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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.
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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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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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