doses of fluoxetine resulted in increasing tissue 
concentrations of fluoxetine and especially its active metabolite norfluoxetine in both 
embryos and in their mothers. Moreover, fluoxetine treatment negatively affected repro-
ductive success in both species, led to a decrease in body size of new-born offspring, and 
also induced changes in gene expression of the serotonin transporter and serotonin 1a 
receptor in both the mothers and their offspring.

Both mothers and offspring of P. turneri had higher body tissue concentrations of both 
fluoxetine and norfluoxetine in comparison to P. gracilis. A plausible explanation might 
be the difference in body composition of both species. Depending on food availability 
P. gracilis has a fat percentage of around 13 to 15%, while for P. turneri this is between 
21 and 29%234. Drug residues can remain stored in adipose tissue, which may have led 
to a higher bioaccumulation of fluoxetine and norfluoxetine in P. turneri237. As expected, 
fluoxetine and norfluoxetine whole body tissue concentrations of the mothers increased 
with increasing treatment concentrations in both species. Higher concentrations of 
fluoxetine and norfluoxetine were found in embryos in comparison to their mothers. 
This was true for both P. gracilis and P. turneri. In addition, embryos appeared to have 
a higher increase in tissue concentration of both fluoxetine and its active metabolite 
especially in the treatments with lower concentrations. Thus, a considerable part 
of fluoxetine and norfluoxetine was transferred from female tissue to the embryos. 
Fluoxetine and norfluoxetine concentration levels were relatively high in the offspring, 
as these levels are in a ‘normal’ range for adult sizes, they might become toxic in these 
concentrations for embryos, as they have a much smaller body size.

The transfer rates – the tissue concentration of the embryos divided by the tissue con-
centration of their mother – of norfluoxetine were higher for P. turneri than P. gracilis. 
This suggests that the presence of a placenta significantly increased drug transmission 
rates from mother to embryo. We did not find an effect for fluoxetine transfer rates. 
However, this may be due to the low number of embryos in the high treatment group, 
which made the sample sizes per group probably too small to detect any significant 
differences. Although the transmission rates from mother to embryo were, at least for 
norfluoxetine, higher in P. turneri, there was still a notable concentration of the drug in 
P. gracilis embryos. In fact, even for P. gracilis the concentrations of fluoxetine and nor-
fluoxetine were higher in embryos than in the mothers in all treatments. To the best of 
our knowledge there is no direct connection between mother and offspring in P. gracilis. 
It might be that after a few weeks of treatment the yolk sacs of the mothers contained 
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fluoxetine and norfluoxetine, passing it on to the embryo. Another explanation might 
be that fluoxetine and norfluoxetine can be easily passed through tissues. To a certain 
extent the follicle is permeable for volatiles such as oxygen and carbon dioxide238. In ad-
dition, fish embryos, such as zebrafish, readily absorb toxins due to the permeability of 
the chorion and vitelline membranes239. To obtain a more comprehensive understanding 
on the permeability of follicles for fluoxetine and norfluoxetine future studies should be 
performed.

As previously shown, litter size of P. gracilis was significantly larger than litter size of P. 
turneri234. The number of litters born during the experiment significantly declined with 
drug exposure time, and this effect had a tendency to be more profound in P. turneri. In 
addition, we found a tendency for higher fluoxetine treatment concentrations leading 
to a larger decline in offspring born. This reduction in litter size was especially clear 
for P. turneri in the two highest treatment dosages. To examine whether the decline in 
reproductive success already started in the ovaries or was merely an effect of offspring 
that were born dead, or died shortly after birth (which may have gone unnoticed by the 
researchers), we counted the number of embryos and unfertilized eggs in the ovaries 
after the six-week treatment period. Females of P. gracilis had more in-ovary eggs and 
embryos than P. turneri, which is in line with the earlier mentioned larger litter sizes in 
P. gracilis. Moreover, the number of in-ovary embryos was affected by fluoxetine treat-
ment concentration. Females treated with higher fluoxetine concentrations had fewer 
embryos in their ovaries, and this was especially true for P. turneri. For the number of 
unfertilized eggs there was an interaction effect for species and treatment, most notably 
the number of eggs declined in P. turneri treated with the high fluoxetine concentration. 
Thus, we conclude that fluoxetine has led to a decline in reproductive success in at least 
P. turneri.

We mainly observed a decline in reproductive success in the two highest treatment dos-
ages, with fluoxetine end concentrations in the aquaria of 56 and 242 μg/L. In a study 
where females of the Japanese medaka were treated with fluoxetine concentrations of 
0, 0.1, 0.5, 1 and 5 μg/L for 4 weeks, there were no significant changes observed in egg 
production, rate of fertilization and spawning, or hatching success of fertilized eggs240. 
However, circulating plasma oestradiol levels in females were significantly increased by 
0.1 and 0.5 μg/L treatments. The decline in reproductive success that we observed at 
higher fluoxetine concentrations is in line with a previous study performed in zebraf-
ish, where seven-day treatment with 32 µg/L fluoxetine led to a significant reduction in 
egg production241. In this study, ovarian aromatase, follicle stimulation hormone (FSH) 
receptor and luteinizing hormone (LH) receptor gene expression were significantly 
reduced by fluoxetine treatment. This suggests that the negative influence of fluoxetine 
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on ovarian egg production might be caused by disruption of the synthesis of ovarian 
steroids and gonadotropins. However intraperitoneal administration of fluoxetine in 
Goldfish had a stimulatory effect on Gonadotropin-releasing hormone (GnRH), that 
stimulates FSH and LH release242. In teleosts, serotonin modulates the reproductive 
system at multiple levels: the hypothalamus (via GnRH neurons), the pituitary (via go-
nadotropins such as LH and FSH), and gonadal maturation202. This implies that the effect 
of fluoxetine on fish reproduction might even further increase in next generations due 
to impaired gonadal maturation. In conclusion, reproductive success was affected by 
fluoxetine in both P. gracilis and P. turneri. However, as we had no control group without 
fluoxetine treatment, we cannot assess whether any effects can already be seen at low 
relevant concentrations. As SSRIs act on the fish reproductive system via multiple ways, 
the effects of SSRIs across generations should be examined further to get insight into 
reproductive decline caused by impaired gonadal maturation combined with the direct 
effects on reproduction that we’ve shown.

To further investigate prenatal fluoxetine effects on the offspring, we assessed offspring 
body development and found that especially P. turneri offspring were significantly 
smaller when prenatally exposed to fluoxetine, with increased effect with increased 
exposure time. We found that increasing treatment duration and fluoxetine concentra-
tion reduced offspring body length and body mass in P. turneri while this effect was not 
notable in P. gracilis. The effect of SSRIs on birth weight has previously been studied in 
humans and rodents. In humans, SSRI use by pregnant mothers is associated with lower 
birth weight of their new-borns, although it is not fully understood if this is the effect of 
the SSRI itself or of the underlying maternal mental health conditions201,243–245. The effect 
of SSRIs on birth weight in rodents was reviewed by Hutchison et al. (2018)243, where 
they concluded that birth weight outcomes are likely influenced by the type of SSRI, the 
dose, the duration of exposure and the type of animal. If we only take studies into ac-
count where rodents were prenatally exposed to fluoxetine for at least the last two thirds 
of gestation, and where body mass was measured within the first day after birth, mixed 
results are found. Several studies find a significant reduction in body mass at postnatal 
day 0167,246–248. However, at least as many studies do not find an effect on body mass right 
after birth when the offspring were prenatally exposed to fluoxetine146,153,188,249–252. Our 
results show that P. turneri offspring body mass and length is reduced after prenatal 
fluoxetine exposure, while this effect was not as notable in P. gracilis, which could be 
due to the presence of a placenta in P. turneri. This suggests that P. gracilis offspring is to 
some extent protected from prenatal fluoxetine exposure, while P. turneri is not.

To assess whether neurodevelopmental effects are found in P. gracilis and P. turneri 
mothers and offspring after maternal fluoxetine exposure, we examined the expression 
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of the serotonin transporter (slc6a4) and the serotonin 1a receptor (htr1a) in the brain. 
It is known from human and rodent studies that both slc6a4 and htr1a expression 
are downregulated by SSRI treatment203–207. In our study we find opposite effects, we 
see that exposure to increasing fluoxetine concentrations in both Poeciliopsis species 
significantly correlates with increased slc6a4 and htr1a gene expression in the brain of 
pregnant mothers that were chronically exposed to the drug. A study in adult zebrafish 
found that a two-hour exposure to 5 mg/L fluoxetine significantly upregulated slc6a4b, 
but not slc6a4a, gene expression, while htr1aa expression was not affected253. Another 
study investigated whole brain transcriptomic changes in adult zebrafish after 14 days 
of treatment with 33 µg/L fluoxetine and did not find slc6a4a, slc6a4b, htr1aa, or htr1ab 
to be differentially expressed in comparison to untreated control fish254. This underlines 
that different fish species may respond differently to fluoxetine treatment and also 
that exposure time (short-term versus long-term) might have different effects on gene 
expression. For instance, when rats are treated with an SSRI, slc6a4 binding sites are 
decreased very little after four- or ten-day treatment, while after fifteen treatment days 
slc6a4 binding sites are remarkedly reduced255. Nevertheless, we found an increase in 
slc6a4 and htr1a in both P. gracilis and P. turneri. In the pregnant females we found htr1a 
to have significantly higher expression in P. turneri in comparison to P. gracilis. This 
might be an effect of the higher fluoxetine and norfluoxetine tissue concentration that 
were found in P. turneri adults in comparison to P. gracilis adults. Another possibility is 
that one species is more sensitive than the other to the fluoxetine treatment. To distin-
guish between these alternative explanations, it would be necessary to investigate basic 
levels of the brain htr1a expression in P. turneri and P. gracilis without SSRI treatment.

In line with what we found in their mothers, gene expression of htr1a in the offspring 
brains was higher in P. turneri than in P. gracilis. For the low and medium SSRI dosages 
in P. turneri we see that offspring born after longer fluoxetine exposure had higher htr1a 
gene expression levels than offspring born at the beginning of the experiment, which was 
not the case in P. gracilis. Interestingly, htr1a expression for the high treatment group in 
both species seems negatively correlated with prolonged fluoxetine exposure, however 
there is high variance in this treatment group. We already know from rodent studies that 
perinatal SSRI exposure alters brain gene expression256, but to our knowledge this is the 
first study showing that prenatal SSRI treatment alters brain gene expression in fish. 
We therefore expect that behavioural effects such as alterations in fish’ aggressive and 
anxiety behaviour76–79 as a result from SSRI exposure also might occur in fish prenatally 
exposed to SSRIs. We see that htr1a brain gene expression is affected in both P. gracilis 
and P. turneri, confirming that the absence of a placenta does not completely shield the 
offspring from fluoxetine exposure. This is in line with our findings that fluoxetine and 
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norfluoxetine are found in not only P. turneri but in P. gracilis embryos as well, suggest-
ing an alternative route for fluoxetine to reach the embryo.

As a result of increased use of SSRIs in humans, these compounds are increasingly found 
in the environment through accumulation in sewage and wastewater. In fact, fluoxetine 
is globally found in aquatic environments with average surface water concentrations 
ranging from < 0.001 to 1.4 µg/L208–217. The primary target of SSRIs, the serotonin trans-
porter, is evolutionary and functionally conserved in fish74, suggesting that pharmaceu-
tical contamination of surface water with SSRIs is particularly concerning. As the treat-
ment end concentrations of the two lowest treatment doses were within the range of 
fluoxetine concentrations found in surface waters, we consider them as environmentally 
relevant. We found that fluoxetine and norfluoxetine concentrations were even higher 
in embryos than in their pregnant mothers, for both P. gracilis and P. turneri, suggesting 
that the follicle was permeable for the drug. This implies an even greater environmental 
risk, as fluoxetine and other SSRIs might pass into the eggs of other aquatic animals 
influencing their development.

As far as we are aware, this is the first study looking into the effect of prenatal SSRI 
exposure on offspring development in fish. In human studies it is not ethical to examine 
the effects of prenatal SSRI exposure on healthy subjects and their offspring, making it 
almost impossible to distinguish between the effects of the SSRIs and the depression 
of the mother. However, animal studies can provide a solution here as we can study the 
effect of SSRIs separately from the underlying depression. The fish system that we used 
here is unique in that it enables us to study the effect of SSRIs on offspring development 
in the presence and absence of a placenta. Our results show that P. turneri body mass 
and length is reduced after prenatal fluoxetine exposure, while this effect was not as 
notable in P. gracilis. Moreover, the number of viable offspring produced, both per litter 
and over the entire experimental period, was reduced substantially at high fluoxetine 
concentrations in P. turneri, while it was hardly affected in P. gracilis. We can merely 
speculate about the underlying mechanism, but a role for the placenta seems the most 
obvious suggestion. However, as we detected fluoxetine and norfluoxetine in the tis-
sues of not only P. turneri mothers and offspring, but in P. gracilis mothers and offspring 
as well, we cannot be conclusive about this. It would be interesting to examine if this 
pattern can be confirmed in other closely related species pairs of Poeciliidae with and 
without a placenta.

Due to the difference in their placental function and reproduction strategy we expected 
offspring development to be differentially altered by fluoxetine treatment. Although ad-
verse effects in the placental species P. turneri were more notable and larger, we did see 
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that P. gracilis, without a placenta, was not completely shielded from adverse effects. 
This suggests that in live-bearing fish the level of placentation could be a contributing, 
but not the only factor in the negative effects of fluoxetine on reproduction and offspring 
development. The array of effects that we found after prenatal exposure to fluoxetine in 
developing embryos, especially in the fish species with a placenta, implies that the risk of 
transfer of pharmacological SSRIs in the human placenta to the unborn offspring cannot 
be disregarded or dismissed as irrelevant. We suggest that future studies should focus 
explicitly on the consequences for developing offspring and on potential additive effects 
across generations, also in terms of behaviour. This will provide further clarification for 
pregnant women who take antidepressants, and will help to make informed decisions 
about the initiation or continuation of SSRI treatment during pregnancy. In addition, 
our studies show that SSRI exposure may impose potential risks for healthy develop-
ment both in in-utero live-bearing fish as well as SSRI exposure to eggs in egg-laying 
species. Therefore, further studies with environmentally relevant SSRI concentrations 
are needed to assess whether population survival of fish species, both placental and 
egg-laying, is at risk due to pharmaceutical contamination of surface waters.
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Table s1: Number and percentage of pregnant females that died per treatment for P. gracilis and P. turneri.
Treatment Total number of females females that have died Percentage

P. gracilis Low 1 7 0 0

Low 2 8 0 0

Medium 1 8 1 12.5

Medium 2 8 2 25

High 8 1 12.5

P. turneri Low 1 10 2 20

Low 2 10 0 0

Medium 1 10 2 20

Medium 2 10 1 10

High 10 0 0

Table s2: Body mass of P. gracilis and P. turneri mothers after fluoxetine treatment. SEM = standard error 
of the mean.

Treatment n = mean Body mass (gram) sem

P. gracilis Low 1 7 1.15 0.10

Low 2 8 0.94 0.08

Medium 1 7 0.93 0.13

Medium 2 6 1.10 0.08

High 7 1.06 0.12

P. turneri Low 1 8 1.00 0.05

Low 2 8 0.89 0.08

Medium 1 7 1.04 0.05

Medium 2 9 0.81 0.09

High 9 0.99 0.11



67

Chapter 3

Table s3: Outcome of statistical testing via stepwise model simplification, removing one term from the 
statistical model, and comparing the simplified model with the model including the term. When the AIC is 
significantly increased by the removal of the term, this indicates that the term is significant for explaining 
the variation in the data. Two or three terms connected by a colon indicates that a two- or three-way inter-
action between the terms was tested.
data Tested term AIC

with
term

AIC 
without 

term

Chisq df Pr(>Chisq)

Fluoxetine tissue 
concentrations

Species: Treatment : Generation 77.773 76.837 3.0646 2 0.216

Species : Treatment 76.837 73.781 4.9432 4 0.2932

Species: Generation 73.781 72.624 0.8438 1 0.3583

Treatment : Generation 72.624 88.518 23.893 4 8.391e-05 ***

Species 72.624 74.765 4.1412 1 0.04185 *

Norfluoxetine tissue 
concentrations

Species: Treatment : Generation 70.834 70.575 3.7411 2 0.154

Species : Treatment 70.575 70.940 8.3645 4 0.0791

Species: Generation 70.940 70.547 1.6068 1 0.2049

Treatment : Generation 70.547 82.585 20.038 4 0.0004909 ***

Species 70.547 87.343 18.796 1 1.455e-05 ***

Transfer rate ANOVA performed, see text for details

Number of litters per 
female over time

Weeks:Treatment:Species 858.35 849.20 6.8442 8 0.5535

Weeks:Treatment 849.20 838.28 5.0846 8 0.7485

Weeks:Species 838.28 836.63 2.3529 2 0.3084

Treatment:Species 836.63 832.31 3.6749 4 0.4518

Species 832.31 833.73 3.419 1 0.06445 .

Weeks 833.73 841.02 11.293 2 0.00353 **

Treatment 833.73 834.15 8.4183 4 0.0774 .

Litter size over time Weeks:Treatment:Species 635.93 634.11 10.171 6 0.1176

Weeks:Treatment 634.11 671.64 53.531 8 8.512e-09 ***

Weeks:Species 634.11 630.68 0.5705 2 0.7518

Treatment:Species 630.68 623.68 1.0015 4 0.9096

Species 623.68 650.36 28.686 1 8.512e-08 ***

Embryos in ovary Species:Treatment 472.62 469.92 5.3032 4 0.2576

Species 469.92 497.57 29.646 1 5.185e-08 ***

Treatment 469.92 486.87 24.948 4 5.154e-05 ***

Eggs in ovary Species:Treatment 490.58 495.93 13.348 4 0.009696 **

Reproductive Success Species:Treatment 1037.722 1065.068 (deviance) 
-35.346

-4 3.944e-07 ***

Body mass offspring Species:Day:Treatment 0.4391 2.6557 10.217 4 0.03693 *
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Table s3: Outcome of statistical testing via stepwise model simplification, removing one term from the 
statistical model, and comparing the simplified model with the model including the term. When the AIC is 
significantly increased by the removal of the term, this indicates that the term is significant for explaining 
the variation in the data. Two or three terms connected by a colon indicates that a two- or three-way inter-
action between the terms was tested. (continued)

data Tested term AIC
with
term

AIC
without

term

Chisq df Pr(>Chisq)

Body length offspring Species:Day:Treatment -398.33 -399.10 7.2363 4 0.1239

Species:Day -399.10 -378.0 23.092 1 1.544e-06 ***

Species:Treatment -399.10 -399.55 7.5453 4 0.1097

Day:Treatment -399.55 -400.78 6.7697 4 0.1486

Treatment -400.78 -396.25 12.536 4 0.01378 *

Mother slc6a4 gene 
expression

Species : Treatment 225.54 222.64 5.0968 4 0.2775

Treatment 222.64 232.94 18.296 4 0.00108 **

Species 222.64 223.41 2.7713 1 0.09597

Mothers htr1a gene 
expression

Species : Treatment 212.58 205.40 0.8187 4 0.9359

Treatment 205.40 215.74 18.344 4 0.001057 **

Species 205.40 212.23 8.8385 1 0.002949 **

Offspring slc6a4 gene 
expression

Treatment:Species:Phase Born 389.39 403.06 25.567 6 0.000268 ***

Offspring htr1a gene 
expression

Treatment:Species:Phase Born 466.79 471.99 17.206 6 0.008554 **
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Table s4: Tissue fluoxetine and norfluoxetine concentrations in pmol/g and transfer rate for P. gracilis and 
P. turneri mothers and embryos. Two females plus all her late-stage embryos were analysed per species per 
treatment. One sample (depicted in bold) was removed because it was a clear outlier (approximately ten 
standard deviations away from the median of other low treatment samples).

Treatment fluoxetine 
concen-
tration

mother

fluoxetine 
concen-
tration 

embryos

fluoxetine 
transfer

rate

Norfluoxetine 
concen-
tration 

mother

Norfluoxetine 
concen-
tration

embryos

Norfluoxetine
transfer

rate

P. gracilis Low 1 25.20 45.33 1.80 217.05 351.00 1.62

27.00 18.12 0.67 286.65 209.70 0.73

Low 2 24.02 197.70 8.23 153.30 1018.05 6.64

8.40 612.60 72.96 81.81 4429.50 54.14

Medium 1 725.10 4737.00 6.53 1028.25 6048.00 5.88

1828.50 4219.50 2.31 2076.00 4138.50 1.99

Medium 2 9475.50 4480.50 0.47 3505.50 4086.90 1.17

5020.50 9723.00 1.94 1741.50 7618.50 4.38

High 7842.00 18885.00 2.41 2524.50 4857.00 1.92

4039.50 NA NA 1316.10 NA NA

P. turneri Low 1 41.24 28.35 0.69 173.86 362.55 2.09

26.88 74.04 2.75 163.35 1773.00 10.85

Low 2 71.21
19.08

471.00
122.52

6.62
6.42

443.86
141.62

5881.50
1402.95

13.25
9.91

Medium 1 511.50
1057.65

7428.00
NA

14.52
NA

1707.00
3894.00

14470.50
NA

8.48
NA

Medium 2 10486.50
2770.50

NA
NA

NA
NA

6097.50
6243.00

NA
NA

NA
NA

High 10107.00
14430.00

NA
NA

NA
NA

7639.50
10599.00

NA
NA

NA
NA

Table s5: Average percentage of dead offspring found for the different fluoxetine treatments. SEM = stan-
dard error of the mean.

Treatment n = mean sem

P. gracilis Low 1 11 7.58 6.10

Low 2 15 21.45 10.06

Medium 1 15 5.93 4.59

Medium 2 13 16.56 8.87

High 8 0.00 0.00

P. turneri Low 1 14 0.00 0.00

Low 2 11 0.00 0.00

Medium 1 16 0.00 0.00

Medium 2 5 0.00 0.00

High 7 14.29 14.29
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Table s6: Average number of early-, middle- and late-stage embryos in found in the ovaries of P. gracilis and 
P. turneri after fluoxetine treatment. SEM = standard error of the mean.

early-stage middle-stage late-stage

Treatment n = mean sem mean sem mean sem

P. gracilis Low 1 7 6.71 2.56 0.00 0.00 3.00 1.94

Low 2 8 6.25 1.69 0.00 0.00 2.63 1.78

Medium 1 7 8.71 2.93 1.86 1.86 3.43 2.26

Medium 2 6 3.33 2.35 1.00 1.00 6.00 4.45

High 7 1.28 1.13 0.00 0.00 1.86 1.86

P. turneri Low 1 8 1.00 0.50 1.00 0.42 1.00 0.38

Low 2 10 1.50 0.60 0.70 0.30 0.60 0.22

Medium 1 8 3.00 0.53 0.25 0.16 0.25 0.25

Medium 2 9 0.89 0.35 0.00 0.00 0.00 0.00

High 10 0.20 0.13 0.00 0.00 0.00 0.00

Table s7: Sample sizes for gene expression measurements of slc6a4 and htr1a in mothers and offspring P. 
gracilis and P. turneri brains after fluoxetine treatment.

Treatment Slc6a4 mother Htr1a mother Slc6a4a offspring Htr1a offspring

P. gracilis Low 1 7 7 7 11

Low 2 5 5 15 17

Medium 1 4 5 14 14

Medium 2 4 4 19 19

High 6 6 9 10

P. turneri Low 1 8 8 6 13

Low 2 5 5 14 13

Medium 1 3 3 14 17

Medium 2 9 8 6 6

High 9 10 9 9
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figure s8: Fluoxetine concentration in water tanks with and without a biofilter over the course of 24 hours 
after fluoxetine administration. A total of 240 µg fluoxetine was added to all tanks containing six litres of 
aquarium water. Tank 1, 2 and 3 contained biological filters, while tank 4 did not . The fluoxetine concentra-
tion was measured 0, 0.5, 1, 2, 3, 4, 5, 6, 7, 8 and 24 hours after the fluoxetine administration with the use of 
high-performance liquid chromatography.
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ABsTrACT

About five percent of pregnant mothers are treated with selective serotonin reuptake 
inhibitor (SSRI) antidepressants to battle their depression. SSRIs influence the levels 
of serotonin, one of the key factors of neural embryonic development, and their use 
during pregnancy has been associated with adverse effects for the developing embryo. 
However, the role of the placenta in transmitting these negative effects is not well under-
stood. In this study we aim to elucidate how disturbances in the maternal serotonergic 
system affect the placenta by assessing whole transcriptomes in the placentas of women 
with healthy pregnancies and women with depression treated with the SSRI fluoxetine 
during pregnancy. Twelve placentas of the Biology, Affect, Stress, Imaging and Cognition 
in Pregnancy and the Puerperium (BASIC) project were selected for RNA-sequencing to 
examine differentially expressed genes: six of male infants and six of female infants, 
equally distributed over women treated with SSRI and without SSRI treatment. Our 
results provide an extensive overview of gene expression in the fetal side of the placenta 
associated with fluoxetine treatment in pregnant women in comparison to placentas 
of healthy pregnancies. Most strikingly, we see that more genes in the placenta of male 
infants show changed expression associated with fluoxetine treatment than in placen-
tas of female infants, stressing the importance of sex-specific analysis. In addition, we 
identified genes related to extracellular matrix organization to be significantly enriched 
in placentas of male infants of women treated with fluoxetine. The extracellular matrix 
has been linked to autism spectrum disorders as well as to preterm birth, both of which 
are highly debated for their possible association with prenatal SSRI exposure. It remains 
to be established whether the differentially expressed genes we found to be associated 
with SSRI treatment are the result of the SSRI treatment itself, the underlying depres-
sion, or a combination of the two.
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InTroduCTIon

Pregnancy is often portrayed as a time of great joy, but unfortunately that is not the real-
ity for all women. Depressive symptoms during pregnancy are not uncommon. In fact, 
twenty percent of women experience some symptoms of depression during any time of 
their pregnancy82. Around five percent of pregnant women are majorly depressed and 
pharmacological treatment seems unavoidable, especially when these women are sui-
cidal83,257. The most prescribed antidepressants are selective serotonin reuptake inhibi-
tors (SSRIs), because of their good efficacy, few side effects and therapeutic safety48. The 
use of SSRIs increased significantly when fluoxetine (Prozac, the first SSRI) was released 
in the market (late 1980s), and quickly became the most widely prescribed drug in North 
America, and second worldwide49. The use of SSRIs during pregnancy in both Europe and 
the U.S. has tremendously increased over the past decades50–53. In Europe, 2.5-3.3% of 
pregnant women use SSRIs54,55, while in the U.S. the occurrence is between 2.7-5.4%56,57.

SSRIs are considered safe for antenatal use as they do not cause gross teratogenic ef-
fects117. However, studies report that the use of SSRIs during pregnancy may still have 
a negative impact on the unborn child198. SSRIs block the serotonin transporter and 
thereby inhibit the reuptake of the neurotransmitter serotonin into the presynaptic 
cell. As a result, extracellular serotonin levels are increased. SSRIs can cross the pla-
centa and are found in the amniotic fluid58,59, affecting therefore not only the mother 
but also the developing child. Negative outcomes that have been reported include 
attenuated infant basal cortisol levels61,62, and a reduced cortisol and heart response 
to stressors63,64. Furthermore, several behavioural changes have been reported, such as 
disrupted sleep patterns in newborns65, and increased internalizing and externalizing 
behaviour in toddlers66,67. Recently, there has been much interest in the link between 
SSRI treatment and autism spectrum disorders (ASD). A meta-analysis by Andalib et 
al. confirms an association between the prenatal use of SSRIs and the increased risk of 
ASD in the child70. A meta-analysis by Brown and collegues71 also showed that there is a 
link between maternal SSRI use and ASD in children; however, this effect only remained 
statistically significant for exposure in the first trimester when corrected for the underly-
ing maternal mental illness. Moreover, a meta-analysis by Kaplan et al.72 showed that 
maternal depression without SSRI use also increased the risk of ASD in children.

The molecular basis of the impact of SSRIs and/or the underlying depression on offspring 
development most likely originates from disruption of the serotonergic system155. Sero-
tonin is a key factor in regulating neuronal embryonic development45. The placenta itself 
also synthesizes serotonin, which has been demonstrated to be essential for fetal brain 
development44. In addition, placental synthesis of serotonin is involved in further pla-
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centa formation and decidualization of the endometrium at early stages of pregnancy258. 
Serotonin homeostasis during pregnancy is pivotal as an imbalance might have detri-
mental effects for the fetus259. Due to its vasoconstrictive properties260, serotonin exerts 
a contractile response upon the placental vasculature261. The resulting elevated pulse 
pressure is thought to be involved in the development of preeclampsia262. In summary, 
serotonin is essential for fetal development, plays a role in placental functioning, and a 
significant share of serotonin is synthesized by the placenta. However, how disturbed 
maternal serotonin levels affect the placenta, and the mechanisms by which this then 
possibly mediates immediate and long-lasting effects on the developing offspring, have 
yet to be established.

In this study, we aim to make a first exploration of the potential mechanisms by which 
the placenta is affected after exposure of SSRIs. For this, we compared placental gene ex-
pression in depressive women treated with SSRIs during pregnancy with placental gene 
expression in women with healthy pregnancies. We know from animal studies that there 
are indications of sex effects in the behavioural outcomes after prenatal SSRI exposure75, 
indicating the importance to study the effects of fluoxetine in both males and females. 
We want to elucidate how disturbances in the maternal serotonergic system affect the 
placenta and thereby possibly affect the development of the unborn child. We assessed 
how gene expression in the male and female placentas is altered in women treated 
with the SSRI fluoxetine. The effect of SSRI exposure on placental gene expression was 
previously examined in a microarray study, which revealed 109 differentially expressed 
genes in placentas of women on SSRIs80. We examined the whole transcriptome by RNA 
sequencing. In comparison to a microarray this method can detect a higher percentage 
of differentially expressed genes, especially in genes with low expression263–265. Our study 
is designed as a hypothesis-generating study and we investigate whole transcriptome 
alterations in the fetal part of term placentas of both boys and girls who were prenatally 
exposed to the SSRI fluoxetine and compare it to the placentas of control women. These 
expression profiles will give us insight into the role of the placenta in transmitting criti-
cal serotonin signals to the developing embryo.

meThods

subjects
The placentas that were used in this study were part of a previous study, conducted 
by Olivier et al. (2015)80. There, a selection of placentas was obtained from an ongoing 
longitudinal study on antenatal and postpartum depression: The Biology, Affect, Stress, 
Imaging and Cognition in Pregnancy and the Puerperium (BASIC) project. This study 
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was conducted at the Department of Obstetrics and Gynaecology Uppsala University 
Hospital. All women attending routine ultrasound examination at gestational weeks 
16-18 were invited to participate. Exclusion criteria were (1) inability to communicate 
adequately in Swedish, (2) protected identity, (3) age less than 18 years, and (4) blood-
born infectious diseases. Written informed consent was obtained from women who 
chose to participate in the BASIC project, and within this consent document women also 
specified whether or not blood and placental samples could be collected at delivery. 
Placental tissue was collected between April 2010 and September 2013. The study was 
approved by the Regional Ethics Committee, Uppsala, Sweden, and performed in ac-
cordance with relevant guidelines and regulations.

For the current study the inclusion criteria were women of Caucasian origin, normal 
pregnancies (healthy BMI and no maternal chronic condition) and deliveries, and 
healthy offspring (no diagnosis and no admittance to neonatal care). Additional inclu-
sion criteria for women on antidepressant treatment were the use of the SSRI fluoxetine 
during the entire pregnancy. Exclusion criteria for both groups were daily use of other 
prescribed drugs, alcohol use or smoking during pregnancy, any other maternal chronic 
condition or disease and maternal age < 18 or > 42 years. Twelve placentas were selected 
for RNA sequencing, including six placentas from healthy pregnancies (three male and 
three female) and six placentas (three male and three female) from women who had 
detectable blood levels of the SSRI fluoxetine (Table 1).

Table 1: Characteristics of the placenta samples. Edinburgh Postnatal Depression Scale (EPDS) was mea-
sured at gestational week 17 and gestational week 32. A score of 11 or higher usually indicates depres-
sion266. Fluoxetine blood levels were measured at parturition.

subject maternal 
age

Gestation 
duration

fetal 
sex

ePds 
week 17

ePds 
week 32

daily 
fluoxetine 

dose

fluoxetine
blood levels 

(nmol/l)

Control 
group

172 30 40+2 Boy 0 0

328 37 40+4 Boy - 5

405 33 40+4 Girl 2 6

9130 32 40+2 Girl - -

1960 26 38+6 Boy 1 3

1913 32 39+3 Girl 5 5

fluoxetine 
group

304 28 38+6 Girl 4 6 20 mg 533

441 30 40+2 Girl 4 16 20 mg 102

7033 25 38+4 Girl 20 19 40 mg 739

8174 22 40+2 Boy 9 8 Unknown 439

8184 30 40+2 Boy 13 2 Unknown 556

9608 24 39+3 Boy - 6 10 – 20 mg 551
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rnA isolation
A biopsy was taken with a 3milimeter cube from the fetal side of the placenta. Total 
RNA was isolated using a miRNeasy minikit (Qiagen, Hildern Germany). Tissue was 
lysed with QIAzol reagent (Qiagen) using a rotor-stator homogenizer (up to 33.000 rpm; 
Ingenieursbũro CATM Zipper GmbH, type x120, Staufen, Germany) and chloroform 
(Sigma Aldrich, St. Louis, MO, U.S.) was added for phase-separation. The rest of the 
procedure was performed as described in the manufacturers protocol. Quality and 
concentration of the RNA was evaluated using a NanoDrop 2000 (Thermo Scientific) and 
an RNA 6000 Nano Kit 2100 on a Bioanalyzer (Agilent Technologies, CA, U.S.).

library preparation and rnA sequencing
Library preparation and sequencing of the RNA of the twelve placentas was done by 
Novogene, Hong Kong. The RNA was enriched using oligo (dT) beads, rRNA was removed 
with the use of the Ribo-Zero kit, leaving only the mRNA. By adding fragmentation 
buffer, the mRNA was randomly fragmented, then cDNA was synthesized using mRNA 
template and random hexamers primer. To initiate second-strand synthesis, custom 
second-strand synthesis buffer (Illumina), dNTPs, RNase H and DNA polymerase I 
(Thermo Scientific) were added. The double-stranded cDNA library was completed 
through size selection and PCR enrichment after a series of terminal repair, a ligation 
and sequencing adaptor ligation. Quality of the libraries was assessed with Qubit 2.0 for 
preliminary library concentration, Agilent 2100 to test the insert size, and qPCR to quan-
tify the library effective concentration precisely. Sequencing libraries were generated 
from a total amount of 3µg RNA per sample using NEBNext® Ultra™ RNA Library Prep 
Kit for Illumina® (NEB, U.S.) following manufacturer’s recommendations. The clustering 
of the index-coded samples was performed on a cBot Cluster Generation System using 
HiSeq PR Cluster Kit cBot-HS (Illumina) according to the manufacturer’s instructions. 
After cluster generation, the library preparations were sequenced on an Illumina HiSeq 
platform and 150 bp paired-end reads were generated.

Quality control and read mapping
Quality control of the RNA sequence data was done with FastQC (Babraham Institute). 
Average per sequence quality scores, GC content, and overrepresented sequences were 
checked. Subsequently the RNA reads were trimmed with Trimmomatic267. Adapter and 
other Illumina-specific sequences were cut from the read. Furthermore, reads were 
scanned with a four-base sliding window, cutting the reads when the average quality per 
base dropped below fifteen. Then, remaining reads that had a length of ten or less bases 
were dropped. HISAT v2.1.0 and StringTie v1.3.5 were used to perform read alignment 
and transcript assembly according to the protocol of Pertea et al. (2016)268. Reads were 
aligned to reference genome H. sapiens GRCh38.85.
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Differential expression analysis
The DESeq2 R package269 was used to identify differentially expressed genes. We used a 
model with four levels (male control, male SSRI, female control, female SSRI). We used 
contrasts to make comparisons of expression among the following groups: Male SSRI 
versus Male Control, Female SSRI versus Female Control, and Male Control versus Fe-
male Control. After Benjamini-Hochberg correction, genes with p < 0.05 were considered 
to have significantly differential expression.

Gene set enrichment analysis
To assess changes in sets of related genes, a functional enrichment analysis was car-
ried out using Metascape270. For pathway and process enrichment analysis minimum 
overlap was set to three and minimum enrichment to 1.5. The significant p-value cut-off 
for enriched biological processes and pathways was set at 0.01. Enrichment analysis 
was done for pathways (GO biological processes, Reactome Gene Sets, KEGG pathway, 
and Canonical Pathways), structural complex (CORUM) and miscellaneous (PaGenBase, 
Transcription Factor Targets, DisGeNET, and TRRUST). Networks were visualized using 
Cytoscape V3.1.2.

resulTs

In this study we aim to elucidate how disturbances in the maternal serotonergic system 
affect the placenta by assessing whole transcriptomes in the placentas of women with 
healthy pregnancies and women treated with the SSRI fluoxetine during pregnancy. 
FastQC quality control was used to check the quality of the reads. Per-base-sequence-
quality and per-sequence-quality scores passed the thresholds for every sample. The 
sequences were checked for overall GC content, which ranged between 49 and 52%. Per 
sample between 19.0 and 24.5 million reads were mapped with an overall alignment 
score of > 90% for each sample, which is indicative of successful mapping to the refer-
ence genome (supplementary data S1). Based on a principal component analysis we 
excluded one of the female samples in the fluoxetine group as it did not cluster with the 
other samples (supplementary Figure S2). We assessed sex specific gene expression in 
a control setting (in healthy pregnancies) which revealed 172 differentially expressed 
genes (DEGs) between male and female control samples (heatmap in supplementary 
Figure S3). Male placentas prenatally exposed to fluoxetine had 638 DEGs in comparison 
to control placentas, while for female placentas we only found 31 DEGs associated with 
prenatal fluoxetine exposure. The full list of DEGs and their accompanying statistics are 
listed in supplementary Table S4. A part of the DEGs associated with fluoxetine exposure 
in male and female placentas corresponds with sex-associated DEGs (Figure 1).
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Overall, fluoxetine treatment was associated with the most differentially expressed 
genes in male placentas (Figure 2). In male placentas, approximately one-third of the 
DEGs switched from high expression in control placentas to very low expression upon 
SSRI treatment. For half of these DEGs expression remained similar in female placentas. 
Interestingly, the other half of these DEGs showed opposite patterns in female placentas, 
suggesting that SSRIs feminize and masculinize the gene expression patterns of these 
genes in the placentas of the opposite sex. The remaining two-thirds of DEGs in male 
placentas were strongly upregulated after SSRI treatment in comparison to the expres-
sion in male control placentas, while in female placentas there was no strong effect of 
SSRI treatment on the expression of those genes.

Functional enrichment analysis was performed to retrieve a functional profile of the 
differentially expressed genes in male and female placentas associated with fluoxetine 
treatment. This revealed several annotations that were overrepresented among the 
DEGs. Most notably, fluoxetine treatment affected processes of extracellular matrix orga-
nization, including the NABA matrisome associated gene set, NABA core matrisome, cell 
junction assembly, and regulation of cell adhesion. In addition, several developmental 
pathways including heart development, muscle structure development, chordate 
embryonic development, blood vessel development, skin development, and skeletal 
system development were significantly overrepresented in the DEGs in placentas from 
fluoxetine-treated mothers. Also, gene sets related to low oxygen levels, including the 
PID HIF1 TF pathway were found to be affected (Figure 3a). Accompanying p-values and 

figure 1: Overlap between the number of differentially expressed genes (DEGs) found within different 
models. Top left) Number of DEGs found when comparing males in the control group and fluoxetine group. 
Top right) Number of DEGs found when comparing females in the control group and fluoxetine group. Bot-
tom) Number of DEGs found when comparing males and females in the control group.
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contribution of male and female DEGs in the network can be found in supplementary 
Figures S5 and S6. These functional profiles are particularly enriched in male placentas 
(Figure 3b). A heatmap of the top 100 of enriched terms can be found in supplementary 
Figure S7. In female placentas, the 31 DEGs included an overrepresentation of genes 
involved in “multicellular processes involving another multicellular organism”, inflam-
mation responses and response to external stimuli; most of these processes were also 
over-represented in the DEGs of male placentas (supplementary Figure S7).

We also visually inspected the expression profiles of seven genes in the serotonergic 
pathway involved in the synthesis, transport, recognition and degradation of serotonin, 
to assess whether or not these genes were affected in the placentas of women treated 
with fluoxetine. We did not find evidence that either slc6a4a, tph1, tph2, htr1a, htr2a, 
htr2c, or maoa were significantly altered in placental expression after SSRI treatment.

dIsCussIon

We assessed transcriptomic alterations in the fetal part of term placentas of women who 
were treated with fluoxetine during pregnancy, in comparison to placentas of women 
with healthy pregnancies. We found that especially placentas nourishing male fetuses 
that were prenatally exposed to fluoxetine showed a different transcriptomic landscape, 
with 638 differentially expressed genes (DEGs). In contrast, in female placentas we could 
only identify 31 genes with changed expression associated with fluoxetine exposure. 
This may be partly due to reduced power, as we had to omit a female sample from our 
analysis. However, the gene expression in female placentas seemed insensitive to SSRIs 
for several hundred genes that were substantially upregulated in male placentas after 
maternal SSRI exposure. To determine if the genes associated with fluoxetine expo-
sure are naturally sex-specifically expressed, we also compared the transcriptomes of 
healthy male and female placentas. We found that 172 genes had different expression 
levels in the placentas of the different sexes in healthy pregnancies. Our results suggest 
that in male placentas nearly 10% (54 out of 638) of the DEGs associated with fluoxetine 
exposure are differentially expressed in males and females naturally, while for female 
placentas this was true for about one-third (10 out of 31) of the fluoxetine associated 
DEGs (Figure 1). We conclude that gene expression in fetal placentas differs in women 
treated with the SSRI fluoxetine during pregnancy in comparison to healthy controls. 
Moreover, more genes in the placentas of women carrying a boy showed changed 
expression associated with fluoxetine treatment in comparison to placentas of women 
carrying a girl. However, sample sizes in our study, especially female placentas treated 
with fluoxetine, were limited. We have corrected for this with false discovery rate correc-
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tions, but false positives and false negatives for differentially expressed genes cannot 
be ruled out.

A previous study also looked at the effect of SSRI exposure on placental gene expression 
in humans. Olivier et al80 examined the placentas of women on antidepressants with 
a microarray, and found that 109 genes were differentially expressed. Seven of those 
genes, rock1, rock2, c12orf29, gcc2, ktn1, dnml1, and nexn, were picked for biological 
evaluation in a larger sample with the use of quantitative PCR, where robust differences 
were confirmed for all those genes except nexn. We compared the 109 differentially ex-
pressed genes with our results (i.e. the 659 DEGs associated with SSRI treatment in male 
and/or female placentas) and found that only five genes overlapped. Olivier and col-
leagues found a reduction in expression levels for dnml1 and rock2, while arhgef5, rrad, 
and tuba1c were upregulated in the placentas of women treated with antidepressants. 
In our study, all these 5 genes were upregulated in male placentas exposed to SSRIs. 
Thus, there is merely a small resemblance in differentially expressed genes with our 
study. We suspect this might be due to the difference in study design. While we looked 
solely at the effect of the SSRI fluoxetine, the previous study included different types of 
SSRIs that were all analysed together. The SSRI treated group included women using 
sertraline (n = 3), fluoxetine (n = 1), or escitalopram (n = 1). In addition, we analysed male 
and female placentas separately and found that the effects of SSRIs on placental gene 
expression were dependent on sex of the new-born. Clustering both sexes might not 
reveal differences that can only be found in one of the sexes, which seems to be of major 
relevance from the findings of our study.

We did not find evidence that genes in the serotonergic pathway involved in the synthe-
sis, transport, recognition and degradation of serotonin (slc6a4, tph1, tph2, htr1a, htr2a, 
htr2c, and maoa) were affected in the placentas of women treated with fluoxetine. This 
is in contrast to a previous study that reported upregulated expression of the serotonin 
transporter (sert/slc6a4) in the placentas of women on SSRIs271. Again, the SSRI group in 
this study consisted of women on several types of SSRIs, namely sertraline, fluoxetine, 
citalopram, and escitalopram. Furthermore, another study including the same four 
types of SSRIs did not find an association with SSRI use and altered slc6a4 expression 
levels in the placenta272, but did find that htr1a gene expression and HTR1A protein 
levels were increased in the placenta of women with untreated depression, whereas 
the placentas of women on antidepressant treatment had similar expression as healthy 
controls. That study also found no effect for placental maoa, tph1, or tph2 gene expres-
sion in association with SSRI exposure. To our knowledge there is no data available on 
the gene expression of htr2a, and htr2c in the placenta associated with SSRI exposure. 
SSRI exposure in our and other studies do not clearly indicate significant alterations 
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in placental gene expression in the serotonergic pathway as a results of prenatal SSRI 
exposure. However, this does not mean that serotonergic pathways in the offspring itself 
were not affected. Gene expression patterns (in the placenta) do not always overlap with 
protein levels273. In addition, different types of SSRIs have different pharmacokinetic 
properties. For example, their half-lives differ, they differentially inhibit certain enzymes 
and only fluoxetine has an active metabolite which is pharmacologically comparable to 
fluoxetine274. We therefore recommend that future studies analyse the effects of differ-
ent types of SSRIs separately to avoid inconsistency in results.

The most prominent changes in gene sets in the present study were found for extracel-
lular matrix (ECM) organization and related terms, such as the core matrisome (i.e. the 
inventory of all ECM proteins), and cell junction assembly and cell adhesion – which are 
both regulated via the ECM. The ECM is the non-cellular component of all tissues. It not 
only forms the physical environment surrounding cells, it also plays structural and sig-
nalling roles such as anchoring, guiding or restraining cell and tissue movements275–279. 
The ECM has been described as having a role in neural development280, by regulating 
cell shape, proliferation, differentiation and migration. The human placenta expresses 
ECM genes that can be classified into collagens, non-collagenous glycoproteins and pro-
teoglycans281. The ECM plays an important role in placenta formation and attachment 
and detachment to the uterine wall281,282. To our knowledge SSRIs have only been linked 
to the ECM once. Li et al. (2011)283 investigated whether fluoxetine affected the extra-
cellular matrix in the pulmonary artery in rats with pulmonary arterial hypertension. 
They found that fluoxetine reduced the elastin and collagen deposition and destruction. 
Recent studies show that an increase in hippocampal ECM underlies memory deficits 
associated with prolonged stress and a depressive-like phenotype in rats284,285. Other 
stress-related studies show a downregulation of ECM structures286–289. Genes associated 
with the ECM that were differentially expressed in our study were mostly upregulated 
in placentas nourishing male offspring in pregnant women treated with fluoxetine. As 
changes in the ECM have previously been linked to both stress, depressive-like symp-
toms and SSRI treatment, it remains to be established whether the associations found 
in our study were the results of the SSRI treatment or the underlying depression in our 
subjects. It should be noted that the depression scores (measured on the Edinburgh 
Postnatal Depression Scale) of the mothers at week 17 and 32 of the pregnancy (for boy 
placentas in the SSRI treatment) were not indicative of ongoing depression, suggesting 
that the SSRI treatment had ameliorated the symptoms of the underlying depression. 
However, we cannot rule out that alterations in genes due to the maternal depression 
may still be present.
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Integrins are the main transmembrane receptors that bind cells to the ECM. Interestingly 
their dysfunction has been linked with autism spectrum disorders (ASD)290, which has 
been highly debated as having a possible link with prenatal SSRI treatment70. Integrins 
regulate processes associated with neural connectivity, such as neurite outgrowth 
and guidance, formation and maintenance of dendrite spines and synaptic plasticity, 
implicating their role in developing the nervous system291–296. We found three integrins 
(Integrin Alpha 2, Integrin Alpha 5, and Integrin Alpha 11) to be upregulated in male pla-
centas that were exposed to fluoxetine. However, the most compelling evidence for an 
integrin gene association with ASD comes from studies on Integrin Beta 3 (itgb3). This 
gene is listed by the Simon Foundation Autism Research Initiative (SFARI) as a strong 
candidate for association with ASD. We did not find an association with fluoxetine expo-
sure and itgb3 gene expression in the placenta. In total, 207 genes are currently listed as 
having a high chance of being associated with ASD in SFARI. We found two genes in that 
list with significant upregulated expression in the placentas nourishing male offspring 
that were exposed to fluoxetine during pregnancy, kcnb1 and tcf7l2. Thus, prenatal 
SSRI exposure and maternal depression have been linked to ASD, and ASD is linked to 
ECM dysfunction. Although not many of the genes that are currently associated with 
ASD were differentially expressed in our study, we did find a significant change in ECM 
related gene expression in male placentas exposed to SSRI treatment. This suggests a 
possible underlying mechanism linking SSRI treatment and/or maternal illness to ASD, 
which might also hint at additional candidates for ASD.

The risk of preterm birth in women who take antidepressants while pregnant is still 
a subject of debate. A meta-analysis showed that women that receive SSRIs during 
pregnancy had a significantly higher risk of preterm birth in comparison to healthy and 
depressed women not on SSRIs297. Interestingly, the ECM has been linked to preterm 
birth298. The mechanical properties of cervical tissue are derived from its ECM299, and ab-
normalities of these structures are associated with increased risk of preterm birth300,301. 
As we only investigated these genetic alterations in the fetal part of the placenta we 
cannot conclude that the transcriptome of the maternal side of the placenta is affected 
in a similar way. However, fluoxetine has been shown to be able to directly alter ECM 
proteins283, which indicates that changes in the ECM are a possible candidate mechanism 
underlying the increased risk for preterm birth in women using SSRIs during pregnancy.

We found the most prominent effects on placental gene expression associated with 
fluoxetine use during pregnancy in placentas nourishing male offspring. Regarding the 
underlying mechanism for this sex-difference we can merely speculate. We do know from 
animal studies that prenatal SSRI exposure can differentially affect male and female 
offspring75. However, previous studies looking into the effects of prenatal stress and/
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or antidepressant use during pregnancy on placental gene expression do not usually 
discriminate between male and female placentas. Nugent and Bale (2015)302 propose 
that plasticity in X-inactivation in female placentas may be an important contributor 
in sex-differences in response to environmental perturbations during gestation. The 
human female placenta shows random patterns of X-inactivation303,304, and the inactive 
X chromosome might reactivate within the placenta in response to intrauterine condi-
tions305. According to Nugent and Bale this may buffer females from detrimental condi-
tions to a greater degree than males due to increased expression of important X-linked 
genes. However, we found that only 18 differentially expressed genes associated with 
fluoxetine exposure were X-linked (al683813.1, enfb1, elf4, gabre, maged4, maged4b, 
mir503, pgrmc1, pnck, rab11fip1p1, rn7skp20, slc6a8, smim9, suv39h1, timp1, ttc3p1, 
z83843.1, and zdhhc9) and only one (uty) was y-linked. In agreement with previous stud-
ies, we found substantial differences in the placental expression of male versus female 
offspring, in the absence of SSRIs306–308. A subset of these genes also responded to SSRI 
treatment in placentas nourishing males and/or females, in some cases altering the ex-
pression towards the expression level seen in the opposite sex under control conditions. 
Future studies need to explore the possible underlying mechanisms in sex-specific ef-
fects associated with antidepressant use during pregnancy and especially the role of the 
placenta in this phenomenon.

In conclusion, our results provide a comprehensive overview of genes in the fetal side 
of the placenta associated with fluoxetine treatment in pregnant women in comparison 
to placentas of healthy pregnancies. Most strikingly, we see that more genes in the 
placenta of male infants show changed expression associated with fluoxetine treatment 
than in placentas of female infants, stressing the importance of sex-specific analyses. 
In addition, we identified ECM organization related genes to be significantly enriched 
in association with fluoxetine. The ECM is linked to ASD as well as preterm birth, both 
highly debated for their possible association with prenatal SSRI exposure. It would 
be interesting to examine the ECM in the offspring as well for the possible underlying 
mechanisms in the immediate and long-term outcomes associated with SSRI exposure. 
Another aspect that deserves further exploration is a higher resolution study, at the level 
of cell-types within the placenta. In our study, all cell types in the fetal placenta were 
pooled. Therefore, a possible decrease in expression in one cell type was masked by 
an increase in another cell type, small effects on expression in only one cell type were 
overlooked, or SSRI-responsive cells that were not included in the tissue samples were 
missed. For future studies, it would be interesting to assess the levels of proteins in the 
serotonergic pathway with the use of immunohistochemistry, as RNA expression does 
not necessarily overlap with protein levels309. This would give a more direct insight as 
biological action occurs via proteins and not RNA. Furthermore, it remains to be estab-
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lished whether these differentially expressed genes are the results of the SSRI treatment 
itself, the underlying depression or a combination of the two. Other key questions that 
need to be addressed is whether these differences are found in the fetus as well and how 
differences in these genes influence the development of the child, both in the womb as 
well as in the long run.
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suPPlemenTAry dATA
Table s1: The total number and/or percentage of reads that could be mapped to a reference genome.
sample Input reads Aligned 0 times Aligned 1 time Aligned > 1 time overall alignment

h172 20572927 1478129 (7,18%) 17427041 (84,71%) 16667766 (8,11%) 95,99%

h304 19855265 1383382 (6,97%) 17401035 (87,64%) 1070848 (5,39%) 96,21%

h328 19088262 1867399 (9,78%) 15363106 (80,84%) 1857757 (9,73%) 94,54%

h405 20517543 1369028 (6,67%) 17592798 (85,75%) 1555717 (7,58%) 96,34%

h441 20867264 1594600 (7,64%) 18133636 (86,90%) 1139028 (5,46%) 95,63%

h1913 23676790 1630498 (6,89%) 20688449 (87,38%) 1357843 (5,73%) 96,29%

h1960 20998362 1743198 (8,30%) 18326286 (87,27%) 928878 (4,42%) 92,25%

h7033 22637601 1556439 (6,88%) 18122499 (80,05%) 2958663 (13,07%) 96,05%

h8174 24596928 1526878 (6,21%) 21541237 (87,58%) 1528813 (6,22%) 96,52%

h8184 19824718 1610455 (8,12%) 16934046 (85,42%) 1280217 (6,46%) 95,43%

h9130 21693438 1436525 (6,62%) 18874738 (87,01%) 1382175 (6,37%) 96,35%

h9608 22749050 1586475 (6,97%) 20003191 (87,93%) 1159384 (5,10%) 95,48%

figure s2: Principal coordinates (PC) plot of gene expression data for each placenta sample. One female 
SSRI sample (circled) was determined to be an outlier and was removed before further analysis.
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figure s3: Hierarchically clustered heatmap displaying the expression patterns of DEGs found to be dif-
ferentially expressed in male and female placentas in the control group.
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Table s4a: All differentially expressed genes between male control and female control samples. Base-
Mean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method.
ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000183878 UTY 624.081774 5.52227784 0.67276267 8.50257999 0.0000 0.0000

ENSG00000169248 CXCL11 135.145134 3.54356998 0.50622362 7.49659212 0.0000 0.0000

ENSG00000176728 TTTY14 72.880667 6.48757426 0.9598443 7.34954313 0.0000 0.0000

ENSG00000275212 AC005186.1 208.16019 -4.66132657 0.66321847 -7.32398822 0.0000 0.0000

ENSG00000260197 AC010889.1 50.8663213 8.78385337 1.4552021 7.19149135 0.0000 0.0000

ENSG00000099715 PCDH11Y 154.451608 2.83856406 0.51324929 6.44768982 0.0000 0.0000

ENSG00000179344 HLA-DQB1 1577.47823 4.39874219 0.74107304 6.36155166 0.0000 0.0000

ENSG00000196735 HLA-DQA1 887.782569 3.47367623 0.62214819 6.28698148 0.0000 0.0000

ENSG00000230663 FAM224B 56.0699788 4.90606557 0.84638453 6.21805398 0.0000 0.0000

ENSG00000138755 CXCL9 821.810052 8.56798669 1.84050451 5.95902615 0.0000 0.0000

ENSG00000154451 GBP5 477.009666 3.56536182 0.67608002 6.0012751 0.0000 0.0000

ENSG00000206159 GYG2P1 40.6776117 5.44433927 0.99637641 5.97860665 0.0000 0.0000

ENSG00000099725 PRKY 740.045709 6.49768286 1.25745519 5.96400381 0.0000 0.0000

ENSG00000251349 MSANTD3-TMEFF1 41.7570487 21.4696151 3.85855368 5.8165265 0.0000 0.0000

ENSG00000260342 AC138811.2 295.361365 -22.1908234 4.02776776 -5.78066224 0.0000 0.0000

ENSG00000067646 ZFY 212.082577 4.12416113 0.81702858 5.68409357 0.0000 0.0000

ENSG00000280383 Z95331.1 127.433968 1.91092654 0.40390059 5.58171361 0.0000 0.0000

ENSG00000211677 IGLC2 181.871224 4.28881225 0.87740383 5.54159036 0.0000 0.0000

ENSG00000174697 LEP 17214.7911 -5.59691322 1.1775973 -5.4702067 0.0000 0.0001

ENSG00000259753 AC068234.1 87.4554554 -20.8169314 4.23272327 -5.44822215 0.0000 0.0001

ENSG00000281490 CICP14 1472.81349 1.36596725 0.27034481 5.4545382 0.0000 0.0001

ENSG00000203709 MIR29B2CHG 2909.06969 1.15437136 0.22471666 5.4070678 0.0000 0.0001

ENSG00000273373 AL355488.1 470.629645 1.19369886 0.23299447 5.41465899 0.0000 0.0001

ENSG00000169245 CXCL10 376.753762 3.98402464 0.86043619 5.40985608 0.0000 0.0001

ENSG00000186148 AC013268.1 1057.94065 -2.1174545 0.48799482 -5.37012336 0.0000 0.0001

ENSG00000146250 PRSS35 167.337885 -2.73309501 0.65927814 -5.30891889 0.0000 0.0001

ENSG00000244116 IGKV2-28 56.628278 6.27361899 1.4776134 5.29094959 0.0000 0.0001

ENSG00000149346 SLX4IP 437.019152 1.14423686 0.22871972 5.2835061 0.0000 0.0001

ENSG00000154620 TMSB4Y 24.5064953 6.53014267 1.5960477 5.25839197 0.0000 0.0001

ENSG00000131002 TXLNGY 324.937801 6.15512695 1.49694551 5.20515122 0.0000 0.0002

ENSG00000242534 IGKV2D-28 55.9221842 7.01471181 1.84620064 5.19678316 0.0000 0.0002

ENSG00000198692 EIF1AY 608.680907 5.05495254 1.19004879 5.13846984 0.0000 0.0002

ENSG00000179583 CIITA 1152.0204 2.96763352 0.75356451 5.13469243 0.0000 0.0002

ENSG00000233522 FAM224A 36.8321667 4.26706909 1.04864682 5.04955168 0.0000 0.0003

ENSG00000273003 ARL2-SNX15 26.3123054 -18.3302285 5.44118198 -4.99018598 0.0000 0.0004

ENSG00000172116 CD8B 16.8842718 6.65922924 1.98840616 4.97509414 0.0000 0.0005
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Table s4a: All differentially expressed genes between male control and female control samples. Base-
Mean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000249267 LINC00939 325.522 -3.78071924 0.9870006 -4.96646449 0.0000 0.0005

ENSG00000012817 KDM5D 1592.16323 4.61965866 1.22633317 4.91278606 0.0000 0.0006

ENSG00000267904 AC024075.1 21.9153032 -17.5506563 5.94826047 -4.89131592 0.0000 0.0007

ENSG00000278212 AC134878.2 16.2145988 6.27068822 1.98849999 4.86719653 0.0000 0.0007

ENSG00000090104 RGS1 760.880143 2.55613979 0.75164724 4.80961437 0.0000 0.0010

ENSG00000116690 PRG4 27.2120674 4.33966216 1.24492836 4.79910896 0.0000 0.0010

ENSG00000204252 HLA-DOA 354.372613 2.45990603 0.72487504 4.79646335 0.0000 0.0010

ENSG00000234290 AC116366.1 238.302305 1.32156906 0.31326356 4.7810083 0.0000 0.0010

ENSG00000256276 66.8588668 -3.60631001 1.06825664 -4.76650821 0.0000 0.0011

ENSG00000204287 HLA-DRA 8618.14081 2.00597227 0.56796634 4.76058836 0.0000 0.0011

ENSG00000231535 LINC00278 16.4300272 5.86869513 2.10346785 4.7193372 0.0000 0.0013

ENSG00000239218 RPS20P22 38.1825387 3.02113716 0.95148629 4.69829328 0.0000 0.0014

ENSG00000140749 IGSF6 530.581447 0.93202559 0.21690286 4.69703048 0.0000 0.0014

ENSG00000231389 HLA-DPA1 3611.73969 2.06909976 0.61749978 4.68559356 0.0000 0.0014

ENSG00000187094 CCK 1022.49007 -2.8851301 0.94608913 -4.64050873 0.0000 0.0017

ENSG00000158055 GRHL3 172.895531 -1.39881468 0.35779931 -4.64189972 0.0000 0.0017

ENSG00000121005 CRISPLD1 329.996206 -2.79934339 0.93871572 -4.60804395 0.0000 0.0020

ENSG00000242574 HLA-DMB 1539.6089 1.36085357 0.35621496 4.57539451 0.0000 0.0023

ENSG00000253196 AC083841.1 13.193454 4.92160158 2.07485053 4.50713012 0.0000 0.0031

ENSG00000103044 HAS3 381.450762 -2.00020446 0.67726422 -4.47520639 0.0000 0.0035

ENSG00000211592 IGKC 542.753034 3.75481241 1.6086993 4.38969757 0.0000 0.0051

ENSG00000280153 AC133065.3 158.233133 1.85132668 0.64544098 4.38912437 0.0000 0.0051

ENSG00000164308 ERAP2 1495.58808 -1.95682126 0.71305536 -4.37542621 0.0000 0.0052

ENSG00000229807 XIST 18934.8646 -3.71369711 1.61744936 -4.37502042 0.0000 0.0052

ENSG00000223534 HLA-DQB1-AS1 14.2593398 5.00960417 2.89680992 4.37330913 0.0000 0.0052

ENSG00000243302 AC018638.4 1058.10114 1.20333331 0.34186622 4.36846775 0.0000 0.0052

ENSG00000279312 AL136164.4 695.253207 1.26469739 0.3706995 4.34585227 0.0000 0.0057

ENSG00000197249 SERPINA1 1149.57113 1.49064302 0.47612802 4.33444908 0.0000 0.0059

ENSG00000211679 IGLC3 108.941708 3.01283668 1.35582174 4.31042056 0.0000 0.0065

ENSG00000279162 AC141586.5 62.6315671 1.4925935 0.48985473 4.3032995 0.0000 0.0066

ENSG00000233070 ZFY-AS1 25.7712439 3.6019553 1.78775955 4.27886952 0.0000 0.0070

ENSG00000168955 TM4SF20 19.263033 4.75292015 3.3914472 4.28029864 0.0000 0.0070

ENSG00000188676 IDO2 4302.16307 1.38636018 0.44482434 4.28087691 0.0000 0.0070

ENSG00000165246 NLGN4Y 45.8405987 2.78827995 1.28412245 4.27761322 0.0000 0.0070

ENSG00000258653 AC005520.1 28.3048855 4.12144804 2.32762665 4.268852 0.0000 0.0072
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Table s4a: All differentially expressed genes between male control and female control samples. Base-
Mean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000180875 GREM2 1158.01232 -1.30763378 0.4143827 -4.26161644 0.0000 0.0073

ENSG00000127366 TAS2R5 64.0684438 1.80192894 0.73119325 4.22047882 0.0000 0.0087

ENSG00000227097 RPS28P7 4063.10841 -2.01564525 0.88639615 -4.21331529 0.0000 0.0088

ENSG00000253939 AC007991.3 64.9028815 1.85147931 0.78164442 4.20262208 0.0000 0.0091

ENSG00000271533 Z83843.1 946.6827 1.04435759 0.32708455 4.19159039 0.0000 0.0094

ENSG00000152766 ANKRD22 53.8764898 3.72565914 2.33119594 4.17762584 0.0000 0.0099

ENSG00000123999 INHA 3060.4934 -1.50546042 0.57034494 -4.16352046 0.0000 0.0104

ENSG00000241475 AL160408.4 19.84813 -3.30544214 1.97479109 -4.14678412 0.0000 0.0111

ENSG00000117091 CD48 210.851567 1.42472503 0.53359549 4.13825972 0.0000 0.0111

ENSG00000279759 AC118344.2 330.026039 1.26964126 0.44230267 4.14166025 0.0000 0.0111

ENSG00000090382 LYZ 2744.31236 1.46869037 0.56225058 4.13809826 0.0000 0.0111

ENSG00000255197 AC090559.1 122.495619 1.55275308 0.62352192 4.1336824 0.0000 0.0111

ENSG00000229308 AC010737.1 25.5814374 3.78599505 3.07556386 4.12551052 0.0000 0.0113

ENSG00000280800 FP671120.3 1959.12438 2.10819503 1.06134547 4.1280259 0.0000 0.0113

ENSG00000259884 AC025259.3 24.7713879 2.2488025 1.18159353 4.12067421 0.0000 0.0114

ENSG00000171345 KRT19 47558.528 -1.12189966 0.38195808 -4.11417947 0.0000 0.0116

ENSG00000281383 FP671120.4 1082.73606 2.07883119 1.07542618 4.10314181 0.0000 0.0120

ENSG00000158473 CD1D 63.1904238 1.79500428 0.8594621 4.08855079 0.0000 0.0126

ENSG00000167604 NFKBID 225.85677 1.18970449 0.42790239 4.07975824 0.0000 0.0130

ENSG00000274008 RF00017 30.0999274 1.97693584 1.05599938 4.06063576 0.0000 0.0139

ENSG00000198848 CES1 291.451184 -1.3127655 0.52672195 -4.03036906 0.0001 0.0155

ENSG00000281181 FP236383.3 54358.5148 1.94329439 1.07118232 4.03285844 0.0001 0.0155

ENSG00000223865 HLA-DPB1 2053.91374 1.6128807 0.77174046 4.02746055 0.0001 0.0155

ENSG00000183307 TMEM121B 90.4665691 1.24768889 0.4918259 4.01810449 0.0001 0.0160

ENSG00000229951 AC104695.2 64.9932957 1.42584481 0.62113141 4.01605275 0.0001 0.0160

ENSG00000188321 ZNF559 238.782345 1.27328176 0.52044098 3.99862117 0.0001 0.0170

ENSG00000248593 DSTNP2 71.1842495 -1.48410386 0.69107144 -3.99442889 0.0001 0.0171

ENSG00000147571 CRH 48011.2869 -2.00523939 1.22150769 -3.98427043 0.0001 0.0177

ENSG00000019582 CD74 17474.3097 1.46241263 0.69268906 3.97397045 0.0001 0.0182

ENSG00000114374 USP9Y 942.842744 2.80316625 2.17542881 3.9725401 0.0001 0.0182

ENSG00000026751 SLAMF7 164.766656 2.27323134 1.53619967 3.96691742 0.0001 0.0185

ENSG00000121807 CCR2 86.4091596 1.79203172 1.05378784 3.9573414 0.0001 0.0191

ENSG00000196126 HLA-DRB1 4366.72539 1.72230283 0.99142808 3.95026855 0.0001 0.0194

ENSG00000265206 AC004687.1 134.047927 1.49818811 0.75883931 3.94659441 0.0001 0.0195

ENSG00000280614 FP236383.2 10255.0434 1.80398542 1.09021524 3.94490281 0.0001 0.0195
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Table s4a: All differentially expressed genes between male control and female control samples. Base-
Mean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000161929 SCIMP 227.558386 1.29184642 0.57807266 3.93806768 0.0001 0.0199

ENSG00000178773 CPNE7 61.1784868 2.6890075 2.37624061 3.91820751 0.0001 0.0212

ENSG00000261326 LINC01355 1031.34719 0.94002659 0.37408921 3.9186921 0.0001 0.0212

ENSG00000126759 CFP 351.556379 1.40170213 0.70851421 3.90719701 0.0001 0.0220

ENSG00000110848 CD69 122.642735 1.24988483 0.58067721 3.89365334 0.0001 0.0230

ENSG00000215481 BCRP3 22.6360548 -2.3625038 1.93026666 -3.88830753 0.0001 0.0233

ENSG00000278847 AC006157.1 8.05015254 2.59167159 2.77464579 3.88366293 0.0001 0.0236

ENSG00000163131 CTSS 3384.59944 1.17773509 0.5343443 3.87976715 0.0001 0.0238

ENSG00000185686 PRAME 106.600549 -2.24394176 1.8110992 -3.87563649 0.0001 0.0240

ENSG00000259972 AC009120.2 371.974094 1.11138415 0.50232868 3.85675629 0.0001 0.0257

ENSG00000127377 CRYGN 72.0074954 -1.49598931 0.96944432 -3.81550052 0.0001 0.0301

ENSG00000279649 AC020978.9 202.100299 1.14342167 0.55917399 3.81352596 0.0001 0.0301

ENSG00000225783 MIAT 103.808323 1.56685492 1.08180196 3.81054507 0.0001 0.0301

ENSG00000169442 CD52 184.17829 1.18898031 0.60350583 3.80926006 0.0001 0.0301

ENSG00000235568 NFAM1 741.775222 1.09516624 0.52830482 3.80345671 0.0001 0.0305

ENSG00000108187 PBLD 377.115095 0.77624919 0.3516818 3.78899509 0.0002 0.0321

ENSG00000258643 BCL2L2-PABPN1 58.154651 -1.91915079 1.74560388 -3.77341011 0.0002 0.0339

ENSG00000261760 AC140479.4 279.393504 -1.40279427 0.93346254 -3.76807447 0.0002 0.0344

ENSG00000211751 TRBC1 72.5393435 1.37167402 0.89708628 3.76273728 0.0002 0.0344

ENSG00000229642 AC087857.1 25.6495925 -2.05700705 2.5030876 -3.75222346 0.0002 0.0344

ENSG00000064886 CHI3L2 346.092556 1.26808785 0.75930408 3.75608076 0.0002 0.0344

ENSG00000173674 EIF1AX 3627.11169 -0.53864821 0.2705799 -3.75476172 0.0002 0.0344

ENSG00000279801 AC111170.3 21.9576419 1.59452704 1.25928388 3.76046951 0.0002 0.0344

ENSG00000134709 HOOK1 306.487282 -1.5085923 1.14213803 -3.7524709 0.0002 0.0344

ENSG00000279281 AC015883.1 12.5156691 2.09730293 2.45003066 3.76110859 0.0002 0.0344

ENSG00000235308 AL445991.1 11.3774813 1.92239836 1.83952957 3.75600259 0.0002 0.0344

ENSG00000140853 NLRC5 895.052675 0.99885437 0.50050442 3.7419529 0.0002 0.0356

ENSG00000131435 PDLIM4 1637.87795 -1.00201169 0.50712471 -3.73589729 0.0002 0.0360

ENSG00000260261 AC124944.3 166.453404 0.86378558 0.41853211 3.7348534 0.0002 0.0360

ENSG00000259365 AC019254.2 9.09638557 1.95088432 2.57791658 3.7307552 0.0002 0.0364

ENSG00000238121 LINC00426 12.7470174 1.84694725 2.79534814 3.72689419 0.0002 0.0367

ENSG00000277734 TRAC 84.3692333 1.69714844 1.56112273 3.72461707 0.0002 0.0367

ENSG00000218537 MIF-AS1 1949.34257 -0.90190448 0.45012191 -3.71805252 0.0002 0.0374

ENSG00000142512 SIGLEC10 291.445463 1.43000625 1.13851673 3.70686184 0.0002 0.0388

ENSG00000125730 C3 2451.87447 1.30328904 0.93298259 3.69682478 0.0002 0.0398
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Table s4a: All differentially expressed genes between male control and female control samples. Base-
Mean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000272983 AL117339.4 38.7481603 1.22328999 0.79489759 3.69792851 0.0002 0.0398

ENSG00000256282 AC112694.1 24.9294057 1.42130964 1.16490849 3.69324837 0.0002 0.0398

ENSG00000183230 CTNNA3 9.81534659 -1.82722976 2.4727949 -3.69402732 0.0002 0.0398

ENSG00000234814 SVILP1 16.1043821 1.79372379 2.50524725 3.68850203 0.0002 0.0403

ENSG00000171174 RBKS 149.221037 1.31033428 0.97783294 3.68455423 0.0002 0.0406

ENSG00000140379 BCL2A1 174.942873 1.18932209 0.76997399 3.68277472 0.0002 0.0407

ENSG00000198794 SCAMP5 167.610184 1.01668002 0.56473755 3.67957219 0.0002 0.0409

ENSG00000186818 LILRB4 541.986191 1.0332726 0.58535891 3.67458453 0.0002 0.0414

ENSG00000114646 CSPG5 136.38567 -1.18637184 0.7893689 -3.66989851 0.0002 0.0419

ENSG00000111432 FZD10 1010.32201 -0.9245402 0.50231203 -3.66101236 0.0003 0.0431

ENSG00000250138 AC139495.3 480.312885 1.18785457 0.81268298 3.65955439 0.0003 0.0431

ENSG00000180539 C9orf139 75.3662463 1.26026842 0.95794311 3.65615007 0.0003 0.0433

ENSG00000185198 PRSS57 6.57808592 1.71184236 2.28767586 3.65329463 0.0003 0.0433

ENSG00000153563 CD8A 132.30226 1.39165731 1.24130381 3.65389286 0.0003 0.0433

ENSG00000283236 AC074141.1 70.4275466 1.11635783 0.71619566 3.64990489 0.0003 0.0433

ENSG00000119715 ESRRB 42.8279705 1.25629298 0.96758441 3.64989444 0.0003 0.0433

ENSG00000260447 AC009065.3 8.7027056 1.64835721 1.90802206 3.6441747 0.0003 0.0440

ENSG00000197576 HOXA4 9.79820489 1.67388487 2.26089799 3.641471 0.0003 0.0442

ENSG00000213077 43.8724676 1.35286604 1.21349782 3.63884259 0.0003 0.0443

ENSG00000231739 GAPDHP59 8.36267496 1.60587809 2.4151484 3.63528165 0.0003 0.0447

ENSG00000160593 JAML 539.065273 1.04638982 0.64630688 3.63300051 0.0003 0.0448

ENSG00000262319 AC007952.6 121.893391 1.12841762 0.77562018 3.62733006 0.0003 0.0455

ENSG00000211943 IGHV3-15 9.94119553 1.48503199 2.51457857 3.62013499 0.0003 0.0465

ENSG00000277632 CCL3 420.49916 1.06900446 0.70246281 3.61495073 0.0003 0.0469

ENSG00000101057 MYBL2 480.299482 -0.58350676 0.32883557 -3.61540018 0.0003 0.0469

ENSG00000162849 KIF26B 341.499123 -1.05437171 0.69398576 -3.60665711 0.0003 0.0478

ENSG00000100302 RASD2 22.5798762 1.26660002 1.13269846 3.60746146 0.0003 0.0478

ENSG00000229915 AC016999.1 7.44125281 1.5061458 2.27766662 3.59618996 0.0003 0.0494

ENSG00000255571 MIR9-3HG 202.604666 -1.15286205 0.90479849 -3.59424495 0.0003 0.0494

ENSG00000198886 MT-ND4 513087.615 -0.93118106 0.56283984 -3.59358401 0.0003 0.0494

ENSG00000188282 RUFY4 33.7826645 1.52252788 2.0659854 3.59050398 0.0003 0.0497
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Table s4b: All differentially expressed genes found for a design with four conditions (male control, male 
SSRI, female control, and female SSRI), contrasted for males (comparing male control and male fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method.
ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000171067 C11orf24 1062.31595 2.11933874 0.20191905 10.4959819 0.0000 0.0000

ENSG00000160161 CILP2 194.609918 4.62977213 0.56063855 8.25803391 0.0000 0.0000

ENSG00000203709 MIR29B2CHG 2909.06969 -1.85928619 0.22974244 -8.09291575 0.0000 0.0000

ENSG00000275212 AC005186.1 208.16019 4.75129492 0.66837213 7.10875677 0.0000 0.0000

ENSG00000279312 AL136164.4 695.253207 -2.26426347 0.34350461 -6.59165375 0.0000 0.0000

ENSG00000273373 AL355488.1 470.629645 -1.51479753 0.23892684 -6.34000573 0.0000 0.0000

ENSG00000281490 CICP14 1472.81349 -1.74084727 0.27503051 -6.32965144 0.0000 0.0000

ENSG00000226145 KRT16P6 1670.73579 4.86631378 0.77580868 6.27256936 0.0000 0.0000

ENSG00000143641 GALNT2 10003.5762 1.52108062 0.24343623 6.24837414 0.0000 0.0000

ENSG00000171345 KRT19 47558.528 2.028487 0.32577007 6.22674456 0.0000 0.0000

ENSG00000249267 LINC00939 325.522 5.26982356 0.85990933 6.12834794 0.0000 0.0000

ENSG00000254870 ATP6V1G2-DDX39B 318.276138 -24.6821658 4.08061339 -6.04864107 0.0000 0.0000

ENSG00000260342 AC138811.2 295.361365 24.5225426 4.08055105 6.00961545 0.0000 0.0000

ENSG00000103740 ACSBG1 179.176474 -3.99158305 0.67012988 -5.95643194 0.0000 0.0000

ENSG00000180530 NRIP1 3237.36361 2.19878094 0.37183569 5.91331327 0.0000 0.0000

ENSG00000248593 DSTNP2 71.1842495 3.02716938 0.5161639 5.8647445 0.0000 0.0000

ENSG00000279393 AL139005.1 897.41511 3.02948673 0.52029093 5.82267838 0.0000 0.0000

ENSG00000152952 PLOD2 5080.44558 2.40947453 0.41413606 5.81807473 0.0000 0.0000

ENSG00000221955 SLC12A8 634.230794 3.4410392 0.59319654 5.80084167 0.0000 0.0000

ENSG00000227097 RPS28P7 4063.10841 3.74595458 0.64596939 5.79896612 0.0000 0.0000

ENSG00000102755 FLT1 96571.3723 2.30794008 0.39939686 5.77856337 0.0000 0.0000

ENSG00000237330 RNF223 463.739483 3.07194446 0.53357294 5.75730929 0.0000 0.0000

ENSG00000251357 AP000350.4 25.9173057 -23.3998124 4.08310251 -5.73089025 0.0000 0.0000

ENSG00000271533 Z83843.1 946.6827 -1.63329102 0.28801184 -5.67091627 0.0000 0.0000

ENSG00000270605 AL353622.1 134.958081 -1.9334914 0.34702518 -5.57161708 0.0000 0.0000

ENSG00000197614 MFAP5 8743.64947 2.0601016 0.3762395 5.47550596 0.0000 0.0000

ENSG00000167880 EVPL 590.614516 2.80229116 0.51492534 5.442131 0.0000 0.0000

ENSG00000213859 KCTD11 1395.10567 1.45493838 0.26798312 5.42921644 0.0000 0.0001

ENSG00000188676 IDO2 4302.16307 -2.13053024 0.39525732 -5.39023607 0.0000 0.0001

ENSG00000268439 EMG1 88.9219421 -2.21843682 0.42042433 -5.27666131 0.0000 0.0001

ENSG00000244116 IGKV2-28 56.628278 -8.3348299 1.57920695 -5.27785791 0.0000 0.0001

ENSG00000104332 SFRP1 3983.385 2.74040912 0.52037621 5.26620757 0.0000 0.0001

ENSG00000169248 CXCL11 135.145134 -2.50570109 0.47649574 -5.25860126 0.0000 0.0001

ENSG00000229642 AC087857.1 25.6495925 8.46213863 1.62362956 5.21186533 0.0000 0.0001

ENSG00000159516 SPRR2G 100.874428 5.572194 1.06862674 5.21435015 0.0000 0.0001
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Table s4b: All differentially expressed genes found for a design with four conditions (male control, male 
SSRI, female control, and female SSRI), contrasted for males (comparing male control and male fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000136002 ARHGEF4 727.092883 3.96312509 0.76360369 5.19002875 0.0000 0.0001

ENSG00000142623 PADI1 718.19109 3.50207069 0.67716418 5.17167153 0.0000 0.0002

ENSG00000151023 ENKUR 64.10338 3.49713967 0.67700097 5.16563464 0.0000 0.0002

ENSG00000242534 IGKV2D-28 55.9221842 -8.31472746 1.61089549 -5.16155613 0.0000 0.0002

ENSG00000232931 LINC00342 282.776851 -2.23197325 0.43319777 -5.15231939 0.0000 0.0002

ENSG00000135245 HILPDA 2833.86346 2.57169833 0.50014559 5.14189943 0.0000 0.0002

ENSG00000260261 AC124944.3 166.453404 -1.55974563 0.30381349 -5.13389202 0.0000 0.0002

ENSG00000196735 HLA-DQA1 887.782569 -2.99971837 0.5852865 -5.12521366 0.0000 0.0002

ENSG00000267904 AC024075.1 21.9153032 20.8011843 4.08210303 5.0957029 0.0000 0.0002

ENSG00000104415 WISP1 402.838858 2.73643291 0.53696182 5.0961406 0.0000 0.0002

ENSG00000211677 IGLC2 181.871224 -4.28434704 0.84191033 -5.08884009 0.0000 0.0002

ENSG00000211448 DIO2 1627.83453 4.07401996 0.80115923 5.08515637 0.0000 0.0002

ENSG00000169495 HTRA4 9278.04448 2.498972 0.49232642 5.07584381 0.0000 0.0002

ENSG00000159399 HK2 1620.72934 2.48975774 0.49384266 5.04160116 0.0000 0.0002

ENSG00000143632 ACTA1 107.982393 3.48473164 0.69176185 5.03747302 0.0000 0.0002

ENSG00000137440 FGFBP1 82.2012013 5.70336071 1.1351011 5.02453983 0.0000 0.0002

ENSG00000273003 ARL2-SNX15 26.3123054 20.445355 4.08220786 5.00840618 0.0000 0.0003

ENSG00000235609 AF127577.4 599.015919 2.63473583 0.52747557 4.99499122 0.0000 0.0003

ENSG00000259753 AC068234.1 87.4554554 20.364062 4.08214433 4.98856982 0.0000 0.0003

ENSG00000107485 GATA3 10084.3781 1.37826948 0.27770591 4.96305424 0.0000 0.0003

ENSG00000279789 AC120114.4 291.23462 -1.30839131 0.26467185 -4.94344717 0.0000 0.0003

ENSG00000052344 PRSS8 12528.907 1.50224761 0.30455937 4.93252797 0.0000 0.0004

ENSG00000261326 LINC01355 1031.34719 -1.4379264 0.29171956 -4.92913951 0.0000 0.0004

ENSG00000267172 AC022031.1 14.0611548 -7.55168369 1.54111689 -4.90013687 0.0000 0.0004

ENSG00000280083 AC079777.1 72.7272268 -3.96572588 0.81168788 -4.88577686 0.0000 0.0004

ENSG00000075673 ATP12A 40.7956563 -8.86655989 1.81591427 -4.88269741 0.0000 0.0004

ENSG00000116017 ARID3A 12516.8681 0.93853645 0.19277593 4.86853542 0.0000 0.0005

ENSG00000130147 SH3BP4 3328.66087 1.09321401 0.22471955 4.86479253 0.0000 0.0005

ENSG00000227388 AL133410.1 12.8019441 -7.18590731 1.48244686 -4.84732878 0.0000 0.0005

ENSG00000170290 SLN 25.5434466 5.93846493 1.2235869 4.85332503 0.0000 0.0005

ENSG00000185442 FAM174B 602.038221 1.73433461 0.35759663 4.84997475 0.0000 0.0005

ENSG00000112902 SEMA5A 2125.82123 2.1932617 0.45172261 4.85532855 0.0000 0.0005

ENSG00000105281 SLC1A5 5439.19613 1.56043783 0.32167051 4.85104409 0.0000 0.0005

ENSG00000246985 SOCS2-AS1 425.693367 -1.34178089 0.27704928 -4.84311271 0.0000 0.0005

ENSG00000134107 BHLHE40 11675.2292 2.31014792 0.47685719 4.84452781 0.0000 0.0005
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Table s4b: All differentially expressed genes found for a design with four conditions (male control, male 
SSRI, female control, and female SSRI), contrasted for males (comparing male control and male fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000163430 FSTL1 59301.2976 1.29108331 0.26725059 4.83098396 0.0000 0.0005

ENSG00000129038 LOXL1 2279.67113 1.14442211 0.23705274 4.82771105 0.0000 0.0005

ENSG00000132613 MTSS1L 11467.8171 2.01655856 0.42026443 4.79830892 0.0000 0.0005

ENSG00000109814 UGDH 2484.4118 1.49087431 0.31067278 4.79885728 0.0000 0.0005

ENSG00000234290 AC116366.1 238.302305 -1.49375584 0.31262286 -4.77814009 0.0000 0.0006

ENSG00000141526 SLC16A3 10509.2182 1.30844596 0.27509814 4.75628785 0.0000 0.0007

ENSG00000075275 CELSR1 620.662087 2.84364277 0.60031195 4.73694178 0.0000 0.0007

ENSG00000175315 CST6 1294.53671 3.49344357 0.73822647 4.73221118 0.0000 0.0007

ENSG00000139514 SLC7A1 2633.16021 1.88722883 0.39968224 4.72182304 0.0000 0.0007

ENSG00000166387 PPFIBP2 1162.60093 1.12164035 0.23854441 4.70201905 0.0000 0.0008

ENSG00000198848 CES1 291.451184 1.98786172 0.4231614 4.69764426 0.0000 0.0008

ENSG00000128203 ASPHD2 277.457431 2.58055478 0.55022147 4.69002922 0.0000 0.0008

ENSG00000147655 RSPO2 395.688707 3.31379045 0.70677487 4.68860819 0.0000 0.0008

ENSG00000269124 AC007193.2 54.3423458 -2.76945745 0.59210683 -4.67729357 0.0000 0.0009

ENSG00000153822 KCNJ16 118.390697 2.95497792 0.63312215 4.66731087 0.0000 0.0009

ENSG00000253939 AC007991.3 64.9028815 -2.77410053 0.59737194 -4.64384141 0.0000 0.0010

ENSG00000183691 NOG 4390.8474 3.38965326 0.73238189 4.62825922 0.0000 0.0011

ENSG00000130635 COL5A1 27082.1653 1.8990692 0.41080945 4.62274958 0.0000 0.0011

ENSG00000124731 TREM1 1024.66176 3.33590595 0.72530759 4.59929825 0.0000 0.0012

ENSG00000121858 TNFSF10 8880.8521 1.54763724 0.33670749 4.59638498 0.0000 0.0012

ENSG00000099812 MISP 352.648747 3.75220829 0.81693333 4.593041 0.0000 0.0012

ENSG00000174697 LEP 17214.7911 5.32675521 1.16258727 4.58181106 0.0000 0.0013

ENSG00000271327 AC010201.2 52.2334199 -2.53687858 0.55413372 -4.57809816 0.0000 0.0013

ENSG00000243302 AC018638.4 1058.10114 -1.45697591 0.31853633 -4.57397099 0.0000 0.0013

ENSG00000197122 SRC 2206.01114 0.7201999 0.15763818 4.56868944 0.0000 0.0013

ENSG00000226239 AL031658.1 109.023588 -2.22449479 0.48795121 -4.55884672 0.0000 0.0014

ENSG00000256276 66.8588668 3.99278813 0.87765871 4.5493631 0.0000 0.0014

ENSG00000211574 MIR770 321.223042 -2.4805347 0.54477664 -4.55330592 0.0000 0.0014

ENSG00000090776 EFNB1 8244.78921 1.32004432 0.29004062 4.55123942 0.0000 0.0014

ENSG00000198125 MB 18.420404 8.44820711 1.85988995 4.5423156 0.0000 0.0014

ENSG00000161638 ITGA5 31549.1764 1.39264003 0.30784681 4.52380854 0.0000 0.0015

ENSG00000115339 GALNT3 526.562996 2.02496676 0.44749288 4.52513735 0.0000 0.0015

ENSG00000210077 MT-TV 166.282047 2.85611963 0.63086084 4.52733702 0.0000 0.0015

ENSG00000129521 EGLN3 2278.95575 3.14148507 0.69967574 4.48991564 0.0000 0.0017

ENSG00000104154 SLC30A4 703.064562 1.13285658 0.25266484 4.48363358 0.0000 0.0018
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Table s4b: All differentially expressed genes found for a design with four conditions (male control, male 
SSRI, female control, and female SSRI), contrasted for males (comparing male control and male fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000128268 MGAT3 3098.50076 1.58031519 0.3529829 4.4770305 0.0000 0.0018

ENSG00000280213 UCKL1-AS1 349.473789 -1.4426283 0.32354612 -4.45880263 0.0000 0.0019

ENSG00000279759 AC118344.2 330.026039 -1.68662752 0.3782138 -4.45945522 0.0000 0.0019

ENSG00000113083 LOX 602.425102 2.4757672 0.55565121 4.45561378 0.0000 0.0019

ENSG00000104419 NDRG1 14313.1876 1.717585 0.38566111 4.45361219 0.0000 0.0019

ENSG00000249321 OR5H5P 79.6224735 5.30738054 1.19353118 4.44678835 0.0000 0.0020

ENSG00000223724 RAD17P2 13.4568087 -7.35536616 1.65505266 -4.4441886 0.0000 0.0020

ENSG00000231826 LINC01819 132.830538 4.15441064 0.93571115 4.43984305 0.0000 0.0020

ENSG00000102996 MMP15 12126.9029 0.79066355 0.17807027 4.44017728 0.0000 0.0020

ENSG00000136026 CKAP4 5518.70177 0.94413506 0.21304063 4.43171367 0.0000 0.0020

ENSG00000106366 SERPINE1 87421.1606 2.18606221 0.49299163 4.43427854 0.0000 0.0020

ENSG00000204381 LAYN 704.037477 1.44040177 0.32503767 4.43149174 0.0000 0.0020

ENSG00000100234 TIMP3 181582.935 2.15694435 0.48755967 4.42395972 0.0000 0.0021

ENSG00000130822 PNCK 459.691469 2.48920572 0.56281327 4.42279142 0.0000 0.0021

ENSG00000168938 PPIC 2410.44759 1.19628271 0.27118636 4.41129376 0.0000 0.0022

ENSG00000049860 HEXB 24773.1517 1.46418798 0.33281536 4.39940026 0.0000 0.0023

ENSG00000078140 UBE2K 2781.48234 1.78575786 0.40632378 4.39491348 0.0000 0.0023

ENSG00000186847 KRT14 1047.38984 4.92670143 1.12608012 4.37508961 0.0000 0.0025

ENSG00000065618 COL17A1 10655.4415 3.08271315 0.70650394 4.36333467 0.0000 0.0026

ENSG00000167394 ZNF668 560.741231 1.11295065 0.25617802 4.34444241 0.0000 0.0028

ENSG00000279204 AC134043.2 70.768301 -1.8514952 0.4271349 -4.33468492 0.0000 0.0029

ENSG00000147852 VLDLR 1369.58423 1.00694856 0.23262085 4.32871158 0.0000 0.0030

ENSG00000136156 ITM2B 69489.6773 1.47725544 0.3414789 4.32605193 0.0000 0.0030

ENSG00000280163 AC040160.2 48.7305495 -2.48032724 0.57498913 -4.3136941 0.0000 0.0031

ENSG00000235162 C12orf75 1531.31112 2.55565688 0.59256335 4.31288383 0.0000 0.0031

ENSG00000229951 AC104695.2 64.9932957 1.82820858 0.42467451 4.30496421 0.0000 0.0032

ENSG00000161714 PLCD3 2114.56037 1.65662436 0.38468497 4.30644421 0.0000 0.0032

ENSG00000115138 POMC 229.8462 2.87461563 0.66971731 4.2922821 0.0000 0.0032

ENSG00000229413 AC018638.1 547.025205 -1.67310608 0.3889078 -4.30206357 0.0000 0.0032

ENSG00000157227 MMP14 24328.2879 0.95687277 0.22286447 4.29351871 0.0000 0.0032

ENSG00000116260 QSOX1 42702.2138 2.07450598 0.48281748 4.29666708 0.0000 0.0032

ENSG00000127124 HIVEP3 456.135114 1.42837195 0.33281087 4.29184284 0.0000 0.0032

ENSG00000167136 ENDOG 580.127352 1.71972429 0.39989166 4.30047548 0.0000 0.0032

ENSG00000012232 EXTL3 4225.48146 1.81279118 0.42205226 4.29518184 0.0000 0.0032

ENSG00000115963 RND3 2558.75708 1.36644076 0.31824605 4.2936613 0.0000 0.0032
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Table s4b: All differentially expressed genes found for a design with four conditions (male control, male 
SSRI, female control, and female SSRI), contrasted for males (comparing male control and male fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000224728 IMPDH1P8 9.82723625 -6.85916464 1.59895556 -4.28977817 0.0000 0.0032

ENSG00000272505 AC104964.4 53.9615611 -2.11519003 0.49374559 -4.28396743 0.0000 0.0033

ENSG00000242600 MBL1P 90.704403 -2.29096611 0.53503442 -4.28190419 0.0000 0.0033

ENSG00000061656 SPAG4 445.792854 1.87125555 0.43731385 4.27897614 0.0000 0.0033

ENSG00000271430 1516.49252 -0.9020825 0.21087458 -4.27781526 0.0000 0.0033

ENSG00000280334 AC009084.2 176.644414 -2.21840627 0.51920871 -4.27266766 0.0000 0.0033

ENSG00000226871 AC135178.1 13.7338091 -6.68802524 1.56518127 -4.27300362 0.0000 0.0033

ENSG00000169862 CTNND2 114.43094 2.65971285 0.6236388 4.26482905 0.0000 0.0034

ENSG00000011028 MRC2 3088.01444 1.97551129 0.46359662 4.26127201 0.0000 0.0034

ENSG00000135074 ADAM19 6578.80516 1.67362163 0.39462435 4.24105009 0.0000 0.0037

ENSG00000135919 SERPINE2 73020.2083 2.75018448 0.6495433 4.23402792 0.0000 0.0038

ENSG00000189159 JPT1 3748.10663 2.08619703 0.49274765 4.23380413 0.0000 0.0038

ENSG00000211679 IGLC3 108.941708 -3.87143602 0.91605152 -4.22622084 0.0000 0.0039

ENSG00000142949 PTPRF 44447.5844 1.56984794 0.37149602 4.22574636 0.0000 0.0039

ENSG00000188910 GJB3 285.19332 3.10204737 0.73441909 4.2238109 0.0000 0.0039

ENSG00000185269 NOTUM 44555.6252 2.76636157 0.65656784 4.21336746 0.0000 0.0041

ENSG00000174705 SH3PXD2B 2662.29139 1.82212133 0.43271944 4.21086084 0.0000 0.0041

ENSG00000105048 TNNT1 138.115403 2.95836971 0.70369348 4.20406013 0.0000 0.0041

ENSG00000172379 ARNT2 685.482169 2.60955114 0.62032239 4.20676603 0.0000 0.0041

ENSG00000281991 TMEM265 94.6018094 1.91815081 0.45625072 4.2041595 0.0000 0.0041

ENSG00000168539 CHRM1 15.1928658 -7.16218254 1.70772931 -4.19397999 0.0000 0.0042

ENSG00000280383 Z95331.1 127.433968 -1.59908964 0.38128881 -4.1939065 0.0000 0.0042

ENSG00000137809 ITGA11 522.730825 2.43494134 0.58092051 4.19152245 0.0000 0.0042

ENSG00000183734 ASCL2 2031.50905 2.89712578 0.69044392 4.19603347 0.0000 0.0042

ENSG00000225855 RUSC1-AS1 423.509129 -1.57891416 0.37673549 -4.19104167 0.0000 0.0042

ENSG00000139908 TSSK4 83.3113195 -2.53437271 0.60485836 -4.19002673 0.0000 0.0042

ENSG00000184999 SLC22A10 11.9197455 -6.88670508 1.63989736 -4.19947325 0.0000 0.0042

ENSG00000178150 ZNF114 76.0089342 2.63505611 0.62878499 4.19071089 0.0000 0.0042

ENSG00000174640 SLCO2A1 11626.5352 1.51840261 0.3622613 4.19145684 0.0000 0.0042

ENSG00000179344 HLA-DQB1 1577.47823 -3.07679144 0.73457618 -4.18852599 0.0000 0.0042

ENSG00000172458 IL17D 91.7651948 2.60579252 0.62240859 4.18662684 0.0000 0.0042

ENSG00000174353 STAG3L3 1692.40166 -1.93124286 0.46151528 -4.18456973 0.0000 0.0042

ENSG00000266865 AC138207.8 55.1120539 -1.57020993 0.37662223 -4.16919082 0.0000 0.0044

ENSG00000279569 AC020763.4 709.367724 2.1896995 0.52514693 4.16968926 0.0000 0.0044

ENSG00000131370 SH3BP5 5361.57146 1.46929245 0.35294046 4.16300376 0.0000 0.0045
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Table s4b: All differentially expressed genes found for a design with four conditions (male control, male 
SSRI, female control, and female SSRI), contrasted for males (comparing male control and male fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000197565 COL4A6 298.588762 1.81248762 0.43624849 4.15471379 0.0000 0.0047

ENSG00000210049 MT-TF 139.274864 2.16061567 0.52066896 4.14969169 0.0000 0.0047

ENSG00000102034 ELF4 3931.55809 1.31325214 0.3164687 4.14970621 0.0000 0.0047

ENSG00000105877 DNAH11 410.701152 3.3794735 0.81429673 4.15017447 0.0000 0.0047

ENSG00000214049 UCA1 1788.75021 2.79483742 0.67413463 4.14581492 0.0000 0.0047

ENSG00000119698 PPP4R4 76.5651743 3.34665132 0.80710123 4.14650753 0.0000 0.0047

ENSG00000197540 GZMM 48.0807002 -2.081597 0.50227691 -4.14432151 0.0000 0.0047

ENSG00000248112 AC108174.1 57.863207 3.63552547 0.87853077 4.138188 0.0000 0.0048

ENSG00000186466 AQP7P1 61.8123488 -3.35515044 0.811268 -4.13568688 0.0000 0.0049

ENSG00000255398 HCAR3 146.93511 2.79824035 0.6776186 4.12952114 0.0000 0.0050

ENSG00000120833 SOCS2 2084.57763 -1.14004139 0.27647416 -4.12350071 0.0000 0.0051

ENSG00000272610 MAGI1-IT1 12.9944302 -5.44114273 1.32284425 -4.11321495 0.0000 0.0052

ENSG00000166949 SMAD3 2805.88291 1.28327899 0.31197881 4.11335306 0.0000 0.0052

ENSG00000272983 AL117339.4 38.7481603 -2.29674097 0.55930235 -4.10643899 0.0000 0.0054

ENSG00000160392 C19orf47 815.467915 1.21658421 0.29637495 4.10488208 0.0000 0.0054

ENSG00000278434 AC023830.3 8.53346114 -6.56094457 1.59954292 -4.10176212 0.0000 0.0054

ENSG00000100196 KDELR3 772.823684 2.03286779 0.49659191 4.09363853 0.0000 0.0056

ENSG00000226312 CFLAR-AS1 94.7737256 -1.73075978 0.42268006 -4.09472777 0.0000 0.0056

ENSG00000158825 CDA 1205.66257 1.9301237 0.47168408 4.09198397 0.0000 0.0056

ENSG00000105509 HAS1 75.8016737 3.96797011 0.97235015 4.0808037 0.0000 0.0058

ENSG00000131435 PDLIM4 1637.87795 1.49688282 0.36721065 4.07636009 0.0000 0.0059

ENSG00000215193 PEX26 1543.9064 -0.86339007 0.21174547 -4.07749009 0.0000 0.0059

ENSG00000008441 NFIX 1133.45251 1.70117108 0.41844947 4.0654158 0.0000 0.0061

ENSG00000078269 SYNJ2 1556.66808 1.02899697 0.25345678 4.0598519 0.0000 0.0062

ENSG00000049323 LTBP1 14140.8274 1.41858032 0.34947845 4.05913536 0.0000 0.0062

ENSG00000279019 AC009090.4 96.1986037 -2.69894417 0.66442449 -4.06207811 0.0000 0.0062

ENSG00000169429 CXCL8 522.417183 2.85169745 0.70230152 4.06050301 0.0000 0.0062

ENSG00000169891 REPS2 531.04958 2.70232431 0.66658235 4.05399918 0.0001 0.0063

ENSG00000130821 SLC6A8 5018.45702 1.38147688 0.34134185 4.04719462 0.0001 0.0064

ENSG00000231607 DLEU2 301.266025 -1.75195267 0.43351488 -4.0412746 0.0001 0.0065

ENSG00000134352 IL6ST 26705.3695 1.36659769 0.33820892 4.0406908 0.0001 0.0065

ENSG00000196268 ZNF493 203.014933 -1.49784726 0.37117622 -4.0354074 0.0001 0.0066

ENSG00000212907 MT-ND4L 100847.558 1.78451089 0.44223801 4.03518204 0.0001 0.0066

ENSG00000228513 AC023271.1 9.7417613 -6.85543425 1.70045608 -4.03152679 0.0001 0.0067

ENSG00000208005 MIR503 304.754336 -1.79828131 0.44660333 -4.02657387 0.0001 0.0068
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Table s4b: All differentially expressed genes found for a design with four conditions (male control, male 
SSRI, female control, and female SSRI), contrasted for males (comparing male control and male fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000148498 PARD3 2142.93047 0.91962633 0.22853756 4.02396138 0.0001 0.0068

ENSG00000275216 AL161431.1 817.477498 2.18320743 0.54253541 4.02408287 0.0001 0.0068

ENSG00000263272 AC004148.2 478.309598 -1.02789822 0.25573527 -4.01938386 0.0001 0.0069

ENSG00000177791 MYOZ1 186.339233 3.1062593 0.77380769 4.01425228 0.0001 0.0070

ENSG00000147872 PLIN2 19077.7365 2.35040919 0.58584152 4.01202221 0.0001 0.0071

ENSG00000002726 AOC1 115851.308 2.36025227 0.58903268 4.00699715 0.0001 0.0072

ENSG00000183010 PYCR1 1037.69672 2.01924536 0.50423676 4.00455801 0.0001 0.0072

ENSG00000119715 ESRRB 42.8279705 -2.63400587 0.65858349 -3.99950179 0.0001 0.0074

ENSG00000259645 AC027237.4 6.575484 -6.34089281 1.58763076 -3.99393422 0.0001 0.0075

ENSG00000127377 CRYGN 72.0074954 2.59410643 0.65245011 3.97594603 0.0001 0.0080

ENSG00000115414 FN1 732485.962 2.7000525 0.67923986 3.97510901 0.0001 0.0080

ENSG00000013588 GPRC5A 2374.42706 2.82105278 0.7100062 3.97327906 0.0001 0.0081

ENSG00000137267 TUBB2A 2335.68845 2.20215123 0.55473145 3.96976093 0.0001 0.0081

ENSG00000122042 UBL3 3251.83055 1.39259326 0.35135836 3.96345565 0.0001 0.0082

ENSG00000101856 PGRMC1 3109.63067 1.01629829 0.25635004 3.96449439 0.0001 0.0082

ENSG00000188153 COL4A5 1340.73029 0.81360454 0.20512696 3.96634625 0.0001 0.0082

ENSG00000232611 AL683813.1 112.315748 -1.59068938 0.40127131 -3.96412438 0.0001 0.0082

ENSG00000146966 DENND2A 1683.13394 1.49387562 0.37779111 3.95423706 0.0001 0.0085

ENSG00000224057 EGFR-AS1 775.713218 2.54989101 0.64646598 3.9443545 0.0001 0.0088

ENSG00000139988 RDH12 19.5914343 -5.08740887 1.29175462 -3.93837096 0.0001 0.0090

ENSG00000283236 AC074141.1 70.4275466 -1.97757022 0.50240751 -3.93618763 0.0001 0.0090

ENSG00000143333 RGS16 645.052163 1.95888275 0.49939191 3.92253598 0.0001 0.0094

ENSG00000279162 AC141586.5 62.6315671 -1.67922651 0.42785149 -3.92478825 0.0001 0.0094

ENSG00000189253 TRIM64B 233.722362 5.92250883 1.50978143 3.9227591 0.0001 0.0094

ENSG00000070614 NDST1 4520.14186 0.91090552 0.23220192 3.92290269 0.0001 0.0094

ENSG00000186907 RTN4RL2 356.150731 2.59892636 0.66389057 3.91469087 0.0001 0.0096

ENSG00000197182 MIRLET7BHG 2043.85522 -1.44494212 0.36905766 -3.91522054 0.0001 0.0096

ENSG00000136859 ANGPTL2 979.323331 1.46530913 0.37540393 3.90328661 0.0001 0.0101

ENSG00000128342 LIF 706.630512 4.3402906 1.11444969 3.89455946 0.0001 0.0104

ENSG00000149346 SLX4IP 437.019152 -0.9041942 0.23234643 -3.89157777 0.0001 0.0105

ENSG00000124225 PMEPA1 1004.56522 1.93926571 0.4983962 3.89101224 0.0001 0.0105

ENSG00000228695 CES1P1 46.5524903 2.36430707 0.60789464 3.88933694 0.0001 0.0105

ENSG00000074590 NUAK1 955.11285 1.80434287 0.46437193 3.88555539 0.0001 0.0106

ENSG00000164176 EDIL3 443.69517 2.01515115 0.51875037 3.88462593 0.0001 0.0106

ENSG00000243679 AC018638.5 1852.78593 -1.30968805 0.33717826 -3.88426 0.0001 0.0106
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Table s4b: All differentially expressed genes found for a design with four conditions (male control, male 
SSRI, female control, and female SSRI), contrasted for males (comparing male control and male fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000188227 ZNF793 261.574274 -2.58975552 0.66711868 -3.88200121 0.0001 0.0106

ENSG00000164849 GPR146 1111.37252 1.4556834 0.37502773 3.88153539 0.0001 0.0106

ENSG00000254818 AP004607.3 11.3373896 7.82561647 2.01935212 3.87531049 0.0001 0.0107

ENSG00000257151 PWAR6 106.685268 -1.6457401 0.42492121 -3.87304767 0.0001 0.0107

ENSG00000258818 RNASE4 267.578032 2.0264371 0.52324539 3.87282364 0.0001 0.0107

ENSG00000210112 MT-TM 245.692412 2.35854535 0.60848665 3.87608393 0.0001 0.0107

ENSG00000176532 PRR15 648.882019 2.1476341 0.55405407 3.8762175 0.0001 0.0107

ENSG00000186951 PPARA 626.872599 1.41328409 0.36490531 3.87301597 0.0001 0.0107

ENSG00000108821 COL1A1 117644.829 1.79675511 0.46359062 3.87573659 0.0001 0.0107

ENSG00000225345 SNX18P3 12.6443222 5.45891977 1.40790089 3.87734663 0.0001 0.0107

ENSG00000116574 RHOU 5878.68533 1.12873563 0.29155143 3.87148036 0.0001 0.0107

ENSG00000146070 PLA2G7 807.480711 2.66517722 0.688705 3.86983862 0.0001 0.0107

ENSG00000165030 NFIL3 3182.55966 1.3758767 0.35644941 3.85994938 0.0001 0.0111

ENSG00000231468 PRDX3P2 8.61944166 -6.23677478 1.61765529 -3.85544116 0.0001 0.0113

ENSG00000156515 HK1 6978.43263 0.69583399 0.18086506 3.84725486 0.0001 0.0116

ENSG00000206557 TRIM71 168.071283 2.49085558 0.64779921 3.84510435 0.0001 0.0117

ENSG00000136720 HS6ST1 3623.10722 1.34730213 0.35050935 3.84384074 0.0001 0.0117

ENSG00000074416 MGLL 7199.72329 1.05802585 0.27536297 3.84229536 0.0001 0.0117

ENSG00000243701 DUBR 1022.55645 -0.84462137 0.22016198 -3.83636346 0.0001 0.0119

ENSG00000166592 RRAD 4646.31295 1.99206367 0.51965371 3.83344456 0.0001 0.0119

ENSG00000104848 KCNA7 72.2397038 -4.43717711 1.15727082 -3.83417349 0.0001 0.0119

ENSG00000278784 AL136295.7 262.730391 -1.16274441 0.30320679 -3.83482313 0.0001 0.0119

ENSG00000155254 MARVELD1 4065.56832 0.89128146 0.23267061 3.83065763 0.0001 0.0120

ENSG00000259838 ELOCP2 22.5818833 -7.00910684 1.83095456 -3.82811621 0.0001 0.0121

ENSG00000263327 TAPT1-AS1 155.547524 -2.0420642 0.53393488 -3.82455664 0.0001 0.0123

ENSG00000072682 P4HA2 2015.59216 1.2929753 0.33840368 3.82080749 0.0001 0.0124

ENSG00000157766 ACAN 160.872239 1.97530803 0.51717605 3.81941123 0.0001 0.0124

ENSG00000206417 H1FX-AS1 300.607973 -1.27841246 0.33490157 -3.81727825 0.0001 0.0124

ENSG00000175793 SFN 394.985239 3.41953778 0.89566932 3.81785745 0.0001 0.0124

ENSG00000242735 RPSAP26 92.5530685 -1.6588736 0.43484186 -3.81488942 0.0001 0.0125

ENSG00000224086 AC245452.1 641.87247 -1.01188727 0.26542272 -3.81236123 0.0001 0.0126

ENSG00000233559 LINC00513 23.9101727 -3.33257194 0.87484672 -3.80932095 0.0001 0.0127

ENSG00000183535 COL18A1-AS1 15.7535564 -7.59300483 1.99501233 -3.80599393 0.0001 0.0128

ENSG00000058085 LAMC2 2430.41576 1.73959854 0.45721289 3.80478891 0.0001 0.0128

ENSG00000210156 MT-TK 173.128585 1.80446765 0.47453477 3.80260363 0.0001 0.0129
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Table s4b: All differentially expressed genes found for a design with four conditions (male control, male 
SSRI, female control, and female SSRI), contrasted for males (comparing male control and male fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000234444 ZNF736 549.875686 -2.70439855 0.71138926 -3.80157349 0.0001 0.0129

ENSG00000084072 PPIE 1826.77909 -1.05139916 0.27675475 -3.79902848 0.0001 0.0130

ENSG00000179477 ALOX12B 6.39516401 -6.31747513 1.66329494 -3.7981689 0.0001 0.0130

ENSG00000243004 AC005062.1 824.910533 1.22623489 0.32398305 3.78487365 0.0002 0.0136

ENSG00000206120 EGFEM1P 67.7349553 -1.84282402 0.48678115 -3.78573418 0.0002 0.0136

ENSG00000174403 MIR1-1HG-AS1 16.9274601 7.30870205 1.9331117 3.78079655 0.0002 0.0138

ENSG00000134265 NAPG 1336.40539 -1.13025958 0.29901238 -3.77997581 0.0002 0.0138

ENSG00000187231 SESTD1 1733.74297 1.18047823 0.31248842 3.77767033 0.0002 0.0138

ENSG00000167634 NLRP7 52.3616849 3.49801395 0.92618981 3.77677869 0.0002 0.0138

ENSG00000211592 IGKC 542.753034 -4.18850101 1.10876977 -3.77761111 0.0002 0.0138

ENSG00000140479 PCSK6 3436.04594 2.00154208 0.53049268 3.77298716 0.0002 0.0140

ENSG00000183230 CTNNA3 9.81534659 6.43524672 1.70584758 3.7724629 0.0002 0.0140

ENSG00000260266 PPIAP46 1586.88396 2.09086669 0.55444984 3.77106552 0.0002 0.0140

ENSG00000126215 XRCC3 1164.49918 -0.76452657 0.20295909 -3.76689979 0.0002 0.0142

ENSG00000177283 FZD8 251.216782 1.51679443 0.40274116 3.76617689 0.0002 0.0142

ENSG00000139629 GALNT6 2149.35688 1.86058805 0.49481981 3.76013251 0.0002 0.0145

ENSG00000158055 GRHL3 172.895531 1.31430145 0.34957373 3.75972607 0.0002 0.0145

ENSG00000152931 PART1 517.270811 -1.31797336 0.35067349 -3.75840598 0.0002 0.0145

ENSG00000173464 RNASE11 15.3911274 -7.76435954 2.06633896 -3.75754399 0.0002 0.0145

ENSG00000273329 AC078846.1 250.775459 -1.487916 0.39633502 -3.75418752 0.0002 0.0146

ENSG00000270661 Z99289.2 9.03810508 -6.8098509 1.81409063 -3.75386476 0.0002 0.0146

ENSG00000227051 C14orf132 177.957314 1.68315061 0.44858571 3.75212711 0.0002 0.0147

ENSG00000068781 STON1-GTF2A1L 144.578581 3.24809628 0.8670102 3.74631841 0.0002 0.0150

ENSG00000231925 TAPBP 9913.6306 0.87741387 0.23474021 3.73780809 0.0002 0.0154

ENSG00000172901 LVRN 14789.4838 2.51084826 0.67262988 3.73288242 0.0002 0.0157

ENSG00000173801 JUP 15015.6973 0.98672666 0.26457039 3.72954302 0.0002 0.0158

ENSG00000084731 KIF3C 443.218772 1.75378435 0.47050539 3.72744796 0.0002 0.0159

ENSG00000184956 MUC6 26.5668761 -3.70711305 0.99481503 -3.72643451 0.0002 0.0159

ENSG00000112977 DAP 5278.07533 0.94151773 0.25265156 3.72654623 0.0002 0.0159

ENSG00000173702 MUC13 8.3879438 -6.51921463 1.74986765 -3.72554726 0.0002 0.0159

ENSG00000103489 XYLT1 1973.63156 1.35135638 0.36298871 3.72286064 0.0002 0.0160

ENSG00000230715 AC018638.2 618.568086 -1.22971575 0.33050907 -3.72067178 0.0002 0.0161

ENSG00000171446 KRT27 16.2820638 -6.81890148 1.83414408 -3.71775671 0.0002 0.0162

ENSG00000264456 AC138207.4 180.1604 -1.33133531 0.35823607 -3.71636313 0.0002 0.0163

ENSG00000106397 PLOD3 6670.83663 0.89744506 0.24157238 3.71501516 0.0002 0.0163



105

Chapter 4

Table s4b: All differentially expressed genes found for a design with four conditions (male control, male 
SSRI, female control, and female SSRI), contrasted for males (comparing male control and male fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000268621 IGFL2-AS1 150.825951 3.02862264 0.81573285 3.71276287 0.0002 0.0164

ENSG00000107957 SH3PXD2A 14394.5334 1.52741433 0.41172193 3.70982023 0.0002 0.0165

ENSG00000229180 AC006001.3 1275.16203 -1.10694123 0.29837779 -3.70986467 0.0002 0.0165

ENSG00000265107 GJA5 9898.90725 1.21864507 0.32902553 3.70380096 0.0002 0.0166

ENSG00000113369 ARRDC3 11144.1179 1.6125404 0.43533947 3.7040988 0.0002 0.0166

ENSG00000224220 AC104699.1 12.3317778 -5.25797019 1.41998407 -3.70283744 0.0002 0.0166

ENSG00000004660 CAMKK1 333.987784 1.04243011 0.281296 3.70581205 0.0002 0.0166

ENSG00000148344 PTGES 6624.63676 1.45252738 0.39231083 3.70249117 0.0002 0.0166

ENSG00000174945 AMZ1 244.528004 2.49596247 0.67398741 3.7032776 0.0002 0.0166

ENSG00000016082 ISL1 642.351538 -1.16820269 0.31540677 -3.70379712 0.0002 0.0166

ENSG00000050426 LETMD1 1701.42262 -0.68859926 0.18658667 -3.69050624 0.0002 0.0173

ENSG00000134333 LDHA 10150.7831 1.51840906 0.4115695 3.68931383 0.0002 0.0174

ENSG00000168542 COL3A1 125609.741 1.4871019 0.40370491 3.68363587 0.0002 0.0177

ENSG00000154127 UBASH3B 3520.65345 1.42281337 0.38649463 3.68132765 0.0002 0.0178

ENSG00000247095 MIR210HG 444.507077 2.9262212 0.79626258 3.67494501 0.0002 0.0181

ENSG00000265136 AC124283.4 8.04851209 -5.95451873 1.62026189 -3.67503473 0.0002 0.0181

ENSG00000187243 MAGED4B 501.006923 1.7341744 0.47207619 3.67350535 0.0002 0.0182

ENSG00000205740 AL359878.1 137.904118 -1.24886948 0.34021251 -3.67085113 0.0002 0.0183

ENSG00000168490 PHYHIP 717.866255 1.36462716 0.3718649 3.66968532 0.0002 0.0184

ENSG00000182782 HCAR2 357.688569 2.33519868 0.63659641 3.66825612 0.0002 0.0184

ENSG00000167992 VWCE 1021.96897 1.98705912 0.54237451 3.66362923 0.0002 0.0187

ENSG00000274995 AC013564.1 6.20861404 -6.55811794 1.79042071 -3.66289214 0.0002 0.0187

ENSG00000186081 KRT5 53.045365 4.93326675 1.34744341 3.66120513 0.0003 0.0187

ENSG00000197124 ZNF682 216.507608 -1.54357501 0.42177575 -3.65970546 0.0003 0.0187

ENSG00000183690 EFHC2 60.4341373 3.04120805 0.83102614 3.65958168 0.0003 0.0187

ENSG00000203706 SERTAD4-AS1 135.226174 1.59379641 0.43552551 3.6594789 0.0003 0.0187

ENSG00000123999 INHA 3060.4934 1.71347935 0.46851671 3.65724275 0.0003 0.0188

ENSG00000088280 ASAP3 3584.56197 1.79550565 0.49133912 3.65431037 0.0003 0.0190

ENSG00000229591 AC006017.1 24.6338972 -3.12372474 0.85545063 -3.65155466 0.0003 0.0191

ENSG00000134318 ROCK2 3731.15217 0.92399827 0.25336175 3.64695244 0.0003 0.0193

ENSG00000108679 LGALS3BP 14892.2939 1.3669268 0.37483598 3.64673322 0.0003 0.0193

ENSG00000101000 PROCR 4911.62516 1.57565659 0.431951 3.64776694 0.0003 0.0193

ENSG00000272472 AL512283.1 87.610428 -3.28237382 0.90029502 -3.64588692 0.0003 0.0193

ENSG00000196526 AFAP1 3318.74985 1.61839757 0.44409498 3.64425998 0.0003 0.0194

ENSG00000188706 ZDHHC9 1775.71293 1.20895327 0.33216525 3.63961389 0.0003 0.0196
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Table s4b: All differentially expressed genes found for a design with four conditions (male control, male 
SSRI, female control, and female SSRI), contrasted for males (comparing male control and male fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000211949 IGHV3-23 32.2123698 -6.49731391 1.78502372 -3.6399034 0.0003 0.0196

ENSG00000209082 MT-TL1 1065.24447 2.21214667 0.60846375 3.63562605 0.0003 0.0197

ENSG00000156804 FBXO32 2203.05868 1.29706942 0.35665986 3.63671263 0.0003 0.0197

ENSG00000152127 MGAT5 6661.49112 2.01909579 0.55503436 3.63778525 0.0003 0.0197

ENSG00000156466 GDF6 580.832031 1.5575589 0.4282296 3.63720516 0.0003 0.0197

ENSG00000162929 KIAA1841 357.212671 -1.1827291 0.32529981 -3.63581249 0.0003 0.0197

ENSG00000187642 PERM1 40.7206293 3.06081756 0.84260644 3.63255893 0.0003 0.0197

ENSG00000141985 SH3GL1 7761.55903 0.72108661 0.19845908 3.6334271 0.0003 0.0197

ENSG00000262663 AC087222.1 41.5127008 -2.31337707 0.63672879 -3.63322201 0.0003 0.0197

ENSG00000143858 SYT2 74.6570023 -1.63398432 0.4500486 -3.63068412 0.0003 0.0198

ENSG00000120708 TGFBI 17528.0995 1.66098539 0.45778711 3.62829217 0.0003 0.0200

ENSG00000167123 CERCAM 11893.8913 1.60975793 0.44398206 3.62572742 0.0003 0.0201

ENSG00000182931 WFDC10B 11.5204487 6.77346219 1.86921092 3.62370139 0.0003 0.0202

ENSG00000254558 AP005435.1 17.6649312 5.41440848 1.49461525 3.62261021 0.0003 0.0202

ENSG00000135002 RFK 2312.1501 1.2841013 0.3545143 3.62214244 0.0003 0.0202

ENSG00000179520 SLC17A8 82.9953204 4.13708618 1.14223159 3.62193292 0.0003 0.0202

ENSG00000215417 MIR17HG 140.824471 -2.10740778 0.58198528 -3.62106716 0.0003 0.0202

ENSG00000162241 SLC25A45 796.951308 -0.96218014 0.26594712 -3.61793779 0.0003 0.0204

ENSG00000144161 ZC3H8 400.123404 -0.89852494 0.24838999 -3.61739594 0.0003 0.0204

ENSG00000116132 PRRX1 206.930808 2.32599411 0.64334646 3.61546111 0.0003 0.0205

ENSG00000105143 SLC1A6 145.944419 5.08932776 1.40826915 3.61388855 0.0003 0.0205

ENSG00000067082 KLF6 7990.56903 1.49953304 0.41512647 3.61223182 0.0003 0.0205

ENSG00000228492 RAB11FIP1P1 268.995386 -1.32130186 0.36574916 -3.61259032 0.0003 0.0205

ENSG00000197245 FAM110D 183.60649 -1.57824204 0.43705347 -3.61109603 0.0003 0.0206

ENSG00000087470 DNM1L 2259.67596 0.87152247 0.24140021 3.61028052 0.0003 0.0206

ENSG00000243836 WDR86-AS1 796.589764 2.13499426 0.59172059 3.60811216 0.0003 0.0207

ENSG00000188522 FAM83G 403.327301 2.00865011 0.55667337 3.60831002 0.0003 0.0207

ENSG00000076716 GPC4 3983.42827 1.43554445 0.39817486 3.60531161 0.0003 0.0208

ENSG00000169245 CXCL10 376.753762 -2.88822806 0.80193985 -3.60155197 0.0003 0.0209

ENSG00000179406 LINC00174 556.353747 -1.26501093 0.35116139 -3.60236336 0.0003 0.0209

ENSG00000029993 HMGB3 20200.1501 1.12722219 0.31295454 3.60187197 0.0003 0.0209

ENSG00000173578 XCR1 548.36863 2.42606738 0.67353304 3.60200204 0.0003 0.0209

ENSG00000268182 SMIM17 9.97716226 -7.30528101 2.03044721 -3.59786799 0.0003 0.0211

ENSG00000198886 MT-ND4 513087.615 1.40300844 0.38992603 3.59813995 0.0003 0.0211

ENSG00000215481 BCRP3 22.6360548 4.12824779 1.14871614 3.59379281 0.0003 0.0214
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Table s4b: All differentially expressed genes found for a design with four conditions (male control, male 
SSRI, female control, and female SSRI), contrasted for males (comparing male control and male fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000260990 Z94057.1 8.00816121 -5.93759722 1.65257102 -3.59294527 0.0003 0.0214

ENSG00000139055 ERP27 127.275279 2.64222092 0.7355388 3.59222506 0.0003 0.0214

ENSG00000198796 ALPK2 128.294308 1.95049695 0.54359951 3.58811387 0.0003 0.0216

ENSG00000146674 IGFBP3 108177.418 1.62363698 0.45238906 3.58902799 0.0003 0.0216

ENSG00000183723 CMTM4 1493.19273 1.50334995 0.41893324 3.58851914 0.0003 0.0216

ENSG00000196154 S100A4 3121.02934 1.57373166 0.43988432 3.57760342 0.0003 0.0224

ENSG00000138795 LEF1 345.578803 -1.40430883 0.39275827 -3.57550418 0.0003 0.0225

ENSG00000151090 THRB 687.190364 1.40526308 0.3931926 3.57398152 0.0004 0.0226

ENSG00000129991 TNNI3 11.9564729 6.82737969 1.91054044 3.57353321 0.0004 0.0226

ENSG00000172081 MOB3A 3225.70913 0.82520801 0.23127072 3.56814741 0.0004 0.0230

ENSG00000176134 AL445665.1 17.1518727 -3.86303547 1.08350036 -3.56532919 0.0004 0.0231

ENSG00000249906 AC006487.1 23.1125666 -4.3213382 1.2120492 -3.56531582 0.0004 0.0231

ENSG00000173898 SPTBN2 572.442102 1.80579033 0.5066063 3.56448458 0.0004 0.0231

ENSG00000277957 SENP3-EIF4A1 650.801032 -5.77401007 1.62026411 -3.56362275 0.0004 0.0231

ENSG00000254165 AC090739.1 26.6593084 -2.28685808 0.64231283 -3.56034935 0.0004 0.0234

ENSG00000236308 AL138921.2 14.2914734 -3.98144018 1.11864156 -3.55917419 0.0004 0.0234

ENSG00000042980 ADAM28 313.457958 2.2280383 0.62617671 3.55816221 0.0004 0.0235

ENSG00000154545 MAGED4 481.957267 1.7234034 0.48463687 3.55607156 0.0004 0.0236

ENSG00000213906 LTB4R2 358.675082 -1.63685476 0.46037342 -3.55549367 0.0004 0.0236

ENSG00000128422 KRT17 896.79168 2.69712153 0.75933722 3.55194169 0.0004 0.0236

ENSG00000128928 IVD 2313.21466 -0.85777188 0.24136646 -3.55381559 0.0004 0.0236

ENSG00000006453 BAIAP2L1 2432.71242 1.10111449 0.30978907 3.55440067 0.0004 0.0236

ENSG00000180448 ARHGAP45 9211.30867 2.07253674 0.58340387 3.55249058 0.0004 0.0236

ENSG00000245970 AP003352.1 394.316535 -0.90153837 0.25373812 -3.55302689 0.0004 0.0236

ENSG00000175592 FOSL1 163.165163 1.90149707 0.53559949 3.55022195 0.0004 0.0237

ENSG00000164007 CLDN19 1843.71589 2.37953905 0.67129051 3.54472319 0.0004 0.0240

ENSG00000267280 TBX2-AS1 475.317725 -1.53903973 0.43399018 -3.54625474 0.0004 0.0240

ENSG00000244563 AC006011.1 92.4856442 -4.74062118 1.33693384 -3.54589063 0.0004 0.0240

ENSG00000148737 TCF7L2 1385.10287 2.20373867 0.62165181 3.54497267 0.0004 0.0240

ENSG00000106991 ENG 16895.5736 1.30729021 0.36907874 3.54203603 0.0004 0.0242

ENSG00000156966 B3GNT7 1463.73156 2.67613774 0.75574255 3.54107062 0.0004 0.0242

ENSG00000227397 AC079355.2 6.53092282 -6.0950149 1.72204605 -3.53940297 0.0004 0.0242

ENSG00000010278 CD9 3964.82697 1.69109893 0.47780841 3.53928244 0.0004 0.0242

ENSG00000225362 CT62 7.30976051 5.66112087 1.60050395 3.53708647 0.0004 0.0244

ENSG00000169242 EFNA1 4155.97562 1.34798542 0.38155534 3.53287003 0.0004 0.0247



108

Table s4b: All differentially expressed genes found for a design with four conditions (male control, male 
SSRI, female control, and female SSRI), contrasted for males (comparing male control and male fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000210100 MT-TI 96.436819 2.10113617 0.59493094 3.53173119 0.0004 0.0248

ENSG00000121753 ADGRB2 713.748811 1.14122684 0.32355971 3.52709814 0.0004 0.0251

ENSG00000170482 SLC23A1 29.7616822 -2.18271506 0.6195416 -3.523113 0.0004 0.0255

ENSG00000164692 COL1A2 55436.2241 1.52362704 0.4328587 3.51991781 0.0004 0.0257

ENSG00000229065 AL354893.2 10.3501514 -6.09243278 1.73101555 -3.51957138 0.0004 0.0257

ENSG00000154451 GBP5 477.009666 -2.21794531 0.63128756 -3.5133677 0.0004 0.0262

ENSG00000273271 AP000254.1 109.130135 -2.08646242 0.59415802 -3.51162879 0.0004 0.0263

ENSG00000139304 PTPRQ 141.69927 1.85292975 0.52787583 3.51016211 0.0004 0.0264

ENSG00000273055 AC005046.1 118.393563 -1.8360437 0.52361379 -3.50648459 0.0005 0.0266

ENSG00000158445 KCNB1 68.2701214 2.98365184 0.85134318 3.50464058 0.0005 0.0266

ENSG00000068615 REEP1 290.160093 1.663245 0.4747072 3.50372822 0.0005 0.0266

ENSG00000174136 RGMB 800.894305 0.80083029 0.22859852 3.50321723 0.0005 0.0266

ENSG00000095752 IL11 171.001354 3.00143914 0.85668743 3.50354054 0.0005 0.0266

ENSG00000270093 6.16471106 -6.28131885 1.79224077 -3.50472937 0.0005 0.0266

ENSG00000114439 BBX 1701.68093 1.83008343 0.52206822 3.50544882 0.0005 0.0266

ENSG00000100292 HMOX1 5934.7016 0.91169256 0.25994193 3.50729319 0.0005 0.0266

ENSG00000257509 AC073487.1 15.3141526 -3.56567693 1.01912782 -3.4987534 0.0005 0.0269

ENSG00000271646 AC099343.3 276.491987 -1.01346241 0.28963621 -3.49908741 0.0005 0.0269

ENSG00000182732 RGS6 131.733647 -2.14251897 0.61239801 -3.49857269 0.0005 0.0269

ENSG00000151151 IPMK 1433.19046 1.19414101 0.34151169 3.4966329 0.0005 0.0270

ENSG00000273302 AC016747.3 24.2838616 -2.91654267 0.83459596 -3.49455641 0.0005 0.0270

ENSG00000269439 AC010618.3 82.7503932 -1.34496604 0.38485285 -3.49475402 0.0005 0.0270

ENSG00000107130 NCS1 220.875814 1.67985321 0.48073984 3.4943083 0.0005 0.0270

ENSG00000070756 PABPC1 11921.9451 0.7873476 0.22533179 3.4941701 0.0005 0.0270

ENSG00000249669 CARMN 3376.33531 -1.66097327 0.47548904 -3.4931894 0.0005 0.0271

ENSG00000085741 WNT11 361.21447 1.74798057 0.5014373 3.48594044 0.0005 0.0277

ENSG00000233251 AC007743.1 1895.20247 -1.29444432 0.37138387 -3.4854619 0.0005 0.0277

ENSG00000224452 RSL24D1P6 8.64607895 -5.34931052 1.53503185 -3.48482054 0.0005 0.0278

ENSG00000164061 BSN 152.365909 -1.34610322 0.38648388 -3.48294788 0.0005 0.0279

ENSG00000138755 CXCL9 821.810052 -5.38484946 1.547286 -3.48019012 0.0005 0.0281

ENSG00000130598 TNNI2 412.705287 2.13198381 0.61286173 3.47873543 0.0005 0.0282

ENSG00000170089 AC106795.1 329.40407 1.46285338 0.42064906 3.47760998 0.0005 0.0283

ENSG00000204172 AGAP9 951.477986 -1.43642568 0.41375324 -3.47169653 0.0005 0.0288

ENSG00000159251 ACTC1 182.279643 2.22622167 0.64116441 3.47215413 0.0005 0.0288

ENSG00000258521 AL157871.2 50.625821 -2.07685716 0.5985456 -3.46983946 0.0005 0.0288
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Table s4b: All differentially expressed genes found for a design with four conditions (male control, male 
SSRI, female control, and female SSRI), contrasted for males (comparing male control and male fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000198888 MT-ND1 260849.228 1.79929936 0.51853557 3.4699632 0.0005 0.0288

ENSG00000269514 AC024257.3 70.9170663 -2.12854493 0.61356983 -3.46911603 0.0005 0.0288

ENSG00000007171 NOS2 133.379018 2.78435415 0.80361368 3.4647919 0.0005 0.0293

ENSG00000149925 ALDOA 20322.0633 0.78603866 0.22698281 3.46298765 0.0005 0.0294

ENSG00000198393 ZNF26 947.468478 -0.78341985 0.2269931 -3.45129363 0.0006 0.0306

ENSG00000132164 SLC6A11 111.830809 2.38776071 0.6920495 3.45027446 0.0006 0.0306

ENSG00000115310 RTN4 12085.1087 0.71710417 0.20780889 3.45078672 0.0006 0.0306

ENSG00000165474 GJB2 15.1096156 4.11298243 1.19298474 3.44764044 0.0006 0.0308

ENSG00000255571 MIR9-3HG 202.604666 2.12849587 0.61770164 3.44583165 0.0006 0.0309

ENSG00000280434 AL031595.3 95.3674667 -2.30842445 0.66980924 -3.44639087 0.0006 0.0309

ENSG00000167113 COQ4 2300.23688 -0.56886558 0.16511375 -3.445295 0.0006 0.0309

ENSG00000110218 PANX1 820.062602 1.17868156 0.34228625 3.44355509 0.0006 0.0310

ENSG00000125851 PCSK2 25.5535196 5.55360856 1.61366237 3.44161745 0.0006 0.0312

ENSG00000092621 PHGDH 798.233491 1.16061643 0.3374027 3.4398552 0.0006 0.0312

ENSG00000134343 ANO3 64.3220915 2.72769835 0.79288081 3.44023755 0.0006 0.0312

ENSG00000274008 RF00017 30.0999274 -2.40958403 0.70049284 -3.43984103 0.0006 0.0312

ENSG00000229376 CICP3 22.6049306 -2.15371702 0.62672441 -3.43646581 0.0006 0.0315

ENSG00000156273 BACH1 3908.83812 1.23835377 0.3605189 3.43492053 0.0006 0.0316

ENSG00000116183 PAPPA2 105464.035 2.48018513 0.72419319 3.42475621 0.0006 0.0324

ENSG00000186104 CYP2R1 251.372311 -0.84903897 0.24787105 -3.42532529 0.0006 0.0324

ENSG00000230156 LINC00443 7.94156057 -6.54348755 1.91073138 -3.42459835 0.0006 0.0324

ENSG00000100934 SEC23A 2350.58811 0.81706941 0.23848791 3.42604128 0.0006 0.0324

ENSG00000215067 ALOX12-AS1 247.468614 -1.2172132 0.35548634 -3.42407872 0.0006 0.0324

ENSG00000099834 CDHR5 109.105416 -1.93717141 0.56565218 -3.42466887 0.0006 0.0324

ENSG00000262319 AC007952.6 121.893391 -1.83700323 0.53612183 -3.42646598 0.0006 0.0324

ENSG00000088298 EDEM2 2935.45497 0.62355036 0.18215141 3.42325297 0.0006 0.0325

ENSG00000229052 AL449283.1 6.9764123 -6.38703774 1.86881717 -3.41768999 0.0006 0.0331

ENSG00000198712 MT-CO2 260525.838 1.30018871 0.38094358 3.41307425 0.0006 0.0336

ENSG00000136918 WDR38 6.91366459 4.9437412 1.45042426 3.40847938 0.0007 0.0340

ENSG00000198865 CCDC152 609.603887 -1.46746857 0.43057412 -3.40816713 0.0007 0.0340

ENSG00000146242 TPBG 4180.48987 1.50334076 0.44119374 3.40743901 0.0007 0.0341

ENSG00000238140 AC104170.2 5.95567186 -5.79408846 1.70170996 -3.40486253 0.0007 0.0343

ENSG00000100739 BDKRB1 60.0361074 2.78611172 0.8183768 3.40443634 0.0007 0.0343

ENSG00000151292 CSNK1G3 615.094323 1.22621097 0.36026645 3.40362239 0.0007 0.0343

ENSG00000114812 VIPR1 545.072474 -2.08799271 0.61377963 -3.40186057 0.0007 0.0345
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Table s4b: All differentially expressed genes found for a design with four conditions (male control, male 
SSRI, female control, and female SSRI), contrasted for males (comparing male control and male fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000205413 SAMD9 851.293503 1.10514329 0.32512901 3.39909162 0.0007 0.0348

ENSG00000274653 AC106782.6 71.1486805 -1.4539952 0.42802584 -3.39697998 0.0007 0.0350

ENSG00000248124 RRN3P1 656.341035 -0.95593811 0.28165485 -3.39400547 0.0007 0.0350

ENSG00000171097 KYAT1 337.512171 1.20169714 0.35393733 3.39522573 0.0007 0.0350

ENSG00000160789 LMNA 17610.0267 0.72151475 0.21245067 3.39615184 0.0007 0.0350

ENSG00000146021 KLHL3 1007.50174 -0.96475697 0.28417236 -3.39497122 0.0007 0.0350

ENSG00000143217 NECTIN4 12871.5096 1.52839556 0.45032833 3.3939583 0.0007 0.0350

ENSG00000111640 GAPDH 57384.1053 1.06510873 0.31400447 3.39201777 0.0007 0.0351

ENSG00000138316 ADAMTS14 1336.80947 -1.01499489 0.29927191 -3.39154747 0.0007 0.0351

ENSG00000142798 HSPG2 40709.761 1.73181512 0.51054216 3.39210989 0.0007 0.0351

ENSG00000119314 PTBP3 4517.44426 1.00791935 0.29730417 3.39019574 0.0007 0.0352

ENSG00000131981 LGALS3 5685.32956 1.55917717 0.46019592 3.38807255 0.0007 0.0354

ENSG00000139973 SYT16 298.54514 1.93527022 0.57156861 3.38589309 0.0007 0.0356

ENSG00000145287 PLAC8 1177.70899 2.27776912 0.67292375 3.38488444 0.0007 0.0357

ENSG00000124766 SOX4 1597.30917 1.51025429 0.44630088 3.3839375 0.0007 0.0357

ENSG00000089154 GCN1 9610.69574 0.76485178 0.22609837 3.38282747 0.0007 0.0357

ENSG00000080947 CROCCP3 472.652029 -1.01254783 0.29928883 -3.38317946 0.0007 0.0357

ENSG00000184347 SLIT3 3348.96928 1.27998911 0.3787948 3.37910949 0.0007 0.0361

ENSG00000119514 GALNT12 216.528136 1.28027913 0.37916928 3.37653709 0.0007 0.0363

ENSG00000270039 AC025165.5 56.2141696 -1.63171468 0.48325621 -3.37650017 0.0007 0.0363

ENSG00000169851 PCDH7 36.5519853 4.06743463 1.2060236 3.37259955 0.0007 0.0368

ENSG00000267747 AC068675.1 6.60604182 -5.72175358 1.69666815 -3.3723469 0.0007 0.0368

ENSG00000213693 SEC14L1P1 45.5645218 -2.41538416 0.7169542 -3.36895182 0.0008 0.0371

ENSG00000168214 RBPJ 4410.42375 -1.41372984 0.41988619 -3.36693579 0.0008 0.0373

ENSG00000124145 SDC4 4792.77679 1.45146698 0.43168626 3.36231914 0.0008 0.0378

ENSG00000164403 SHROOM1 3039.41909 -1.24241971 0.36950555 -3.36238449 0.0008 0.0378

ENSG00000140398 NEIL1 1295.69845 -0.72622054 0.21608767 -3.360768 0.0008 0.0380

ENSG00000226252 AL135960.1 341.919594 -1.45142913 0.43225922 -3.35777482 0.0008 0.0383

ENSG00000102287 GABRE 30197.1572 -1.13959663 0.33991869 -3.35255659 0.0008 0.0388

ENSG00000232070 TMEM253 17.0359003 -2.82390655 0.842051 -3.35360512 0.0008 0.0388

ENSG00000272180 AC011306.1 137.081052 -1.96884523 0.58722233 -3.35281058 0.0008 0.0388

ENSG00000140416 TPM1 16737.235 1.47042836 0.43867397 3.35198451 0.0008 0.0388

ENSG00000254245 PCDHGA3 304.045147 2.24036659 0.66882474 3.34970651 0.0008 0.0390

ENSG00000140743 CDR2 1108.71213 0.84832657 0.25322438 3.35009831 0.0008 0.0390

ENSG00000166448 TMEM130 34.4870983 3.72440731 1.1122086 3.34865899 0.0008 0.0391
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Table s4b: All differentially expressed genes found for a design with four conditions (male control, male 
SSRI, female control, and female SSRI), contrasted for males (comparing male control and male fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000115677 HDLBP 18217.9424 0.67917754 0.2031384 3.34342266 0.0008 0.0393

ENSG00000242371 IGKV1-39 12.0585612 -7.8210602 2.33952677 -3.34300949 0.0008 0.0393

ENSG00000279900 AP001767.4 8.16862238 -6.3140361 1.88734726 -3.34545541 0.0008 0.0393

ENSG00000260139 CSPG4P13 73.1269581 -1.89408859 0.56649872 -3.34350023 0.0008 0.0393

ENSG00000107249 GLIS3 313.215645 1.32736869 0.3966887 3.34612173 0.0008 0.0393

ENSG00000151303 AL136982.1 105.464115 -4.03858531 1.20776591 -3.34384775 0.0008 0.0393

ENSG00000122085 MTERF4 1141.42785 -0.56894491 0.1701292 -3.34419314 0.0008 0.0393

ENSG00000166343 MSS51 121.413053 -1.79447447 0.53622188 -3.34651484 0.0008 0.0393

ENSG00000211893 IGHG2 232.399445 -2.49449321 0.74639868 -3.34203863 0.0008 0.0393

ENSG00000145147 SLIT2 1280.20974 1.29927142 0.38892165 3.34070225 0.0008 0.0394

ENSG00000203870 SMIM9 14.8333813 -4.72889706 1.41532957 -3.34119851 0.0008 0.0394

ENSG00000181751 C5orf30 833.138669 1.25915921 0.37708593 3.33918375 0.0008 0.0394

ENSG00000127325 BEST3 15.7384683 4.92901289 1.47607372 3.33927285 0.0008 0.0394

ENSG00000114268 PFKFB4 1784.07256 0.98508299 0.29517594 3.33727398 0.0008 0.0396

ENSG00000225399 AC121247.1 38.0950132 -2.28598429 0.68499834 -3.33721144 0.0008 0.0396

ENSG00000229142 HCG4P8 836.480515 3.70742588 1.11246018 3.33263694 0.0009 0.0400

ENSG00000103089 FA2H 75.8182243 3.27262229 0.98208661 3.33231535 0.0009 0.0400

ENSG00000164438 TLX3 13.0827297 4.58697695 1.3764113 3.33256269 0.0009 0.0400

ENSG00000246366 LACTB2-AS1 6.64118677 -6.05309529 1.81730925 -3.3308009 0.0009 0.0401

ENSG00000215105 TTC3P1 85.5805371 1.15664917 0.3472172 3.33119779 0.0009 0.0401

ENSG00000280152 AC009078.3 436.56796 -1.30357618 0.39201667 -3.32530803 0.0009 0.0408

ENSG00000116285 ERRFI1 18328.6058 1.01955589 0.30672866 3.32396679 0.0009 0.0410

ENSG00000105290 APLP1 76.2649899 2.69216058 0.81010171 3.32323775 0.0009 0.0410

ENSG00000150764 DIXDC1 1586.114 0.99129138 0.29854078 3.32045548 0.0009 0.0413

ENSG00000245849 RAD51-AS1 440.957952 -1.34642985 0.40559132 -3.31967123 0.0009 0.0414

ENSG00000272486 AC090922.1 23.7293942 -2.66729817 0.80447784 -3.31556451 0.0009 0.0419

ENSG00000109586 GALNT7 1036.57866 1.21137048 0.36548963 3.31437719 0.0009 0.0420

ENSG00000235865 GSN-AS1 270.328016 -1.19598193 0.36092555 -3.31365273 0.0009 0.0420

ENSG00000165617 DACT1 831.066937 1.18942354 0.35899305 3.31322161 0.0009 0.0420

ENSG00000228742 LINC02577 31.343336 2.33126558 0.70390698 3.31189441 0.0009 0.0421

ENSG00000145675 PIK3R1 2384.94 1.30870649 0.39511815 3.31219029 0.0009 0.0421

ENSG00000053747 LAMA3 7241.17832 1.98418723 0.59948625 3.30981275 0.0009 0.0423

ENSG00000223901 AP001469.1 17.2163667 -2.98585279 0.90253271 -3.30830424 0.0009 0.0424

ENSG00000281344 HELLPAR 153.101361 -2.02103452 0.61093869 -3.30808075 0.0009 0.0424

ENSG00000198763 MT-ND2 340928.29 1.68985155 0.5112076 3.30560722 0.0009 0.0427
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Table s4b: All differentially expressed genes found for a design with four conditions (male control, male 
SSRI, female control, and female SSRI), contrasted for males (comparing male control and male fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000267281 AC023509.3 341.706676 -1.10844184 0.33563558 -3.30251591 0.0010 0.0431

ENSG00000101945 SUV39H1 426.621471 1.54782082 0.46902298 3.30009595 0.0010 0.0434

ENSG00000122884 P4HA1 3189.23132 1.19148615 0.36117973 3.29887327 0.0010 0.0435

ENSG00000149634 SPATA25 50.2351053 -1.38746364 0.42086237 -3.29671584 0.0010 0.0438

ENSG00000271851 AC087501.4 99.218647 -1.65079236 0.5009025 -3.29563613 0.0010 0.0439

ENSG00000144837 PLA1A 543.314665 -1.4103425 0.4281311 -3.29418375 0.0010 0.0440

ENSG00000205918 PDPK2P 212.820537 -1.39871031 0.42466593 -3.2936721 0.0010 0.0440

ENSG00000108219 TSPAN14 7802.30037 0.74628431 0.22668199 3.29220823 0.0010 0.0442

ENSG00000054277 OPN3 2616.77288 1.36771011 0.41549376 3.29177053 0.0010 0.0442

ENSG00000084636 COL16A1 4714.64733 1.58502176 0.48188687 3.28919887 0.0010 0.0445

ENSG00000157404 KIT 704.565 2.02112261 0.61478788 3.28751213 0.0010 0.0447

ENSG00000270110 AL353593.3 13.4794427 -3.2885164 1.00047345 -3.2869602 0.0010 0.0447

ENSG00000272599 AC016394.2 61.458944 -1.582571 0.48211846 -3.28253556 0.0010 0.0453

ENSG00000268297 CLEC4GP1 221.856633 -2.16788909 0.6606774 -3.28131263 0.0010 0.0454

ENSG00000279339 AC100788.2 112.409233 -2.13066044 0.64984155 -3.2787384 0.0010 0.0458

ENSG00000236383 LINC00854 95.8748368 -1.32553605 0.40460887 -3.2760924 0.0011 0.0461

ENSG00000283378 BX088645.1 107.84191 2.83533475 0.86536668 3.27645473 0.0011 0.0461

ENSG00000003137 CYP26B1 966.522942 1.46693995 0.44824959 3.27259626 0.0011 0.0465

ENSG00000279573 AC134407.2 22.9668621 -3.237424 0.98980859 -3.27075763 0.0011 0.0466

ENSG00000197670 AL157838.1 104.192785 -1.33595261 0.40842938 -3.27095128 0.0011 0.0466

ENSG00000283646 LINC02009 40.849558 3.91899805 1.19789448 3.271572 0.0011 0.0466

ENSG00000210107 MT-TQ 32.5202952 2.45040187 0.74955539 3.2691405 0.0011 0.0467

ENSG00000173451 THAP2 265.929128 1.5030646 0.45980989 3.26888273 0.0011 0.0467

ENSG00000197956 S100A6 16267.2414 1.04187888 0.31872678 3.2688777 0.0011 0.0467

ENSG00000268471 MIR4453HG 284.283888 -1.01891415 0.31188399 -3.26696525 0.0011 0.0468

ENSG00000260279 AC137932.1 29.5088386 -1.72916222 0.5293323 -3.26668561 0.0011 0.0468

ENSG00000219607 PPP1R3G 293.502659 1.3738051 0.42054355 3.26673679 0.0011 0.0468

ENSG00000167553 TUBA1C 6723.70212 0.71225619 0.21825869 3.26335779 0.0011 0.0468

ENSG00000198899 MT-ATP6 390198.956 1.35275428 0.41453895 3.26327422 0.0011 0.0468

ENSG00000128266 GNAZ 71.1650117 1.47078504 0.45069262 3.26338832 0.0011 0.0468

ENSG00000121690 DEPDC7 75.2346109 2.0235816 0.62011277 3.26324775 0.0011 0.0468

ENSG00000199622 RN7SKP20 6.23240072 -6.13226027 1.87805034 -3.26522679 0.0011 0.0468

ENSG00000158516 CPA2 15.5470547 -5.17924885 1.58622819 -3.2651348 0.0011 0.0468

ENSG00000280157 AL359510.2 89.2649091 -1.59179146 0.4874546 -3.26551736 0.0011 0.0468

ENSG00000225630 MTND2P28 42205.2672 1.69459727 0.51946195 3.26221638 0.0011 0.0469
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Table s4b: All differentially expressed genes found for a design with four conditions (male control, male 
SSRI, female control, and female SSRI), contrasted for males (comparing male control and male fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000268516 AC020915.3 236.929197 -0.99956122 0.30642121 -3.26204975 0.0011 0.0469

ENSG00000164171 ITGA2 743.460268 1.54215424 0.47308281 3.25979764 0.0011 0.0469

ENSG00000136068 FLNB 19031.743 1.48725693 0.45611292 3.26072094 0.0011 0.0469

ENSG00000279518 AC083843.4 629.218129 -1.64497196 0.5047246 -3.25914758 0.0011 0.0469

ENSG00000138615 CILP 348.492396 2.06984119 0.63501039 3.25953912 0.0011 0.0469

ENSG00000102265 TIMP1 15322.4807 1.86165083 0.57114284 3.25951883 0.0011 0.0469

ENSG00000269910 AL049840.2 150.740645 -1.34567649 0.41300913 -3.25822459 0.0011 0.0470

ENSG00000279384 AC080188.2 19.8716664 -3.58706801 1.10138272 -3.25687696 0.0011 0.0471

ENSG00000050327 ARHGEF5 2122.72584 0.82056777 0.2519217 3.25723342 0.0011 0.0471

ENSG00000197273 GUCA2A 339.930137 2.07710292 0.63804876 3.25539843 0.0011 0.0473

ENSG00000197815 AC122129.1 129.958552 -1.74777202 0.5370073 -3.25465223 0.0011 0.0473

ENSG00000279640 AC138466.5 22.5673629 -3.95352158 1.21498035 -3.25397985 0.0011 0.0473

ENSG00000196872 KIAA1211L 1155.89534 1.22308629 0.37602824 3.25264475 0.0011 0.0474

ENSG00000259124 AC008050.1 20.7846951 -2.41840416 0.74341795 -3.25308821 0.0011 0.0474

ENSG00000146197 SCUBE3 216.415139 2.00153106 0.61573176 3.25065425 0.0012 0.0474

ENSG00000176871 WSB2 1790.05872 0.62751984 0.19301872 3.25108272 0.0011 0.0474

ENSG00000184434 LRRC19 6.63668157 -5.13121186 1.57840497 -3.25088424 0.0012 0.0474

ENSG00000173511 VEGFB 2366.85257 0.78043273 0.24002936 3.25140533 0.0011 0.0474

ENSG00000197992 CLEC9A 29.6509662 -1.89753165 0.58390215 -3.24974253 0.0012 0.0475

ENSG00000163902 RPN1 13412.811 0.59069073 0.18187518 3.24778085 0.0012 0.0477

ENSG00000280302 AP005264.7 19.7483823 -3.68362774 1.13475099 -3.2461992 0.0012 0.0479

ENSG00000246273 SBF2-AS1 234.384443 1.24831748 0.38453888 3.24627113 0.0012 0.0479

ENSG00000135960 EDAR 8.50305278 5.9409226 1.83197839 3.24289994 0.0012 0.0483

ENSG00000279059 AC007485.2 167.789146 -1.28913068 0.39783356 -3.24037687 0.0012 0.0487

ENSG00000115267 IFIH1 1126.5291 0.9178004 0.28333915 3.23922906 0.0012 0.0487

ENSG00000106034 CPED1 1442.61957 0.99081694 0.30588113 3.23922212 0.0012 0.0487

ENSG00000151458 ANKRD50 1948.29966 1.19492687 0.36911926 3.23723791 0.0012 0.0490

ENSG00000033867 SLC4A7 1233.31697 1.59737553 0.49358086 3.2362996 0.0012 0.0491

ENSG00000210195 MT-TT 120.361123 1.8608977 0.57537233 3.23424955 0.0012 0.0492

ENSG00000107954 NEURL1 4730.86334 1.65099492 0.51032949 3.23515483 0.0012 0.0492

ENSG00000141429 GALNT1 4059.61394 0.96045029 0.29695121 3.23437063 0.0012 0.0492

ENSG00000091527 CDV3 2942.13844 0.88392244 0.2733591 3.2335578 0.0012 0.0492

ENSG00000110975 SYT10 9.25764129 6.98361222 2.1607754 3.23199357 0.0012 0.0494

ENSG00000231858 AC067945.3 7.37677709 -6.11320113 1.89200801 -3.23106515 0.0012 0.0495

ENSG00000011465 DCN 25194.7252 0.79485176 0.24607539 3.23011482 0.0012 0.0495
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Table s4b: All differentially expressed genes found for a design with four conditions (male control, male 
SSRI, female control, and female SSRI), contrasted for males (comparing male control and male fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method. (continued)

ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000169604 ANTXR1 7311.57394 1.26359629 0.39118086 3.23020994 0.0012 0.0495

ENSG00000250397 AP006623.1 172.91574 -1.48891047 0.46120309 -3.22831854 0.0012 0.0496

ENSG00000267069 AP005264.1 14.1995177 3.44077021 1.0660212 3.22767522 0.0012 0.0496

ENSG00000133216 EPHB2 1715.06202 1.59561024 0.49421724 3.22856048 0.0012 0.0496

ENSG00000154175 ABI3BP 1886.17134 1.90564523 0.59043629 3.22752049 0.0012 0.0496

ENSG00000166669 ATF7IP2 519.622685 -0.93778535 0.29060074 -3.22705771 0.0013 0.0496

ENSG00000106789 CORO2A 671.888986 1.74868487 0.54195712 3.22661113 0.0013 0.0496

ENSG00000186148 AC013268.1 1057.94065 1.45154909 0.4499742 3.2258496 0.0013 0.0497

ENSG00000074410 CA12 293.579775 2.44324922 0.75759599 3.22500285 0.0013 0.0498
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Table s4c: All differentially expressed genes found for a design with 4 conditions (male control, male SSRI, 
female control, and female SSRI), contrasted for females (comparing female control and female fluoxetine). 
BaseMean: the average of the normalized count values, divided by size factors, taken over all samples. Log-
2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: the Wald statistic for 
the Wald test, which is compared to a standard Normal distribution to generate a two-tailed p-value. Padj: 
p-value adjusted for multiple testing using the Benjamini-Hochberg method.
ensemBl Id Gene symbol basemean log2foldChange lfcse stat pvalue padj

ENSG00000260342 AC138811.2 295.361365 -33.6126653 4.6002077 -7.30677124 0.0000 0.0000

ENSG00000124208 TMEM189-UBE2V1 297.721703 29.9466585 4.5240468 6.61944048 0.0000 0.0000

ENSG00000267904 AC024075.1 21.9153032 -29.5365512 4.60253802 -6.4174486 0.0000 0.0000

ENSG00000273373 AL355488.1 470.629645 1.66847192 0.26446484 6.30886102 0.0000 0.0000

ENSG00000160712 IL6R 670.16632 -4.20761307 0.74596002 -5.64053432 0.0000 0.0001

ENSG00000254870 ATP6V1G2-DDX39B 318.276138 -25.7737988 4.60012203 -5.6028511 0.0000 0.0001

ENSG00000261326 LINC01355 1031.34719 1.77787288 0.32488629 5.47229273 0.0000 0.0002

ENSG00000213918 DNASE1 2428.26774 0.95969696 0.19005951 5.0494552 0.0000 0.0014

ENSG00000171067 C11orf24 1062.31595 1.11736135 0.22532043 4.95898819 0.0000 0.0020

ENSG00000135503 ACVR1B 1192.71321 -2.01279432 0.41090429 -4.89845053 0.0000 0.0024

ENSG00000176020 AMIGO3 332.29035 -4.5390929 0.93017291 -4.87983779 0.0000 0.0024

ENSG00000251349 MSANTD3-TMEFF1 41.7570487 20.663024 4.33068633 4.77130469 0.0000 0.0039

ENSG00000280067 AC023818.1 114.513668 1.75427827 0.37347912 4.69712544 0.0000 0.0051

ENSG00000005381 MPO 49.8266269 -2.88686355 0.62825933 -4.59501902 0.0000 0.0074

ENSG00000251357 AP000350.4 25.9173057 -21.1253696 4.60116789 -4.59130596 0.0000 0.0074

ENSG00000259972 AC009120.2 371.974094 1.93370205 0.42501167 4.54976229 0.0000 0.0085

ENSG00000152332 UHMK1 3277.69282 -2.16647766 0.48357919 -4.48008873 0.0000 0.0105

ENSG00000118520 ARG1 41.3063947 -7.24953957 1.6173144 -4.48245534 0.0000 0.0105

ENSG00000160392 C19orf47 815.467915 -1.4819972 0.33294015 -4.45124204 0.0000 0.0113

ENSG00000131374 TBC1D5 2080.12969 -1.44341927 0.32882068 -4.38968525 0.0000 0.0143

ENSG00000267934 AC010300.1 406.805583 2.11138833 0.48337112 4.36804815 0.0000 0.0151

ENSG00000132703 APCS 28.7519789 -8.41972641 1.95852996 -4.29900312 0.0000 0.0197

ENSG00000127366 TAS2R5 64.0684438 2.65707118 0.62575749 4.24616763 0.0000 0.0239

ENSG00000183878 UTY 624.081774 -6.74500717 1.62787014 -4.1434553 0.0000 0.0360

ENSG00000186951 PPARA 626.872599 1.69374673 0.41003157 4.13077154 0.0000 0.0365

ENSG00000248329 APELA 21.3084687 -7.72200276 1.87546226 -4.11738637 0.0000 0.0372

ENSG00000149346 SLX4IP 437.019152 1.06675883 0.26049336 4.0951479 0.0000 0.0395

ENSG00000271430 1516.49252 0.94849689 0.235141 4.0337368 0.0001 0.0495

ENSG00000240979 AL353813.1 23.8764535 5.02454773 1.25365421 4.00792154 0.0001 0.0499

ENSG00000253196 AC083841.1 13.193454 6.17409807 1.53788858 4.0146589 0.0001 0.0499

ENSG00000124191 TOX2 296.056779 -1.98182815 0.49342319 -4.01648767 0.0001 0.0499
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figure s5: Network of enriched terms associated with fl uoxetine treatment in male and female placen-
tas. Each node represents an enriched term and, its size is proportional to the number of diff erentially 
expressed genes that fall into the term. The nodes are represented as pie-charts, color-coded for whether 
the identities of the gene lists came from the DEGs in male placenta (blue) or female placenta (red). Only 
very few nodes were overrepresented in the DEGs of both male and female placentas (indicated by grey 
arrow head).
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figure s6: Network of enriched terms associated with fl uoxetine treatment in male and female placentas. 
Nodes are color-coded by p-value, where terms containing more genes tend to have a more signifi cant 
p-value. Each node represents an enriched term and, where its size is proportional to the number of dif-
ferentially expressed genes that fall into the term.
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figure s7: Heatmap of the top 100 enriched terms across male and female placentas, coloured by p-values. 
Grey cells indicate the lack of enrichment for that term in the corresponding gender. The darker the colour, 
the more statistically signifi cant
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ABsTrACT

Selective serotonin reuptake inhibitor (SSRI) antidepressant use during pregnancy has 
been associated with a negative influence on the development of the unborn child. 
However, the role of the placenta in transmitting these negative effects is not well 
understood. In a previous study we showed that whole transcriptome placental gene 
expression is affected in women using the SSRI fluoxetine during pregnancy. However, 
in human research, it is difficult to discern between the effects of the SSRIs and the ef-
fects of the maternal depression itself, as healthy mothers do not take antidepressants. 
In this study, we want to assess which genes in the rat placenta are transcriptionally 
affected by SSRI treatment without an underlying maternal illness. To this end Wistar 
rats were treated with the SSRI fluoxetine during the whole pregnancy and placentas 
were collected on gestational day 21. Whole transcriptome alterations in the fetal part of 
these term placentas were examined. We found 81 genes to be differentially expressed 
due to fluoxetine treatment. However, we did not find the same strong effects that were 
present in our previous human study, suggesting that a large part of the reported effects 
of SSRIs on human placental gene expression might be due to the underlying maternal 
illness. We identified several over-represented functional annotations among the dif-
ferentially expressed genes, such as the extracellular matrix. We also identified several 
candidate genes, such as Sult1a1, Sult1a3, and Nlgn-3, for further exploration for their 
role in the effect of fluoxetine on offspring development and/or placenta functioning.
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InTroduCTIon

Normal functioning of the placenta depends on intricate anatomical, physiological, ge-
netic and endocrine interactions. However, this intimate maternal-fetal connection also 
implies a risk. Perturbations of the maternal milieu can be transmitted to the embryo 
through the placenta, potentially causing pregnancy-related complications or preg-
nancy failure. Of human pregnancies, 20-40% are complicated by adverse intrauterine 
conditions such as infections, medication and smoking1. These perturbations increase 
the risk for abnormal placental functioning. For example, maternal obesity is associated 
with an altered placental transcriptome310, showing that maternal conditions influence 
gene expression in the placenta.

Selective serotonin reuptake inhibitors (SSRIs) are the most-prescribed antidepressant 
drugs during pregnancy, which can lead to adverse intrauterine conditions. SSRIs can 
modulate the serotonin balance, which in turn stabilizes mood and mental well-being 
of people suffering from depression311. In Europe 2.5-3.3% of pregnant woman are pre-
scribed SSRIs54,55, while in the U.S. the occurrence is between 2.7-5.4%56,57. Serotonin 
homeostasis during pregnancy is pivotal during gestation as an imbalance might have 
detrimental effects for the fetus259. The placenta itself also synthesizes serotonin, which 
has been demonstrated to be essential for fetal brain development44. Although SSRIs 
do not cause gross structural neurological teratogenic effects and are considered safe 
for antenatal use60, it has been reported that the use of SSRIs during pregnancy may 
negatively influence the development of the unborn child. First of all, SSRI exposure 
during pregnancy has been associated with attenuated basal cortisol levels in neonates, 
and differential cortisol levels in 3-month-old infants in response to a stressor61–64. 
Furthermore, several behavioral changes have been reported, including disrupted sleep 
patterns in newborns65 and increased internalizing and externalizing behavior in tod-
dlers66,67.

In addition to influences on the developing child, the use of SSRIs during pregnancy 
is also associated with impaired placental functioning. Elevated serotonin levels have 
been suggested to play a role in preeclampsia312.

Placental synthesis of serotonin is involved in placenta formation and decidualization 
of the endometrium at early stages of pregnancy258. During rodent gestation enhanced 
serotonin levels, caused by a diet enriched with tryptophan, reduced placental develop-
ment313. SSRIs reduce utero-placental blood flow, a mechanism thought to be involved 
in hypertension in preeclampsia and gestational diabetes68,69. Moreover, SSRIs are as-
sociated with an increased risk for preeclampsia depending on the duration of SSRI use 
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during pregnancy; women using SSRIs during the entire pregnancy have a higher risk 
in comparison to those who discontinue before gestational week twenty314–316. Previous 
studies showed that SSRI use during pregnancy was associated with altered placental 
gene expression80,272,317. However, a study in rats where targeted genes related to the 
stress- and serotonergic system were studied did not reveal any changes in expression 
due to SSRI use318.

Investigating only a targeted selection of genes known to be involved in stress, the 
serotonergic system, neurogenesis, signal transduction and angiogenesis, excludes the 
discovery of possible other pathways that may play a role in the adverse outcomes in 
the offspring due to maternal SSRI use. In a previous study in humans, we showed that 
whole transcriptome placental gene expression was altered under fluoxetine treatment 
during pregnancy, with placentas of male infants showing more differently expressed 
genes than those of female infants. The most notable effects on gene expression in pla-
centas of male infants were in processes associated with extracellular matrix organiza-
tion, revealing a putative mechanism by which the disturbed maternal serotonin levels 
could mediate adverse effects on the developing offspring via the placenta (Chapter 4).

In human studies, however, the effects of the SSRIs and the effects of the maternal de-
pression itself are typically confounded, as healthy mothers do not take antidepressants. 
The effects that were seen in our previous study (Chapter 4) on gene expression in the 
placenta could be due solely to the administration of the SSRIs, to the depression of the 
mother, or both, especially when the SSRIs are only partially effective in tempering the 
depression. Moreover, therapeutic compliance in pregnant women that are prescribed 
with SSRIs is imperfect. For example, in a study by Edvinsson et al.272 blood samples of 
41 women on antidepressant treatment were taken at parturition, and in only 28 women 
detectable concentrations of the antidepressant drug were found. To disentangle these 
confounding factors and to further explore the effect of SSRIs on placental gene expres-
sion, we need to perform experimental research, which is not warranted in humans.

In rodents it is possible to study the effect of SSRIs in a healthy pregnancy with con-
trolled drug dosing in a homogenous genetic background. Functioning of the human 
and rat placenta differs in some respect, for example in their endocrine functioning27. 
Nevertheless, they are similar in gross morphology, functioning and gene- and protein 
expression81,319. Therefore, rodents are frequently used to model the human situation. In 
this study we assessed the effects of SSRI treatment during pregnancy on placental gene 
expression in rats, using RNA sequencing to investigate the whole transcriptome263–265. 
Throughout the whole pregnancy Wistar rats were treated with fluoxetine, a commonly 
used SSRI, or with a vehicle as control. Whole transcriptome alterations in the fetal part 
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of term placentas of both male and female offspring that were exposed to fluoxetine 
were examined. The fetal part of the placenta has the same genetic makeup as the fetus. 
Thus, these genetic profiles can shed more light on changes in the placental – and pos-
sibly fetal genetic profile in response to SSRI use during pregnancy.

meThods

Breeding and perinatal fluoxetine exposure
The phase within the oestrous cycle of young adult female Wistar rats was assessed 
twice a day by measuring vaginal wall impedance (Impedance Checker MK-10-B, Mu-
romachi Kikai Co., Ltd.320). Once the oestrous phase was reached, a female was housed 
with a male rat. The next day the male was removed from the cage. This day was then 
considered as gestational day one (G1). Pregnant females were randomly assigned to 
the SSRI (n = 7) or vehicle control (n = 7) group and treated accordingly from G1 up to 
G20. On day G21 the pregnant females were sacrificed. As the average gestation time of 
Wistar rats is 22 days we consider this a full-term pregnancy.

We administered 10 mg/kg fluoxetine (Fluoxetine 20 PCH, Pharmachemie BV, The 
Netherlands) to the pregnant rats in the SSRI group via oral gavage. To do so we used 
flexible PVC tubes normally used for baby enteral tube feeding (40 cm length, Vygon, 
Valkenswaard, The Netherlands). Pregnant rats in the vehicle group were subjected to 
the same procedure but were administered with a 1% methylcellulose solution (Sigma 
Aldrich Chemie BV, Zwijndrecht, The Netherlands). During the drug treatment period, 
body mass of the females was measured daily. All experimental procedures were ap-
proved by the Centrale Commissie Dierproeven, The Netherlands, and performed in 
accordance with relevant guidelines and regulations.

housing
Both male and female rats were housed under standard laboratory conditions with a 
reversed 12:12 hour light/dark cycle. Females were socially housed in Makrolon type 
four cages (55.6x33.4x19.5cm) before pregnancy and individually housed in Makrolon 
type three cages (38.2x22.0x15.0cm) during pregnancy. Animals had ad libitum access to 
food (RMH-B Diets; Woerden, The Netherlands) and tap water. Cages were enriched with 
a wooden gnawing stick (10x2x2cm) and nesting material (Enviro-dri®) for nest building.

Collection of placentas and rnA isolation of fetal side of the placenta
On G21 pregnant females were terminated by decapitation under carbon dioxide as-
phyxiation and placentas were collected and kept in tubes in liquid nitrogen until they 
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were stored at -80 °C. Subsequently the placentas were cut in half along the line of 
symmetry. One half was separated into a maternal part (decidua and metrial gland) and 
a fetal part (labyrinth zone and junctional zone). Total RNA was isolated from the fetal 
part using Trizol (Ambion) and chloroform for RNA separation. The RNA product was 
purified with the RNA Clean & Concentrator™-5 kit (Zymo Research, CA, U.S.), according 
to the manufacturer’s protocol. Quality and concentration of the RNA was evaluated us-
ing a NanoDrop 2000 (Thermo Scientific) and RNA 6000 Nano Kit 2100 on a Bioanalyzer 
(Agilent Technologies, CA, U.S.).

selection of rat placentas for rnA sequencing
For RNA sequencing we selected the RNA samples of five pregnant females, from both 
the vehicle and fluoxetine treatment group, choosing those with the highest RNA integ-
rity values (with a minimum RNA integrity score of 7.0). For each female, two placentas 
were used; 1 placenta of male offspring and 1 placenta of female offspring, leading to a 
total of n = 10 offspring per treatment group.

library preparation and rnA sequencing
Library preparation and sequencing of the RNA of the twenty placentas was done by 
Novogene, Hong Kong. The RNA was enriched using oligo (dT) beads. rRNA was removed 
with the use of the Ribo-Zero kit, leaving only the mRNA. The mRNA was randomly 
fragmented using fragmentation buffer. Fragmentation was carried our using divalent 
cations under elevated temperature in NEBNext® First Strand Synthesis Reaction Buffer 
(5x). The cDNA was synthesized using mRNA template and random hexamers primer. 
To initiate second-strand synthesis, a custom second-strand synthesis buffer (Illumina), 
dNTPs, RNase H and DNA polymerase I (Thermo Scientific) were added. The double-
stranded cDNA library was completed through size selection and PCR enrichment after 
a series of terminal repair, a ligation and sequencing adaptor ligation. Quality of the 
libraries was assessed with Qubit 2.0 for preliminary library concentration, Agilent 2100 
to test the insert size, and qPCR to quantify the library effective concentration precisely. 
Sequencing libraries were generated from a total amount of 3µg RNA per sample, using 
NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB, U.S.) following manufacturer’s 
recommendations. The clustering of the index-coded samples was performed on a cBot 
Cluster Generation System using HiSeq PR Cluster Kit cBot-HS (Illumina) according to 
the manufacturer’s instructions. After cluster generation, the library preparations were 
sequenced on an Illumina HiSeq platform and 150 bp paired-end reads were generated.

Quality control and read mapping
Quality control of the RNA sequence data was done with FastQC (Babraham Institute). 
Average per sequence quality scores, GC content, and overrepresented sequences were 
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checked. Subsequently the RNA reads were trimmed with Trimmomatic267. Adapter and 
other Illumina-specific sequences were cut from the read. Furthermore, reads were 
scanned with a four-base sliding window, cutting the reads when the average quality 
per base dropped below fifteen. Then, remaining reads that had a length of ten or less 
bases were dropped. HISAT v2.1.0 and StringTie v1.3.5 were used to perform read align-
ment and transcript assembly according to the protocol of Pertea et al. (2016)268. Reads 
were aligned to reference genome R. norvegicus rn6 (see supplementary Table S1 for 
alignment rates of each sample).

Differential expression analysis
The DESeq2 R package269 was used to identify differentially expressed genes influenced 
by fluoxetine treatment. We used a model with four levels (male control, male fluoxetine, 
female control, female fluoxetine). A Benjamini-Hochberg correction was performed 
after empirical null modelling. Genes with p < 0.05 were considered to have significant 
correlation with fluoxetine treatment.

Gene set enrichment analysis
To assess changes in sets of functionally related genes, an annotation enrichment analy-
sis was carried out using Metascape270. For pathway and process enrichment analysis 
minimum overlap was set to three and minimum enrichment to 1.5 The significant p-
value cut-off for enriched biological processes and pathways was set at 0.01. Enrichment 
analysis was done for pathways (GO biological processes, Reactome Gene Sets, KEGG 
pathway, and Canonical Pathways), structural complex (CORUM) and miscellaneous 
(PaGenBase, Transcription Factor Targets, DisGeNET, and TRRUST). Networks were 
visualized using Cytoscape V3.1.2.

resulTs

To elucidate how SSRIs in a pregnant rat model affect placental gene expression, we 
assessed whole transcriptomes in fetal part of rat placentas treated with the SSRI fluox-
etine or vehicle. All samples passed the FastQC quality controls. The overall GC content 
ranged from 49% to 53%. Per sample between 19.4 and 23.3 million reads were mapped 
with an overall alignment score of > 90% for each sample, which is indicative of suc-
cessful mapping to the reference genome (supplementary Table S1). Based on a PCA, 
however, we excluded three of the female samples as they did not cluster with the other 
samples. After removing these samples all male and female samples clustered neatly 
(supplementary Figures S2 and S3).
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Diff erential expression analysis for all four diff erent conditions (control male, control 
female, fl uoxetine male, and fl uoxetine female) revealed 107 diff erentially expressed 
genes (DEGs) within those groups (Figure 1). In male placentas, the fi rst two-fi ft hs of 
DEGs in the heatmap in Figure 1 showed a decrease in expression in the SSRI treatment, 
in comparison to the control treatment; in female placentas only a small part of those 
genes show a similar reduction in expression levels. The remaining three-fi ft hs of the 

DEGs were upregulated aft er fl uoxetine treatment. In addition, we see a small number of 
genes that are sex-specifi cally expressed only, irrespective of fl uoxetine exposure.

We used contrasts to examine if there were DEGs associated with fl uoxetine exposure in 
only one of the sexes. We could only statistically confi rm one gene to be signifi cantly as-

figure 1: Hierarchically clustered heatmap displaying the expression patterns of diff erentially expressed 
genes for male and female placentas of rats, either treated with the SSRI fl uoxetine or a vehicle as control 
treatment.
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sociated with fl uoxetine exposure in males only (Pex5), and zero in females. Comparing 
the transcriptomes of control female and control male placentas, we determined which 
genes were sex-specifi cally expressed in general. We found 30 DEGs in this contrast. Of 
those genes, 26 overlapped with the 107 DEGs in the comparison among our four dif-
ferent conditions. The full lists of DEGs and their accompanying statistics are listed in 
supplementary Table S4.

Functional enrichment analysis was performed to retrieve a functional profi le of the 
diff erentially expressed genes associated with fl uoxetine treatment. We excluded the 
26 genes that were determined to be sex-specifi cally expressed, rather than associated 
with fl uoxetine exposure. The remaining 81 genes were used in functional enrichment 
analysis. This revealed thirteen annotations that were overrepresented among the DEGs 
which are listed in Figures 2 and 3.

To further assess gene expression patterns, we examined the top 20 diff erentially ex-
pressed genes in the placenta that were associated with fl uoxetine treatment (Figure 4). 
These individual count plots show that altered genetic expression due to prenatal fl uox-
etine exposure in some cases diff ers for male and female samples. For example, Adcy4, 
Mageb4, Muc6, Rxfb1, and Pex5 seem to be particularly aff ected in male placentas, while 
in female placentas this is true for Cpa1, Nrl, and Rab3ip.

We also visually inspected the expression profi les of seven genes in the serotonergic 
pathway involved in the synthesis, transport, recognition, and degradation of serotonin, 
to assess whether or not these genes were aff ected in the placentas of rats treated with 
fl uoxetine. We did not fi nd evidence that either Slc6a4, Tph1, Tph2, Htr1a, Htr2a, Htr2c, 

figure 2: Enriched terms in diff erentially expressed genes associated with fl uoxetine treatment coloured 
by p-values.
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figure 3: Network of enriched functional annotation terms associated with fl uoxetine treatment. Each 
node represents an enriched term, where its size is proportional to the number of diff erentially expressed 
genes that fall into the term. Each node is coloured by its cluster ID, where nodes that share the same 
cluster ID are typically close to each other. Terms with a similarity score > 0.3 are linked by an edge (the 
thickness of the edge represents the similarity score.
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figure 4: Expression of the top 20 differentially expressed genes associated with prenatal fluoxetine expo-
sure. Gene expression is expressed as the number of reads (counts) per sample per gene for male placentas 
(M) and female placentas (F) exposed to a vehicle (Control) or to fluoxetine treatment (SSRI).
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or Maoa were significantly altered in placental expression after SSRI treatment (supple-
mentary Figure S5).

dIsCussIon

To assess whether SSRI intake during pregnancy is possibly affecting the placenta, we 
studied transcriptomic alterations in the fetal part of term placentas in rats treated with 
fluoxetine during the whole pregnancy in comparison to the placentas of control-treated 
rats. We compared male and female placentas in the fluoxetine-treated and control-
treated rats and found a total of 107 genes to be differentially expressed among those 
four groups. We determined that 21 of those genes were significant different because 
of sex differences in placental gene expression, rather than associated with fluoxetine 
treatment. The remaining 81 genes showed different levels of expression in at least 
one of the four groups, with some genes showing a similar response to SSRIs in both 
sexes, and others only in one sex. We conclude that gene expression in the fetal part 
of the placenta differs in rats treated with fluoxetine during pregnancy in comparison 
to control-treated rats. Several functional annotation terms were significantly enriched 
among these 81 differentially expressed genes, although enrichment scores were 
generally modest. We found that peroxisome, cell adhesion molecules, transport of 
small molecules, NABA extracellular matrix affiliated, and tight junction networks were 
significantly overrepresented in the DEGs in placentas of fluoxetine-treated rats. In our 
earlier human transcriptome study on the effects of fluoxetine intake during pregnancy 
on placental gene expression, some of these same functional categories were also over-
represented (Chapter 4). However, the effect of fluoxetine on gene expression in the rat 
placenta seems to be less pronounced, with fewer genes showing a difference.

In our previous study we examined the placental transcriptomes of women using the 
SSRI fluoxetine during pregnancy and reported over 600 differentially expressed genes, 
mainly in placentas of women carrying a boy, and with the most notable changes in 
enrichment networks related to the extracellular matrix (ECM) (Chapter 4). However, in 
human studies it is difficult to disentangle the effects of the fluoxetine treatment itself, 
the underlying depression, or a combination of the two. In addition, compliance to treat-
ment during pregnancy is not stable. In this study we aimed to assess gene expression 
profiles in fetal-part placentas in healthy pregnancies that were exposed to fluoxetine, 
using a rat model. We found substantially fewer differentially expressed genes and the 
significances in functional annotation networks associated with these differentially 
expressed genes were less strong. We did not find any strong significant sex-specific 
effects associated with fluoxetine exposure in this rat study, whereas we did find this 
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in the human transcriptomic study. This may suggest that fluoxetine treatment in the 
absence of an underlying maternal illness affects gene expression profiles to a lesser 
extent in rats, and/or that the sex-specific effects are less pronounced. In turn, this could 
indicate that the maternal illness in our human study substantially affected gene expres-
sion profiles in the placenta of especially boys. However, we have to be cautious with 
this inference, for several reasons. Firstly, we had to exclude three female rat samples 
from this study, which may have reduced the power to detect differential expression, 
especially in the placenta of female offspring. Moreover, the rodent placenta differs 
from the human placenta, and it may be more resilient to fluoxetine exposure than 
the human placenta. Overall, the transcriptomic changes in the human and rat studies 
show substantial differences, while we also found some common themes in the genes 
that seemed responsive to SSRI treatment. In the human study, strong transcriptomic 
changes in the ECM in the placentas of male fetuses were found. In this current study, 
we also see that several genes related to the ECM are overrepresented in the list of dif-
ferentially expressed genes (DEGs) in the placenta after fluoxetine exposure. However, 
other overrepresented DEGS in the human study associated with fluoxetine exposure, 
such as several developmental pathways and gene sets related to low oxygen levels, 
were not found to be affected in this study.

An animal model that reflects human placentation exactly does not exist8. However, 
although the human and rat placenta differ in some respect, they are similar in gross 
morphology, functioning and gene- and protein expression81,319. We do know from hu-
man research that maternal depression without SSRI treatment also affects placental 
gene expression, partly overlapping with the differentially expressed genes found in pla-
centas of women treated with SSRIs80. Therefore, it is likely that the maternal depression 
contributes to the observed effects on placental gene expression in women treated with 
SSRIs. Yet, our results on the transcriptome of (non-depressed) rats, treated with SSRIs, 
did indicate that also SSRIs on their own may result in changed gene expression in the 
fetal placenta of both female and male offspring. The consequences of these changes 
in expression, both for placental functioning and for the development of the unborn 
offspring, have not been addressed in these studies. Our transcriptomic studies do, 
however, provide us with an opportunity to explore potential mechanisms that may be 
underlying the adverse outcomes for antenatal and/or postnatal offspring development.

Interestingly, we found that genes related to the ECM were significantly overrepresented 
in our list of differentially expressed genes in the rat placenta. Previously, we found that 
also in human placentas extracellular matrix related genes are significantly affected in 
association with fluoxetine exposure (Chapter 4). The ECM is the non-cellular compo-
nent of all tissues and plays structural and signalling roles such as anchoring, guiding 



134

or restraining cell and tissue movements275–279. The ECM has been described as having 
a role in neural development by regulating cell shape, proliferation, differentiation 
and migration. In addition, the ECM plays an important role in placenta formation in 
humans281,282. This is particularly interesting as the extracellular matrix is potentially 
involved in autism spectrum disorders (ASDs)290, and preterm birth298, both extensively 
debated for their link to SSRI treatment during pregnancy70,297. Three genes in the gene 
set ‘NABA ECM affiliated’ were significantly associated with fluoxetine exposure in our 
study, Muc6, Clec9a, and Emcn. Both Muc6 and Clec9a human homologs were also found 
to be differentially expressed in human placentas exposed to fluoxetine (Chapter 4). 
In addition, the gene set with cell adhesion molecules was significantly enriched. Cell 
adhesion molecules are located on the cell surface and involved in binding with other 
cells or the ECM. We found placental Cldn9, Nlgn3, and Rt1-a1 expression, all involved 
in cell adhesion, to be significantly altered after fluoxetine treatment. However, human 
homologs of these genes were not found to be differentially expressed in the previous 
human transcriptome study (Chapter 4). The most interesting cell adhesion molecule 
is Nlgn-3, neuroligin 3. Neuroligins are neuronal proteins involved in the modulation 
of synaptic transmission321, and cooperate with the ECM322. In humans, both a deletion 
and point mutation of the gene encoding neuroligin 3 is associated with ASD323–325. In 
addition, corresponding mutations in mice lead to repetitive behaviours, a phenotype 
that is a known symptom of ASD326. Nlgn-3 proposes an interesting candidate gene to 
further investigate the underlying mechanisms linking prenatal SSRI exposure and ASD.

Of the top twenty genes with the most significant differential expression (excluding 
the genes that were differentially expressed because of sex rather than SSRI treatment; 
Figure 4), only Sult1a1 has previously been linked to SSRI treatment. Conti et al.327 found 
that after two weeks of fluoxetine treatment in adult male rats, Sult1a1 was upregulated 
in the brain frontal cortex and locus coeruleus in adult male rats. On the contrary, Tsa-
pakis and colleagues found that Sult1a1 was downregulated in the brain frontal cortex in 
juvenile male rats after three weeks of fluoxetine treatment328. In our study Sult1a1 was 
upregulated in placentas exposed to fluoxetine. Sult1a1 encodes sulfotransferase 1a, an 
enzyme involved in sulfonation. Sulfotransferase enzymes catalyse the sulphate conju-
gation of many neurotransmitters, hormones, drugs and xenobiotic compounds. Already 
early in human gestation, the sulfotransferase is active in the fetal liver329. In addition, 
sulfation of drugs has been detected in term and mid-gestation human placentas330,331. 
To our knowledge altered placental gene expression of Sult1a1 has not previously been 
associated with SSRI treatment in either humans or rodents. We propose further inves-
tigation into the effect of fluoxetine exposure on gene expression of sulfotransferase 
enzymes in the placenta, especially since it has been established that placental cells can 
be used to examine the roles of Sult1a1 and Sult1a3 placental metabolism332.
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As far as we are aware this is the only study that has looked at whole transcriptome gene 
expression in association with SSRI exposure in the placentas of rats so far. However, 
Ramsteijn et al.318 previously examined if fluoxetine exposure in control rats and rats 
with a depressive-like phenotype affected placental gene expression with a qPCR study. 
Although twelve genes related to stress and serotonin, neurogenesis, signal transduction 
and angiogenesis were investigated, only one gene (Mapk1; involved in signal transduc-
tion) was differentially expressed in rats with a depressive-like phenotype in comparison 
to control rats. No effect of fluoxetine treatment was found in any of the selected genes 
that were investigated. We compared the list of studied genes with our results and 
confirmed that none of these twelve genes were significantly associated with fluoxetine 
exposure in our study either, reinforcing the evidence that these genes are not affected in 
the rat placenta due to fluoxetine exposure. One of these twelve genes, Rock2, has been 
shown to be affected in human placentas exposed to fluoxetine. We previously found 
that Rock2 was upregulated in placentas of women treated with fluoxetine that were 
carrying a boy (Chapter 4). Another study in humans that used microarrays to assess 
differentially expressed genes in placentas of control women, non-pharmacologically 
treated depressed women, and depressed women treated with SSRIs, found that Rock2 
was downregulated in both depressed and SSRI-treated women80. As we could not rep-
licate this in rats, this might imply that the changed expression in Rock2 in the human 
placenta was a result of the underlying illness rather than the SSRI exposure.

We included placentas that were nourishing both male and female offspring. Our study 
did not show very strong sex effects. However, the indications for sex-specific effects 
were there, i.e. some genes respond quite similar in both sexes, while other genes 
change expression mostly in one sex (Figures 1 and 4). In human placentas, the effects 
of SSRI exposure on placental gene expression were remarkably different for boys and 
girls (Chapter 4). In addition, behavioural outcomes after prenatal SSRI exposure are 
also sex-specific in both humans and rodents75,114,333. Therefore, we stress that future 
studies should include, and separate, the analysis of male and female offspring samples.

In conclusion, our results provide a comprehensive overview of genes in the fetal side of 
the rat placenta that were differentially expressed after treatment with the SSRI fluox-
etine. We did not find the same strong effects that were present in our previous human 
study, suggesting that a large part of the reported effects of SSRIs on human placental 
gene expression might be due to the underlying maternal illness. An interesting excep-
tion is that fluoxetine administration affected genes in both the human and rat placenta 
that are involved in the ECM. Although we have to note that the effects in rats were not 
as strong as in the human placenta, it could hint at important implications of SSRI intake 
for the functioning of the placenta. Moreover, we identified several candidate genes, 
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including Nlgn-3, Sult1a1, and Sult1a3 for further exploration for their role in the effect 
of fluoxetine on offspring development and/or placenta functioning.
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suPPlemenTAry dATA
Table s1: The total number and/or percentage of reads that could be mapped to a reference genome.
sample Input reads Aligned 0 times Aligned 1 time Aligned > 1 time overall alignment

r3275_3 20499947 1677294 (8.18%) 17060700 (83.22%) 1761953 (8.59%) 95.46%

r3275_4 18412852 1759979 (9.56%) 15269447 (82.93%) 1383426 (7.51%) 94.74%

r3303_1 19466276 1640325 (8.43%) 16474178 (84.63%) 1351773 (6.94%) 95.28%

r3303_2 22112551 1887969 (8.54%) 18724229 (84.68%) 1500353 (6.79%) 95.22%

r3339_1 19908014 1719170 (8.64%) 16804572 (84.41%) 1384272 (6.95%) 95.18%

r3339_2 20270566 1784283 (8.80%) 16977638 (83.76%) 1508645 (7.44%) 95.24%

r3347_2 22162385 2013833 (9.09%) 18474060 (83.36%) 1674492 (7.56%) 95.00%

r3347_7 23314783 2122929 (9.11%) 19339729 (82.95%) 1852125 (7.94%) 94.92%

r3370_2 21638238 2102371 (9.72%) 18018037 (83.27%) 1517830 (7.01%) 94.41%

r3370_9 20452682 2489782 (12.17%) 16476368 (80.56%) 1486532 (7.27%) 93.28%

r3372_2 20223668 1904077 (9.42%) 16865717 (83.40%) 1453874 (7.19%) 94.90%

r3372_3 21206181 1916591 (9.04%) 17719451 (83.56%) 1570139 (7.40% 95.09%

r3543_1 22071342 1874195 (8.49%) 18505872 (83.85%) 1691275 (7.66%) 95.10%

r3543_2 19418342 1724455 (8.88%) 16279345 (83.83%) 1414542 (7.28%) 94.90%

r3562_1 22616795 1753696 (7.75%) 18946408 (83.77%) 1916691 (8.47%) 95.63%

r3562_10 22775809 1976235 (8.68%) 19012634 (83.48%) 1786940 (7.85%) 95.33%

r3563_1 19582132 1640610 (8.38%) 16327861 (83.38%) 1613661 (8.24%) 95.33%

r3563_3 22977461 1886398 (8.21%) 19166027 (83.41%) 1925036 (8.38%) 95.47%

r3564_1 21885685 2055304 (9.39%) 17868711 (81.65%) 1961670 (8.96%) 94.67%

r3564_10 19755962 1865775 (9.44%) 16493586 (83.49%) 1396601 (7.07%) 94.72%
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figure s2: Principal coordinates (PC) plot of gene expression data with all 20 placenta samples. Three fe-
male samples (circled) were determined to be outliers and were removed from further analysis.

figure s3: Principal coordinates (PC) plot of gene expression data without the three outliers depicted in 
supplementary Figure S2.
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Table s4a: All differentially expressed genes found for a design with four different groups: male control, 
female control, male SSRI, and female SSRI. BaseMean: the average of the normalized count values, divided 
by size factors, taken over all samples. Log2FoldChange: effect size estimate. lfcSE: standard error of the 
log2FoldChange. Stat: the Wald statistic for the Wald test, which is compared to a standard Normal distribu-
tion to generate a two-tailed p-value. Padj: p-value adjusted for multiple testing using the Benjamini-Hoch-
berg method. Genes marked with * were determined to be significant because of sex differences rather dan 
SSRI treatment (see supplementary Table S4c).
ensemBl Id basemean log2foldChange lfcse stat pvalue padj

ENSRNOG00000052020* 36.3009987 8.210734609 1.097362899 7.482241852 0.0000 0.0000

ENSRNOG00000055225* 195.2324984 -9.166830541 0.80869846 -11.33528873 0.0000 0.0000

ENSRNOG00000060617* 467.7016727 12.14550205 1.037611077 11.70525481 0.0000 0.0000

ENSRNOG00000062152* 21.69137493 7.953342328 1.142138275 6.96355468 0.0000 0.0000

ENSRNOG00000037911* 418.5262124 -4.993585161 0.418286241 -11.93820084 0.0000 0.0000

ENSRNOG00000060048* 1634.45918 13.84935107 1.030293104 13.44214672 0.0000 0.0000

ENSRNOG00000052326* 31.53376866 8.221280463 1.065624121 7.714990963 0.0000 0.0000

ENSRNOG00000057231* 3272.583714 12.35776338 0.741719888 16.6609573 0.0000 0.0000

ENSRNOG00000060496* 733.4402886 12.81424197 1.02851692 12.45895106 0.0000 0.0000

ENSRNOG00000060437* 178.1037016 7.998366757 0.680225212 11.75840974 0.0000 0.0000

ENSRNOG00000056639* 40.60310909 8.419814061 1.071522461 7.857804544 0.0000 0.0000

ENSRNOG00000051257* 1630.657335 -8.578889242 0.274410704 -31.26295413 0.0000 0.0000

ENSRNOG00000060793* 9673.720453 -0.523956236 0.096558458 -5.426311137 0.0000 0.0000

ENSRNOG00000058664* 82.55053654 9.422316089 1.740838514 5.412515872 0.0000 0.0000

ENSRNOG00000002565* 1734.002187 -0.63956952 0.124964102 -5.118025982 0.0000 0.0000

ENSRNOG00000029658 873.0006619 -0.800786418 0.164499468 -4.86801827 0.0000 0.0000

ENSRNOG00000013616* 61.81759373 1.680196714 0.368156281 4.563813798 0.0000 0.0000

ENSRNOG00000027498 2626.009467 0.651939689 0.146463342 4.451214066 0.0000 0.0000

ENSRNOG00000020401 681.270233 -0.533875408 0.128830086 -4.144027418 0.0000 0.0001

ENSRNOG00000003645 11872.64445 0.47118011 0.114067538 4.130711673 0.0000 0.0001

ENSRNOG00000056817 33.58036366 -1.550690667 0.375700168 -4.127468656 0.0000 0.0001

ENSRNOG00000023320* 1935.380802 0.667921343 0.164627961 4.057156144 0.0000 0.0002

ENSRNOG00000018528 7.128565865 6.02252254 1.49059896 4.040337275 0.0001 0.0002

ENSRNOG00000024120 5.079237712 -5.278971375 1.309457592 -4.031418358 0.0001 0.0002

ENSRNOG00000007542 271.4594944 0.665797638 0.167353437 3.978392364 0.0001 0.0003

ENSRNOG00000045785* 487.482592 0.980856807 0.200602072 4.88956469 0.0000 0.0004

ENSRNOG00000048114 505.8914852 0.813773511 0.208920016 3.895143827 0.0001 0.0006

ENSRNOG00000056281* 6.794723526 5.685155297 1.482353078 3.835223458 0.0001 0.0008

ENSRNOG00000022806 150.3742089 -1.426358953 0.37250368 -3.829113724 0.0001 0.0008

ENSRNOG00000014902 927.0917475 0.690091298 0.180995221 3.812759779 0.0001 0.0009

ENSRNOG00000049203 8017.002534 0.309760869 0.082551388 3.752339933 0.0002 0.0012

ENSRNOG00000006204* 355.9774552 0.914089183 0.244271409 3.742104683 0.0002 0.0013

ENSRNOG00000045641 530.2861233 1.529815401 0.409691969 3.734062457 0.0002 0.0013

ENSRNOG00000019342 505.1022641 0.705912505 0.194666754 3.626261244 0.0003 0.0025
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Table s4a: All differentially expressed genes found for a design with four different groups: male control, 
female control, male SSRI, and female SSRI. BaseMean: the average of the normalized count values, divided 
by size factors, taken over all samples. Log2FoldChange: effect size estimate. lfcSE: standard error of the 
log2FoldChange. Stat: the Wald statistic for the Wald test, which is compared to a standard Normal distribu-
tion to generate a two-tailed p-value. Padj: p-value adjusted for multiple testing using the Benjamini-Hoch-
berg method. Genes marked with * were determined to be significant because of sex differences rather dan 
SSRI treatment (see supplementary Table S4c). (continued)

ensemBl Id basemean log2foldChange lfcse stat pvalue padj

ENSRNOG00000017477 405.2334424 0.446623087 0.125305207 3.564281944 0.0004 0.0035

ENSRNOG00000038091 5.487507639 6.120183896 1.726139585 3.545590374 0.0004 0.0038

ENSRNOG00000010725 260.5474421 0.579681444 0.165229546 3.508340107 0.0005 0.0046

ENSRNOG00000015895 618.2098163 -0.626994677 0.179013266 -3.502503989 0.0005 0.0046

ENSRNOG00000005362 2679.622695 0.252081925 0.071915285 3.505262142 0.0005 0.0046

ENSRNOG00000003792* 1553.14354 -0.435122887 0.124790834 -3.486817677 0.0005 0.0049

ENSRNOG00000001245 211.203872 -0.734610816 0.216147765 -3.398650986 0.0007 0.0080

ENSRNOG00000030294 4925.079813 -0.269481397 0.080281746 -3.356695785 0.0008 0.0099

ENSRNOG00000032300 224.1999297 -1.430607962 0.429429072 -3.331418516 0.0009 0.0108

ENSRNOG00000002797 7.947333316 3.328132363 0.999516985 3.329740677 0.0009 0.0108

ENSRNOG00000014835 194.5928852 0.831071843 0.249287309 3.333791219 0.0009 0.0108

ENSRNOG00000047191 36.00082563 -1.212689369 0.366052026 -3.312888012 0.0009 0.0111

ENSRNOG00000049513 7.645437222 5.25885996 1.584238396 3.319487758 0.0009 0.0111

ENSRNOG00000031855 60.44649337 -1.104895691 0.33317254 -3.316286788 0.0009 0.0111

ENSRNOG00000015195 353.9624508 0.556322639 0.169519425 3.281763372 0.0010 0.0127

ENSRNOG00000002451 32209.47031 0.383167418 0.116657995 3.284536299 0.0010 0.0127

ENSRNOG00000050869 1091.195589 0.395346151 0.1206295 3.277358794 0.0010 0.0127

ENSRNOG00000055330* 168.5264333 -0.787520543 0.241904994 -3.255495192 0.0011 0.0136

ENSRNOG00000015465 208.9860489 0.850869153 0.261130776 3.258402416 0.0011 0.0136

ENSRNOG00000032884 52.04495361 1.269215607 0.389460546 3.258906765 0.0011 0.0136

ENSRNOG00000022725 1049.069395 -0.360981714 0.111245625 -3.244907054 0.0012 0.0139

ENSRNOG00000002289 817.793991 0.329247392 0.101376747 3.247760455 0.0012 0.0139

ENSRNOG00000023187 526.667224 -0.604953034 0.187143137 -3.232568638 0.0012 0.0146

ENSRNOG00000007782 1248.96647 1.052379643 0.326090008 3.227267373 0.0012 0.0148

ENSRNOG00000010152 33.08615889 1.269166241 0.394330136 3.218537277 0.0013 0.0153

ENSRNOG00000061262 7609.461831 -0.444636064 0.138511645 -3.210098795 0.0013 0.0157

ENSRNOG00000002339 569.4937404 -0.413094552 0.129249168 -3.196109942 0.0014 0.0167

ENSRNOG00000045772 156.1021859 1.475383719 0.462014444 3.193371413 0.0014 0.0167

ENSRNOG00000030018 258.870385 1.300061973 0.408263127 3.184372745 0.0015 0.0170

ENSRNOG00000055822 472.8002158 -0.566413223 0.1778697 -3.18442784 0.0015 0.0170

ENSRNOG00000024428 3199.708574 0.742259431 0.233737723 3.175608211 0.0015 0.0175

ENSRNOG00000013149 2264.366017 0.385757055 0.121947776 3.163297167 0.0016 0.0184

ENSRNOG00000005906 80.85646976 -1.557331468 0.494450565 -3.149620162 0.0016 0.0196

ENSRNOG00000009773 615.5296491 0.559189068 0.177907509 3.143144829 0.0017 0.0198
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Table s4a: All differentially expressed genes found for a design with four different groups: male control, 
female control, male SSRI, and female SSRI. BaseMean: the average of the normalized count values, divided 
by size factors, taken over all samples. Log2FoldChange: effect size estimate. lfcSE: standard error of the 
log2FoldChange. Stat: the Wald statistic for the Wald test, which is compared to a standard Normal distribu-
tion to generate a two-tailed p-value. Padj: p-value adjusted for multiple testing using the Benjamini-Hoch-
berg method. Genes marked with * were determined to be significant because of sex differences rather dan 
SSRI treatment (see supplementary Table S4c). (continued)

ensemBl Id basemean log2foldChange lfcse stat pvalue padj

ENSRNOG00000042137 273.7337016 -0.487435746 0.15514042 -3.141900389 0.0017 0.0198

ENSRNOG00000051690 189.872658 -0.583992851 0.186279103 -3.135042209 0.0017 0.0202

ENSRNOG00000017637 32.40796225 1.637959464 0.526075514 3.113544386 0.0018 0.0221

ENSRNOG00000012085* 1899.061823 0.390050608 0.125182327 3.115860031 0.0018 0.0221

ENSRNOG00000018920 4052.601713 0.269150912 0.086656718 3.105943983 0.0019 0.0227

ENSRNOG00000003654 4.932358266 -4.645403498 1.506158567 -3.084272532 0.0020 0.0248

ENSRNOG00000062133 40.24944118 1.58951577 0.5153293 3.084466125 0.0020 0.0248

ENSRNOG00000057116 2737.315782 0.312577125 0.101560362 3.077747242 0.0021 0.0253

ENSRNOG00000045747 3878.059008 0.571154166 0.186206561 3.067314932 0.0022 0.0260

ENSRNOG00000007345 36553.1321 -0.45948268 0.14968727 -3.069617614 0.0021 0.0260

ENSRNOG00000010964* 6750.69756 -0.576675376 0.188404055 -3.060843763 0.0022 0.0266

ENSRNOG00000022910 1087.294395 -0.558403954 0.183786537 -3.038328934 0.0024 0.0296

ENSRNOG00000039924 293.5329363 -0.679969182 0.227228138 -2.992451501 0.0028 0.0361

ENSRNOG00000046905 10427.47835 0.334034187 0.111555349 2.994335898 0.0028 0.0361

ENSRNOG00000020067 2600.906823 -0.26593827 0.088743885 -2.996694019 0.0027 0.0361

ENSRNOG00000011398 1793.912168 0.260293701 0.087331577 2.980522182 0.0029 0.0372

ENSRNOG00000006178 27965.78702 -0.350107976 0.117433544 -2.981328538 0.0029 0.0372

ENSRNOG00000011427 1696.459159 0.370648784 0.124389098 2.979752965 0.0029 0.0372

ENSRNOG00000061007 11.47910329 1.893610732 0.636800492 2.973632648 0.0029 0.0380

ENSRNOG00000019219 447.0331632 -0.529082528 0.178176676 -2.969426415 0.0030 0.0383

ENSRNOG00000003359 6103.478658 -0.460556375 0.155263728 -2.966284405 0.0030 0.0385

ENSRNOG00000015024 77.20545541 1.444382354 0.489727692 2.949358137 0.0032 0.0415

ENSRNOG00000002474 1458.15647 0.375911456 0.096469543 3.896685338 0.0001 0.0425

ENSRNOG00000012286 20.41317234 -7.53124414 1.915756484 -3.931211615 0.0001 0.0425

ENSRNOG00000051150* 15.67999203 18.17900065 4.665760726 3.896256519 0.0001 0.0425

ENSRNOG00000003812 109.1719844 -1.186705288 0.405152572 -2.929033083 0.0034 0.0449

ENSRNOG00000010479 12191.79034 -0.472792524 0.161494466 -2.9276082 0.0034 0.0449

ENSRNOG00000007141 2698.901364 0.274188243 0.093541982 2.931178469 0.0034 0.0449

ENSRNOG00000043378 103.5827267 -0.878929726 0.300534411 -2.924556041 0.0034 0.0451

ENSRNOG00000055179* 5277.349588 0.333973674 0.11429404 2.922056783 0.0035 0.0452

ENSRNOG00000042061 7.67121216 -2.945605267 1.011894577 -2.910980387 0.0036 0.0470

ENSRNOG00000000456 221.7516853 -0.67655272 0.232502056 -2.909878446 0.0036 0.0470

ENSRNOG00000005900 433.559971 -0.568228435 0.195774108 -2.902469799 0.0037 0.0483

ENSRNOG00000027017 607.5808096 -0.62422625 0.215831694 -2.892189925 0.0038 0.0492
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Table s4a: All differentially expressed genes found for a design with four different groups: male control, 
female control, male SSRI, and female SSRI. BaseMean: the average of the normalized count values, divided 
by size factors, taken over all samples. Log2FoldChange: effect size estimate. lfcSE: standard error of the 
log2FoldChange. Stat: the Wald statistic for the Wald test, which is compared to a standard Normal distribu-
tion to generate a two-tailed p-value. Padj: p-value adjusted for multiple testing using the Benjamini-Hoch-
berg method. Genes marked with * were determined to be significant because of sex differences rather dan 
SSRI treatment (see supplementary Table S4c). (continued)

ensemBl Id basemean log2foldChange lfcse stat pvalue padj

ENSRNOG00000006096 87.30735609 -1.620255835 0.560879084 -2.888779205 0.0039 0.0492

ENSRNOG00000061275 3.407231273 5.002839271 1.729921057 2.891946573 0.0038 0.0492

ENSRNOG00000010174 1630.143973 -0.287135603 0.099391151 -2.888945339 0.0039 0.0492

ENSRNOG00000038999 925.8176752 -0.592505514 0.204727889 -2.894112367 0.0038 0.0492

ENSRNOG00000011253 501.5297942 0.446429498 0.154756583 2.884720576 0.0039 0.0497

Table s4b: All differentially expressed genes found for the model design with four different groups (male 
control, female control, male SSRI, and female SSRI) contrasted for males (comparing control males and 
fluoxetine males). BaseMean: the average of the normalized count values, divided by size factors, taken 
over all samples. Log2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. Stat: 
the Wald statistic for the Wald test, which is compared to a standard Normal distribution to generate a two-
tailed p-value. Padj: p-value adjusted for multiple testing using the Benjamini-Hochberg method.
ensemBl Id basemean log2foldChange lfcse stat pvalue padj

ENSRNOG00000049203 8017.003 0.43073 0.077864 5.531862 0.0000 0.0007
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Table s4c: All differentially expressed genes found for the model design with four different groups (male 
control, female control, male SSRI, and female SSRI) contrasted for control samples (comparing control 
males and control females). BaseMean: the average of the normalized count values, divided by size factors, 
taken over all samples. Log2FoldChange: effect size estimate. lfcSE: standard error of the log2FoldChange. 
Stat: the Wald statistic for the Wald test, which is compared to a standard Normal distribution to generate a 
two-tailed p-value. Padj: p-value adjusted for multiple testing using the Benjamini-Hochberg method
ensemBl Id basemean log2foldChange lfcse stat pvalue padj

ENSRNOG00000051257 1630.657335 -8.815011523 0.283407701 -31.10364146 0.0000 0.0000

ENSRNOG00000057231 3272.583714 12.62069277 0.741708064 17.01571466 0.0000 0.0000

ENSRNOG00000060048 1634.45918 14.01850411 1.030280915 13.60648723 0.0000 0.0000

ENSRNOG00000037911 418.5262124 -5.401795634 0.422590852 -12.78256641 0.0000 0.0000

ENSRNOG00000060496 733.4402886 12.74496081 1.028516908 12.39159095 0.0000 0.0000

ENSRNOG00000060437 178.1037016 7.954746739 0.680206936 11.6945981 0.0000 0.0000

ENSRNOG00000060617 467.7016727 12.11696389 1.037603854 11.67783238 0.0000 0.0000

ENSRNOG00000055225 195.2324984 -9.231103135 0.807572677 -11.43067787 0.0000 0.0000

ENSRNOG00000056639 40.60310909 8.770574306 1.070685117 8.191553395 0.0000 0.0000

ENSRNOG00000052020 36.3009987 8.644245102 1.096261643 7.885202551 0.0000 0.0000

ENSRNOG00000052326 31.53376866 8.259053223 1.065350498 7.752428182 0.0000 0.0000

ENSRNOG00000062152 21.69137493 7.394863 1.143870312 6.464773952 0.0000 0.0000

ENSRNOG00000058664 82.55053654 9.809735177 1.740562102 5.635958158 0.0000 0.0000

ENSRNOG00000003792 1553.14354 -0.664612812 0.124928187 -5.319958822 0.0000 0.0001

ENSRNOG00000023320 1935.380802 0.833448268 0.164536117 5.065442686 0.0000 0.0005

ENSRNOG00000060793 9673.720453 -0.484368131 0.096538068 -5.017379569 0.0000 0.0006

ENSRNOG00000051150 15.67999203 20.2167562 4.120099398 4.906861279 0.0000 0.0010

ENSRNOG00000006204 355.9774552 1.13941902 0.243878752 4.672071721 0.0000 0.0031

ENSRNOG00000012085 1899.061823 0.58125802 0.125039085 4.648610613 0.0000 0.0033

ENSRNOG00000013616 61.81759373 1.686542614 0.367796534 4.58553156 0.0000 0.0041

ENSRNOG00000002565 1734.002187 -0.572226026 0.124853355 -4.583185014 0.0000 0.0041

ENSRNOG00000045785 487.482592 0.798314837 0.176915023 4.512419715 0.0000 0.0055

ENSRNOG00000055330 168.5264333 -1.088412719 0.243000596 -4.479053706 0.0000 0.0062

ENSRNOG00000057706 3887.278769 -0.743697713 0.168675464 -4.409044997 0.0000 0.0082

ENSRNOG00000048039 69.85585773 -1.354511537 0.309050552 -4.382815457 0.0000 0.0089

ENSRNOG00000015835 188.2905375 -1.139756262 0.269754717 -4.22515785 0.0000 0.0174

ENSRNOG00000055179 5277.349588 0.478476487 0.11424643 4.188108879 0.0000 0.0197

ENSRNOG00000002376 1451.976222 -0.998355094 0.239755466 -4.164055623 0.0000 0.0211

ENSRNOG00000056281 6.794723526 5.850748355 1.47995496 3.953328656 0.0001 0.0496

ENSRNOG00000010964 6750.69756 -0.743977769 0.188417075 -3.948568718 0.0001 0.0496
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figure s5: Expression of serotonin related genes in placentas exposed to fl uoxetine and control treatment. 
Gene expression is expressed as the number of reads (counts) per sample per gene for male placentas 
(M) and female placentas (F) exposed to a vehicle (Control) or to fl uoxetine treatment (SSRI). Tph2 (EN-
SRNOG00000003880), Htr1a (ENSRNOG00000010254), and Htr2c (ENSRNOG00000030877) did not appear 
in the gene count matrix.
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Chapter 6

The PlACenTA In humAns, rATs, And PoecilioPSiS

The placenta, defined as the apposition or fusion of the fetal membranes to the uterine 
mucosa for physiological exchange2, has evolved many times throughout the animal 
kingdom and is found in every vertebrate class other than birds334. The placenta is one of 
the morphologically most diverse organs in the animal kingdom2. Yet, at the same time, 
its primary function of physiological exchange between mother and fetus is remarkably 
similar. The placenta plays a pivotal role in the regulation of normal growth and devel-
opment of the embryo. However, this intimate maternal-fetal connection also implies 
a risk, because perturbations of the maternal milieu can be transmitted to the embryo 
through the placenta, potentially causing pregnancy failure or deleterious effects on the 
developing embryo. A comparative approach among different types of placentas may 
reveal similarities and differences in the mechanisms by which these adverse conditions 
in the maternal milieu are transmitted to the fetus. In this dissertation, four species are 
compared to assess the placental mechanisms underlying the effect of neurochemical 
imbalance during pregnancy on the development of the embryo.

This dissertation consists of experiments performed in humans, rats (Rattus norvegicus) 
and two fish species (Poeciliopsis gracilis and Poeciliopsis turneri), covering species 
with different types of placentae. Both humans and rats have discoid haemochorial 
placentas that are similar in gross morphology and functioning. However, human and 
rat placentas differ on some levels, such as number of maternal cell layers, interdigita-
tion and the presence of a yolk sac (summarized in chapter one; Table 1). Placentation 
in Poeciliopsis differs considerably from mammalian placentation. This genus consists 
of closely related species that lack placentas or have placentas that vary greatly in com-
plexity form very primitive to highly complex3. In Poeciliopsis fish, there is no true uterus 
and eggs are retained within the follicle after fertilization. Species without placentas are 
nourished by yolk reserves surrounding the developing embryo38. Placental species, by 
contrast, transfer nutrients to the fetus via a highly folded, follicular epithelium which 
forms a ‘follicular placenta’39. This type of placental structure has arisen several times in 
the Poeciliopsis40. Subsequently the placenta has been lost and regained several times in 
this species, making Poeciliopsis an excellent model of placentation41. The two species 
used in this dissertation differ greatly in the level of placentation. Poeciliopsis gracilis is 
a lecithotroph, a species that provides nutrients to the egg prior to fertilization via a yolk 
sac allocated to the egg. The inner surface of the maternal follicular epithelium is flat, 
with a cellular layer covered by a non-cellular porous membrane40. The follicular blood 
vessels are suggested to facilitate gas exchange40,43. In contrast, P. turneri is an extensive 
matrotroph, a species that provides nutrients throughout embryonic development via a 
placenta. The inner surface of the maternal follicular epithelium is highly hypertrophied 
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and extensively folded and the apical surface of the epithelial cells lining the inner 
surface is covered with microvilli. These epithelial folds are comprised of cuboidal and 
columnar cells, richly supplied with capillaries40.

Thus, both rats and humans have haemochorial placentas that are formed from both 
modified extraembryonic membrane and maternal tissue, while Poeciliopsis species have 
no true uteri and have follicular placentas. However, even if the morphological structures 
vary greatly, the placental functionality is similar in humans, rats, and P. turneri.

seleCTIVe seroTonIn reuPTAke InhIBITor use durInG PreGnAnCy

The neurotransmitter serotonin has many biological functions, both in early develop-
ment across vertebrates, and throughout life. These functions include neuronal embry-
onic development, in particular the regulation of serotonin synthesis, which has been 
demonstrated to be essential for fetal brain development45. Part of the serotonin for the 
regulation of the fetal brain development is synthesized by the placenta itself, while also 
maternally synthesized serotonin is essential for neuronal embryogenesis45. In addition 
to its role in fetal development and growth, the placental synthesis of serotonin is also 
involved in the formation of the placenta itself during the early stages of pregnancy258. 
Furthermore, serotonin has vasoconstrictive properties260, which may affect functioning 
of the placenta. This has been linked to elevated blood pressure and preeclampsia, as 
well as restricted umbilical artery flow262,335, which in turn might lead to decreased oxygen 
and nutrient flow to the fetus. Serotonin homeostasis during pregnancy is thus pivotal, as 
an imbalance might have detrimental effects for the fetus, either directly affecting growth 
and development, or indirectly through impairment of placental functioning.

An example of disturbed maternal serotonin levels is the use of selective serotonin 
reuptake inhibitors (SSRIs) during pregnancy. SSRIs are a type of antidepressant, and 
their use during pregnancy has increased tremendously in Western countries in recent 
years50–53. SSRIs block the serotonin transporter and thereby inhibit the reuptake of the 
neurotransmitter serotonin into the presynaptic cell. As a result, extracellular serotonin 
levels are increased. This can result in a more stabilized mood and relieve depressive 
symptoms. However, SSRIs can cross the placenta and are found in the amniotic fluid58,59, 
affecting therefore not only the mother but also the developing child.

In summary, serotonin is essential for fetal development, it plays a role in placental 
functioning, and a significant share of serotonin is synthesized by the placenta. However, 
how disturbed maternal serotonin levels affect the placenta, and the mechanisms by 
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which this then possibly mediates immediate and long-lasting effects on the developing 
offspring, have yet to be established.

The main goal of this dissertation was to unravel the mechanisms by which the pla-
centa imparts the critical signals of disturbed serotonin levels from the maternal 
environment to the developing embryos.

exPerImenTAl APProACh

This dissertation uses a comparative approach, studying the effects of SSRIs on either 
the placental gene expression (in humans and rats) or on the production and develop-
ment of offspring (in Poeciliopsis).

Chapter two provides a literature overview of the interplay between maternal depres-
sion and SSRI treatment and their effects on the developing offspring. It provides an 
overview of what is currently known or hypothesized in humans, and addresses how 
animal models have been instrumental for understanding how the prenatal environ-
ment influences the health of the developing offspring.

In chapter three, the effect of prenatal chronic exposure to different dosages of the 
SSRI fluoxetine was examined in P. gracilis and P. turneri. Concentrations of the SSRI 
fluoxetine were measured in both mothers and embryos, the fecundity of the mothers 
was assessed, and body development of the offspring was examined. In addition, the 
gene expression of the serotonin transporter and the serotonin 1a receptor in the brains 
of both mothers and offspring was measured.

Chapters four and five were designed as hypothesis generating studies, where whole 
transcriptome alterations in the fetal part of placentas of both humans (chapter four) 
and rats (chapter five) exposed to the SSRI fluoxetine were examined.

The combined study of fish, rat and human placentas is representative of the great 
variety of evolutionary placental stages in the vertebrate lineage. By exposing pregnant 
females to the SSRI fluoxetine in each of these species, some similarities in the responses 
among species were found, as well as some marked differences. These combined results 
provided new insights on the potential roles of the placenta in imparting perturbed ma-
ternal serotonin levels to the developing fetus. Moreover, the experimental possibilities 
in rat and Poeciliopsis model systems enable us to disentangle the effects of maternal 
depression and SSRI administration, which is not possible or ethical in human studies.
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oVerVIew of fIndInGs

Behavioural effects on the offspring
Chapter two describes that both maternal vulnerability for mental health disorders – 
such as depression, anxiety or high stress levels – and SSRI antidepressant treatment 
can negatively influence the unborn child on both physiological and behavioural levels. 
It remains difficult the discern the direct effects of the maternal depression and the anti-
depressant treatment. Besides the depression during pregnancy, postnatal depression 
may also influence the health outcome of the offspring. The use of animal models allows 
us to get a more profound insight into the mechanisms underlying the observations seen 
in human studies. Research in rodents shows that SSRI exposure without the underlying 
maternal depression leads to alterations in social and affective behaviour later in life75. 
Both the moments of SSRI exposure during the perinatal period and the sex of the off-
spring appear to be important factors in developing these altered behavioural profiles. 
Recently, researchers have started to look into the combined effects of maternal depres-
sion and SSRI exposure in animal models, to make a more valid translational step to the 
human situation136,195,246,256. Even though only a few studies have been conducted so far, 
it seems that SSRI exposure can counteract some of the negative impact of maternal 
stress in animal models: with SSRI exposure, it seems that offspring did not have an 
increased risk of pathology on top of the risk that maternal stress brings along. In some 
studies it was shown that the developmental alterations in offspring behaviour due to 
maternal depression was partially normalized by perinatal SSRI exposure246.

The effect of maternal exposure to SSRIs in fish species with and without 
a placenta
Chapter three describes how chronic SSRI treatment in ascending concentrations (0.5, 
1, 10, 20, and 40 μg/L) differentially altered reproduction and offspring development 
in two closely related fish species, one with (P. turneri) and one without (P. gracilis) a 
placenta. Pregnant females were treated with fluoxetine and both offspring born during 
treatment as well as the embryos found in the ovaries were examined. Both fluoxetine 
and its active metabolite norfluoxetine were found to be present in P. gracilis and P. 
turneri embryos. Exposure to increased fluoxetine concentrations led to a greater de-
cline in reproductive success, especially in the placental P. turneri. In addition, P. turneri 
offspring body mass and body length decreased with increasing fluoxetine concentra-
tion, an effect that was not notable in P. gracilis. Brain gene expression of the serotonin 
1a receptor and serotonin transporter was affected in both P. turneri and P. gracilis 
mothers and offspring. Most interestingly was the increase in serotonin 1a receptor 
gene expression due to high exposure of fluoxetine in mothers. Although similar effects 
were found in the offspring after the lower and medium dose of fluoxetine, a negative 
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correlation between the high dose of fluoxetine and serotonin 1a receptor expression 
was found in the offspring. This warrants for further investigation, but at least shows 
that a dose-response curve in fluoxetine concentration does not automatically lead to a 
dose-response effect in the gene expression of the offspring.

Altogether, adverse effects in the placental species P. turneri were more notable and 
larger, especially with regard to reproduction and offspring development, but P. gracilis, 
without a placenta, was not completely shielded from adverse effects, i.e. the drug was 
found in the embryos and the offspring’s brain gene expression was affected. Thus, 
even without a placenta there was a negative effect of fluoxetine, but this was strongly 
increased in the species with a placenta.

The effect of SSRIs on placental gene expression
Whole transcriptome alterations in both human (chapter four) and rat (chapter five) 
placentas associated with SSRI exposure were examined. In humans, healthy women are 
not treated with antidepressants. Therefore, we compared placental gene expression 
of healthy pregnancies with the combined effects of the SSRI itself and the underlying 
maternal illness, while the rat study allowed us to study the effect of the drug alone, 
without underlying stress related disorders and/or depression. Chapters four and five 
provide an extensive overview of genes associated with fluoxetine treatment in the fetal 
part of term placentas of both rats and humans. In the human study it was shown that 
the fluoxetine treatment in placentas nourishing male fetuses resulted in more differ-
ently expressed genes in comparison to the placentas nourishing female fetuses. In ad-
dition, extracellular matrix organization related genes were identified to be significantly 
enriched in association with fluoxetine treatment. The extracellular matrix is linked to 
both autism spectrum disorders as well as preterm birth, two conditions that have been 
linked with prenatal SSRI use. In the rat transcriptomic study, the effects of fluoxetine 
exposure on gene expression were less pervasive and pronounced in comparison to the 
human transcriptomics study. This may imply that a part of the effects on placental gene 
expression in humans is due to the underlying maternal illness, rather than the SSRI 
treatment. Even though depressive symptoms were relieved due to the antidepressant 
treatment, alteration of genes linked to the depression may still be present. Of impor-
tance, it was discovered that also in rats, SSRI treatment affected a number of genes 
with functional annotations in the extracellular matrix. Although the effects were not 
as prevalent as in the human placenta it still signifies that fluoxetine itself, without the 
underlying maternal illness is associated with changes in the extracellular matrix in the 
placenta found in women treated with fluoxetine during pregnancy. Several candidate 
genes, including genes related to the extracellular matrix (ECM) and autism spectrum 
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disorders, were identified in both the human and rat placenta for further exploration of 
their role in the effect of fluoxetine in offspring development.

Effects of SSRI exposure on reproduction and offspring development 
across species

Reproduction
In fish the reproductive system is modulated by serotonin at multiple levels202. It acts 
on the hypothalamus via gonadotropin-releasing hormone (GnRH) neurons, and the 
pituitary via gonadotropins such as luteinizing hormone (LH) and follicle stimulating 
hormone (FSH). In addition, serotonin is involved in gonadal maturation. In chapter 
three it is shown that treatment with fluoxetine concentrations in the higher range 
(56 and 242 μg/L), significantly declined reproductive success. This effect was seen in 
both a decline in offspring born during SSRI treatment, and a significant reduction in 
the number of in-ovary embryos in pregnant females. It has to be mentioned that the 
reduction in offspring born in the fish study might also have been caused by an increase 
in neonatal mortality. Dead and/or decayed offspring material was observed, and it is 
possible that this was only partially detected due to poor visibility in the aquaria. How-
ever, in-ovary embryos in the pregnant females were also significantly reduced in as-
sociation with SSRI exposure, confirming that the decrease in Poeciliopsis reproduction 
was probably caused by dysfunction of the reproductive system rather than neonatal 
mortality. These results are in line with a previous study in zebrafish, where seven-day 
treatment with 32 µg/L fluoxetine led to a significant reduction in egg production241. In 
a study using a lower range of fluoxetine concentrations (0, 0.1, 0.5, 1 and 5 μg/L for four 
weeks), no significant changes were observed in egg production, rate of fertilization and 
spawning, or hatching success of fertilized eggs. However, females treated with 0.1 or 
0.5 μg/L fluoxetine had significantly increased circulating plasma oestradiol levels240. We 
only studied the direct effects of fluoxetine on reproduction in mature females, but as 
gonadal maturation in the offspring might be impaired by SSRI exposure, the negative 
effects on reproductive success might be even greater across generations.

In humans, there is no evidence that SSRIs affect fertility. Sylvester and colleagues336 
reviewed twenty relevant articles on fertility and SSRI use. The authors conclude 
that there is insufficient evidence at present to propose that SSRIs reduce fertility or 
influence infertility-treatment outcomes, although there might be an indication for an 
adverse impact on sperm quality. Recently, Beeder & Samplaski337 reviewed the effect of 
antidepressant medication in males on semen parameters and fertility and found that 
SSRIs, and fluoxetine in particular, has been associated with gonadotoxic effects, includ-
ing decreased sperm concentration and motility, increased DNA fragmentation, and 
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decreased reproductive organ weights. However, these effects do seem to be reversible 
on cessation of treatment with SSRIs. Thus, the main effects of SSRIs on reproduction in 
humans seems to be when men, rather than women, use SSRIs. However, it is debated 
whether or not SSRI use in pregnant women might be associated with pre-term birth. A 
meta-analysis showed that women that received SSRIs during pregnancy had a signifi-
cantly higher risk of preterm birth in comparison to healthy and depressed women that 
were not on SSRIs297. Chapter four shows that SSRI use was linked to changes in the ECM 
gene expression, in especially placentas nourishing male offspring. And interestingly, 
the ECM has been linked to preterm birth298. This might provide a potential mechanism 
for preterm birth, as the mechanical properties of cervical tissue are derived from its 
ECM299, and abnormalities of these structures are also associated with preterm birth300,301.

There is not a lot of literature available on a link between SSRI treatment and reproduc-
tive success in rodent studies. In one study fluoxetine-treated dams gave birth to litters 
15% smaller than vehicle-treated dams130. Two other studies have reported that prenatal 
SSRI exposure leads to higher neonatal mortality in rodents338,339. Both these studies 
have performed small cross-fostering experiments to determine whether the observed 
neonatal mortality was due to the mother, the pup, or both. In one of the studies all the 
cross-fostered pups died, suggesting that SSRI exposure affected both the mother and the 
pups339. In the other study, the cross-fostering experiment demonstrated that the effect of 
the SSRI treatment on mortality was due to fetal aspects, and further histological evalu-
ation revealed fetal heart failure338. No association between SSRI exposure and neonatal 
death has been recorded in human practice, although heart issues have been reported340.

Thus, especially fish and rats seem to be affected in their reproductive system when 
treated with SSRIs, while this negative side effect does not seem to occur in humans. In 
fish, this effect is explained by the fact that serotonin modulates the reproductive system 
in fish on multiple levels, in a manner that is unique in fish. In teleosts, serotonin acts 
on Gonadotropin-releasing hormone neurons in the hypothalamus, gonadotropins such 
as LH and FSH in the pituitary, and on gonadal maturation202. The effects on reproduc-
tion in Poeciliopsis were mainly seen at high concentrations, above human therapeutic 
levels. Furthermore, these fish were exposed to fluoxetine during the whole day, rather 
than daily administration which is often the case in humans and rats, which could have 
been a contributing factor in the effects of fluoxetine on the reproductive system. As 
mentioned above, also in rats an increase in antenatal and neonatal mortality has been 
reported246,339. However, it is unclear what the underlying mechanisms of these increased 
mortality rates are. One possible explanation for this may be that the SSRIs that were 
administered to the rats had toxicity effects, leading to lethality in both mothers and 
offspring. However, these mortality rates in rats were only seen in very few studies. So 
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far, SSRIs have not been associated with an increased neonate mortality rate in humans, 
although the risk of neonatal adaptation syndrome in infants exposed to SSRIs has been 
reported in the National Institute of health care Excellence guidelines. In addition, more 
Neonatal Intensive Care Unit admissions are needed in new-borns exposed to SSRIs273. 
The excellent postnatal care provided might mask potential risks for mortality in babies.

Offspring development
In this dissertation, mostly physiological parameters on fish offspring were examined, 
while these parameters had already previously been extensively studied in both humans 
and rodents. The results in chapter three show that both offspring body mass and body 
length negatively correlated with increased fluoxetine concentration, but only in the 
placental species (P. turneri), while this was not notable in P. gracilis (species without a 
placenta). As this was the first study looking into the effects of prenatal SSRI exposure 
on offspring development in fish, the results cannot be compared to other studies in 
the same or other fish species. However, looking at the direct effect on adult guppies, 
chronic (35 days) exposure to 0.03 and 0.5 µg/L fluoxetine significantly reduced weight, 
length and belly width/girth measurements in comparison to controls77. Female goldfish 
IP-injected with fluoxetine displayed reduced food intake and a 40% decrease in weight 
gain341. However, we did not find an effect of chronic (42 days) fluoxetine exposure on 
maternal weight. Therefore, it’s unlikely that in our study a decrease in food intake 
might have led to reduced body size in P. turneri offspring.

In human practice, the use of fluoxetine is associated with weight loss as well342, and dur-
ing pregnancy with lower birth weight in full term infants343. Several meta-analyses have 
shown that women treated with SSRIs have a higher rate of delivering low birth weight 
infants. In addition, SSRIs are associated with lower birth weight with a pooled mean of 
-74 grams. However, the maternal depression is thought to mediate the association be-
tween SSRIs and birth weight201,243–245. In preclinical studies in rodents, the link with SSRI 
exposure and reduced birth weight has been examined without the underlying maternal 
depression. Rat pups born from dams prenatally treated with fluoxetine are smaller130,247. 
Interestingly, we did not see a reduction in birth length and weight in P. gracilis, while we 
did see it in P. turneri. The simplest explanation might be that due to the lack of a placenta 
in P. gracilis the embryos were largely protected from fluoxetine exposure. However, we 
did find a substantial amount of fluoxetine and its active metabolite norfluoxetine not 
only in P. turneri embryo tissue but also in P. gracilis embryo tissue. It would be interest-
ing to examine if this pattern, where both the placental and non-placental species are in 
some way affected by prenatal fluoxetine exposure, can be confirmed in another closely 
related species pair of Poeciliidae with and without a placenta.
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PlACenTAl Gene exPressIon ACross sPeCIes

Whole transcriptome alterations in both human (chapter four) and rat (chapter fi ve) 
placentas associated with SSRI exposure were examined, providing an overview of 
genes associated with fl uoxetine treatment in fetal part of term placentas. With the use 
of Metascape270, all signifi cant diff erentially expressed genes associated with fl uoxetine 
treatment can be compared in human and rat placentas (Figure 1).

Only two homologous genes were diff erentially expressed in the placenta of both human 
and rat aft er exposure to fl uoxetine, Clec9a and Muc6. Clec9a encodes a protein with a c-
type lectin domain family 9 member A, that functions as an activation receptor capable 

figure 1: Overlap between gene lists of the transcriptomic studies in human and rat placentas aft er SSRI ex-
posure. The inner circle represents gene lists of diff erentially expressed genes aft er SSRI treatment in either 
human or rat. Genes that were present in the diff erentially expressed gene list of both species are coloured 
in dark orange, and genes unique to rats or humans (and associated with fl uoxetine exposure) are shown in 
light orange. The purple curves link homologous genes, and the blue curves link genes that belong to the 
same enriched ontology term. The outer circle labels which genes were on the diff erentially expressed gene 
list in the human (red) or rat (blue) placenta.
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of triggering intracellular signaling via Syk kinase344. This gene is in a co-expression net-
work with several purinergic receptors that have been associated with depression345,346. 
Muc6 encodes a mucin protein, these are glycoproteins produced by epithelial tissue 
and secreted to form a mucous barrier. In addition, both Clec9a and Muc6 are associated 
with extracellular matrix (ECM) organization. In the functional enrichment analysis in 
chapter fi ve, we identifi ed the ECM as signifi cantly over-represented among the genes 
with changed expression aft er SSRI exposure. We postulated that the changes in the 
ECM may be a possible mechanism for the association of prenatal SSRI exposure and 
preterm birth and/or autism spectrum disorders70,297,298. Looking at shared functional 
annotation term levels rather than homologous genes we see more overlap for human 
and rat placentas exposed to fl uoxetine. Shared gene ontology terms include response 
to stimulus, positive regulation of biological process, multicellular organismal process, 
negative regulation of biological process, cellular process, signalling, immune system 
response, and localization (Figure 2).

In our human study the male placenta showed more transcriptomic changes aft er 
fl uoxetine treatment than the female placenta. Additionally, there was a substantial 

figure 2: The top-level of overrepresented gene ontology terms across human and rat placentas associ-
ated with fl uoxetine exposure, coloured by p-values.



159

Chapter 6

number of genes that differed in expression between the sexes. Our results in rats also 
indicated sex-specifically altered gene expression associated with fluoxetine exposure 
in individual count plots, although these sex-effects were not significant. This might be 
because the number of replicates was insufficient to reveal any significant sex differenc-
es. However, strong reports were found in the human study with only three replicates. 
In addition, there were less significant differentially expressed genes associated with 
fluoxetine treatment in the rat study (81 DEGs) than were present in the human study 
(659 DEGs). This could suggest that part of the changes in placental gene expression 
in humans was not only due to the SSRI treatment, but might also be related to an ad-
ditional effect of the underlying maternal illness. We do know from human research that 
maternal depression without SSRI treatment also affects placental gene expression, 
partly overlapping with differentially expressed genes found in placentas of women 
treated with SSRIs80. Therefore, it is likely that the maternal depression did contribute 
to the effect on placental gene expression in women treated with SSRIs. However, other 
considerations have to be taken into account as well. For instance, it might be due to 
a difference in dosages used. In the rat study, fluoxetine was administered daily with 
a dose of 10 mg/kg body weight, while in the human study dosages varied from 10 mg 
to 40 mg per day. Thus, the dose used in rats was substantially higher. Previous studies 
have shown that chronic exposure to a dose of 0.5 to 1 mg/kg, which is equivalent to 
the dosages used in humans, also resulted in physiological and behavioural changes in 
rats347,348. In addition, the rodent placenta might be more resilient to fluoxetine exposure 
than the human placenta, as rodent placentas differ from the human placenta.

The initial plan was to also study the transcriptome of the fetal part of the P. turneri 
placenta in association with fluoxetine exposure. However, there was fluoxetine con-
tamination in the control group. Therefore, we were not able to compare gene expres-
sion in P. turneri placentas exposed to fluoxetine and P. turneri exposed to a control 
treatment. This was very unfortunate as the transcriptomic changes in the fish placenta 
due to fluoxetine exposure would have given a great insight into the conservation of 
the affected gene expression profiles, especially between rats and fish. Furthermore, if 
we could have shown that in Poeciliopsis the underlying regulating mechanisms of the 
placenta were similar to those in rats and humans, this might have opened biomedical 
research in testing teratogenic effects of serotonergic drugs in these species.

The (dIs)AdVAnTAGe of hAVInG A PlACenTA

As fluoxetine affects the placental transcriptome and can pass through the placenta 
and reach the fetus, this raises questions about the causes and consequences for pla-
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centa (dys)functioning. To investigate this, we need a system where we can compare 
species with and without placenta. The fish family Poeciliidae offers a powerful model, 
as placentation evolved repeatedly and independently in these species, enabling the 
comparison between closely related species with and without a placenta. The two 
closely related species that we investigated – P. gracilis without and P. turneri with a 
placenta – did show that prenatal exposure to fluoxetine had adverse effects on both 
the species (chapter three). Thus, even without a placenta there was a negative effect 
of fluoxetine on the offspring when the pregnant mother was treated with this SSRI, but 
this effect was seriously increased when a placenta was present. Fluoxetine and nor-
fluoxetine transmission rates from mother to embryo were, at least for norfluoxetine, 
higher in P. turneri. Interestingly, there was still a notable concentration of the drug in 
P. gracilis embryos. In fact, even for P. gracilis the concentrations of fluoxetine and nor-
fluoxetine were higher in embryos than in the mothers in all treatments. To the best of 
our knowledge, there is no direct connection between mother and offspring in P. gracilis. 
It might be that after a few weeks of treatment the yolk sacs of the mothers contained 
fluoxetine and norfluoxetine, passing it on to the embryo. Another explanation might 
be that fluoxetine and norfluoxetine easily pass through tissues. To a certain extent the 
follicle is permeable for volatiles such as oxygen and carbon dioxide. In addition, fish 
embryos, such as zebrafish, readily absorb toxins due to the permeability of the chorion 
and vitelline membranes239. Possibly fluoxetine and norfluoxetine have passed to the 
embryo this way. It would be interesting to examine another closely related species 
pair of Poeciliidae with and without a placenta to confirm the results we found in P. 
gracilis and P. turneri. This will demonstrate whether a placenta consistently increases 
the adverse effects of the maternal environment on offspring development.

In humans and rats, it is clearly not possible to compare the situation to one without 
a placenta. Yet, our transcriptome analysis indicated that SSRI treatment did affect 
the gene expression of many genes in the placenta in both humans (chapter four) 
and rats (chapter five). This may suggest that the placenta may indeed play a part in 
transmitting adverse effects of the maternal environment to the developing offspring. 
The placental transcriptomic studies were designed to be hypothesis generating, and 
suggest that especially the extracellular matrix, and several individual genes such as 
Sult1a1 should be further examined as possible regulators of the adverse effects of 
disturbed serotonin balance during pregnancy, and offspring developmental outcomes 
associated with fluoxetine treatment. In addition, further examination should confirm if 
protein expression is affected in a similar way as gene expression, and how the affected 
gene expression in the placenta translates to the adverse effects found in the offspring. 
The placenta itself was also affected by fluoxetine treatment, and therefore abnormal 
placental functioning could be contributing to adverse effects found in the offspring. Re-
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Chapter 6

cently, placental histopathology in association with SSRI use was studied349. The authors 
found that maternal SSRI use during pregnancy was associated with placental fetal 
vascular malperfusion lesions, and suggest that this might be a possible mechanism 
underlying adverse neonatal outcomes associated with SSRI use during pregnancy.

fuTure PersPeCTIVes

This dissertation consists mainly of pioneering studies, and therefore generated more 
questions than answers. To reveal the full extent to which the placenta is pivotal in 
transmitting potentially adverse factors (such as SSRIs) from the mother to the offspring 
during pregnancy will require additional research on offspring intra-uterine develop-
ment, postnatal offspring development, as well as research on the direct effects of these 
factors on placental functioning.

This dissertation presents the extracellular matrix as a potential candidate mechanism 
underlying some of the adverse effects seen after SSRI treatment during pregnancy. 
Manipulation of the genes related to the extracellular matrix might give further insight 
in their functional role. Moreover, several candidate genes such as Sult1a1 and Nlgn-3 
were identified for further exploration of their role in the effect of fluoxetine on offspring 
development. Placental cell lines provide a great opportunity to model the trophoblast 
to further study those genes and their protein profiles in the placenta in the presence of 
fluoxetine without an underlying maternal depression332,350.

We confirmed that in Poeciliopsis, as well as in rodents and humans, prenatal SSRI expo-
sure affects physical offspring development. However, the effect of prenatal SSRI expo-
sure on offspring behaviour in fish remains to be established. Currently a lot of research 
is done on the direct effects of SSRIs on fish, as these drugs are more and more found 
in surface waters due to pharmaceutical waste and residues that end up in the sewage 
system208–217. Future studies should also focus on the effect of fluoxetine on developing 
fish offspring in live-bearing fish species. In addition, the offspring of a Poeciliopsis spe-
cies without a placenta was also affected by prenatal fluoxetine exposure. Therefore, 
further studies are necessary to investigate the possible routes through which the SSRIs 
travelled to the embryo. Furthermore, it would be interesting to repeat this study in 
another closely related Poeciliidae pair to examine whether a placenta consistently 
increased the adverse effects of the maternal environment on offspring development, 
or whether the characteristics of the placenta can mitigate these risks.
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This dissertation only focusses on the fetal part of the placenta, which is under regula-
tory genetic control of the offspring. The changes in gene expression in the maternal 
side of the placenta in association with SSRI exposure have not yet been studied. Study-
ing the transcriptome of the maternal part of the placenta will shed more light on how 
SSRIs may affect the two counterparts differently. The changes in expression may signify 
that the development of the offspring is affected, or that the exchange with the mother 
is affected, or both, giving more insight in the underlying mechanisms of the effects of 
SSRIs on offspring development.

ConClusIon

The aim of this dissertation was to unravel the mechanisms by which the placenta im-
parts critical signals of disturbed serotonin levels from the maternal environment to the 
developing embryos. This dissertation shows that the placenta imparts adverse factors 
of the maternal environment to the developing embryo, as evidenced by an increased 
effect on offspring development in a placental fish in comparison to a non-placental 
fish, as well as the affected gene expression in the placentas of both human and rat 
fetuses. We found a considerable difference in the number of differentially expressed 
genes in the human and rat study. The rat experiment was done under more controlled 
circumstances, but still a substantial number of genes showed changed expression. The 
differentially expressed genes in rats do have annotations that are shared with the hu-
man study. Taken together, these results imply that the placenta plays an important role 
in transmitting the effects of prenatal fluoxetine exposure, and the placenta itself is af-
fected as well. Several potential mechanisms that might transmit the effect of disturbed 
maternal serotonin levels to the developing embryos were identified, most importantly 
the extracellular matrix, which lays the foundation for future research on this topic.
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Appendix II

The PlACenTA In humAns, rATs, And PoecilioPSiS

The placenta, originally defined as the apposition or fusion of the fetal membranes to 
the uterine mucosa for physiological exchange, has evolved many times throughout the 
animal kingdom and is found at all levels in every vertebrate class other than birds. The 
placenta is one of the morphologically most diverse organs in the animal kingdom. Yet, 
at the same time, its primary function of physiological exchange is remarkably similar.

This dissertation consists of experiments performed in (the placentas of) humans, rats 
(Rattus norvegicus), and two fish species (Poeciliopsis gracilis and Poeciliopsis turneri). 
Both humans and rats have discoid haemochorial placentas that are similar in gross 
morphology and functioning. However, these two types of placentas differ on several 
levels, such as number of maternal cell layers, interdigitation and the presence of a yolk 
sac. Placentation in Poeciliopsis differs considerably from mammalian placentation, 
this genus consists of closely related fish species that lack placentas or have placentas 
that vary greatly in complexity form very primitive to highly complex. In Poeciliopsis fish 
there is no true uterus and eggs are retained within the follicle after fertilization. Species 
without placentas are nourished by yolk reserves surrounding the developing embryo. 
Placental Poeciliopsis species, by contrast, transfer nutrients to the fetus via a highly 
folded, follicular epithelium which forms a ‘follicular placenta’. This type of placental 
structure has arisen several times in Poeciliopsis. Subsequently the placenta has been 
lost and regained several times in these species, making it an excellent model of placen-
tation. Within this dissertation Poeciliopsis gracilis and Poeciliopsis turneri were used. 
Poeciliopsis gracilis is a lecithotroph, a species that provides nutrients to the egg prior to 
fertilization via a yolk sac allocated to the egg. The inner surface of the maternal follicular 
epithelium is flat, with a cellular layer covered by a non-cellular porous membrane. The 
follicular blood vessels are suggested to facilitate gas exchange. In contrast, P. turneri 
is an extensive matrotroph, a species that provides nutrients throughout embryonic 
development via a placenta. The inner surface of the maternal follicular epithelium is 
highly hypertrophied and extensively folded and the apical surface of the epithelial cells 
lining the inner surface is covered with microvilli. These epithelial folds are comprised 
of cuboidal and columnar cells, richly supplied with capillaries.

Thus, both rats and humans have haemochorial placentas that are formed from both 
modified extraembryonic membrane and maternal tissue, while Poeciliopsis species 
have no true uteri and have follicular placentas. However, even though the morphologi-
cal structures vary greatly, the placental functionality is similar in humans, rats, and P. 
turneri.
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seleCTIVe seroTonIn reuPTAke InhIBITor use durInG 
PreGnAnCy

The placenta plays a pivotal role in the regulation of normal growth and develop-
ment of the embryo. However, this intimate maternal-fetal connection also implies a 
risk, because perturbations of the maternal milieu can be transmitted to the embryo 
through the placenta, potentially causing pregnancy failure or deleterious effects on 
the developing embryo. For instance, of human pregnancies 20-40% are complicated by 
adverse intra-uterine conditions such as maternal infections, medication or smoking. 
These perturbations increase the risk for abnormal placental functioning. For example, 
maternal obesity is associated with an altered placental transcriptome, suggesting that 
the maternal environment can affect placental functioning.

Another example of an adverse maternal environment is disturbed maternal serotonin 
levels due to the use of selective serotonin reuptake inhibitors (SSRIs) during pregnancy. 
SSRIs are a type of antidepressant, and its use during pregnancy has increased tremen-
dously in Western countries. SSRIs block the serotonin transporter and thereby inhibit 
the reuptake of the neurotransmitter serotonin into the presynaptic cell. As a result, ex-
tracellular serotonin levels are increased. SSRIs can cross the placenta and are found in 
the amniotic fluid, affecting therefore not only the mother but also the developing child.

Serotonin plays a key role in the early development across vertebrates, and is a key fac-
tor in regulating neuronal embryonic development. The placenta itself also synthesizes 
serotonin, which has been demonstrated to be essential for fetal brain development. In 
addition, placental synthesis of serotonin is involved in further placenta formation and 
decidualization of the endometrium at early stages of pregnancy. Serotonin homeostasis 
during pregnancy is pivotal as an imbalance might have detrimental effects for the fetus. 
Due to its vasoconstrictive properties, serotonin exerts a contractile response upon the 
placental vasculature. The resulting elevated pulse pressure is thought to be involved 
in the development of preeclampsia. Serotonin’s vasoconstrictive properties might also 
lead to restricted umbilical artery blood flow, which in turn might lead to a decreased 
oxygen and nutrient flow to the fetus, thereby restricting growth. In summary, serotonin 
is essential for fetal development, plays a role in placental functioning, and a significant 
share of serotonin is synthesized by the placenta. The exact role and underlying mecha-
nisms of the placenta in transmitting disturbed maternal serotonin levels and thereby 
potentially causing immediate and long-lasting effects on the developing offspring have 
yet to be established.
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AIm

The main goal of this dissertation was to unravel the mechanisms by which the pla-
centa imparts the critical signals of disturbed serotonin levels from the maternal 
environment to the developing embryos.

APProACh

In humans it is difficult to discern between the effects of the SSRIs and the effects of the 
maternal depression itself, as healthy mothers do not take antidepressants. To disen-
tangle confounding factors experimental research is needed, which is not warranted in 
humans. Therefore this dissertation uses a comparative approach, studying humans, 
as well as rats and Poeciliopsis. The combined study of fish, rat and human placentas, 
representative of the great variety of evolutionary placental stages in the vertebrate 
lineage is unparalleled in the scientific literature.

Chapter two provides a literature overview of the interplay between maternal depres-
sion and SSRI treatment and their effects on the developing offspring. Specifically, 
animal models addressing behavioural outcomes to understand how the prenatal envi-
ronment influences the health of the developing offspring are discussed.

In chapter three, the effect of prenatal chronic exposure to different dosages of the 
SSRI fluoxetine was examined in P. gracilis and P. turneri. Concentrations of the SSRI 
fluoxetine were measured in both mothers and embryos, fecundity of the mothers was 
assessed, and body development of the offspring was examined. In addition, the gene 
expression of the serotonin transporter and the serotonin 1a receptor in the brains of 
both mothers and offspring was measured.

Chapters four and five were designed as hypothesis generating studies, where whole 
transcriptome alterations in the fetal part of placentas of both humans (chapter four) 
and rats (chapter five) exposed to the SSRI fluoxetine were examined.

resulTs

Behavioural effects on the offspring
Chapter two describes that both maternal vulnerability for mental health disorders – 
such as depression, anxiety or high stress levels – and SSRI antidepressant treatment 
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can negatively influence the unborn child on both physiological and behavioural levels. 
It remains difficult to discern the direct effects of the maternal depression and the anti-
depressant treatment. Besides the depression during pregnancy, postnatal depression 
may also influence the health outcome of the offspring. The use of animal models allows 
us to get a more profound insight into the mechanisms underlying the observations seen 
in human studies. Research in rodents shows that SSRI exposure without the underlying 
maternal depression also leads to alterations in social and affective behaviour later in 
life. Both the moments of SSRI exposure during the perinatal period and the sex of the 
offspring appear to be important factors in developing these altered behavioural pro-
files. Recently, researchers have started to look into the combined effects of maternal 
depression and SSRI exposure to make a more valid translational step to the human 
situation. Even though only a few studies have been conducted so far, it seems that SSRI 
exposure does not increase the risk of pathology in the offspring when maternal stress 
is present. In some cases it was shown that the developmental alterations on offspring 
behaviour due to maternal depression can at least partially be normalized by perinatal 
SSRI exposure.

The effect of maternal exposure to SSRIs in species with and without a 
placenta
Chapter three describes if chronic SSRI treatment in ascending concentrations (0.5, 1, 
10, 20, and 40 μg/L) differentially altered reproduction and offspring development in two 
closely related fish species, one with (P. turneri) and one without (P. gracilis) a placenta. 
Pregnant females were treated with fluoxetine and offspring born during treatment and 
embryos present in the ovaries were examined. Both fluoxetine and its active metabolite 
norfluoxetine were found to be present in P. gracilis and P. turneri embryos. Exposure 
to increased fluoxetine concentrations led to a greater decline in reproductive success, 
especially in the placental P. turneri. In addition, P. turneri offspring body mass and body 
length negatively correlated with increased fluoxetine concentration during treatment, 
an effect that was not notable in P. gracilis. Brain gene expression of the serotonin 1a 
receptor and serotonin transporter was affected in both P. turneri and P. gracilis mothers 
and offspring.

Thus, although adverse effects in the placental species P. turneri were more notable and 
larger, especially with regard to reproduction and offspring development, P. gracilis, 
without a placenta, was not completely shielded from adverse effects, i.e. the drug was 
found in the embryos and offspring brain gene expression was affected. Thus, even 
without a placenta there is a negative effect of fluoxetine, but this is seriously increased 
in species with a placenta.
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Placental gene expression
Whole transcriptome alterations in both human (chapter four) and rat (chapter five) 
placentas associated with SSRI exposure were examined. Animal studies allow us to 
study the effect of the drug alone, without underlying stress related disorders and/or 
depression. Chapter four and five provide an extensive overview of genes associated 
with fluoxetine treatment in the fetal part of term placentas of both rats and humans. In 
the human study it was shown that placentas nourishing male fetuses are more sensitive 
to transcriptomic changes associated with fluoxetine treatment. In addition, extracel-
lular matrix organisation related genes were identified to be significantly enriched in 
association with fluoxetine treatment. The extracellular matrix is linked to both autism 
spectrum disorders as well as preterm birth, and both are highly debated for their pos-
sible association with prenatal SSRI exposure. In the rat transcriptomic study the same 
strong effects of fluoxetine exposure on gene expression that were recorded in the hu-
man study were not found. This suggests that a large part of the effects on placental gene 
expression in humans might be due to the underlying maternal illness, rather than the 
SSRI treatment. In addition, it was discovered that also in rats, SSRI treatment affected 
a number of genes with functional annotations in the extracellular matrix. Although the 
effects were not as strong as in the human placenta it still signifies that fluoxetine itself, 
without the underlying maternal illness is involved in changes in the extracellular matrix 
in the placenta found in women treated with fluoxetine during pregnancy. Several can-
didate genes in both the human and rat placenta for further exploration of their role in 
the effect of fluoxetine in offspring development were identified.

ConClusIon

The aim of this dissertation was to unravel the mechanisms by which the placenta im-
parts critical signals of disturbed serotonin levels from the maternal environment to the 
developing embryos. In this dissertation, I showed that the placenta imparts adverse 
factors of the maternal environment to the developing embryo, as evidenced by an in-
creased effect on offspring development in a placental fish compared to a non-placental 
fish, as well as the affected gene expression in the placentas of both human and rat 
fetuses. We found a considerable difference in the number of differentially expressed 
genes in the human and rat study. The rat experiment was done under more controlled 
circumstances, but still a substantial number of genes showed changed expression. The 
differentially expressed genes in rats do have annotations that are shared with the hu-
man study. Taken together, these results imply that the placenta plays an important role 
in transmitting the effects of prenatal fluoxetine exposure, and the placenta itself is af-
fected as well. Several potential mechanisms that might transmit the effect of disturbed 
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maternal serotonin levels to the developing embryos were identified, most importantly 
the extracellular matrix, which lays the foundation for future research on this topic.
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Appendix III

PlACenTA’s In mensen, rATTen en PoecilioPSiS

De placenta is een samensmelting van foetale membranen aan het baarmoederslijmvlies 
en maakt fysiologische uitwisselingen tussen moeder en foetus mogelijk. Dit orgaan is 
verschillende keren geëvolueerd in het dierenrijk en is ontstaan op alle niveaus in alle 
gewervelde klassen met uitzondering van vogels. De placenta is morfologisch gezien 
één van de meest diverse organen, maar zijn primaire functie van fysiologische uitwis-
selingen tussen moeder en foetus is opmerkelijk gelijk in alle diersoorten.

Dit proefschrift bestaat uit experimenten uitgevoerd in (de placenta’s van) mensen, rat-
ten (Rattus norvegicus) en twee vissoorten (Poeciliopsis gracilis en Poeciliopsis turneri). 
Zowel mensen als ratten hebben schijfvormige placenta’s met een vergelijkbare grove 
morfologie en vergelijkbaar functioneren. Er zijn echter wel verschillen tussen deze 
twee placenta typen, zoals het aantal maternale cellagen, de manier waarop maternale 
en foetale structuren fuseren en de aanwezigheid van een dooierzak. De vorming van 
de placenta gaat in Poecilopsis aanzienlijk anders. Dit vissengeslacht bestaat uit nauw-
verwante levendbarende vissoorten met aanzienlijke variatie in de complexiteit van de 
placentavorming tijdens de zwangerschap. Poeciliopsis hebben geen baarmoeder, de 
eitjes blijven in het follikel na de bevruchting. De embryo’s van Poeciliopsis soorten die 
geen placenta ontwikkelen worden gevoed door de dooierreserves die zich rond het 
ontwikkelende embryo bevinden. Poeciliopsis soorten die wel een placenta ontwikkelen 
transporteren voedingsstoffen van de moeder naar de foetus via een sterk gevouwen 
folliculair epitheel dat een folliculaire placenta vormt. Dit type placenta is verschillende 
keren geëvolueerd in Poeciliopsis, verschillende keren verdwenen, en verschillende ke-
ren weer ontstaan. Dit maakt de soorten binnen het geslacht Poeciliopsis een uitstekend 
model voor onderzoek naar placentavorming. In dit proefschrift zijn zowel Poeciliopsis 
gracilis als Poeciliopsis turneri onderzocht. Poeciliopsis gracilis ontwikkelt geen placenta, 
en voorziet voor de bevruchting het ei van voedingsstoffen door middel van een dooi-
erzak. De binnenkant van het maternale folliculaire epitheel is glad, en waarschijnlijk 
faciliteren de bloedvaten in het follikel de uitwisseling van gassen. Poeciliopsis turneri 
daarentegen voorziet het embryo van voedingsstoffen tijdens zijn gehele ontwikkeling. 
Het epitheel aan de binnenkant van het follikel is sterk gevouwen, bedekt met microvilli 
en sterk doorbloed, wat de uitwisseling van stoffen faciliteert.

Kortom, zowel ratten als mensen hebben schijfvormige placenta’s die gevormd worden 
door de fusie van maternaal en foetaal weefsel, terwijl Poeciliopsis soorten follicu-
laire placenta’s ontwikkelen en geen baarmoeder hebben. Echter, ondanks deze grote 
morfologische verschillen is de functie van de placenta in mensen, ratten, en P. turneri 
bijzonder vergelijkbaar.
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seleCTIeVe seroTonIne heroPnAme Blokkers TIjdens de 
zwAnGersChAP

De placenta speelt een centrale rol bij het reguleren van normale groei en ontwikke-
ling van het embryo. Deze nauwe connectie tussen moeder en foetus brengt echter 
ook risico’s met zich mee, omdat verstoringen van het maternale milieu aan de foetus 
doorgegeven kunnen worden via de placenta. Dit kan leiden tot het mislukken van de 
zwangerschap of andere schadelijke gevolgen hebben voor het ontwikkelende em-
bryo. Ongeveer 20 tot 40% van de zwangerschappen heeft te maken met ongunstige 
omstandigheden in de baarmoeder, zoals bijvoorbeeld een maternale infectie, roken of 
medicatiegebruik. Dit soort verstoringen verhogen het risico op een abnormale werking 
van de placenta. Zo wordt overgewicht bij de moeder bijvoorbeeld in verband gebracht 
met een veranderde genexpressie in de placenta, wat er op wijst dat omstandigheden 
van de moeder inderdaad het functioneren van de placenta kunnen beïnvloeden.

Een ander voorbeeld van een nadelig maternaal milieu is een verstoorde serotonine-
spiegel bij de moeder als gevolg van het gebruik van selectieve serotonine heropname 
remmers (SSRI’s) tijdens de zwangerschap. SSRI’s zijn een type antidepressivum, en 
het gebruik van deze medicijnen tijdens de zwangerschap is in Westerse landen enorm 
toegenomen. SSRI’s blokkeren de serotonine transporter en voorkomen daarmee dat de 
neurotransmitter serotonine heropgenomen wordt in de cel. Als gevolg hiervan worden 
de extracellulaire serotonineniveaus verhoogd. SSRI’s kunnen de placenta passeren en 
worden aangetroffen in het vruchtwater, waardoor SSRI’s niet alleen de moeder, maar 
ook het zich ontwikkelende kind kunnen beïnvloedden.

Serotonine speelt een sleutelrol in de vroege ontwikkeling van alle gewervelde dieren, 
en is een sleutelfactor in het reguleren van de neurale ontwikkeling van het embryo. De 
placenta produceert zelf ook serotonine, waarvan is aangetoond dat deze essentieel is 
voor de foetale hersenontwikkeling. Daarnaast is de serotonine die geproduceerd wordt 
door de placenta ook belangrijk voor de verdere vorming van de placenta zelf en de ont-
wikkeling van het baarmoederslijmvlies tijdens de eerste fases van de zwangerschap. 
Serotonine homeostase tijdens de zwangerschap is cruciaal, omdat een verstoring van 
het evenwicht ernstige gevolgen voor de foetus kan hebben. Doordat serotonine vaat-
vernauwende eigenschappen heeft, zorgt het voor samentrekking van de bloedvaten in 
de placenta. De daaruit voortvloeiende verhoogde bloeddruk wordt in verband gebracht 
met het ontstaan van zwangerschapsvergiftiging. Deze vaatvernauwende kenmerken 
van serotonine kunnen ook tot een verminderde bloedstroom in de bloedvaten van 
de navelstreng leiden, dat op zijn beurt weer leidt tot een verminderde toestroom van 
zuurstof en voedingsstoffen naar de foetus.
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Samenvattend kan worden gesteld dat serotonine essentieel is voor de ontwikkeling van 
de foetus, een rol speelt bij het functioneren van de placenta, en dat een aanzienlijk deel 
van de serotonine door de placenta zelf geproduceerd wordt. De exacte rol en onderlig-
gende mechanismen van de placenta in het doorgeven van verstoorde serotoninespie-
gels van de moeder, waarbij de ontwikkelende foetus directe en lange termijn gevolgen 
ondervindt moeten nog worden aangetoond.

doel

Het voornaamste doel van dit proefschrift was het ontrafelen van de mechanismen 
waarmee de placenta kritieke signalen van verstoorde serotoninespiegels van de 
moeder doorgeeft aan de zich ontwikkelende embryo’s.

BenAderInG

Bij mensen is het moeilijk onderscheid te maken tussen de effecten van de SSRI’s en de 
effecten van de depressie van de moeder, omdat gezonde moeders geen antidepressiva 
slikken. Om dit soort factoren te ontleden is experimenteel onderzoek nodig, wat bij 
mensen niet mogelijk is. Daarom wordt in dit proefschrift een vergelijkende benadering 
gebruikt, waarbij zowel mensen, als ratten en Poeciliopsis bestudeerd worden. Deze 
combinatie van studies waarbij de placenta’s van vissen, ratten en mensen gebruikt 
worden, representatief voor de grote verscheidenheid aan evolutionaire placentastadia, 
is uniek in de wetenschappelijke literatuur.

hoofdstuk twee geeft een literatuuroverzicht over de wisselwerking tussen depressie 
en/of antidepressiva behandeling bij de moeder en de effecten daarvan op de zich ont-
wikkelende nakomelingen. Specifiek worden diermodellen besproken die zich richten 
op gedragsuitkomsten, om te begrijpen hoe de prenatale omgeving de gezondheid van 
de nakomelingen beïnvloedt.

In hoofdstuk drie is het effect van prenatale chronische blootstelling aan verschillende 
doseringen van de SSRI fluoxetine onderzocht bij P. gracilis en P. turneri. Concentraties 
van fluoxetine zijn gemeten in zowel de moeders als de embryo’s, de vruchtbaarheid van 
de moeders werd bepaald, en de lichaamsontwikkeling van de nakomelingen is onder-
zocht. Daarnaast is ook de genexpressie van de serotonine transporter en de serotonine 
1a receptor in de hersenen van zowel de moeders als de nakomelingen gemeten.
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hoofdstukken vier en vijf zijn opgezet als hypothese genererende studies, waarin de 
veranderingen van het gehele transcriptoom in het foetale deel van de placenta’s van 
zowel mensen (hoofdstuk vier) als ratten (hoofdstuk vijf) blootgesteld aan de SSRI 
fluoxetine werden onderzocht.

resulTATen

Gedragseffecten op de nakomelingen
hoofdstuk twee beschrijft dat zowel psychische gezondheidsproblemen van de moe-
der – zoals depressie, angst of hoge stressniveaus – als de behandeling met SSRI’s het 
ongeboren kind negatief kunnen beïnvloeden op zowel fysiologisch als gedragsmatig 
niveau. Het blijft moeilijk om de directe effecten van de depressie van de moeder en de 
behandeling met antidepressiva te onderscheiden. Naast de depressie tijdens de zwan-
gerschap kan ook de postnatale depressie de gezondheidstoestand van het nageslacht 
beïnvloeden. Het gebruik van diermodellen stelt ons in staat een dieper inzicht te krijgen 
in de mechanismen die ten grondslag liggen aan de waarnemingen die in humane stu-
dies worden gedaan. Onderzoek bij knaagdieren toont aan dat blootstelling aan SSRI’s 
zonder de onderliggende depressie van de moeder ook leidt tot veranderingen in soci-
aal en affectief gedrag later in het leven. Zowel de momenten van de SSRI-blootstelling 
tijdens de periode rond de zwangerschap als het geslacht van de nakomelingen lijken 
belangrijke factoren te zijn bij het ontwikkelen van deze veranderde gedragsprofielen. 
Recentelijk zijn onderzoekers begonnen met het bestuderen van de gecombineerde 
effecten van maternale depressie en SSRI-blootstelling om een meer valide vertaalslag 
te maken naar de menselijke situatie. Hoewel er tot nu toe slechts enkele studies zijn 
uitgevoerd, lijkt het er op dat blootstelling aan SSRI’s het risico op pathologie bij de 
nakomelingen niet verhoogt wanneer er sprake is van stress bij de moeder. In sommige 
gevallen werd aangetoond dat de veranderingen in het gedrag van de nakomelingen 
als gevolg van een depressie bij de moeder gedeeltelijk genormaliseerd kunnen worden 
door blootstelling aan SSRI’s rond de zwangerschap.

Het effect van maternale blootstelling aan SSRI’s in diersoorten met en 
zonder een placenta
hoofdstuk drie beschrijft of chronische SSRI-behandeling in oplopende concentraties 
(0.5, 1, 10, 20, en 40 μg/L) een verschillend effect heeft op de voortplanting en ontwik-
keling van het nageslacht bij twee nauw verwante vissoorten, één met (P. turneri) en één 
zonder (P. gracilis) een placenta. Zwangere vrouwtjes werden behandeld met de SSRI 
fluoxetine en de nakomelingen die tijdens de behandeling geboren werden en de em-
bryo’s die in de eierstokken aanwezig waren, werden onderzocht. Zowel fluoxetine als 
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zijn actieve metaboliet norfluoxetine bleken aanwezig te zijn in de embryo’s van P. graci-
lis en P. turneri. Blootstelling aan hogere fluoxetine concentraties leidde tot een grotere 
afname van het voortplantingssucces. Dit was vooral het geval bij P. turneri, de soort met 
de placenta. Bovendien correleerden het lichaamsgewicht en de lichaamslengte van de 
nakomelingen van P. turneri negatief met een verhoogde fluoxetine concentratie tijdens 
de behandeling, een effect dat niet waarneembaar was bij P. gracilis. De genexpressie 
van de serotonine 1a receptor en de serotonine transporter in de hersenen werd zo-
wel bij de moeders als bij de nakomelingen van P. gracilis en P. turneri beïnvloed door 
fluoxetine behandeling. Dus hoewel de nadelige effecten bij de placentasoort P. turneri 
duidelijker en omvangrijker waren, vooral wat betreft de voortplanting en ontwikke-
ling van het nageslacht, was P. gracilis (zonder placenta) niet volledig gevrijwaard van 
nadelige effecten. Namelijk, het geneesmiddel werd aangetroffen in de embryo’s en de 
genexpressie in de hersenen van het nageslacht werd beïnvloed. Zelfs zonder placenta 
is er dus een negatief effect van fluoxetine op de nakomelingen, maar dit effect is ernstig 
versterkt bij soorten met een placenta.

Genexpressie in de placenta
De veranderingen in het gehele transcriptoom van zowel humane placenta’s als placen-
ta’s van ratten die blootgesteld werden aan SSRI’s werden onderzocht in hoofdstuk vier 
en hoofdstuk vijf. Bij mensen is het moeilijk om onderscheid te maken tussen de effec-
ten van de SSRI zelf en de onderliggende ziekte van de moeder. Dierenstudies stellen ons 
in staat het effect van het medicijn alleen te bestuderen, zonder onderliggende stress 
gerelateerde stoornissen of depressie. hoofdstuk vier en hoofdstuk vijf geven een 
uitgebreid overzicht van de genen in het foetale deel van voldragen placenta’s die geas-
socieerd werden met fluoxetine behandeling in zowel ratten als mensen. In de humane 
studie werd aangetoond dat placenta’s van mannelijke foetussen gevoeliger waren voor 
veranderingen in genexpressie dan de placenta’s van vrouwelijke foetussen, wanneer 
de moeder met fluoxetine behandeld werd tijdens de zwangerschap. Bovendien werd 
vastgesteld dat genen gerelateerd aan de extracellulaire matrix organisatie significant 
meer veranderd waren in deze placenta’s. De extracellulaire matrix wordt in verband 
gebracht met zowel autisme spectrum stoornissen als vroeggeboorte. En van zowel au-
tisme spectrum stoornissen als vroeggeboorte wordt vaak gesuggereerd dat er een mo-
gelijke link is met blootstelling aan SSRI’s tijdens de zwangerschap. In de transcriptoom 
studie bij ratten werden deze sterke effecten als gevolg van blootstelling aan fluoxetine 
niet gevonden. Dit suggereert dat een groot deel van de effecten op de genexpressie in 
de placenta bij mensen te wijten kan zijn aan de onderliggende ziekte van de moeder. 
Bovendien werd ontdekt dat ook in ratten de behandeling met fluoxetine invloed had op 
een aantal genen die te maken hebben met de extracellulaire matrix. Hoewel de effecten 
niet zo sterk waren als in de humane placenta, betekent dit nog steeds dat fluoxetine 
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zelf, zonder de onderliggende ziekte van de moeder, betrokken is bij veranderingen in 
de extracellulaire matrix in de placenta. Zowel in de humane placenta als in de placenta 
van ratten werden verschillende genen geïdentificeerd voor verder onderzoek naar hun 
rol in het effect van fluoxetine op de ontwikkeling van het nageslacht.

ConClusIe

Het doel van dit proefschrift was het ontrafelen van de mechanismen waarmee de 
placenta kritieke signalen van verstoorde serotoninespiegels in de moeder doorgeeft 
aan de zich ontwikkelende embryo’s. In dit proefschrift is aangetoond dat de placenta 
inderdaad ongunstige factoren van de maternale omgeving doorgeeft aan het embryo. 
Dit blijkt uit een verhoogd effect van prenatale blootstelling aan SSRI’s op de ontwikke-
ling van het nageslacht in vissen met een placenta in vergelijking met vissen zonder een 
placenta, en uit de veranderde genexpressie in de placenta’s van zowel mensen als rat-
ten na SSRI behandeling. Er was een aanzienlijk verschil in het aantal genen dat anders 
tot expressie kwam in het onderzoek bij de mens en de rat. Het onderzoek in ratten werd 
uitgevoerd onder meer gecontroleerde omstandigheden, maar toch vertoonde een aan-
zienlijk aantal genen een veranderde expressie. Deze geïdentificeerde genen in ratten 
hadden annotaties die overeenkwamen met de geïdentificeerde genen in de humane 
studie. Alles bij elkaar impliceren deze resultaten dat de placenta een belangrijke rol 
speelt bij het doorgeven van de effecten van prenatale blootstelling aan fluoxetine, en 
dat de placenta zelf ook wordt beïnvloed. Verschillende mechanismen die potentieel 
het effect van een verstoorde serotoninespiegel in de moeder kunnen doorgeven aan de 
zich ontwikkelende embryo’s – waarvan de extracellulaire matrix als belangrijkste – wer-
den geïdentificeerd, wat de basis legt voor toekomstig onderzoek naar dit onderwerp.
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Een proefschrift schrijven doe je niet alleen, er zijn veel mensen betrokken geweest bij 
dit project. Ik wil iedereen bedanken die een bijdrage heeft geleverd aan dit proefschrift: 
biotechnici, master studenten, en collega promovendi. Een aantal van jullie wil ik graag 
persoonlijk bedanken voor de afgelopen jaren.

jocelien, zeven jaar geleden begon ik mijn stage bij het toen nog kakelverse Olivier lab. 
Ik was jouw eerste Master student en kreeg een inkijkje in het opzetten van een nieuwe 
onderzoekslijn. Al snel kwam Danielle erbij en werden de wetenschappelijke discussies 
voorzien van een glas wijn bij jou thuis. Na het behalen van mijn diploma wist ik dan ook 
zeker dat ik nog niet klaar was met het Olivier lab, en in 2017 was ik dolblij toen ik kon 
beginnen aan het schrijven van dit proefschrift. Ik wil je bedanken voor de begeleiding 
bij dit project. Het was niet altijd makkelijk om mezelf dag in dag uit te motiveren om 
verder te schrijven, zeker niet omdat ik vanwege de pandemie noodgedwongen het 
laatste jaar thuis achter mijn laptop heb doorgebracht. Je niet aflatende enthousiasme 
en doorzettingsvermogen zijn een inspiratie geweest, en als ik er even doorheen zat wist 
je altijd de goede dingen te zeggen waardoor ik er weer even tegenaan kon. Ik ben heel 
erg blij dat jij tijdens deze jaren mijn promotor was!

Bregje, ook jou wil ik heel erg bedanken. Vooral de laatste jaren ben je nauw betrok-
ken geweest, en zonder jou had ik nu nog gefrustreerd achter mijn computer gezeten 
met een hele hoop sequencing data. Ik heb heel erg veel van je geleerd en je hebt altijd 
ruim de tijd genomen om mijn stukken van feedback te voorzien, jouw inzet heeft dit 
proefschrift absoluut naar een hoger niveau getild.

Mijn andere (co)-promotoren, Bart en Torsten, maar ook sander wil ik hartelijk 
bedanken! Jullie zijn altijd behulpzaam geweest wanneer ik met vragen zat en ik wil 
jullie bedanken voor het meedenken met het project en het geven van feedback. Maar 
bovenal wil ik benadrukken dat ik heel erg blij ben dat ik alle supervisie altijd als zeer 
prettig en positief heb ervaren. Dit is voor jullie misschien vanzelfsprekend, maar dit heb 
ik erg gewaardeerd!

And then, room 0258. I don’t even know where to begin. Doing a PhD can be a very 
lonely and frustrating period, and it was at times. But I will always look back at this 
period with a smile, and that was because of you guys. I will remember all the crazy 
lunch talks we had and how we never reached consensus on anything. All the imaginary 
companies we have started. And all the crazy parties that have convinced me that even 
in your (almost) thirties life can be just as weird and fun as when you’re 18. niels, we 
both know I wasn’t very fond of you when you joined our group, but it turned out we 
were more alike than I would have ever expected. We have talked about almost every 
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subject there is and a close friendship has grown out of that. Thank you for all the times 
you have listened to my stories, and having the audacity to tell me when I am absolutely 
wrong. Steffen, you were the driving force behind most of the aforementioned craziness, 
but above all you are a great friend and I truly admire your ability to be openminded 
about everything. You always make me feel accepted. Betty, all good things come in 
small packages. Sometimes the only sane one in the group, at other times the one that 
deliberately smashes glasses and throws beer at windows, keep on being mysterious 
like this. I hope our Catan nights will continue when we’re all doctors. kevin, the one 
who ruined my once spotless reputation, you may have gotten the official award for 
best coworker, but you know what you did… ;-). Bente, our youngest, always advocating 
for equality and kindness. Never afraid to stop us from being rude, a very courageous 
aspiration. danielle, it was great to start this journey with you already before the start 
of this thesis, and it was nice to follow your journey into motherhood during our PhD. I 
hope we will see you cry of laughter a lot in the future. Anouschka, you are truly a good 
person, interested in everyone and never judging, it was lovely to have you as a col-
league! warner, our professor to be. You’re work ethic is amazing. And it was awesome 
to have a colleague who is also from the countryside and is not afraid to make awkward 
and weird jokes.  Giorgio, you looked so quiet and serious, and how impressive it might 
be that you’re the only one so far who has ‘finished in four’, I’ll always remember you as 
the guy who yelled ‘split inside me’ a few times a week in the office.

Een speciaal bedankje voor alle mensen die op deze pagina aanbelanden en verder wei-
nig interesse hebben voor de gortdroge inhoud van dit boek, mijn familie en vrienden. 
Je hebt dit boek niet ontvangen vanwege je wetenschappelijke interesse voor placenta’s 
of serotonine, maar omdat je belangrijk voor me bent. Jullie zijn degenen waardoor het 
behalen van mijn doctoraat betekenis krijgt, omdat jullie de mensen zijn met wie ik dit 
succes wil delen en vieren. Dank je wel!

Anne, mijn lieve zus, mijn tegenpool. Als ik weer eens veel te ingewikkeld loop te doen 
ben jij absoluut de wijste van ons tweeën met je nuchtere adviezen. Maar bovenal breng 
je veel plezier in mijn leven, onze tijden samen en de gameavonden met jou en sven 
waarbij zo hard gelachen wordt dat er zelfs hechtingen scheuren zijn me meer waard 
dan dit proefschrift, ik hoop dat er nog veel zullen volgen. Ik ben blij dat je mijn paranimf 
wilt zijn, omdat je een rol verdient in alle belangrijke momenten in mijn leven.

En in het bijzonder een bedankje voor papa en mama. Jullie hebben mij altijd vrij gelaten 
om mijn eigen weg te vinden en vooral te doen wat ik leuk vind. Die onvoorwaardelijke 
steun heeft mij hier gebracht, maar heeft er vooral toe geleid dat ik heel erg gelukkig ben 
met waar ik nu ben in m’n leven, dat is jullie verdienste.
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Appendix IV

Lieve wilbert, je laat me onvoorwaardelijk mezelf zijn, daarmee heb je enorm bijge-
dragen aan alle manieren waarop ik me ontwikkel, en aan dit proefschrift. Met jou aan 
mijn zijde is het leven een stuk leuker, na een lange werkdag is er niks fijner dan samen 
de stress weglachen en jouw gekke capriolen aanschouwen. Ik hoop dat we nog heel 
lang samen door het leven zullen gaan, en samen tot de conclusie komen dat  prestaties 
eigenlijk helemaal niet zo belangrijk zijn, en dat we onze dagen vullen met dingen die 
vooral heel erg leuk zijn.
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