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Chapter 1

General introduction

Parts of the introduction were adopted from:
Houwing, D. J., Buwalda, B., van der Zee, E. A., de Boer, S. F., Olivier, J. D. A. (2017) 

Th e serotonin transporter and early life stress: translational perspectives. 
Front. Cell. Neurosci. 11, 1–16.
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Chapter 1

Depression

Being the leading cause of disability worldwide, Major Depressive Disorder (MDD), 
simply known as depression, is affecting more than 300 million people of all ages 
(World Health Organization, 2017), costing about 210 billion dollar each year in the 
United States alone (Greenberg et al., 2015). According to the DSM-V, to get diagnosed 
with MDD you have to experience five or more symptoms of a depression for at least 2 
weeks and they must include at least one of the two core symptoms of depression: 1) an 
almost daily depressive mood and 2) a loss of interest or pleasure in things that were 
once enjoyable (American Psychiatric Association, 2013). Additional symptoms are a 
change in weight or appetite, slowing down of thought and reduced physical activity, an 
inability to concentrate, daily fatigue or energy loss, feelings of worthlessness or excessive 
guilt, and/or suicidal thoughts. Furthermore, these symptoms must result in significant 
distress or impairment in their normal daily functioning, e.g. socially or occupationally. 
Globally, there is a 1.7-fold greater incidence among women to get diagnosed with MDD, 
who are especially vulnerable during their reproductive years (Whiteford et al., 2013).

Antenatal depression

During pregnancy, an estimated 20% of women experience depressive symptoms (Patkar 
et al., 2004). Women suffering from a depression during pregnancy, also known as 
antenatal depression, show similar symptoms of depression as women in the general 
population, but often with additional worries concerning the delivery of the baby and 
their capability of becoming a mother. Approximately 4–7.5% of pregnant women suffer 
from MDD (Andersson et al., 2003; Gaynes et al., 2005; Melville et al., 2010), which seems 
to be similar to the prevalence in non-pregnant women of childbearing age (Gaynes 
et al., 2005; O’Hara et al., 1991). The overall prevalence of MDD does not appear to be 
significantly higher at any particular trimester during pregnancy (Bennett et al., 2004; 
Gaynes et al., 2005).
Both psychosocial and biological factors are known to play a role in the development 
of an antenatal depression. The strongest psychosocial risk factors include a history 
of maternal illness and anxiety during pregnancy, but also lack of social support, 
domestic violence, low socioeconomic status, stressful life events, unplanned pregnancy, 
pregnancy complications and miscarriage are known to be risk factors for the onset of 
antenatal depression (Biaggi et al., 2016; Lancaster et al., 2010). Known biological risk 
factors include genetic vulnerability, hormonal changes associated with pregnancy, high 
inflammatory load, stress susceptibility and nutrient deficiency (Leung and Kaplan, 
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2009). In turn, an antenatal depression is a huge risk factor for postpartum depression 
(Lancaster et al., 2010; Norhayati et al., 2015), as nearly 40% women with a postpartum 
depression already developed symptoms during pregnancy (Johnson, 1997).

Effects of antenatal depression on offspring development

Antenatal depression has been associated with several poor pregnancy outcomes, 
including preterm delivery and reduced fetal weight gain and head and abdominal 
growth (Grigoriadis et al., 2013; Henrichs et al., 2010), especially in women with lower 
socioeconomic status (Grote et al., 2010). In addition, an increased risk for pre-eclampsia, 
impaired function of the placenta and neonatal complications have been observed in 
women that were depressed during pregnancy (Bonari et al., 2004; Jablensky et al., 2005; 
Orr and Miller, 1995; Kurki et al., 2000).
Furthermore, neurodevelopmental changes have been reported in children from women 
who were depressed during pregnancy. For instance, antenatal depression has been 
associated with developmental delay and decreased cognitive development in 18-month-
old toddlers (Deave et al., 2008; Koutra et al., 2013), attention and emotional problems in 
4-year olds (Beveridge et al., 2002; Van Batenburg-Eddes et al., 2013), increased anxiety 
in 6-year olds (Davis and Sandman, 2012), increased internalizing behavior in 12-year 
olds (Agnafors et al., 2013), increased emotional problems in adolescent girls (Hay et al., 
2008) and an increased risk to develop an depression during adolescence or adulthood 
(Pawlby et al., 2009; Pearson et al., 2013). Furthermore, antenatal depression has been 
associated with an increased risk of becoming violent at the age of 16 (Hay et al., 2010). 
The importance of the postnatal environment needs to be highlighted, as in some 
studies the association of antenatal depression with offspring emotional problems can 
be mediated by maternal depression exposure during childhood or adolescence (Davis 
et al., 2004; Hay et al., 2008). Not only maternal depression, but also paternal depression 
during the postnatal period has been associated with adverse emotional and behavioral 
outcomes in 3-5 year old children and an increased risk of conduct problems in boys, and 
should be taken into account as well (Ramchandani et al., 2005). Importantly, antenatal 
depression is also associated with other risk factors such as smoking, drug and alcohol 
use, obesity and poor nutrition, which all can exert negative effects on child development 
as well (Andersson et al., 2004; Bonari et al., 2004).

1
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Antidepressant treatment during pregnancy

When diagnosed with antenatal depression, some form of treatment might be necessary. 
For mild to moderate antenatal depression, psychotherapy is recommended as a first-line 
treatment, especially for women who are at high risk of relapse, have co-occurrence of 
other disorders such as anxiety or panic disorder, or for women who prefer not to use 
medication at all. However, when pregnant women are suffering from a moderate to severe 
depression, the guidelines of the American Psychiatric Association and the American 
College of Obstetricians and Gynecologists recommend initiation of antidepressant 
treatment (Yonkers et al., 2011). Women who were already on antidepressant treatment 
prior to conception may struggle about whether to continue or reduce antidepressant 
medication during pregnancy. Pregnant women who have a history of severe, recurrent 
depression are recommended to continue treatment, as they are at high risk of relapse 
if treatment is discontinued (Yonkers et al., 2011). About 68% of depressed women who 
discontinue treatment during pregnancy relapses back into a depression, while only 26% 
of the women who continue treatment relapse (Cohen et al., 2006). Only women who 
are experiencing minimal depressive symptoms for 6 months or longer and who have 
no history of relapse, are encouraged to discontinue medication. Together, this means 
that of women that are already on antidepressants, 25% continues treatment during 
pregnancy, while 0.5% of depressed women who had no history of treatment 6 months 
prior to conception, initiated treatment during pregnancy (Hayes et al., 2012; Ververs et 
al., 2006). Currently, 1–3% of pregnant women in Europe are prescribed antidepressants 
(El Marroun et al., 2012; Margulis et al., 2014; Zoega et al., 2015), while up to 13% of 
pregnant women in the USA receive a prescription for antidepressant treatment (Cooper 
et al., 2007; Hayes et al., 2012).

SSRI antidepressant treatment during pregnancy

Selective serotonin reuptake inhibitors (SSRIs) are the most frequently prescribed 
antidepressants during pregnancy worldwide, as they can alleviate maternal symptoms 
of antenatal depression, exert few (adverse) side effects, and are considered relatively 
safe for both mother and child (Barbey and Roose, 1999; Gentile, 2005). However, SSRIs 
are transferred across the placenta and are present in breast milk, thereby exposing 
the developing child both in utero and during the breastfeeding period (Heikkinen et 
al., 2003; Noorlander et al., 2008). As a result, questions are raised about the safety of 
antidepressant use during pregnancy to treat mental illnesses.
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SSRIs act on the serotonergic system by preventing reuptake of serotonin (5-HT) from 
the synaptic cleft back into the presynaptic nerve terminal through inhibition of the 
serotonin transporter (SERT, Fig. 1). Effects of 5-HT are mediated by at least 14 different 
receptors localized at different sites of the central nervous system (Palacios, 2016). After 
blockade of the SERT, the increased 5-HT levels act on the more distal 5-HT1A auto-
receptors inhibiting further neuronal firing, but eventually will result in downregulation/
desensitization of 5-HT1A receptors. The lower sensitivity of this 5-HT1A  receptor-
mediated negative feedback loop ultimately results in sustained higher extracellular 
5-HT levels and increased serotonergic neurotransmission (Pierz and Thase, 2014). 
It is believed that desensitization of the 5-HT1A autoreceptors is contributing to the 
therapeutic action of SSRIs (Piñeyro and Blier, 1999). Serotonergic signaling occurs 
in many places of the mature brain, where 5-HT acts as a neurotransmitter regulating 
many physiological and biological processes, including mood, sleep, appetite, cognition 
and thermoregulation (Canli and Lesch, 2007). Moreover, disturbances in the 5-HT 
system are known to be involved in neuropsychiatric disorder. Serotonergic neurons 
are widely distributed throughout the brain, originating in the four nuclei of the brain 
stem which together form the median and dorsal raphe nucleus. Serotonergic neurons 
innervate almost all areas of the brain, including the prefrontal cortex, hippocampus, 
amygdala, hypothalamus and ventral striatum, but also more caudal areas such as the 
cerebellum, medulla and spinal cord. Already before the fetus is able to synthesize 
its own 5-HT (at 15 weeks of gestation), it will receive maternal and placental 5-HT 
necessary for the development of the serotonergic system (St-Pierre et al., 2016). In fact, 
during early fetal development, levels of serotonergic activity are highest and 5-HT acts 
as a neuromodulator influencing important neurodevelopmental processes including 
neurogenesis, cell division, differentiation and migration, neuro-apoptosis, and synaptic 
plasticity (Azmitia, 2001; Gaspar et al., 2003; Sodhi and Sanders-Bush, 2003). Therefore, 
it is believed that changes in 5-HT levels during early development in utero, e.g. due to 
SSRI use, affect these neurodevelopmental processes as well as serotonergic functioning 
and vulnerability to neuropsychiatric disorders later in life (Lesch and Mössner, 1998).

Effects of prenatal SSRI treatment on offspring development

Both short and long term effects of prenatal SSRI treatment on child neurodevelopmental 
outcomes have been investigated. One of the challenges when studying the risks of SSRI 
treatment during pregnancy on offspring development is to separate the effects of SSRIs 
from the effects due to the underlying maternal depression. In clinical studies, depressed 
women who take SSRIs during pregnancy are often compared to non-depressed women 

1
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who are not taking medication during pregnancy. However, to reduce the risk of 
confounding by indication, clinical studies need to add another group of depressed 
women, who do not take SSRI medication. Although these studies exist, this is not always 
accomplished. Preclinical animal studies off er the possibility to study both short and 
long term consequences of prenatal SSRI exposure and are therefore a valuable addition 
to clinical studies. Both clinical and preclinical data will be discussed below, with the 
main focus on neurobehavioral outcomes.

Figure 1. Schematic fi gure of serotonergic signaling under normal conditions (left ) and during 
SSRI exposure (right).

Clinical fi ndings
As with antenatal depression, SSRI use during pregnancy has been associated with 
some poor pregnancy outcomes, including preterm birth, lower birth weight, lower 
gestational age and reduced fetal head growth (Eke et al., 2016; reviewed in Olivier et al., 
2013). It has been suggested that the increase in 5-HT plasma levels as a result of SSRI 
treatment leads to restricted umbilical artery blood fl ow due to the vasoconstrictive 
properties of 5-HT, causing reduced fetal growth and preterm delivery (Taniguchi et 
al., 1994). Furthermore, SSRI use during pregnancy moderately increases the risk of 
preeclampsia and has been associated with poor neonatal adaptation, and an increased 
risk for congenital malformations and persistent pulmonary hypertension (reviewed 
in Olivier et al., 2013). Importantly, SSRI use during pregnancy does not increase the 
risk for stillbirth and neonatal mortality (Jimenez-Solem et al., 2013; Stephansson et 
al., 2013).
On the long-term, using SSRI medication during pregnancy has been linked to altered 
neurobehavioral development in the off spring (Fig. 2). SSRIs aff ect fetal behavior 
already early in development. Using ultrasonographic observations, it was found that 
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prenatal SSRI exposure increases intrauterine motor activity of the fetus during the 
second trimester and disrupts non-REM sleep in the third trimester (Mulder et al., 2011). 
Furthermore, studies report that SSRI exposed children show delayed or abnormal motor 
development (Casper et al., 2011; Hanley et al., 2013). However, studies in young children 
do not always find alterations in neurobehavioral outcome after SSRI exposure. When it 
comes to cognitive ability and language development in 16- and 86-month-old children, 
multiple studies did not find an effect of prenatal SSRI exposure on outcomes measured 
(Nulman et al., 1997, 2002). Also, SSRI treatment during pregnancy did not affect IQ 
in siblings in the age range of 3 to 7 years (Nulman et al., 2015). Similarly, cognitive 
function in 2.5-5.5-year-olds was not affected after prenatal SSRI exposure (Johnson et 
al., 2016), although, the same study did associate prenatal SSRI treatment with language 
expression problems in these children (Johnson et al., 2016). Studies assessing the effects 
of prenatal SSRI treatment on internalizing (e.g. emotional reactivity, sleep disturbances) 
and externalizing (e.g. attention, aggression, or defiant behavior) are more conflicting. In 
2007, Oberlander et al. found no association between SSRI treatment during pregnancy 
and changes in externalizing behaviors in 4-year-olds. Rather, they found that current 
maternal mood at the 4-year follow up did affect these behaviors (Oberlander et al., 
2007). An increase in both internalizing and externalizing behavior in 3-year-olds was 
also found to be associated with SSRI treatment during pregnancy, which was mainly 
predicted by depressive symptoms of the mother during the postpartum period, 
indicating the importance of a healthy mother during the postnatal period (Oberlander 
et al., 2010). Interestingly, in a more recent study an association between prenatal SSRI 
treatment and increased internalizing and anxious behaviors was found in 3-year-olds, 
which persisted when children were 6 years old (Hanley et al., 2015). Effects remained 
even when controlled for maternal depression during both the pre- and postnatal period, 
while another study did not find such effects (Misri et al., 2006). According to several 
studies prenatal exposure to SSRIs, and not the underlying maternal depression, are 
the main cause of an increased risk for more internalizing and externalizing behaviors 
(Brandlistuen et al., 2015; Hanley et al., 2013; Hermansen et al., 2016), but this remains 
to be further investigated as no clear conclusion can be drawn from these contradictory 
studies.
Other neurobehavioral outcomes investigated include anxiety, depression, attention-
deficit hyperactivity disorder (ADHD) and autism spectrum disorder (ASD). One of 
the few studies investigating these neurobehavioral outcomes includes a large Finnish 
population based study that assessed all these behaviors in offspring from both SSRI 
exposed and unexposed depressed women next to offspring from healthy control women 
(Malm et al., 2016). The authors found that receiving at least 2 prescriptions during 
pregnancy was associated with an increased risk for depression in adolescent offspring, 

1
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but not for ADHD and ASD. Another study did not fi nd eff ects of fi rst trimester 
SSRI treatment on the risk for ADHD and ASD in the off spring, aft er adjusting for 
confounding factors such as maternal and paternal traits (Sujan et al., 2017). However, 
there is one study that links the eff ects of prenatal SSRI exposure to the risk for ADHD 
in children in the age range of 2 – 19 years, but they did not fi nd an association for ASD 
(Clements et al., 2015). Recently, the suggested association between prenatal SSRI use 
and ASD in the off spring has gained increased attention and multiple meta-analyses have 
been published addressing this topic since. Over the years, these meta-analyses found 
a signifi cant association between SSRI use and an increased risk for ASD in children 
when used during the fi rst or second trimester, and when used throughout pregnancy 
(Andalib et al., 2017; Kaplan et al., 2016; Man et al., 2015). However, Kaplan et al. (2016) 
also found an association between preconception SSRI use and increased ASD risk, 
thus not ruling out confounding by indication. Indeed, it was shown in a follow-up 
meta-analysis that maternal depression without SSRI exposure is also associated with 
an increased risk for ASD in children (Kaplan et al., 2017). Another study found ASD in 
children to be associated with prenatal SSRI use, however, this eff ect disappeared when 
controlling for maternal illness (Brown et al., 2017). Furthermore, a recent meta-analysis 
concluded that there is no association between prenatal SSRI use and the risk for ASD 
in children (Zhou et al., 2018). Overall, there seems to be insuffi  cient evidence for a 
signifi cant association between prenatal SSRI use and the risk for ASD in the off spring, 
as the underlying maternal depression is a major confounding factor.

Figure 2. Overview of neurobehavioral outcomes associated with prenatal SSRI exposure in 
human off spring.
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Together, clinical studies indicate no conclusive evidence for an increased risk of adverse 
long term neurobehavioral effects in the offspring as a result of SSRI treatment during 
pregnancy. There might be some association with slight language impairment and 
delayed motor development, but the majority of studies found normal cognitive function 
and language development, and an increased risk for abnormal emotional behavior or 
neuropsychiatric disorders in children has not been consistently found.

Preclinical findings in rodents
Using animal studies, both short and long term effects of prenatal SSRI exposure on 
offspring neurodevelopment can be easily investigated in healthy animals within a 
relatively short amount of time. Rodents are highly suitable to study these effects, and 
similar to human newborns, the rat brain is not fully matured at birth, and continuous to 
develop in the postnatal period. While the prenatal period in the rat, which lasts 3 weeks, 
compares to the neurodevelopment of the human brain in the first and second trimester, 
the first ten days after birth in the rat correspond to third trimester brain development 
in humans (Andrews and Fitzgerald, 1997; Dobbing and Sands, 1979). Furthermore, 
maturation of the rat cerebral cortex at postnatal day 12 and 13 is equivalent to that of 
the human neocortex at birth (reviewed in Homberg et al., 2010). Consequently, rodents 
are useful in studying neurodevelopmental changes, as these changes in the prenatal and 
early postnatal period are comparable to the human prenatal period. Preclinical studies 
that investigate the effects of prenatal, postnatal or perinatal (pre- and postnatal period) 
SSRI exposure on primarily neurobehavioral outcomes in rodents are largely performed. 
Since the SSRI fluoxetine (FLX, also known as Prozac) is commonly prescribed during 
pregnancy in humans (Cooper et al., 2007), and is also the SSRI we used in all studies 
presented in this thesis, only animal studies which examined the effects of perinatal 
FLX exposure on neurodevelopmental and neurobehavioral outcome are described in 
this chapter.
When it comes to early developmental effects in rodents, FLX treatment during the 
perinatal period has been associated with a lower birth weight and different weight-
related changes later in life of the offspring (reviewed in Hutchison et al., 2018). Even 
though not found in humans, neonatal mortality has been found in rodent offspring 
after prenatal FLX exposure (e.g. Fornaro et al., 2007; Müller et al., 2013; Noorlander 
et al., 2008; Voorhees, 1994), which is suggested to be the cause of heart malformations 
(Fornaro et al., 2007; Noorlander et al., 2008; Yavarone et al., 1993). Similar to SSRI 
exposure in humans, prenatal FLX exposure in rodents can also increase the risk for 
pulmonary hypertension (Fornaro et al., 2007).
Up to now, a considerable amount of rodent research has been conducted on the effects 
of developmental FLX exposure on neurobehavioral outcome in the offspring (Fig. 3). 

1
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Perhaps the most widely studied effects are those of developmental FLX exposure on 
exploratory locomotor activity. Results consistently indicate that adolescent offspring 
exposed to FLX during the perinatal period show less exploratory behavior when placed 
in a novel open field, especially when FLX was administered directly to the pup in the 
early postnatal period (Altieri et al., 2015; Ansorge et al., 2004; Karpova et al., 2009; 
Ko et al., 2014; Yu et al., 2014; Zheng et al., 2011). Interestingly, hypolocomotion in the 
offspring is often not found when FLX exposure occurred through administration via 
the dam (Boulle et al., 2016a, 2016b; Kiryanova et al., 2016, 2017a; Lisboa et al., 2007; 
McAllister et al., 2012; Olivier et al., 2011; Salari et al., 2016), suggesting that locomotor 
specific effects of FLX exposure may depend on administration route. When it comes to 
emotional, anxiety and depressive-like behavior, rodents have been extensively studied. 
The most frequently used behavioral outcomes representing higher anxiety in rodents 
include: 1) a decrease in time spent in the center of an open field, 2) a decrease in time 
spent on the open arm of an elevated plus maze, or 3) an increased latency to eat in a 
novel environment. Multiple studies showed that early FLX exposure can alter anxiety-
like behavior in adult rodent offspring, although findings are inconsistent as studies 
have found either an increase (Altieri et al., 2015; Ansorge et al., 2004, 2008; Boulle et 
al., 2016b; Ko et al., 2014; Olivier et al., 2011; Yu et al., 2014), decrease (Kiryanova et al., 
2016; Kiryanova and Dyck, 2014; McAllister et al., 2012), or no change (Boulle et al., 
2016a; Karpova et al., 2009; Kiryanova et al., 2017a; Ko et al., 2014; Lisboa et al., 2007; 
Silva et al., 2018; Zheng et al., 2011) in anxiety levels of the offspring.
When it comes to behavioral despair, adult rodents that have been exposed to FLX during 
the perinatal period are commonly tested by measuring immobility time in the forced 
swim test, with conflicting results. While some studies find an increase in immobility 
time (Boulle et al., 2016a; Ko et al., 2014; Lisboa et al., 2007; Rebello et al., 2014), others 
find a decrease (Karpova et al., 2009) or no changes (Altieri et al., 2015; Boulle et al., 
2016a; Lisboa et al., 2007; Olivier et al., 2011; Salari et al., 2016) in immobility time in the 
forced swim test. When assessing anhedonia as an indication for depressive-like behavior 
the sucrose preference test can be used in rodents. FLX treatment of the dam during 
the prenatal or perinatal period did not change the sucrose preference in adult offspring 
(Francis-Oliveira et al., 2013; Olivier et al., 2011; Salari et al., 2016), while another study 
that administered FLX directly to the pup in the postnatal period found a decrease in 
sucrose preference, indicative for anhedonic behavior (Rebello et al., 2014). Again, this 
highlights the importance of the administration route for the behavioral outcome.
Next to locomotor activity and emotional behavior, early life changes to the serotonergic 
system can also result in altered social, sexual and aggressive behavior. At the juvenile 
age, social play behavior in rats is essential for the development of social, cognitive, 
emotional and physical skills (Vanderschuren and Trezza, 2013). Effects on juvenile 
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social play are straightforward as many studies show that both pre- and early postnatal 
FLX treatment decrease social play behavior in rodent offspring (Khatri et al., 2014; 
Olivier et al., 2011; Rodriguez-Porcel et al., 2011; Simpson et al., 2011), which may be 
sex-mediated, as studies show that males were affected (Rodriguez-Porcel et al., 2011) 
but not females (Simpson et al., 2011). When it comes to adult social interaction, findings 
are less consistent as adult rodents are found to have either reduced (Olivier et al., 
2011), increased (Ko et al., 2014), or no changes in social exploration at all (Kiryanova 
and Dyck, 2014; Svirsky et al., 2016) when exposed to FLX early during development. 
However, when mice or rats are able to choose between interaction with either an object 
or a conspecific, many studies found a decreased motivation for social interaction with 
the conspecific when they have been exposed to FLX in the pre- or early postnatal period 
(Khatri et al., 2014; Rodriguez-Porcel et al., 2011; Simpson et al., 2011; Zimmerberg and 
Germeyan, 2015). Furthermore, a long-term impact of perinatal FLX has been found on 
sexual behavior in male and female offspring. In males, early postnatal FLX exposure 
impairs sexual behavior as seen by decreased sexual motivation and less copulatory 
behaviors including mounts, intromissions and ejaculations (Gouvêa et al., 2008; Harris 
et al., 2012; Maciag et al., 2006; Rayen et al., 2013; Rodriguez-Porcel et al., 2011), while 
prenatal FLX exposure has no effect on male sexual behavior (Cagiano et al., 2008; 
Olivier et al., 2011). When it comes to females, proceptive and receptive behavior was 
facilitated by early postnatal FLX exposure (Rayen et al., 2014). Aggressive behavior in 
rodents is often measured with the resident-intruder test, which consists of introducing 
an unfamiliar ‘intruder’ into the homecage of the experimental ‘resident’ animal, which 
provokes aggressive behavior. FLX exposure during the pre- or early postnatal period has 
been associated with an increase in male aggressive behavior such as an increase in the 
number and duration of aggressive attacks (Svirsky et al., 2016), or a higher proportion 
of mice attacking the intruder mouse (Kiryanova and Dyck, 2014). Also, foot-shock 
induced aggression (Singh et al., 1998) and aggressive juvenile play behavior (Gemmel 
et al., 2017) was found to be higher in rats after developmental FLX exposure. However, 
early FLX exposure can also lead to a reduction in aggressive behavior (Yu et al., 2014), 
or an increased attack latency towards an intruder in adult mice (Lisboa et al., 2007).
Cognitive wise, it has been found that exposure to FLX early in life alters learning and 
memory in rodents. Multiple studies found improved performance in the Morris Water 
Maze (MWM) test following perinatal FLX exposure in rodents of both sexes, suggesting 
favorable effects of early FLX exposure on spatial learning and memory (Bairy et al., 
2007; Kiryanova et al., 2017a; Kiryanova and Dyck, 2014). However, one study found 
deficits in acquisition, reversal, and shift phases in the MWM test (Sprowles et al., 2017), 
while others found no effects of early FLX exposure on spatial learning in the MWM 
(Kiryanova et al., 2016; McAllister et al., 2012). While the majority of studies find early 
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FLX exposure to alter cognition in rodents, studies remain inconclusive whether the 
effects are favorable or detrimental.
Up to now, few studies addressed the developmental effects of FLX exposure on the 
circadian system in rodents. The ones that did, found that perinatal FLX exposure 
resulted in a larger phase shifts to photic cues (light pulses) and a smaller phase shift 
to non-photic (8-OH-DPAT administration) cues (Kiryanova et al., 2013, 2017b). In 
addition, shorter free-running periods in constant darkness (Kiryanova et al., 2013) and 
a slower re-entrainment to an advance in lighting were found in adult male mice exposed 
to early FLX exposure (Kiryanova et al., 2017b). Overall, these studies suggests that 
perinatal FLX exposure has long-lasting effects on the circadian system of male offspring.
To assess the effects of perinatal FLX treatment on offspring behavior, simplified rodent 
test set-ups are often used. These controlled tests can only investigate a small fraction 
of the full behavioral repertoire of the animal and they fail to take into account the 
environmental influences children are exposed to in real life. For example, in the social 
interaction test, rats are forced to interact with each other as the test arena does not 
allow them to escape from the situation. In real life, children can decide whether to 
socially interact or to withdraw from social interaction, while environmental factors 
can influence their decision. Therefore, a seminatural approach could provide a more 
translational test-setup in which rodents can express their full behavioral repertoire. This 
way, effects of perinatal SSRI exposure on neurobehavioral outcome in the offspring can 
be investigated in a more natural setting, in which the consequences of environmental 
influences and life-events can be determined.
All taken together, FLX exposure clearly alters offspring behavior. However, no firm 
conclusions can be drawn about the direction of the effects (increased vs. decreased, 
or positive vs. negative), as results are often inconclusive. The discrepancies between 
studies could be the result of many factors, including differences in species, sex, dosage, 
administration route and treatment period (prenatal versus postnatal). Furthermore, it 
still remains to be investigated wether behavioral changes observed in offspring from 
healthy dams treated with FLX during the perinatal period also appear in offspring 
when FLX treated dams also display symptoms of a depression. These animal models 
of depression are of great importance to validate the preclinical findings in rodents and 
translate them to the human situation.

Animal models of depression

In clinical studies, it is often difficult to dissociate the effects of the SSRI treatment 
from the underlying maternal illness. Therefore, it is unclear to what extend the effects 
of SSRI exposure on neurobehavioral outcome in the offspring are attributable to the 
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underlying depression. By using healthy rodents and exposing them to SSRIs perinatally, 
it is possible to investigate the effects of prenatal SSRI treatment on the offspring without 
the antenatal depression. However, as this occurs in healthy dams, it does not represent 
the clinical situation. Therefore, by using an animal model of antenatal depression 
(referred to as maternal depression) it is possible to investigate both the individual and 
combined effects of prenatal SSRI exposure and the maternal depression on offspring 
neurobehavioral development. Several animal models of maternal depression have been 
developed, with most of them based on stress exposure either in the prenatal period, 
pregestational period or in the early postnatal period. Furthermore, stressors can be 
either physical or social, and the duration can be either acute or chronic. Described are 
the most frequently used stressors in rodent models of depression which are based on: 
1) restraint stress, 2) chronic unpredictable stress and 3) maternal separation.

Restraint stress
Many animal models of maternal depression consist of exposing females to restraint 
stress during the prenatal period, which compares to stressful experiences in the first 
and second trimester of humans. Restraint stress usually consists of placing pregnant 
dams in restraint tubes for multiple times a day over a period of several days (Boulle et 
al., 2016b, 2016a; Mikhailenko and Butkevich, 2019; Pawluski et al., 2012a, 2012b; Rayen 
et al., 2011, 2013, 2014; Van den Hove et al., 2013, 2014) or weeks (Salari et al., 2016). In 
rodents, restraint stress during the prenatal period results in increased depressive-like 
behavior and stress-induced HPA-axis activity in the dam (Mairesse et al., 2015; Salari 
et al., 2016). Offspring of dams exposed to restraint stress during the prenatal period 
show decreased escape behavior (Boulle et al., 2016b; Van den Hove et al., 2013) and 
less immobility (Rayen et al., 2011; Van den Hove et al., 2014) in the forced swim test. 
Furthermore, increased anxiety in the elevated zero maze and a higher latency to escape 
the home cage was found (Van den Hove et al., 2013, 2014). At the same time, prenatal 
restraint stress increased the sucrose intake of male offspring, reflecting less anhedonic 
behavior (Van den Hove et al., 2014). However, prenatal restraint stress does not always 
lead to behavioral alterations in the offspring as other studies found no effects of prenatal 
restraint stress on offspring anxiety in the open field and elevated zero maze, nor on 
immobility in the forced swim test (Pawluski et al., 2012a) or on sexual behavior (Rayen 
et al., 2013, 2014).

Chronic unpredictable stress (CUS)
Prenatal or pregestational CUS usually consists of exposing females to multiple stressors 
on unpredictable time points during the day, over a period of several weeks (Gemmel 
et al., 2017; Huang et al., 2012; Kiryanova et al., 2016, 2017a, 2017b; Velasquez et al., 
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2019). Examples of stressors used are cage tilt, 80 dB white noise, exposure to damp 
bedding, food deprivation, and restraint stress. As it is unpredictable, CUS is diffi  cult to 
adapt to. Like restraint stress, pregestational CUS can lead to less sucrose intake, which 
is indicative for increased depressive-like behavior, in the dam (Huang et al., 2012), 
while prenatal CUS increased anxiety in an open fi eld, resulted in a higher immobility 
time in the forced swim test and lead to alterations in HPA-axis activity in the dam 
(Velasquez et al., 2019). Furthermore, off spring of dams exposed to CUS during the 
prenatal or pregestational period show alterations in neurobehavioral outcomes as well as 
reduced aggression in male mice (Kiryanova et al., 2016), increased prepulse inhibition in 
female mice (Kiryanova et al., 2017a) and hyperactivity in both male and female rodents 
(Kiryanova et al., 2016, 2017a). In addition, pregestational CUS in the dam reduces 
sibling play behaviors in male and female off spring (Gemmel et al., 2017).

Figure 3. Overview of neurobehavioral outcomes associated with perinatal exposure to the SSRI 
fl uoxetine (FLX) in rodent off spring.

Maternal separation
Other animal models of depression are based on the assumption that stress early in life, 
a critical period in development, results in long-term neurobehavioral alterations later in 
life. For instance, in humans, aversive early life events such as childhood maltreatment 
contribute substantially to the risk for developing a depression during adulthood (Heim 
et al., 2004). In rodents, a commonly used early life stressor is maternal separation, 
which involves separation of the entire litter from the mother either once (1-24 hours) or 
daily for a longer period (1-14 days), resulting in disruption of mother-pup interactions. 
Separation can either occur on the same, predictive, time point each day, or at random 
unpredictable times during the day. Maternal separation of pups has been associated with 
altered HPA-axis regulation which can lead to considerable changes in neurobiology and 
behavior that persist into adulthood (reviewed in Lajud and Torner, 2015). Consequently, 
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exposing females to maternal separation during the first postnatal weeks could be a 
suitable animal model of human depression and subsequently for maternal depression 
during the perinatal period. Females exposed to maternal separation early in life have 
so far not been used as dams to study the effects of maternal depression on offspring 
neurobehavioral development.

The serotonin transporter and early life stress

It has been widely acknowledged that both genetic and environmental factors contribute 
to the psychopathology of major depression, most likely by interacting in a complex and 
interdependent manner. A well-studied example of such gene × environment interactions 
is the influence of serotonin transporter gene (SERT, 5-HTT, or SLC6A4) variation on 
individual stress susceptibility. The interaction between the SERT linked polymorphic 
region (5-HTTLPR) and adverse early life stressing (ELS) events has been associated 
with enhanced stress susceptibility and increased risk to develop mental disorders like 
major depression, anxiety, and aggressiveness (Caspi et al., 2003, 2010). In particular, 
human short allele carriers are at increased risk to develop depression when exposed to 
adverse environments. Compared to the long variant, individuals carrying at least one 
allele with the short repeat in the promotor region have 60–70% lower SERT mRNA 
expression levels (Murphy et al., 2008; Wankerl et al., 2014) leading to reduced 5-HT 
uptake in lymphoblast cells (Lesch et al., 1996) and blood platelets (Greenberg et al., 1999; 
Nobile et al., 1999; Anderson et al., 2002). Given that about 70 percent of Caucasians 
have at least one copy of the short allele, the effects of these gene variants in the response 
to an environment with significant stressors may have a potential high-societal impact 
(Haberstick et al., 2015).
Since rodents do not carry an orthologue of the human 5-HTTLPR, genetic variation 
in the human polymorphism can be simulated by creating serotonin transporter 
knockout (SERT−/−) rodents. Consequently, SERT knockout mice and rats, particularly 
the heterozygous ones (SERT+/−), may demonstrate a similar loss-of-function in SERT 
activity as seen in the human genotype. SERT+/- animals show reduced SERT expression 
and function, as seen by 40–50% less SERT protein levels (Bengel et al., 1998; Homberg 
et al., 2007a) although levels may vary in different brain regions (Bartolomucci et al., 
2010). Like most studies in human S-allele carriers, SERT+/− rodents show no alterations 
in basal 5-HT levels (Bengel et al., 1998; Fox et al., 2009; Homberg et al., 2007a, 2007c; 
Kim et al., 2005; Mathews et al., 2004; Olivier et al., 2008; Shen et al., 2004; Tjurmina 
et al., 2002), but do show reduced 5-HT uptake (Homberg et al., 2007b). Consequently, 
when considering the neurochemical similarities, SERT+/− rodents might therefore be 
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most translational to the human S-allele carrier when it comes to studying early life 
stress-induced psychopathology. So far, most rodent studies fail to show solid evidence 
for increased vulnerability to develop anxiety or depressive-like behavior after ELS 
in SERT+/- rodents. An important reason may be that stressors used are not optimal 
to induce maladaptations (e.g. not severe enough). Furthermore, effects in females 
are scarcely studied. Even so, using SERT+/- rodents in combination with ELS has the 
potential to be a highly translational animal model for depression.

Aims and outline of the thesis

Many women who suffer from a depression take antidepressants, and continue taking 
them during pregnancy. Both the untreated depression and SSRI antidepressant 
treatment during pregnancy have been associated with altered neurobehavioral 
development in the child. In spite of controlling for depression in most studies, clinical 
studies are unable to completely separate the effects of the SSRIs from the effect of the 
underlying maternal depression. Therefore, it is unclear to what extend the effects may 
be attributable to the underlying maternal depression. However, by using an animal 
model of maternal depression it is possible to dissociate these effects. Consequently, we 
aimed to answer the following question in this thesis:

What are the effects of a maternal depression and perinatal treatment with the SSRI 
fluoxetine, both separately and combined, on neurodevelopmental outcomes in rat 
offspring?

We hypothesized that both the maternal depression and SSRI exposure exert suppressing 
effects on behavior of the offspring, independent of each other. However, when combined, 
we expect SSRI treatment in depressed mothers to either restore behavioral effects 
in the offspring back to normal (for better) or to have an even bigger (suppressing) 
effect on offspring behavior (for worse). To answer our research question we designed 
various experiments where healthy and depressive-like rat dams were treated with either 
fluoxetine (FLX) or a vehicle (VEH) during pregnancy and lactation. Subsequently, the 
offspring of these dams were assessed for various neurodevelopmental outcomes later 
in life.

In chapter 1, background information about (antenatal) depression and antidepressant 
treatment is presented. An overview is provided on the effects of antenatal depression 
and prenatal SSRI treatment on offspring development in humans, with the main 
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focus on neurobehavioral outcomes. Furthermore, effects of perinatal treatment with 
the SSRI FLX on neurobehavioral outcomes in rodent offspring are described. In 
addition, frequently used animal models of (maternal) depression are presented, and 
the interaction between SERT gene variation and early life stress is described, as this 
interaction is associated with enhanced stress susceptibility and increased risk to develop 
major depression.
Many studies have looked into the effects of SSRI treatment during the perinatal period 
on neurodevelopment, serotonergic functioning and adult behavior in rodent offspring. 
However, the effects of maternal SSRI treatment on circadian system functioning in the 
offspring are largely unknown, especially in females. Therefore, we treated healthy dams 
with the FLX or VEH during pregnancy and lactation and assessed female offspring 
for changes in circadian rhythms, 5-HT1A receptor sensitivity and affective behavior. 
Furthermore, we tested the hypothesis that alterations in expression of the 5-HT1A 
receptor and clock genes in the suprachiasmatic nucleus (SCN) of the hypothalamus 
underlie observed changes in circadian behavior. The findings of this study are described 
in chapter 2.
Several studies described potential effects of perinatal SSRI exposure on neurobehavioral 
outcomes using simplified rodent test set-ups, which only assess a small fraction of the 
natural behavior. In addition, they do not take environmental factors into account, 
which can influence the decisions that are being made at that moment. In chapter 3, we 
used a seminatural environmental set-up to test the hypothesis that offspring exposed 
to perinatal SSRI exposure show changes in behavior under seminatural circumstances, 
both in the presence and absence of an environmental stressor.
As described in section 1.7, it is suggested that carriers of the short allele of the serotonin 
transporter linked polymorphic region (5-HTTLPR) are more vulnerable to develop 
depression, especially after exposure to early life stressors. Heterozygous serotonin 
transporter knockout (SERT+/−) rats have a similar reduction in SERT expression as 
humans with a 5-HTTLPR short allele. Exposing SERT+/- rats to early life stressors to 
induce depressive-like behavior creates a potentially highly translational animal model 
of depression. In search for an animal model of maternal depression, we tested in chapter 
4 the hypothesis that exposing SERT+/- females to early life stress induces depressive-like 
behavior and altered neuronal plasticity, which is a process essential for adaptation to 
a stressful environment.
To investigate the effects of SSRI treatment in both healthy and depressed dams on 
offspring neurobehavioral development, we used the animal model for depression 
described in chapter 4. We treated both healthy and depressed dams with the FLX or 
VEH during pregnancy and lactation and tested the hypothesis that both maternal 
depression and FLX exposure separately, as well as combined alter offspring behavior. 
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More specifically, in chapter 5 we investigated pup ultrasonic vocalizations, juvenile 
social play behavior and adult social interaction in offspring of both sexes. In chapter 
6, we looked into aggressive and sexual behavior in male offspring, and investigated 
offspring affective behavior in both sexes in chapter 7. As lifelong reductions in SERT 
expression are known to alter behavioral outcome and as it has the potential to interact 
with stressful life events, both wildtype (SERT+/+) and SERT+/- offspring were tested in 
chapters 5-7. In chapter 8, we briefly summarize our findings and discuss limitations and 
future perspectives. Furthermore, we address our animal model of maternal depression 
and show experimental data that further explores whether exposing SERT knockout 
animals to early life stress indeed induces anxiety and depressive-like behavior and 
serves as a relevant animal model of maternal depression. Ultimately, with the performed 
experiments in this thesis, we aim to help pregnant women that are suffering from 
antenatal depression to make more informed decisions about initiation or continuation 
of antidepressant treatment.
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Abstract

Selective serotonin reuptake inhibitor (SSRI) antidepressants are increasingly prescribed 
during pregnancy. Changes in serotonergic signaling during fetal development have been 
associated with changes in brain development and with changes in affective behavior in 
adulthood. The suprachiasmatic nucleus (SCN) is known to be modulated by serotonin 
and it is therefore assumed that SSRIs may affect circadian rhythms. However, effects 
of perinatal SSRI treatment on circadian system functioning in the offspring are largely 
unknown. Therefore, our aim was to investigate the effects of perinatal exposure to the 
SSRI fluoxetine (FLX) on circadian behavior, affective behavior, and 5-HT1A receptor 
sensitivity. In addition, we studied the expression of clock genes and the 5-HT1A receptor 
in the SCN. Our results showed that perinatal FLX exposure alters female circadian 
behavior, as seen by a shorter phase shift in response to the 5-HT1A/7 agonist 8-OH-
DPAT. However, FLX exposure did not alter anxiety, stress coping, and 5-HT1A receptor 
sensitivity. Also, no differences were found in SCN gene expression of the 5-HT1A 
receptor and clock genes Per1, Per2, Cry1 and Cry2. These results suggest that the altered 
response to a phase-shifting challenge in FLX exposed rats may pose risks for health, as 
in humans changes in circadian behavior have been associated with disease pathology.

Keywords: fluoxetine, pregnancy, perinatal, circadian behavior, anxiety, coping style, 
clock genes, 5-HT1A receptor, hypothermia
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1. Introduction

Depressive symptoms occur frequently during pregnancy, resulting in a major depressive 
disorder (MDD) in about 5 percent of pregnant women [1],[2]. Sometimes antidepressant 
treatment is unavoidable, especially when a mother is suicidal. In Europe, about 3 
percent of pregnant women are prescribed antidepressants, while in the USA numbers 
rise up to 13 percent [3]–[5]. Selective serotonin reuptake inhibitors (SSRIs) are the first-line 
treatment for MDD during pregnancy and lactation, as they have not been associated 
with increased risks for structural teratogenic effects in the offspring [6]. However, 
SSRIs do reach the developing child through the placenta and are evident in breast 
milk [7],[8]. SSRIs operate by blocking the serotonin (5-HT) transporter and inhibiting 
5-HT re-uptake back into the pre-synaptic cell. At first, the increased 5-HT levels act on 
the more distal 5-HT1A auto-receptors inhibiting further neuronal firing, but chronic 
use of SSRIs results in downregulation of these 5-HT1A receptors. The removal of this 
5-HT1A receptor-mediated negative feedback loop ultimately results in sustained higher 
extracellular 5-HT levels and increased serotonergic neurotransmission [9]. During 
development, serotonin acts as a neurotrophic factor regulating various cell processes 
such as cell division, cell differentiation, synaptogenesis, neurite sprouting, and dendritic 
punting [10]. Altering serotonin levels through SSRI exposure during development can 
therefore lead to changes in brain development and adult behavior (reviewed in [11]). For 
example, internalizing and externalizing behaviors, as well as anxiety and depression are 
more often observed in children of women who used SSRIs during the perinatal period 
[12]–[15], while other studies show that not the SSRIs but the maternal mood during the 
postpartum period is responsible for these outcomes [16],[17]. Similarly, effects of perinatal 
SSRI treatment on neurodevelopment, serotonergic functioning and adult behavior are 
found in rodent studies. For example, perinatal exposure to the SSRI fluoxetine (FLX) 
has been associated with increased 5-HT1A receptor sensitivity [18] and higher levels of 
anxiety in rat [18]–[20] and mouse offspring [21]. Furthermore, SSRIs are known to influence 
the sensitivity to the circadian system [22]. However, effects of maternal SSRI treatment 
during the perinatal period on circadian system functioning in the offspring are largely 
unknown. The suprachiasmatic nucleus (SCN) of the hypothalamus, also known as 
master pacemaker of circadian rhythms, mainly receives serotonergic input from the 
median raphe nuclei and in turn indirectly projects to midbrain raphe nuclei [23]. In the 
SCN, serotonergic signaling can modulate phase-shifting effects of photic (light) and 
non-photic (e.g. activity-induced) cues both in vitro [24]–[26] and in vivo [27],[28]. It is therefore 
assumed that SSRI exposure, e.g. during development, also affects circadian rhythms. 
Indeed, when male mice are exposed to FLX during the perinatal period, they show a 
shorter free-running period in total darkness, an increased phase shift to photic cues 
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and a decreased phase shift to non-photic cues, suggesting persistent changes in the 
circadian system [29],[30]. Despite behavioral alterations being observed, the mechanisms 
involved were not explored in these studies. In humans, changes in circadian behavior 
can result in altered physiological responses and changes in sleep-wake behavior which 
can contribute to disease pathology [31]. In this study, our aim was to investigate the effects 
of perinatal FLX treatment on (1) circadian rhythms for both body temperature and 
activity, including phase shifts in response to photic (light) and non-photic cues such as 
the 5-HT1A/7 agonist 8-OH-DPAT, (2) the sensitivity to 5-HT1A receptor agonist induced 
hypothermia, (3) anxiety and stress coping behavior, and (4) gene expression levels of 
the 5-HT1A receptor and clock genes in the SCN. Because circadian parameters may be 
linked to depression in different ways in males and females [32], and a higher prevalence 
of affective disorders is found in women compared to men, we investigated the effects 
of perinatal FLX exposure in female rats.

2. Materials and Methods

2.1. Animals and housing
Animals were housed in Makrolon type 3 cages (38.2 x 22.0 x 15.0 cm) during individual 
housing or Makrolon type 4 cages (55.6 x 33.4 x 19.5 cm) during social housing. Animals 
had ad libitum access to food (RMH-B, AB Diets; Woerden, the Netherlands) and tap 
water and were maintained on a reversed 12h light/dark cycle (lights off at 11:00 A.M.) 
unless stated otherwise. A wooden gnawing stick (10 x 2 x 2 cm) and nesting material 
(Enviro-dri®) was provided for environmental enrichment. All breeding took place in our 
own facility and experimental procedures were approved by the Groningen University 
Committee of Animal experiments.

2.2. Breeding
Animals were surplus animals from a previous experiment [56] where female heterozygous 
serotonin transporter knockout rats (Slc6a41Hubr; SERT+/-) were bred with SERT+/− male 
rats. SERT+/+, SERT+/- and SERT-/- pups were exposed to early life stress (ELS) by being 
maternally separated for 6 hours a day, while control (CTR) pups were separated and 
handled for 15 minutes, daily from postnatal day (PND)2-15. Pups were weaned at 
PND21 and socially housed with same treated, same sex pups from different litters. 
When adult, CTR and ELS SERT+/- female pups were used as dams for perinatal FLX 
treatment. However, only offspring from CTR SERT+/- dams, as they were surplus, were 
used in the present study.
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2.3. Perinatal FLX treatment
Wistar CTR SERT+/- females were bred with SERT+/+ males when in estrus, which was 
determined by measuring vaginal wall impedance (model MK-11, Muromachi, Tokyo, 
Japan). Females were housed with males for 24 hours, and this day was set as gestational 
day 0 (G0). Dams were randomly assigned to the vehicle (VEH) or FLX-treated group. 
FLX (2 mg/mL; Pharmachemie BV, the Netherlands) or VEH (methylcellulose 1%, Sigma 
Aldrich Chemie BV, Zwijndrecht, the Netherlands) was dissolved in sterile water and 
administered at a volume of 0.5 mL/100 g using oral gavage (PVC flexible feeding tubes, 
Vygon, Valkenswaard, the Netherlands). Dams were treated daily with 10 mg/kg FLX or 
VEH from G0 until weaning of the pups at PND21. During oral gavage, animals were 
held but not restrained, minimizing stress. To determine the exact injection volume, 
dams were weighed daily. Dams were checked twice a day for pup delivery. On PND21 
pups were weaned and housed with 3-5 same-treated, same-sex animals, from different 
litters. Ears were punched for individual recognition and genotyping (for genotyping 
protocol see:[57]). Only SERT+/+ females were used for the current study.

2.4. Behavioral testing
Adult female wildtype (SERT+/+) offspring (12 VEH, 11 FLX) were tested for anxiety 
and stress coping using various behavioral tests. Naïve animals were first tested in 
the elevated plus maze (EPM) and the forced swim test (FST). At the end of all other 
experiments, animals were tested in the home cage emergence test (HCE) and again 
in the EPM. Testing occurred between 12:00 and 17:00 during the dark phase of the 
animals, under dim light conditions. Before testing, the estrous stage of each animal was 
measured using a vaginal wall impedance checker (model MK-11, Muromachi, Tokyo, 
Japan). Animals were only tested when not in estrous. Animals were socially housed 
(3-4 per cage) during the first EPM and the FST, and individually housed when the HCE 
and the second EPM were performed.

2.4.1. Elevated Plus Maze (EPM)
At 16 weeks of age animals were tested for anxiety-like behavior in the EPM. In short, 
the EPM consisted of two open (45.0 x 10.0 x 1.0 cm) and two closed (45.0 x 10.0 x 50.0 
cm) arms located opposite of each other. The EPM was elevated at a height of 50 cm. Rats 
were placed in the center of the plus maze facing an open arm and were allowed to freely 
explore for 5 min. Frequency and time spent on the open arms and distance moved on 
the open arms were automatically scored using EthoVision XT 12.0 (Noldus Information 
Technology B.V., Wageningen, The Netherlands). Animals were tested under dim light 
conditions (open arm 2.5 lux; closed arm 0.25 lux) and the EPM was cleaned with 70% 
ethanol between trials. Animals were tested in the EPM again at 41 weeks of age, after 
ending of all pharmacological challenges.
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2.4.2. Forced Swim Test (FST)
At 17 weeks of age animals were tested for their stress coping style in the FST. Animals 
were placed in cylindrical Plexiglas tanks (50.0 x 18.0 cm diameter), which were filled 
with 30 cm of water (22 ± 1 °C). On the first day, 3 or 4 animals were placed in the 
separate tanks for 15 min. Animals were dried with a towel and placed in a cage on 
a heating mat to recover while the next trial commenced. On day 2, exactly 24 hours 
later animals were re-tested for 5 min. Animals could not see each other as tanks were 
separated with dividers. Animals were not tested if they were in estrus on the first day, 
but we did not take the estrus cycle into account on day 2. The FST was recorded on video 
camera and the duration of mobility and immobility on day 2 was scored by an observer 
blind for treatment using The Observer XT 11.0 (Noldus Information Technology B.V., 
Wageningen, The Netherlands). Active climbing, swimming and diving were scored 
as mobility, while immobility was defined as: making no movements for at least 2 s or 
making only those movements that were necessary to keep the nose above the water. 
Slightly moving paws or support by pressing paws against the wall of the tank was still 
considered immobility. Tanks were cleaned and refilled between trials.

2.4.3. Home cage emergence
At 41 weeks of age, after all other challenges were completed, animals underwent the 
home cage emergence test, which is another test for anxiety-like behavior. The animal, 
which was individually housed in its home cage, was moved to an adjacent test room 
and placed in an open field (100 x 100 cm). The lid of the cage was removed and a wired 
metal grid was placed over the edge of the cage for easier escape. Using a stopwatch, the 
latency to escape the home cage was measured. An animal was considered as escaped 
when all four paws of the animal were over the edge of the cage, either by climbing onto 
the grid or by jumping on top of one of the cage walls. The cutoff to escape the home 
cage was set at 10 min and rats who did not escape were given that score for the latency.

2.5. Corticosterone (CORT) levels
Animals were socially housed at the time of blood sampling. Blood sampling was 
performed before the start of the FST and directly after the FST to measure the response 
to a stressor. Blood was sampled from the experimental animal within 20 minutes 
after arriving in the experiment room. To make sure no smell of blood lingered after 
sampling and testing, spilled blood was cleaned before starting the next trial. For blood 
collecting, a small tail incision was made with a razor blade and ± 150 µL blood was 
collected in EDTA coated capillary tubes. Blood samples were centrifuged (3000 rpm) 
for 10 min at 4°C. The plasma was stored at -80°C. CORT levels were determined by 
radioimmunoassay (MP Biomedicals, Orangeburg, NY). Samples were analyzed in duplo 
and measures were averaged afterwards.
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2.6. Surgery and telemetry
At 18 weeks, animals were anesthetized with a mixture of N2O/O2 (1:2) and isoflurane 
(2.5%, Rhodia Organique Fine Limited, Bristol, United Kingdom). A temperature-
sensitive transmitter (Type TA10-TA-F40, Data Sciences Inc., St. Paul, Minnesota, USA) 
was implanted in the peritoneal cavity. Immediately after surgery and again after 24h, 
animals received 0.2 mL finadyne (MSD, the Netherlands), an anti-inflammatory and 
pain relieving drug. Animals were individually housed and placed with their home cage 
on a receiver (model RPC-1 and RLA1020, Data Sciences Inc.). Output signals from 
the transmitters were transferred via the receivers to a PC-based data acquisition and 
analysis system (Dataquest ART version 3.11, Data Sciences Inc.). Activity counts and 
core body temperature (CBT) were sampled every 5 min for 10s on a 24h basis. Animals 
were allowed to recover for 14 days before starting behavioral testing.

2.7. Assessment of circadian behavior
Patterns of activity and body temperature were assessed in three lighting conditions: 
normal light/dark 12/12h cycle (LD), reversed light/dark cycle (RLD) and constant 
darkness (DD) (Figure 1). From birth until surgery, animals were housed under a 12/12h 
LD cycle (lights on at 22:00, off at 10:00, Zeitgeber time (ZT) 0-12). At 22 weeks, the LD 
cycle was reversed by advancing the LD cycle by 12 hours (lights on at 10:00, of at 22:00, 
ZT 12-24). Animals were maintained on this RLD cycle for 3 weeks before changing the 
cycle to DD for 9 weeks during which the animals received a phase shifting 8-OH-DPAT 
injection. Only the last week of RLD data is used for the analysis due to one day where the 
lights were left on accidentally, so a sufficient washout period was left before analyzing 
the data. After the DD period animals were put on a normal LD cycle again during which 
they were exposed to pharmacological challenges of the serotonergic system. Finally, 
animals were tested for HCE and again in the EPM in this LD cycle, followed by 2 weeks 
of rest before sacrificing for brain collection.

Figure 1. Overview of performed behavioral tests and pharmacological challenges. Lighting 
conditions: Light-dark (LD), Reversed light-dark (RLD) and constant darkness (DD). Numbers 
represent the age of the animal in weeks.
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2.7.1. Entrained circadian rhythmicity
Entrainment of activity and CBT circadian rhythm to a normal 12:12 h LD cycle and 
RLD cycle was measured during the last 7 days of each period for an average 24h profile 
(LD: week 20, RLD: week 24). Activity counts were first z-transformed (and made a 
positive integer by adding the most negative number in the dataset to all values for that 
individual) to avoid bias of telemetry sender differs. Subsequently, activity data was 
averaged over 7 days and grouped into 4h blocks to determine the average profile over 
24h. Furthermore, the period of the rhythm (tau) of the entrained LD and RLD rhythm 
was calculated.

2.7.2. Circadian response to 8-OH-DPAT
At 32 weeks, all animals received a subcutaneous injection of 5-HT1A/7 receptor agonist 
8-OH-DPAT (5mg/kg, Sigma Aldrich Chemie BV, Zwijndrecht, the Netherlands) at a 
time point where low activity was measured in the DD (ZT 15) to trigger a phase shifting 
response. Using the 6 days of the DD period prior to and the day including the 8-OH-
DPAT injection, the free-running tau for activity and CBT before 8-OH-DPAT injection 
(pre-injection) was determined as has been done in a previous study (Kiryanova et al., 
2017). In addition, free-running tau for activity and CBT were calculated after 8-OH-
DPAT injection (post-injection) using a period of 7 days excluding three transient – 
that is unstable - cycles after injection (Kiryanova et al., 2017). Subsequently, pre- and 
post-injection free-running tau were compared and the phase shift was calculated. A 
periodogram was created for additional visualization of the results.

2.7.3. Data analysis
Entrained and free-running tau were calculated by fitting CBT data using locally 
weighted scatterplot smoothing (R function loess, R Core Team, 2015; version 3.2.3, 
Rstudio version 0.99.491) to find the timepoint of CBTmin for each of the 7 days of data. 
The time between these CBTminima was then calculated and averaged across the 7-day 
period. These entrained and free-running tau values were then compared between 
treatment groups. Entrained and free-running tau for the activity data was calculated 
using a Lomb-Scargle periodogram analysis [58] performed in Chronoshop (version 1.05, 
courtesy of Kamiel Spoelstra). The periodogram analysis consisted of a quantitative 
analysis, with a range of 18h to 28h, a resolution set at 2 bins and an alpha of 0.01. To 
plot the data, animals were split by treatment group and the normalized power (PN) 
was plotted for both pre- and post- 8-OH-DPAT injection against the tau range included 
in the analysis. The phase shift was calculated as the time between the two best fitted 
periods of activity. This analysis was performed in Chronoshop, with a running mean of 
10 bins based on center of gravity of the data. One rat (VEH) was excluded from all tau 
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analyses due to a lack of data (battery died in the transponder). Two rats (1 VEH and 1 
FLX) had only 5 days instead of 7 days of pre-injection tau data and two other rats had 3 
days (FLX) and 5 days (VEH) for the post-injection tau data. An average of the available 
data was utilized in these cases.

2.8. 5-HT1A receptor sensitivity

2.8.1. Thermal response to 5-HT1A receptor agonist F13714
After 8-OH-DPAT analysis animals were put on a normal 12:12h LD cycle again (lights 
off at 07:00) at week 34. After two weeks of acclimatization, animals were injected 
subcutaneously with 0.0625, 0.125 or 0.25 mg/kg of selective 5-HT1A receptor agonist 
F13714 (Neurocrine biosciences, San Diego, California, USA) or saline (0.9% NaCl) to 
induce hypothermia (week 36). Recovery was assessed afterwards. Animals received 
all different concentrations in randomized order with a washout period of 3 days in 
between injections (within animal design). Injections were given at a time point where 
low activity was measured (ZT 15).

2.8.2. Thermal response to 5-HT1A receptor antagonist WAY100635
After the washout period of F13714, we continued by giving a subcutaneous injection of 
5-HT1A receptor antagonist WAY100635 (Wyeth Ayerst Pharmaceuticals, Princeton, New 
Jersey, USA) in week 38. Animals were injected with 0.001, 0.1 and 1 mg/kg WAY100635 
or saline in randomized order and again with a washout period of 3 days in between 
injections. Injections were given at a time point were low activity was measured (ZT 15).

2.8.3. Thermal response to a combination of F13714 and WAY100635
At 40 weeks, a combination of F13714 (0.125 mg/kg, s.c.) and WAY100635 (0.1 mg/kg, 
s.c.) was given during the low activity period (ZT15), to investigate whether WAY100635 
could antagonize the F13714-induced hypothermic response, to confirm the involvement 
of the 5-HT1A receptor. First animals were injected inside the flank with WAY100635 
which was immediately followed by an injection with F13714 in the other flank.

2.8.4. Data analysis
For all injections, the area under the curve (AUC) for body temperature was calculated 
from 1 h before the injection to 4 h after the injection [18].

2
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2.9. Gene expression analysis

2.9.1. Sacrificing and brain dissection
After finishing the HCE and EPM in week 41, the beginning of the 12/12h LD cycle 
was set at 23:00 lights on for logistic reasons. After two weeks of acclimatization to 
the new cycle half of the animals (6 VEH, 5 FLX) were sacrificed at the end of the light 
phase between 8:30 and 9:30 (ZT9.5-CT10.5), while the other half (6 VEH, 6 FLX) was 
sacrificed at the end of the dark phase between 20:30 and 21:30 (21.5 – CT 22.5). At these 
time points, the rhythmically expressed clock genes in the SCN that we chose, were 
not at their minimum or maximum expression [59],[60]. Animals were anesthetized with 
CO2 by placement on a grid in a small box directly above dry ice for approximately 60 
seconds, prior to decapitation. Brains were rapidly dissected and frozen in isopentane 
on dry ice and stored at -80 °C. Brains were cut into coronal slices (200μM; -12°C) and 
punches from the SCN (3 slices) were obtained according to the atlas of Paxinos and 
Watson. Brain punches were obtained bilaterally using a single 1.2 mm punch per slice 
(Harris Uni-CoreTM) and collected in RNA/DNA-free tubes on dry ice and stored at 
-80°C until further use.

2.9.2. RNA isolation, cDNA synthesis, quantitative real-time polymerase chain reaction 
(qRT-PCR)
Total RNA was isolated from SCN tissue using Trizol reagent (Invitrogen 
Life Technologies) and stored at -80 °C until further use. A NanoDrop 2000c 
spectrophotometer was used to assess RNA concentrations and purity. Complementary 
DNA (cDNA) was synthesized from RNA using oligo(dT)18 primers through RevertAid 
Reverse Transcriptase (Thermo Scientific). After cDNA synthesis, samples were diluted 
to 10 ng/uL cDNA and further processed for qPCR analysis. Using 20ng of cDNA, 
mRNA levels of the following genes were assessed: Period 1 (Per1), Period 2 (Per2), 
Cryptochrome 1 (Cry1), Cryptochrome 2 (Cry2) and the 5-HT1A receptor (5-HT1AR). 
Gapdh and β-actin were used as reference genes for normalization of gene expression. 
Custom designed TaqMan® gene expression assays (Thermo Scientific) were used for 
all genes Per1 (Rn01325256_m1), Per2 (Rn01427704_m1), Cry1 (Rn01503063_m1), 
Cry2 (Rn01485701_m1), 5-HT1AR (Rn00561409_s1) and housekeeping genes Gapdh 
(RN01775763_g1) and β-actin (RB0667869_m1). qPCR for Gapdh with Per2 and β-actin 
with Cry2 were performed in multiplex. qPCR for Per1 and Cry1 were performed in 
singleplex. Quantitative real-time PCR (qRT–PCR) was performed using the CFX96 Real-
Time PCR Detection System (Bio-Rad, Hercules, CA, USA). Thermal cycling conditions 
were as follow: 2 min at 50°C, 2 min ar 90°C, followed by 50 cycles of 15 s at 95°C and 
1 min at 60°C.
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2.9.3. Data analysis
All samples were run in triplicates, except for 5-HT1AR, which was run in duplo due 
to insufficient amount of Taqman assay. Mean plate efficiencies and Cq values were 
calculated with the qRT-PCR analysis software LinRegPCR. When the standard 
deviation between a triplicate was >0.3 the most outlying sample was removed. For the 
duplo samples, when the standard deviation was >0.5 both samples from the animal were 
removed. Mean normalized expression (MNE), based on the ratio between Cq-values 
of the target and reference genes and the efficiency of the PCR reactions, was calculated 
as a measure of target gene transcription. Data are presented as logMNE and the fold 
change was calculated.

2.10. Statistical analysis
First, all data was checked for parametric distribution. Behavioral parameters and 
entrained tau in LD and RLD were analyzed using unpaired t-tests, with treatment as 
the independent factor. CORT levels before and after FST exposure were analyzed using 
a 2-WAY repeated measures ANOVA with stress exposure (basal vs. after FST) as within 
subjects factor, and treatment (VEH vs. FLX) as between subjects factor. For activity and 
CBT free-running tau pre- and post-injection data, a mixed ANOVA was performed with 
time as within subjects factor and treatment as between subjects factor. Furthermore, for 
the 5-HT1A receptor sensitivity data a mixed ANOVA was performed for the AUC, with 
dose as within subjects factor and treatment as between subjects factor. Gene expression 
was analyzed using unpaired t-test per gene. Data are presented as mean ± SEM and 
significance was set at p<0.05

3. Results

3.1. Behavioral testing

3.1.1. Elevated plus maze (EPM)
At 16 weeks of age, before the start of all other experimental procedures, FLX exposed 
animals showed fewer entries into the open arm of the EPM than VEH exposed animals 
(t(19)=2.103, p=0.049, VEH: n=10, FLX: n=11, table 1). At this age, no other differences 
between groups were found (table 1). At 41 weeks of age (after all procedures), FLX 
exposed animals showed a lower total distance moved in the EPM (t(21)=2.157, p=0.043, 
VEH: n=12, FLX: n=11, table 1). Groups did not differ in the other parameters measured 
(table 1).

2
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3.1.2. Forced Swim Test (FST)
During the 5 min test phase of the FST, FLX exposed animals tended to spend less time 
being immobile than VEH exposed animals (t(22)=1.866, p=0.075, VEH: N=12, FLX: 
N=12, table 1).

Table 1. Behavioral outcomes in offspring exposed to perinatal FLX treatment

VEH FLX Statistics
EPM (16 weeks)
Total distance moved (m) 16.42 ± 0.72 16.39 ± 0.62 n.s.
Time in open arm (sec) 109.51 ± 9.76 115.60 ± 11.11 n.s.
Open arm entries (freq) 12.80 ± 0.93 10.27 ± 0.78 t(19)=2.103, p=0.049
EPM (41 weeks)
Total distance moved (m) 15.38 ± 0.57 13.63 ± 0.58 t(21)=2.157, p=0.043
Time in open arm (sec) 109.24 ± 9.18 97.30 ± 9.27 n.s.
Open arm entries (freq) 10.67 ± 0.92 8.91 ± 0.64 n.s.
FST
Immobility time (sec) 99.85 ± 16.55 64.90 ± 8.79 t(22)=1.866, p=0.075
HCE
Latency to exit cage (sec) 541.58 ± 39.59 534.91 ±36.93 n.s.

Data are presented as mean ± SEM

3.1.3. Home Cage Emergence (HCE)
No differences were found between groups in the latency to escape the home cage (VEH: 
n=12, FLX: n=11, table 1).

3.2. CORT levels
CORT levels significantly increased after FST stress exposure, independent of treatment 
(F(1,22)=343,686, p<0.001). Post hoc testing indicated increased CORT levels after FST 
exposure in both VEH (t=-11.393, df=11, p<0.001) and FLX (t=-15,458, df=11, p<0.001) 
exposed animals. No differences were found in CORT levels between VEH and FLX 
exposed animals at the basal level (VEH:746.2 ng/mL ± 123.8 ng/mL, FLX: 748.1 ng/
mL ± 109.6 ng/mL), nor after FST stress exposure (VEH: 2838.1 ng/mL ± 183.0 ng/mL, 
FLX: 3005.4 ng/mL ± 143.4 ng/mL).

3.3. Circadian behavior

3.3.1. Entrained circadian rhythmicity
The 24h activity profile indicates similarities between treatment groups in terms of 
activity level during both the normal light/dark 12/12h cycle (LD) and reversed light/dark 
cycle (RLD) cycle. Particularly, when activity was grouped into 4h periods, no difference 
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in activity was found between VEH and FLX exposed animals (Figure 2a). This lack of 
difference remained on reversal of the LD cycle (Figure 2b). Furthermore, the 24h core 
body temperature (CBT) profile also did not differ between the two treatment groups 
during both LD and RLD cycle (Figure 2c, d). For both CBT and activity, entrained tau 
was not significantly different between groups (Table 2).

3.3.2. Circadian response to 8-OH-DPAT
FLX treatment and injection time (pre- or post-injection) significantly interacted to 
affect the free-running tau for activity (F(1,15)=5.477, p=0.034, Figure 3a). FLX exposure 
significantly shortened the free-running tau after the 8-OH-DPAT injection, when 
compared to before the injection (t(15)=-1.693, p<0.05), while free-running tau of VEH 
exposed animals was unaffected (table 2). For additional visualization of these results, 
a periodogram was made (Figure 4). No differences between treatments were found in 
CBT either pre- or post-injection (table 2) and no main or interaction effects were found 
for CBT free-running tau (Figure 3b).

Figure 2. 24-hour profiles of activity (a,b) and CBT rhythmicity (c,d) during the LD (a,c) and 
RLD (b,d) period.

2
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Figure 3. Free-running tau of activity (a) and CBT (b) pre- and post- 8-OH-DPAT injection. 
*p<.0.05

Table 2. Entrained and free-running circadian rhythmicity under different light regimes

Light regime VEH FLX Statistics
Activity
Entrained tau LD 23.86 ± 0.06 23.97 ± 0.07 n.s.

RLD 24.00 ± 0.09 23.89 ± 0.10 n.s.
Free-running tau DD (pre-8-OH-

DPAT injection)
24.00 ± 0.07 24.18 ± 0.08 n.s.

DD (post- 8-OH-
DPAT injection)

24.08 ± 0.07 23.91 ± 0.061 t(15)=-1.693, p<0.05

Core Body Temperature
Entrained tau LD 23.87 ± 0.07 23.92 ± 0.05 n.s.

RLD 24.27 ± 0.04 24.27 ± 0.07 n.s.
Free-running tau DD (pre-injection) 24.02 ± 0.06 23.85 ± 0.05 n.s.

DD (post-injection) 24.01 ± 0.07 24.03 ± 0.08 n.s.

1= vs FLX pre-injection. LD= normal light/dark cycle, RLD= reversed light/dark cycle, DD=constant 
darkness. Data are presented as mean ± SEM.

3.4. 5-HT1A receptor sensitivity

3.4.1. Thermal response to 5-HT1A receptor agonist F13714
We investigated 5-HT1A receptor sensitivity by applying a specific and highly efficacious 
5-HT1A receptor agonist (F13714) in a dose-response manner and consequently by 
measuring the hypothermic effect. A significant effect of F12714 dose was found on 
the area under the curve (AUC) (F(3, 51)=311.593, p<0.001), and a trend towards a dose x 
treatment interaction was found (F(3, 51)=2.205, p<0.1) (Figure 5). All doses significantly 
decreased the body temperature in both VEH (0.0626 mg/kg: p=0.001; 0.125 mg/kg: 
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p<0.001; 0.25 mg/kg: p<0.001) and FLX (0.0626: p<0.05 mg/kg; 0.125 mg/kg: p<0.001; 
0.25 mg/kg: p<0.001) offspring compared to a saline injection, as indicated by a negative 
AUC (Figure 5). In addition, FLX offspring had a significant smaller thermal response 
to F13714 than VEH offspring after a saline injection (p<0.05).

Figure 4. Periodogram visualizing changes in activity free-running tau of VEH and FLX exposed 
animals pre- and post-8-OH-DPAT injection.

Figure 5. Thermal response to 5-HT1A receptor agonist F13714. *p<0.05 compared to same treated 
(VEH or FLX) saline injected animal.

3.4.2. Thermal response to 5-HT1A receptor antagonist WAY100635
When injected with 5-HT1A receptor antagonist WAY100635, an effect of dose on the 
AUC was found (F(3,54)=3.171, p<0.05). Post hoc testing revealed that VEH offspring 
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injected with a dose of 0.1 mg/kg WAY100635 had a lower CBT than VEH offspring 
injected with 0.01 mg/kg (p<0.05, Table 3).

3.4.3. Thermal response to a combination of F13714 and WAY100635
Next, a combination of 0.1mg/kg WAY100635 and 0.125 mg/kg F13714 was administered 
to the animals. No differences were found in the AUC between VEH and FLX exposed 
animals (Table 3). However, the drop in CBT (negative AUC) was smaller than when 
F13714 was given alone, suggesting that WAY100635 partially blocks the hypothermia-
induced response to F13714.

Table 3. Thermal response to 5-HT1A receptor agonist F1371, 5-HT1A receptor antagonist 
WAY100635 and their combination

Area Under Curve (AUC)
VEH FLX Statistics

F13714
Saline 208.63 ± 57.14 41.37 ± 63.51* *p<0.05 vs. Saline VEH
0.0625 mg/kg -70.66 ± 34.23 -123.15 ± 80.07 n.s.
0.125 mg/kg -1002.43 ± 76.08 -1012.21 ± 99.23 n.s.
0.250 mg/kg -1864.82 ± 141.46 -1679.31 ± 71.85 n.s.
WAY100635
Saline 72.32 ± 33.75 81.85 ± 55.73 n.s.
0.01 mg/kg 234.67 ± 68.15 128.38 ± 38.45 n.s.
0.1 mg/kg 68.63 ± 27.46* 16.44 ± 59.81 *p<0.05 vs. 0.01 mg/kg VEH
1 mg/kg 111.19 ± 62.92 108.71 ± 38.35 n.s.
WAY100635 (0.1 mg/kg) + 
F13714 (0.125 mg/kg)

-366.16 ± 75.32 -354.37 ± 100.12 n.s.

Data are presented as mean ± SEM. AUC was calculated from 1 h before the injection to 4 h after 
the injection. A positive AUC indicates a hyperthermic response, while a negative AUC indicates 
a hypothermic response.

3.5. Gene expression analysis
SCN gene expression was analyzed for 5HT1AR and four clock genes: Per1, Per2, Cry1 
and Cry2. SCN gene expression did not differ between VEH and FLX exposed animals 
for any of the genes analyzed (Table 4).
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Table 4. SCN gene expression of the 5HT1A receptor and four clock genes

Genes VEH
LogMNE

FLX
LogMNE Fold change

Per1 -12.18 ± 0.37 -12.02 ± 0.43 -0.01
Per2 -7.15 ± 0.61 -7.61 ± 0.89 0.07
Cry1 -10.04 ± 0.51 -9.67 ± 0.49 -0.04
Cry2 -11.59 ± 0.39 -10.90 ± 0.40 -0.06
5-HT1AR -8.79 ± 1.00 -10.23 ± 0.63 0.06

Data, except for the fold change, are presented as mean logMNE ± SEM.

4. Discussion

Our findings provide evidence that perinatal FLX treatment disrupts the circadian 
response to a phase-shifting challenge. The 5-HT1A/7 receptor agonist 8-OH-DPAT 
shortened the free-running tau for activity in rats that were perinatally exposed to FLX, 
while this effect was absent in the VEH exposed animals. No differences were found 
between FLX and VEH exposed rats in free-running tau on the CBT before and after 
injection of 8-OH-DPAT, indicating that only after a challenge the disruption in the 
circadian response becomes apparent in the activity and not in CBT. In mice, perinatal 
FLX exposure has also shown to reduce the free-running period compared to control 
mice. This effect was already present without an 8-OH-DPAT challenge, although the 
advanced phase shift caused by the 8-OH-DPAT challenge was smaller in mice that 
were perinatally exposed to FLX [29]. It has been shown that chronic FLX treatment 
during adulthood shortens the period of locomotor activity rhythms in mice [33] and 
also other studies showed that in vitro SSRI treatment is known to phase advance the 
neuronal activity of SCN neurons [34]. Moreover, SSRIs increase the expression of clock 
genes. Because SSRIs have been found to shorten PER1::LUCIFERASE (PER1::LUC) 
bioluminescent rhythms in the mouse SCN [35], we investigated whether the key clock 
genes Per1, Per2 and Cry1 and Cry2were altered due to perinatal FLX exposure. Even 
though we did see an effect in the free-running tau due to the 8-OH-DPAT injection, 
we did not find any differences in the expression of Per1, Per2, Cry1, and Cry2 in the 
SCN between perinatal FLX and VEH exposed animals. There might be several reasons 
for this finding. First, the expression of period and cryptochrome genes in the adult 
brain might not be affected by perinatal FLX exposure. Second, only differences in 
free-running tau for activity were found after the 8-OH-DPAT challenge, and we did 
not use this challenge before sacrificing the rats. In hamsters, 8-OH-DPAT caused an 
inhibitory effect on SCN Per1 and Per2 expression [36]. For future studies it would be 
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worthwhile to investigate whether similar effects would occur in our rats after an 8-OH-
DPAT challenge, and whether perinatal FLX exposure alters those inhibitory responses. 
Third, it has been shown that there is a circadian time-dependent effect caused by 8-OH-
DPAT [36], and even though we sacrificed the animals at two time points (end of light 
and end of dark phase), we might have missed the time point where differences arise in 
gene expression. In the study of Horiwaka and colleagues differences in Per1 and Per 2 
expression after an 8-OH-DPAT challenge were only found at the mid-subjective day, 
and not during the early subjective day or subjective night, indicating that the effect 
might only be found in a small timeframe [36]. Fourth, we measured mRNA levels which 
do not necessarily reflect protein levels of the genes. Further research is necessary to see 
whether protein levels confirm mRNA levels. Altogether, we do see an effect of perinatal 
FLX exposure on the circadian response, but underlying mechanisms causing this effect 
still remain to be investigated.

Because 8-OH-DPAT exerts its phase-shifting effect (partly) via the 5-HT1A receptor 
[28], and because SSRIs are known to change the sensitivity of 5-HT receptors [18], we 
investigated whether 5-HT1AR expression in the SCN and/or the sensitivity to a 5-HT1A 
receptor agonists on hypothermia was changed due to perinatal FLX exposure. Similar 
to the clock genes we did not find any differences in the 5-HT1AR expression in the 
SCN. It has been shown that perinatal SSRI exposure affects circadian behavior, an 
effect that was also shown in 5-HT1A receptor knockout mice [37]. SSRIs do influence 
the sensitivity of 5-HT receptors including the 5-HT1A receptor. Here we showed that 
5-HT1AR expression in the SCN is not altered due to perinatal FLX exposure, although 
we did not test the final 5-HT1A receptor protein levels. On a functional level, we tested 
the responsivity to the 5-HT1A receptor agonist F13714 on hypothermia. A clear dose-
response effect was found in both VEH and FLX exposed rats, however, no differences 
in the hypothermic response were found. These findings indicate that the functionality 
of the 5-HT1A receptor is not altered in female rats after perinatal FLX exposure, at 
least not those 5-HT1A receptor populations involved in the hypothermic response. It is 
well-known that 5-HT1A receptors are G-protein-coupled receptors activating different 
intracellular signaling pathways. These activations are brain region specific, therefore 
activation of 5-HT1A receptors in specific cellular environments may have other effects 
on other subpopulations of the same receptor [38]. This might explain why we did find 
an effect of the 8-OH-DPAT induced phase-shift, but not on hypothermia. In previous 
experiments we showed that perinatal FLX exposure slightly increased the sensitivity of 
the 5-HT1A receptor to flesinoxan-induced hypothermia, albeit in male rats [18]. Therefore, 
the discrepancy between the current and previous study might be explained by sex 
differences. However, flesinoxan might also target different pools of 5-HT1A receptors 
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than F13714 does. Interestingly, serotonin transporter knockout rats (SERT-/-), modeling 
life-long elevated extracellular 5-HT levels similar to chronic SSRI treatment , showed 
a diminished sensitivity to flesinoxan-induced hypothermia [39]. In the present study we 
showed that FLX exposure, during early development, does not influence the 5-HT1A 
receptor agonist induced hypothermia in female rats, indicating that robust effects 
are only found after exposure to chronic high extracellular levels during adulthood. 
Interestingly, we found that stress induced hyperthermia (SIH) is reduced in female rats 
that were perinatally exposed to FLX. A similar effect was found in SERT-/- rats. After 
a saline injection SERT-/- rats showed a reduced SIH, indicating that high extracellular 
levels of 5-HT during development causes a shift in the sensitivity to this stressor [39]. A 
relative hyperstimulation of 5-HT1A receptors, due to FLX exposure, might underlie the 
decrease in stress-induced hyperthermia, as this paradigm is mediated by the 5-HT1A 
receptor [40]. However further research is necessary to investigate whether the sensitivity 
of 5-HT1A receptors implicated in SIH is reduced after perinatal FLX exposure.

Finally, we investigated the behavioral outcome in female rats that were perinatally 
exposed to FLX. Our data show that perinatal FLX exposure does not induce anxiety-like 
behavior in female rats. Animals were tested twice in the elevated plus maze (EPM), once 
in the beginning before all other experiments, and once at the end after all experiments. 
This was done because we previously showed higher anxiety levels in the EPM after a 
stressful experiment (conditioned place aversion with shock) compared to before this 
experiment [18]. In the current study, no robust increase in anxiety levels in the EPM 
were found. If any, a decreased number of entries on the open arm in the first EPM 
experiment and a decreased total distance moved in second EPM were found due to 
perinatal FLX exposure, indicating a slight increase in anxiety-levels. Reasons for the 
discrepancy with the previous study might be that we used females in the current study 
as opposed to males. In addition, different stressors were used in both studies, making 
the comparison more challenging. Considering the reduced distance moved due to 
perinatal FLX exposure, this has been found before in an open field paradigm used 
to measure anxiety, when FLX was administered directly to the offspring [20],[21],[41]–[44]. 
However when FLX was administered to the offspring via the dam activity levels in 
offspring were not changed [18],[19],[45]–[50]. Therefore, timing and manner of FLX exposure 
but also sex differences may play a role in these effects. Our study suggests that perinatal 
FLX exposure in female rats does not profoundly increase anxiety levels since the open 
arm time is similar to the VEH exposed animals, which was found by others as well [18

],[20],[21],[41],[48],[51],[52]. The fact that perinatal FLX exposure does not increase anxiety levels 
in female rats was also confirmed in the home cage emergence test, where no difference 
in latency to escape was found between FLX and VEH exposed animals. To assess the 
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effects of perinatal FLX exposure on stress coping, immobility time was assessed in the 
forced swim test. No effects of perinatal FLX exposure on immobility in the FST were 
found, which agrees with another study in females [21]. However, increased immobility 
time [20],[45],[48],[53], but also decreased immobility time [42] has been found in the forced 
swim test after developmental FLX exposure. It is hard to compare all these results as 
experimental design, sex of animals and exposure timing all vary in these studies. In the 
current study we showed that perinatal FLX exposure does not affect stress coping in a 
forced swim test in females. We also measured basal CORT levels before and after the 
swim test, to investigate whether the stress response was altered due to perinatal FLX 
exposure. CORT levels did increase after the forced swim test in both VEH and FLX 
exposed animals; however no differences were found between groups. A previous study 
in rats showed that FLX exposure during the early postnatal period results in lower basal 
serum CORT levels in male, but not female, adolescents [54]. In female mice, prenatal FLX 
exposure results in a greater CORT response to acute restraint stress [55]. The fact that 
we did not find any differences in basal and stress response CORT levels between our 
VEH and FLX exposed animals might be explained by the stressor we used. The forced 
swim test was used as stressor, which appeared to be highly stressful as CORT levels after 
the test were extremely high, possibly causing a ceiling effect. Therefore, using a more 
commonly used (milder) stressor, e.g. restraint stress, to measure CORT levels would 
be more appropriate in future studies.

In conclusion, we show that perinatal FLX exposure alters circadian behavior in female 
rats as seen by a reduced phase-shift induced by the 5-HT1A/7 agonist 8-OH-DPAT. 
These findings are important, as in humans changes in circadian behavior have been 
associated with disease pathology. Underlying mechanisms inducing this effect remain 
to be investigated as key clock genes were not altered in the SCN after perinatal FLX 
exposure. Anxiety behavior and stress coping behavior were not altered by perinatal FLX 
exposure, indicating that female rats may be resilient to the effects of FLX treatment 
during pregnancy and the postnatal period. Testing females is therefore highly important 
as findings might deviate from findings found in males.
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AUC
CBT
CORT
CTR
DD
ELS
EPM
FLX
FST
HCE
LD
PND
RLD
SCN
SERT
SSRI

Area under curve
Core body temperature
Corticosterone
Control
Constant darkness
Early life stress
Elevated plus maze
Fluoxetine
Forced swim test
Home cage emergence
Light/Dark 12/12h cycle
Postnatal day
Reversed Ligh/Dark cycle
Suprachiasmatic nucleus
Serotonin transporter
Selective serotonin reuptake inhibitor

VEH
ZT
5-HT
5-HT1AR

Vehicle
Zeitgeber time
Serotonin
Serotonin 1A receptor
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Abstract

The use of selective serotonin reuptake inhibitors (SSRI) during pregnancy has increased 
tremendously, but the consequences for the offspring remain largely unclear. Several 
studies have described potential effects of perinatal SSRI-exposure on neurobehavioral 
outcomes using simplified rodent test set-ups, however these set-ups only assess a 
small fraction of the behavior. For translational purposes it is important to take the 
environmental influences into account which children are exposed to in real life. By using 
a seminatural environmental set-up, this study is the first to assess behavioral outcomes 
in offspring exposed to perinatal SSRI exposure under seminatural circumstances. 
Mothers received daily the SSRI fluoxetine (FLX, 10 mg/kg p.o.) or vehicle (CTR) from 
gestational day 1 until postnatal day 21. To assess the effect of FLX exposure during early 
development, female and male offspring were behaviorally tested in the seminatural 
environment at adulthood. Baseline behavior was measured in addition to responses 
during and after stressful white-noise events. Behavior was observed on two days, day 4 
on which females were sexually non-receptive, and day 7, on which females were sexual 
receptive. Perinatal FLX exposure reduced general activity in females and increased 
behavior related to a social context in both males and females. After a stressful white-
noise event some behaviors switched. Whereas FLX-females switch from resting socially 
to resting more solitarily, FLX-males show an increase in self-grooming behavior after 
the stressor and showed more freezing behavior in the open area. We conclude that 
perinatal FLX exposure leads to alterations in social and stress-coping behaviors in 
adulthood, when observed in a seminatural environment. Whether these adaptations 
in behavior are advantageous or disadvantageous remains to be established.

Keywords: antidepressant; fluoxetine; perinatal; social behavior; sexual behavior; rats; 
seminatural environment
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1. Introduction

Depressive symptoms frequently occur during pregnancy and can affect the developing 
child in a profound way. Over the last years, selective serotonin reuptake inhibitors 
(SSRIs) have gained acceptance as medication during pregnancy, which resulted in an 
increase in the prescription rate in pregnant women (Alwan et al., 2011; Ververs et al., 
2006). However, antidepressants can cross the placenta and are present in breast milk 
(Kristensen et al., 1999; Rampono et al., 2004). As a result, a growing number of children 
is being exposed to SSRIs during the perinatal period (Kim et al., 2006; Noorlander et 
al., 2008).
By blocking the serotonin transporter (SERT), SSRIs inhibit the reuptake of serotonin 
(5-HT) into the presynaptic nerve terminals, which results in an increase in the 
synaptic concentration of 5-HT. During adulthood, 5-HT mainly acts as a modulatory 
neurotransmitter regulating emotion, stress responses, sleep, learning, cognition, and 
attention (Canli and Lesch, 2007). During early brain development, on the other hand, 
5-HT also acts as a neurotrophic factor, regulating cell division, differentiation, migration, 
and synaptogenesis (Azmitia, 2001; Gaspar et al., 2003). Therefore, it is assumed that 
changes in 5-HT levels during in utero neurodevelopment have the potential to affect 
these processes as well as subsequent serotonergic function and vulnerability to affective 
disorders (Lesch and Mossner, 1998).
Several studies in humans have described an effect of antenatal SSRI-exposure on 
neurobehavioral outcomes. For example, SSRI treatment during pregnancy has been 
associated with disturbed sleep patterns, affected social-emotional development, and 
increased internalizing and externalizing behavior in the offspring (Brandlistuen et 
al., 2015; Oberlander et al., 2010; Weikum et al., 2013). Recently, an increased risk for 
autism spectrum disorder (ASD) in offspring was added to this list (Boukhris et al., 2016; 
Rai et al., 2013). ASD can be characterized by e.g. difficulties in social interaction and 
communication and a tendency to engage in repetitive behaviors. The problem with these 
human studies, though, is the difficulty to discern between the effects of the SSRIs and 
the effects of the mothers’ underlying depression. In fact, when controlled for maternal 
mood and stress, this link between antenatal SSRI use and the occurrence of ASD in 
the offspring does not prevail (Brown et al., 2017). Still, it is difficult in human studies to 
control for all potential environmental influences. Animal models, on the other hand, 
can be used to study the effects of SSRI use on the neurodevelopmental outcomes in the 
offspring without interference of potential confounders.
Several studies have shown that SSRI exposure during development can alter social 
behavior: in juvenile rats, social play behavior with an unfamiliar play partner is reduced 
after perinatal SSRI exposure, (Houwing et al., 2019b; Khatri et al., 2014; Olivier et al., 
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2011b; Rodriguez-Porcel et al., 2011; Simpson et al., 2011). Furthermore, SSRI exposure 
throughout pregnancy and lactation can increase aggressive behavior in adult male 
mice (Kiryanova and Dyck, 2014; Svirsky et al., 2016), while postnatal SSRI exposure 
has the potential to reduce sexual behaviors in rodents (Gouvea et al., 2008; Harris et 
al., 2012; Rayen et al., 2013; Rodriguez-Porcel et al., 2011). Unfortunately, there are still 
a lot of discrepancies between the different studies, some of which can be explained by 
the timing of the SSRI exposure. In the adolescent and adult brain the SERT is only 
expressed in neurons of the raphe nucleus, but at early developmental stages the SERT 
expression pattern is more widespread (Homberg et al., 2010; Olivier et al., 2011a). Altered 
activation of these transporters, and thus the serotonergic tone, could lead to changes 
in brain development. Besides, although the transient SERT expression disappears 
during the early postnatal phase, 5-HT retains its neurotrophic actions. It has been 
suggested that inhibition of SERT and excess 5-HT exposure during a critical period in 
fetal development leads to alterations in monoamine systems throughout various brain 
regions and results in long lasting neurological effects which differ throughout lifespan 
(Homberg et al., 2010; Weinstock, 2015). While some studies exposed the offspring to 
SSRIs prenatally, others used a postnatal approach. The different timing of the SSRI 
exposure could, in theory, induce different behavioral outcomes due to the different 
patterns of SERT expression (Ansorge et al., 2004; Popa et al., 2008).
In our current experiment, we circumvented the different potential outcomes of SSRI 
exposure on critical time points, by administering pregnant females daily with fluoxetine 
(SSRI) or vehicle from gestational day 1 (GD1) until the pups are weaned at postnatal day 
(PND) 21. This timeframe was chosen to resemble the entire human pregnancy period 
and part of the postnatal period, since rat brain neurodevelopment at postnatal days 
1–10 equals the third trimester of pregnancy in humans (Andrews and Fitzgerald, 1997; 
Dobbing and Sands, 1979). Thus, we were able to investigate the neurodevelopmental 
effect of SSRI treatment during pregnancy on the offspring in a way that is translational 
to the human situation.
To bypass another limitation of previous studies, our experiment used a seminatural 
environmental set-up in which rats live in groups for several days and can express all 
aspects of their natural behavior (Bove et al., 2018; Buwalda et al., 2017; Le Moëne and 
Ågmo, 2018, 2019). This way, the behavioral alterations in the offspring due to perinatal 
SSRI exposure can be investigated in a social context, in which the consequences of 
environmental influences and life-events can be determined. Simplified rodent test set-
ups can only investigate a small fraction of the behavior and fail to take into account 
the environmental influences children are exposed to in real life. The social interaction 
test, for example, investigates the time two paired rats sniff and groom each other, 
as an indicator of social behavior. However, the rats are paired in a small controlled 
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test arena which does not allow them to escape from the situation. In real life, people 
can decide to (socially) interact with one or another, or simply withdraw from social 
interaction. Environmental factors can influence the decisions that are being made at 
that moment. Therefore, the seminatural environmental approach used in our study is 
a more translational test set-up in which the full repertoire of behavior can be expressed 
and investigated.
Our test approach allows to study the same group of rats (cohort) over time in a 
seminatural setting without a change in test environment (e.g. the transport from 
homecage to test cage is stressful by itself). In order to investigate the consequences 
of experiencing stressful life-events, we simulated such an event in the seminatural 
environment by exposing the rats to a 10-minute lasting 90 dB white-noise episode. 
White-noise is comparable to the sounds of the natural predator of rats, rattlesnakes, 
which induces physiological and behavioral responses associated with stress (Rowe et 
al., 1986; Weyers et al., 1994). By doing so, we were able to investigate the behavioral 
adaptation caused by perinatal SSRI exposure on baseline levels in combination with 
studying the behavioral changes during and after a stressful event. In addition, because 
the hormonal status of females can have an effect on their behavior, we controlled for 
the estrous cycle of females. We observed the behavior of both males and females before, 
during and after the stressor on a day with females in diestrus and on a day when in 
proestrus (induced with hormonal treatment). We hypothesized that perinatal SSRI 
exposure would reduce components of social behavior in the offspring based on results 
found in simplified rodent tests (Khatri et al., 2014; Olivier et al., 2011b; Rodriguez-
Porcel et al., 2011; Simpson et al., 2011; Zimmerberg and Germeyan, 2015). During 
and after the stressor, we expected that FLX exposed animals would display increased 
freezing behavior based on the increased anxiety-levels found in rats in classic tests 
assessing anxiety-like behaviors (Olivier et al., 2011b). As sex differences are prominent 
after early-life events, we assess both males and females and expect to find differences in 
the responses to the perinatal SSRI treatment, where responses in males are more robust 
than in females based on results found in simplified rodents tests (Houwing et al., 2019b).

2. Material and Methods

2.1 Animals and dam housing conditions
A total of ten female and ten male Wistar rats (weighing 200-250 g at the time of arrival) 
were obtained from Charles River (Sulzfeld, Germany) for breeding. They were used as 
dams and potential father of the offspring. These animals (but also the future offspring) 
were housed in same sex pairs in Makrolon® IV cages in a room with controlled 
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temperature (21 ± 1 °C) and humidity (55 ± 10 %) on a 12:12 h light/dark cycle (lights 
on 11:00 h). Commercial rat pellets (Standard chow from SDS, Special Diet Services) and 
tap water were provided ad libitum, and nesting material was presented.
All experimentation was carried out in agreement with the European Union council 
directive 2010/63/EU. The protocol was approved by the National Animal Research 
Authority in Norway.

2.2 Breeding and antidepressant treatment
Prior to breeding, females were checked daily for their estrus cycle stage by placing them 
together with a male rat for maximum 5 minutes. They were considered receptive when 
they responded to a mount with a lordosis response. When receptive, the females were 
placed with a male for approximately 24 hours (Gestational day 0). During this period, 
each female-male couple was housed in a Makrolon® IV cage. After 24 hours, both male 
and female returned to their original homecage (with same-sex partner) for the first two 
weeks of pregnancy. On gestational day 14, the females were housed singly in Makrolon® 
IV cages with access to nesting material.
From gestational day 1 (G1) until postnatal day 21 (PND21), females were administered 
daily with either 10 mg/kg fluoxetine (apotekproduksjon, Oslo, Norway) or a vehicle 
(Methylcellulose 1%, (Sigma, St. Louis, MO, USA)) using gavage with a stainless steel 
feeding needle (total of 6 weeks). Fluoxetine tablets (for human usage) were pulverized 
and dissolved in sterile water (2mg/mL) and injected at a volume of 5mL/kg. As control 
condition, methylcellulose, the non-active filling of a fluoxetine tablets, was dissolved in 
sterile water to create a 1% solution and administered at a volume of 5mL/kg as well. The 
amount of vehicle/fluoxetine given was adjusted upon the weight of the females who were 
weighed every three days. The dose of fluoxetine was based on comparison to human 
situations (Lundmark et al., 2001; Olivier et al., 2011b). Near the end of pregnancy, dams 
were checked twice a day (9:00 h and 15:00 h) for pup delivery.

2.3 Offspring housing conditions before the seminatural environment
After birth, litters were not culled. Pups were weaned at PND 21 and housed in groups of 
two or three same sex littermates in Makrolon IV cages (see Table S2 for more details). 
Ears were punched for individual recognition. Until introduction into the seminatural 
environment (at 13-18 weeks of age), offspring were left alone and only handled during 
weekly cage cleaning. Only female rats were “disturbed” for the ovariectomy surgery 
two weeks before introduction to the environment (see 2.4).

2.4 Ovariectomy surgery
Female offspring were ovariectomized to be able to control their estrous cycle with 
hormone injections. This allowed us to 1) control for the hormonal state (diestrus versus 
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proestrus) when exploring the effects of perinatal SSRI exposure in females, and 2) to 
induce sexual receptivity on day 7 to study the effects on sexual behavior, and 3) to 
limit interference of copulation (a behavior often dominant to other behaviors) on the 
other days.
Females were given isoflurane anesthesia and were placed on their ventral surface. In 
addition, buprenorphine (.05 mg/kg) and Carprofen (5mg/kg) were given subcutaneously 
in the upper neck region of the animal before surgery. Ovariectomy was preceded by a 
1-2 cm longitudinal midline dorsal skin incision at the lower back of the animal. Muscle 
incisions were made bilaterally and the peritoneal cavity was accessed. The ovary was 
located, the connection between the fallopian tube and the uterine horn ligated, and the 
ovary was extirpated. Muscle incisions were sutured and a wound clip was placed for 
skin closure. Animals were given Carprofen (5mg/kg subcutaneously) 24 and 48 hours 
after surgery. Female offspring were singly housed for 3 days during recovery before 
returning to their homecage.

2.5 Design
For the behavioral observations, five cohorts of eight rats (offspring) were used, with 
one cohort in the seminatural environment at the time, thus using 5 different cohorts. 
A cohort of rats consisted of four males and four females, each sex consisting of two 
rats from control mothers and two from fluoxetine treated mothers. This resulted in ten 
animals per treatment group coming from 5 batches for data analysis; 10 females and 
10 males that were exposed to fluoxetine during development (FLX-females and FLX-
males, respectively), and 10 females and 10 males that were exposed to vehicle during 
development (CTR-females and CTR-males, respectively).
Within a cohort, same sex animals came from different litters. However, within a cohort, 
almost every animal had 0-1 sibling from the opposite sex ((see TableS1 for more details)), 
due to a limited amount of litters available. These littermates, however, were housed in 
different home cages after weaning. Animals were otherwise unfamiliar to each other 
and sexually naive.

2.6 Procedure
The day before introduction to the seminatural environment (see 2.7 for description 
of the environment), offspring were shaved and marked under isoflurane anesthesia 
for individual recognition on video (the wound clips of the females were also removed 
at the same time). For both sexes, a square area of approximately 4 x 4 cm was shaved 
either on the upper back/neck, middle back, lower back or the animal was not shaven at 
all. In addition, the tails of the females were marked with either 1, 2, or 3 rings (0.5 cm) 
around the base of the tail using a permanent black marker. Female number four received 
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staining at the tip of the tail (approximately 3 cm). The males received the same markings 
but the rings were broader (about 1 cm) and male four received an extra ring below 
the marking of the tail tip. In addition, body weight of the animals was measured. No 
differences in bodyweight were found between CTR-rats and FLX-rats at this moment.
The offspring were placed in the seminatural environment for 8 days (day 0 – day 8) when 
adult. Since offspring were entering the seminatural environment in cohorts, the age 
varied between 13 to 18 weeks. An overview of the whole procedure from the beginning 
of antidepressant treatment until the end of testing of the offspring is given in Figure 2. 
Each cohort of animals was introduced on the first day (Day 0) at 10:00 h by placing first 
the females followed by the males in the open field. On day 8, the animals were taken out 
from the burrow system at 10:00 h, the end of the experiment. After removal, animals 
were weighed again (again no significant differences between CTR-rats and FLX rats), 
and underwent whole animal perfusion fixation. Brains were removed and stored for 
potential further analysis (not included in this study).
Hormone injections were administered to the females on day 5 (estradiol benzoate) 
and day 7 (progesterone) at 10:00 h (See 2.8 for more details). During the experiment 
the seminatural environment was not cleaned, but between colonies, the seminatural 
environment was thoroughly cleaned to remove olfactory cues from previous animals.

2.7 Seminatural environment
The seminatural environment (2.4 x 2.1 x 0.75 meters) consisted of a burrow system and 
an open field area which were connected by four 8 x 8 cm openings (Figure 1) (Chu and 
Agmo, 2014; Snoeren et al., 2015). Several tunnels (7.6 cm wide and 8 cm high) and four 
nest boxes (20 x 20 x 20 cm) were present in the burrow system. The burrow system was 
covered with Plexiglas while the 75cm high open area was left open. The open area also 
had two partitions (40 x 75 cm) to create obstacles simulating the nature. Even though 
the animals were able to move freely between the open area and burrow system, a curtain 
between the arenas allowed the light intensity for both arenas to be controlled separately. 
While the burrow system remained in total darkness for the complete day, a day-night 
cycle was simulated in the open area. A lamp 2.5 m above the center of the open area 
provided light (180 lux) from 22:45 h to 10:30 h (simulating day light). From 10:30 h to 
11:00 h the light intensity gradually decreased to approximately 1 lux, the equivalent 
of full moonlight. Similarly, the light gradually increased again from 1 to 180 lux from 
22:15 h to 22:45 h.
Both the open area and the burrow system were covered with a 2 cm layer of aspen 
wood chip bedding (Tapvei, Harjumaa, Estonia) and nest boxes were provided with 
6 squares of nesting material each (nonwoven hemp fibers, 5 x 5 cm, 0.5 cm thick, 
Datesend, Manchester, UK). In the open area 3 red polycarbonate shelters (15 x 16.5 x 
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8.5 cm, Datesend, Manchester, UK) were placed and 12 aspen wooden sticks (2 x 2 x 10 
cm, Tapvei, Harjumaa, Estonia) were randomly distributed. Food was provided in one 
big pile of approximately 2 kg, in front of the open area wall opposite of the openings. 
Water was available ad libitum in four water bottles located in the lower right corner of 
the open field.

2.8 Hormone treatment
During the experiment, female rats were shortly taken out of the seminatural 
environment on day 5 and 7 in order to receive a subcutaneous hormone injection. 
The ovariectomized females received 18 µg/kg estradiol benzoate on day 5, and 1 mg of 
progesterone on day 7. Injections were given at 10:00 h and females were placed back at 
the same place into the burrow part of the seminatural environment. Since the males 
did not receive any hormone injections, they were left undisturbed in the seminatural 
environment. The doses of estradiol and progesterone were based on previous research 
showing that it produces maximal receptivity and high intensity of female reproductive 
behavior (see (Spiteri et al., 2010)). Estradiol benzoate and progesterone (Sigma, St Louis, 
MO, USA) were dissolved in peanut oil (Apoteksproduksjon, Oslo, Norway) and injected 
in a volume of 1 ml/kg.

2.9 White-noise
To investigate the response of the offspring to a stressful event, they were exposed to 
loud noise using 90dB white-noise, produced by a white-noise generator (Lafayette 
instruments, Lafayette, IN) connected to two loudspeakers (Scan-Speak Discovery 
10F/8414G10, HiFi Kit Electronic, Stockholm) from which one was placed in the open 
field and one in the burrow area. Loud noise is often used as stressor in pharmacological 
and behavioral studies because it produces a strong fear response in rats (Weyers et al., 
1994). In addition, white-noise is a similar sound to rattlesnake rattles (Rowe et al., 1986).
Since rattlesnakes are predators for rats, this creates immediately a simulation of a 
natural fear situation. Exposure to white-noise occurred on day 4 (without hormones) 
and on day 7 (when females were receptive) at 15:00 h and lasted for 10 minutes.
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Figure 1. Overview of the seminatural environment
Video cameras were mounted on the ceiling 2 m above the seminatural environment: one above 
the open fi eld (Basler) and an infrared video camera above the burrow system (Basler). Videos 
were recorded using Media Recorder 2.5. Cameras were connected to a computer and data was 
(immediately) stored on an external hard drive. Every 24 h, the recording was manually stopped 
and restarted to create recordings with a length of 24h. Th is was done to make sure that when 
a recording error should occur during the 8 day period, only one recording day would be lost.

Figure 2. Schematic overview of all experimental procedures
CTR = control, FLX = fl uoxetine, G = gestational day, P =postnatal day, SNE = seminatural 
environment.
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2.10 Behavioral analysis
The frequency and/or duration of a wide variety of behaviors was scored by an observer 
blind for the treatment of the animals (for the different behaviors, see Table 1). These 
behaviors were scored on various time points:
1). Baseline behavior on day 4 – 30 minutes - the females were without hormones 
(diestrus)
2). Behavior during exposure to white-noise on day 4 – 10 minutes
3). Behavior directly after the white-noise on day 4 – 30 minutes
4). Baseline behavior on day 7 – 30 minutes - the females were in proestrus and thus 
sexual receptive
5). Behavior during exposure to white-noise on day 7 – 10 minutes
6). Behavior directly after the white-noise on day 7 – 30 minutes
Baseline behavior was scored on day 4, after which rats had been habituated to their 
environment (day 0 – day 3) and exploratory behavior was reduced. Baseline observations 
on day 4 and 7 started at 14:00 h and lasted for 30 minutes. This specific time point was 
chosen because females are most receptive 4 hours after the progesterone injection (on 
day 7) (Glaser et al., 1983). To keep scoring time points the same, we chose the same 
time point on day 4 as well.
White-noise exposure on day 4 and 7 started at 15:00 h and lasted for 10 minutes. These 
10 minutes during white-noise, and the following 30 minutes thereafter were scored 
separately. The frequency and/or duration of a wide variety of behaviors was scored by 
an observer blind for the treatment of the animals (Table 1). In addition, the location of 
the animal was scored: in the open field or in the burrow system. During interactions 
with other animals, the interacting partner was also noted. All behavioral scoring was 
done using the Observer XT, version 12 (Noldus, Wageningen, the Netherlands). One 
30-minute session was scored by 3 independent observers to calculate the interobserver 
correlation with a Spearman’s rho, which turned out to be 0.93.
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2.11 Statistical analysis
As indicated in table 1, behavioral clusters were created beforehand by grouping relevant 
behaviors. These behavioral clusters and the separate behavioral data from the open 
field, the burrow system and the total environment were analyzed in different ways. 
First, the behavior observed on day 4 and 7 were combined and analyzed for the periods 
“baseline”, “white-noise exposure”, and “after stressor”. Then, the behavior on day 4 and 
7 were analyzed separately for the same periods.
A Shapiro–Wilk test showed no homogeneity of variance. All behavioral data were 
therefore analyzed using the nonparametric Mann–Whitney U test to compare FLX-
rats with CTR-rats. The Wilcoxon test was used when the different test periods were 
compared. Since relatively few litters were used, a Kruskal-Wallis test was performed to 
check for possible litter effects, which were not found.

3. Results

Since we explored all the behaviors that the rats performed in the seminatural 
environment, this experiment generated a lot of data. It is, therefore, impossible to 
discuss all the behaviors separate in this result section. A complete overview of all the 
behaviors at the different test moments can be found in Table S2 of the supplementary 
materials.
Most behavioral differences were found in females rats. The difficulty when studying 
females is that their behavior is largely depending on their estrous cycle phase (hormonal 
state). In this experiment, we controlled for the hormonal state and tested them during 
diestrus (day 4) and during proestrus (day 7), and the data was presented separately. 
However, analysis of the data in which both days are combined, and thus without taking 
into account the hormonal state of the female, is maybe most similar to the natural 
situation in which females can be in different phases of their estrous cycle. Therefore, the 
description of these results can also be found in the supplemental materials (Results SR1).

3.1 Baseline behavior
First, we were interested in the effects of perinatal FLX exposure on the baseline 
behaviors in male and female rats compared with CTR-rats. Therefore, we analyzed the 
behavioral data for 30 minutes on day 4 and day 7 at 14:00 h, during the dark phase.
On day 4, we found that FLX-females were overall less active than CTR-females 
(Z= -2.495, p= 0.013, d = 1.387, Figure 3A), an effect that was mainly caused by a decrease 
in nonsocial exploratory behavior in the burrow area (Z= -2.498, p= 0.012, d = 1.403, 
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Figure S3A). In males, on the other hand, no behavioral differences in general activity 
were found.
In terms of social behavior, we first investigated the effects on all social behaviors 
together, meaning a combination of social passive (e.g. resting in groups) and active 
social behaviors (e.g. sniffing and grooming behavior towards others) pooled into one 
parameter called “social context”. It was found that both FLX-females (Z=  -2.495, 
p= 0.013, d = 1.292) and FLX-males (Z= -2.344, p= 0.019, d = 1.236) appear to engage in 
total social behavior more than CTR-rats (Figure 3B). When investigating the type of 
social behavior (passive versus active) in more detail, it was found that this increase is 
social behavior was caused by an increase in the amount of time spent on passive social 
behavior like resting and/or hiding in the vicinity of another rats (females: Z= -2.873, 
p= 0.004, d = 1.598; males: Z= -2.873, p= 0.023, d = 1.191, Figure 3C). In contrast, FLX-
females, but not FLX-males, tended to spend less time on active social interactions (such 
as sniffing others) in the burrow area than CTR-females (trend: Z= -1.828, p= 0.068, 
d = 0.929, Figure 3D).
When looking at conflict behavior, even though the total amount of time that was 
measured in this behavior was limited, FLX-females were for a significantly shorter 
duration involved in conflicts in the burrow area than CTR-females (Z= -2.097, p= 0.036, 
d = 0.914, Figure S3B). This difference was not found in FLX-males. Another finding 
that was more pronounced in male rats during baseline measures on day 4, was that 
FLX-males spent less time grooming themselves compared with CTR-rats (Z= -2.344, 
p= 0.019, d = 0.881, Figure 3E). FLX-females, also groomed themselves slightly less than 
CTR-females, although this just missed significance (trend: Z=-1.745, p=0.081, d = 0.556).
On day 7, the females were in menstrual proestrus due to estrogen and progesterone 
injections on day 5 and 7, respectively. Consequently, they became sexually receptive, 
which resulted in the display of sexual interactions. Given the background of this 
intervention, it was found that most behavioral differences present on day 4 baseline 
were absent on day 7 baseline.
On day 7, we actually found that FLX-females were just as (non-socially) active as CTR-
females (Figure 3F). At the same time, FLX-females spent more time being passive than 
CTR-females (Z=-1.268, p=0.023, d = 1.034, Figure S3C), an effect that was mostly caused 
by an increase in time spent hiding instead of a difference in socially or solitary resting 
(as on day 4).

3
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Figure 3. Behavioral baseline effects of perinatal SSRI exposure. The data represents the time 
spent (s) on each behavior at adulthood in the seminatural environment at baseline on day 4 and 
7: general activity (day 4) (A), being in a social context (day4) (B), being socially passive (day 4) 
(C), social activity in the burrow area (day 4) (D), self-grooming in the burrow area (day 4) (E), 
general activity (day 7) (F), social activity in the burrow area (day 7) (G), self-grooming (day 7) (H), 
and number of mounts and intromissions (day 7) (I). All graphs show the comparison between 
FLX-females (n=10) and CTR-females (n=10), and/or FLX-males (n=10) versus CTR-males (n=10). 
Data are shown with individual data points, with the bars representing the mean±standard error 
of the mean. * p<0.05, # p<0.1 compared with CTR-females or CTR-males.

Although FLX-females still spent more time in a social context, this effect was no longer 
significant on day 7 (Figure S3D). However, a behavior that was still present on day 7 
(and comparable/stronger compared to day 4) was the amount of active social behavior: 
FLX-females had less social interactions than CTR-females in mainly the burrow area 
(Z= -2.117, p= 0.034, d = 0.996, Figure 3G). In contrast, when we look at the amount 
of sexual interactions, FLX-females spent less time showing paracopulatory behavior 
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(Z=  -2.008, p=  0.045, d  =  0.351, Figure S3E), and showed a tendency in receiving 
less mounts than CTR-females did (trend: Z= -1.819, p= 0.069, d = 0.509; Table S2). 
Furthermore, FLX-females were pursued by other rats for a shorter duration compared 
with CTR-females (Z= -2.260, p= 0.024, d = 0.351, Figure S3F). As a consequence, FLX-
females also showed fewer lordosis responses than CTR-females (trend: Z=  -1.954, 
p= 0.051, d = 0.610, Figure S3G). In terms of self-grooming, on day 7 during the baseline 
period, FLX-females also tended to groom themselves less than CTR-females in the 
burrow area (trend: Z= -1.777, p= 0.076, d = 0.784, Figure 3H).
Now that the females were receptive, FLX-males started to show an interesting pattern of 
behavior. A trend was found towards an increase in general activity in FLX-males compared 
to CTR-males (trend: Z= -1.739, p= 0.082, d = 0.810, Figure 3F), mostly seen in the open 
field (Z= -1.752, p= 0.08, d = 0.981). This effect was most likely, but not solely, caused by 
an increase in the amount of time FLX-males spent pursuing other rats in the open field 
compared with CTR-males (trend: Z= -1.757, p= 0.079, d = 0.952, Figure S3H). This pursuing 
behavior was necessary for the sexual interactions: FLX-males mounted (Z= -2.097, p= 0.036, 
d = 1.048) and intromitted (Z= -2.796, p= 0.005, d = 1.253) more often than CTR-males 
(Figure 3I). At the same time, the sexual behavior induced the display of postcopulatory 
self-grooming, immediately explaining the higher amount of both the postcopulatory self-
grooming (Z= -2.484, p= 0.013, d = 1.368, Table S2) and trend in higher amount of self-
grooming (trend: Z= -1.663, p= 0.096, d= 0.790, Figure 3H) in FLX-males compared with 
CTR-males. As a logical consequence of the higher activity, there was also a trend that FLX-
males were less passive than CTR-males (trend: Z= -1.814, p= 0.07, d = 0.930, Figure S3C).

3.2 Behavior during white-noise exposure
Secondly, we were interested in whether perinatal SSRI exposure affects coping with a 
stressor. Therefore, we exposed the rats to a 10-minute white-noise stressor and measured 
their behavioral responses during this period. Interestingly, we found that FLX-rats 
responded in a similar way to the white-noise as CTR-rats on day 4 (Figure 4A-E). The 
only interesting finding was that FLX-males changed from grooming themselves slightly 
less than CTR-males in the period before the stressor to grooming themselves now more 
during the exposure to the white-noise, but they still did not groom themselves more 
than CTR-males (Z=-1.379, N.S.). FLX-females, on the other hand, groom themselves 
equally compared with CTR-females (Figure 4E). No significant differences were found 
between the amounts of time spent freezing upon white-noise exposure (Table S2).
On day 7, we found that again that FLX-rats responded similarly to the white-noise 
exposure as CTR-rats (Figure 4F/G and Table S2), except for self-grooming behavior. 
FLX-males groomed themselves extensively more than CTR-males (Z= -2.571, p= 0,01, 
d = 1.351, Figure 4H). No difference in self-grooming was found in the females. In 
addition, no significant differences were found in freezing behavior (Table S2).

3
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In terms of sexual activity-related behavior, the only relevant different was that FLX-
females were still pursued less by other rats during the white-noise episode than CTR-
females (Z= -2.097, p= 0.036, d = 0.983, Table S2).

3.3 Behavior after the stressor
At last, we were interested in whether FLX-rats are responded different to a stressor 
compared with CTR-rats and investigated the behavior after the white-noise exposure. 
We looked at whether behavioral differences from baseline persisted after a stressful 
event, and/or whether new behavioral variances appeared after the stressor between FLX- 
and CTR-rats. Therefore, we observed the behavior on day 4 and day 7 at 15:10 h after 
the stressor, during the dark phase. Our results of day 4 showed that the differences in 
behavior found at baseline were attenuated after the stressor (Figure 5A-D). We found no 
differences between FLX-males and females and CTR-males and females in their general 
activity or their behavior in social context. In terms of active social interaction, FLX-
females still seem to spend less time interacting socially compared with CTR-females, 
but the effect was no longer significant (Z= -1.436, N.S., Figure 5D).
However, when we looked in more detail into the time spent in social context and 
calculated the percentage of time spent in social passive behavior before and after the 
stressor, we found that FLX-females actually responded differently to the stressor than 
CTR-females. As shown in Figure 6, both CTR-females and FLX-females seem to have 
rats who do not behave differently after a stressor, however, while part of the CTR-
females increase the percentage of social resting, a large part of FLX-females clearly 
decrease their percentage in a social environment (and start resting more solitarily). 
Although the group was divided, the effect of FLX-females was significantly different 
(Z=-2.041, p=0.041, d=0.845). CTR-males and FLX-males did not show such a different 
pattern in social passive behavior before and after the stressor.
However, in males, the stressor did seriously affect the self-grooming behavior of FLX-
males. We found that the increase in self-grooming behavior that was found during the 
white-noise period in FLX-males, was strengthened during the period after the stressor. 
After the stressor, FLX-males significantly groomed themselves longer than CTR-
males (Z= -2.519, p= 0.012, d = 1.670, Figure 5E). FLX-males also groomed themselves 
significantly longer after the stressor compared with baseline (Z=-3,141, p=0.002, 
d=2.156, Figure 7C-D). FLX-females now groomed themselves in a level similar to CTR-
females. However, when baseline and after stressor were compared, FLX-females also 
groomed themselves significantly longer (Z=2.324, p=0.02, d=1.122, Figure 7A-B). Lastly, 
it should be mentioned that FLX-males, compared with CTR-males, were observed 
freezing for a longer total period of time after white-noise exposure when in the open 
field (Z= -2.163, p= 0.031, d = 0.783, Table S2). Although brief as that was, it is still 

BNW_Danielle_V1.indd   84BNW_Danielle_V1.indd   84 08-05-20   11:2508-05-20   11:25



85

Effects of Perinatal FLX on Behavior in the Seminatural Environment

interesting because four FLX-males show this behavior, whereas none of the CTR-males 
in the open field were seen freezing.

Figure 4. Behavioral effects of perinatal SSRI exposure during white-noise exposure. The 
data represents the time spent (s) on each behavior at adulthood in the seminatural environment 
during white-noise exposure on day 4 and 7: general activity (day 4) (A), being in a social context 
(day 4) (B), being socially passive (day 4) (C), social activity (day 4) (D), self-grooming in the 
burrow area (day 4) (E), social passive (day 7) (F), social activity (day 7) (G), and self-grooming 
(day 7) (H). All graphs show the comparison between FLX-females (n=10) and CTR-females 
(n=10), and/or FLX-males (n=10) versus CTR-males (n=10). Data are shown with individual data 
points, with the bars representing the mean±standard error of the mean. * p<0.05

On day 7, we found again no behavioral differences between FLX-rats and CTR-rats 
after exposure to the stressor (Figure 5F-H, TableS1). The only difference we found was 
the increased levels of self-grooming in FLX-males on day 7 after the stressor, although 
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it did not reach significance in the amount of time spent on it, but only in the number 
of self-groom episodes (Z=-2.091, p= 0.037, d = 0.987, Table S2). In addition, FLX-males 
continued copulating: FLX-males had more intromissions than CTR-males (Z= -2.163, 
p= 0.031, d = 0.799, Figure 5I), although this effect was caused by only 3 copulating 
males. However, interestingly, the copulatory behavior were now mostly performed in 
the burrow area instead of in the open field. Indicating that the stressor affected the 
location in which copulation takes place. FLX-females, on the other hand, now spent an 
equal amount of time on sexual activity as CTR-females (Table S2).

Figure 5. Behavioral effects of perinatal SSRI exposure after a stressor. The data represents the 
time spent (s) on each behavior at adulthood in the seminatural environment after a white-noise 
exposure on day 4 and 7: general activity (day 4) (A), being in a social context (day 4) (B), being 
socially passive (day 4) (C), social activity (day 4) (D), self-grooming in the burrow area (day 4) 
(E), general activity (day 7) (F), social passive (day 7) (G), social active (day 7) (H), and number of 
mounts and intromissions (day 7) (I). All graphs show the comparison between FLX-females (n=10) 
and CTR-females (n=10), and/or FLX-males (n=10) versus CTR-males (n=10). Data are shown with 
individual data points, with the bars representing the mean ± standard error of the mean. * p<0.05
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Figure 6. Diff erence in percentage of time spent on being socially passive. Th e data represents 
the percentage of time rats spent on being socially passive. All graphs show the comparison 
between baseline and aft er stressor of CTR-females (n=10, A), FLX-females (n=10, B), CTR-males 
(n=10, C), and FLX-males (n=10, D). Data are shown in individual data points, with the lines 
connecting the same individuals at baseline and aft er stressor. * p<0.05

Figure 7. Diff erence in time spent grooming on baseline and aft er stressor. Th e data represents 
the time spent (s) on grooming themselves at adulthood in the seminatural environment on day 4: 
CTR-females (A), FLX-females (B), CTR-males (C), and FLX-males (D) Data are shown in individual 
data points, with the lines connecting the same individuals at baseline and aft er stressor. * p<0.05
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4. Discussion

In the present study we sought to study the effects of perinatal SSRI-exposure on 
neurobehavioral outcomes in adult offspring using a seminatural environment, allowing 
us to control environmental factors and observe the full behavioral repertoire of the 
animals in a more naturalistic setting.
Our findings indicate that perinatal SSRI exposure can induce behavioral adaptations. 
Rats that were exposed to SSRIs during early development show at baseline a lower 
general activity at adulthood than control rats, which was mostly explained by a decrease 
in nonsocial exploration. In terms of social behavior, our data surprisingly showed 
that fluoxetine-exposed rats seek more social contact than control rats. This increased 
sociability, however, is a result of more passive behavior performed in a social context in 
both males and females. In contrast, female rats that were perinatally exposed to SSRIs 
tended to show less active social behaviors than control females.
When exposed to a stressful event, presented as white-noise, all rats responded similarly, 
resulting in an attenuation of the pre-stressed found alterations. However, when the 
behavior following the stressor was investigated in more detail, it was found that FLX-
rats changed preference from resting in groups to more solitary resting, whereas control 
rats actually started to seek a more social (passive) environment. In addition, FLX-
males started to self-groom themselves extensively more than before presentation of 
the stressor, even more than control rats. The FLX-males also showed increased freezing 
behavior in the open area compared to control rats.
It should be mentioned that most of the behavioral differences were found on day 4 when 
the females had not received any hormonal treatment and were sexually non-receptive, 
while no differences were found on day 7 when the females were hormonally primed and 
sexually receptive. At first sight, this could indicate that the hormonal state of the females 
plays an important role in the expression of behavioral effects of perinatal SSRI exposure. 
However, an alternative explanation could be found in the fact that the females are now in 
their behavioral estrus and receptive for sexual interactions. Both males and females could 
thus be occupied by the opportunity to copulate and thereby show normal behavioral 
outcomes. If so, the lack of effects due to perinatal SSRI exposure during proestrus in 
females does not necessarily have to be a result from the hormones themselves.

4.1 Social behavior

4.1.1 Social behavior at baseline
We found that both FLX-males and FLX-females spent passive moments more often in 
the company of another rat (social resting) compared with CTR-rats. When both the 
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passive and active behavior performed in a social context are analyzed as total social 
behavior, we found (on day 4) that fluoxetine exposure during development induced a 
phenotype in adulthood in which the rats are more social than control rats. This finding 
is in line with a recent study by Gemmel et al. that similarly treated dams with 10 mg/
kg fluoxetine throughout most part of pregnancy and until weaning of the pups. Adult 
females from fluoxetine treated dams increased their social investigation time with 
another female, while adult males increased their play behavior (Gemmel et al., 2019). 
Furthermore, Ko et al. found that injecting male rat offspring directly with fluoxetine 
from PND0-4 increased their sniffing, contact and total interaction behavior with a 
conspecific when adult (Ko et al., 2014). In contrast, a study by Olivier et al. showed 
that prenatal SSRI exposure in male rats decreased the amount of time spent on social 
exploration behavior measured by sniffing and grooming others (Olivier et al., 2011b). 
Furthermore, we recently showed that fluoxetine treatment from G0 till PND21 resulted 
in decreased social interaction in male but not female rats (Houwing et al.,2019b). 
Likewise, postnatal SSRI exposure affected social exploration time in social preference 
tests in which the amount of exploration time to a conspecific was compared with the 
time spent sniffing a novel object. Male and female offspring (postnatally treated with 
SSRIs) show decreased conspecific exploration compared with novel object exploration 
at both juvenile and adult age (Khatri et al., 2014; Rodriguez-Porcel et al., 2011; Simpson 
et al., 2011; Zimmerberg and Germeyan, 2015). Similarly, the majority of studies studying 
specifically social play behavior in rats found a decrease in social play as a result of early 
SSRI exposure (Khatri et al., 2014; Olivier et al., 2011b; Rodriguez-Porcel et al., 2011; 
Simpson et al., 2011). However, we did not study the highly playful juvenile rat but social 
interaction at adulthood and we barely observed play behavior at our chosen time points. 
In the present study, we found a tendency towards decreased active social behavior in 
FLX-females, but not in males. Since male rats are consistently less socially active in all 
the other studies, the fact that we were unable to replicate this finding, can most likely be 
ascribed to the test setting. Our study used a seminatural environment, which allowed us 
to study all behaviors expressed by the rats at the same time, meaning that the rats have 
the freedom to perform any behavior at any time point they want. One should also note 
that the basal behavior was observed at day 4, when exploration behavior was reduced 
(compared with day 0), and rats were no longer unfamiliar to each other. This might 
have influenced the findings in the present study as well. Differences of acute novel social 
interactions may still exist and this remains to be investigated. In a study of Gemmel 
et al 2017, it was shown that social play behavior in juvenile rats exposed to fluoxetine 
during development was increased when paired with an unfamiliar partner, while they 
found no differences in social play when interacting with their siblings (Gemmel et al., 
2017). These data may confirm the theory that novel acute social interactions may have 
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a different outcome when comparing the already established social interactions such as 
the observations in the seminatural environment on day 4 with social interactions with 
siblings in their home cage.

4.1.2 Social behavior after stressor
With the additional exposure to a 10-minute white-noise stressor within this 
environment, we were able to investigate the acute and long-term behavioral responses 
to this novel and stressful stimulus, and the behavioral consequences afterwards. At first 
it seemed that the alterations in social behavior disappeared, but after a more detailed 
analysis, we found that FLX-rats actually respond differently to the stressor than CTR-
rats. While FLX-rats were significantly longer passive in a social context at baseline levels 
compared with CTR-rats, the FLX-females started to rest less in groups (Figure 6) and 
more solitarily after the stressor. CTR-females, on the other hand, started to rest more in 
a social context. This suggests that FLX-females have the opposite response in a stressful 
situation than CTR-females. More research is needed to find out whether this effect is 
only temporary, will sustain or exacerbates over time, and whether this is alteration is 
advantageous or disadvantageous before serious conclusions can be drawn.

4.2 Other responses to stressor
During the actual period of white-noise exposure, both CTR- and FLX- rats were more 
generally active and showed more freezing behavior than baseline. However, overall 
our data showed that FLX-rats did not differ in their behavior from CTR-rats during 
the white-noise exposure. Despite the slight increase in the occurrence of freezing 
behavior, all rats spent the same amount of time freezing. Other studies, on the other 
hand, have shown that rats exposed to SSRIs during early development responded 
with exaggerated freezing (or sometimes measured as immobility time) to a novel 
tone compared with control rats (Khatri et al., 2014; Rodriguez-Porcel et al., 2011; 
Simpson et al., 2011). In addition, this increase in immobility lasts longer in FLX-rats 
than in CTR-rats (Rodriguez-Porcel et al., 2011), suggesting that early developmental 
SSRI exposure induces hyperreactivity towards a novel auditory stimulus. Our data, 
however, does not confirm these findings. In addition, it showed that the rats in the 
seminatural environment, instead of showing a freezing response, started to explore 
and run through the burrow area more. During the 10 minute of white-noise exposure, 
the rats actually spent the relative same amount of time running and exploring the 
burrow as during the 30 minute baseline period (about a 3-fold increase). This increase 
in general activity is most likely a stressful response to the white-noise. The lack of 
effect on freezing behavior in our paradigm, on the other hand, suggests that rats 
respond differently to novel auditory stimuli in a seminatural environment than in 
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a small test setting. One explanation could be that the social environment creates a 
kind of social buffering: the presence of familiar conspecifics have positive comforting 
effects in stressful situations (Kiyokawa et al., 2014; Terranova et al., 1999). Another or 
additional explanation, however, could again be found in the fact that rats can express 
all kind of behaviors in a seminatural environment, which is at the same time their home 
cage and test environment. While freezing is the most logical behavior in a small test 
set-up in response to a stressor, this behavior is not needed in large and familiar living 
spaces where one could just as well escape from the stressor or danger by walking away. 
Whatever the reasons are behind the lack of freezing behavior, our data clearly showed 
that FLX-rats do not respond differently to a stressor, in terms of freezing or exploratory 
behavior, compared with CTR-rats.

4.3 Stress-coping behavior
Simultaneously, another important change in response to the stressor was observed: a 
difference in stress-coping behavior in FLX-males when compared with CTR-males. 
While FLX-males on day 4 groomed themselves significantly less than CTR-males at 
baseline, they started to self-groom more during, but especially after, the white-noise 
exposure (Figure 7). FLX-females also groomed themselves relatively more after the 
stressor, but the time spent on this behavior was not different from CTR-females. As 
discussed in (Smolinsky et al., 2009), grooming is an important behavior observed in 
many species serving several functions. Beyond the most obvious purpose of hygiene, 
grooming is also performed for stimulation of the skin, thermoregulation, chemo-
communication, social interaction, de-arousal, and stress reduction (Sachs, 1988; Spruijt 
et al., 1992; Terry, 1970). In rodents, this grooming behavior is rather patterned and 
starts with licking of the paws, followed by washing the nose and face, the head, the 
body, the legs, and finally licking the tail and genitals (Fentress, 1988; Smolinsky et al., 
2009). In addition, grooming is highly sensitive to various stressors, psychotropic drugs 
and genetic manipulations, making it an important player in behavioral adaptation to 
stress, including stress-coping and de-arousal (Choleris et al., 2001; Dunn et al., 1987; 
Spruijt et al., 1992). In fact, grooming can be interpreted as a typical displacement 
behavior in which an animal is in conflict to perform two or more different behaviors and 
where the response is a displacement activity that is usually unrelated to the competing 
behaviors. This stress-induced displacement grooming, however, is ethologically different 
from low-stress comfort grooming, indicating that the amount of grooming behavior 
by itself is insufficient as a measure for stress. Interestingly, differences in grooming 
patterns in low and high stress situations have been studied. Whereas low-stress comfort 
grooming occurs spontaneously as a transition between rest and activity, and usually 
follows an uninterrupted pattern of the order described above, high stress levels induce 
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more frequent and rapid short bouts of interrupted less patterned activity of self-
grooming (Kalueff and Tuohimaa, 2004, 2005). These differences in grooming pattern, 
or microstructures, could be used as indicators for different neuropsychiatric disorders 
(Kalueff et al., 2016): e.g. obsessive compulsive behavior and autistic phenotypes could 
be related with high locomotor, but rigid patterned grooming, while anxiety would be 
represented by high locomotor, but more flexible patterning. Depression, on the other 
hand, could result in a self-groom microstructure of low locomotor activity with a slight 
patterned grooming (Kalueff et al., 2016).
Unfortunately, due to the fact that our seminatural environment is rather large, our 
video images did not have the right resolution to study the self-groom patterns in more 
detail. Still, the difference in self-groom behavior before and after the stressor makes it 
plausible to believe that the rats performed different patterns of self-grooming reflecting 
less comfort/hygiene grooming at baseline, compared with higher levels of stress-coping 
grooming after the stressor. Our baseline data is in line with a previous finding in which 
perinatal SSRI exposure reduced the time in which males groomed themselves during 
a social behavior test (Olivier et al., 2011b). At the same time, the increased levels of 
self-grooming coincide with the finding that FLX-rats show increased burying behavior 
in a marble burying test which is used to study repetitive and perseverative behavior 
(Sprowles et al., 2017). As a result, we hypothesize that perinatal SSRI exposure changes 
the stress-coping mechanisms in male rats at adulthood after the exposure to stressors. 
Future research should clarify whether the higher activity of grooming behavior reflects 
in the direction of anxiety-related versus repetitive compulsive self-grooming.

4.4 Aggressive behavior
In the seminatural environment, many more behaviors can be explored such as aggressive 
and sexual behaviors. Previous studies have shown that perinatal SSRI exposure 
increases aggressive behavior in adult male mice (Kiryanova and Dyck, 2014; Svirsky et 
al., 2016). However, we recently showed that fluoxetine treatment during gestation and 
the postnatal period reduced the offensive behavior of male rats in a resident-intruder 
test set-up (Houwing et al., in preparation). In the present study, however, FLX-males 
spent the same amount of time in conflict situations as CTR-males, while FLX-females 
seem to show less conflict behaviors on day 4. We would, however, not dare to draw any 
serious conclusions based on this observation, because on average the rats do not spend 
more than 40 seconds on this agonistic behavior. Wistar rats are known to show low 
levels of aggressive behavior in general (Koolhaas et al., 2013), and in our seminatural 
environment set-up the rats do not really have to compete for resources. Drinking water 
and food pellets were available ad libitum, and even during the period of behavioral 
estrus there were enough receptive females available for mating. It is, therefore, fair 
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to say that our experimental design was not sufficient for the exploration of aggressive 
encounters.

4.5 Sexual behavior
Also in terms of sexual behavior, our set-up had its limitations. Although we found an 
increase in copulatory behaviors in FLX-males, previous studies have shown conflicting 
results of early life SSRI exposure on sexual behavior. Postnatal fluoxetine exposure has 
been shown to decrease the amount of mounts, intromissions and ejaculations, just as 
reducing the level of sexual motivation in male rodents (Gouvea et al., 2008; Harris et 
al., 2012; Rayen et al., 2013; Rodriguez-Porcel et al., 2011). Prenatal SSRI exposure, on 
the other hand, did not affect male copulatory behavior (Cagiano et al., 2008; Olivier 
et al., 2011b). In a study we performed before, male rats exposed to fluoxetine during 
the whole gestational and postnatal period (until weaning) displayed a reduction in 
the number of mounts compared with control males, but only when the males were 
sexually experienced (Houwing et al. in preparation). In the FLX-females of the present 
study, we found a slight decrease in sexual behavior compared with CTR-females. Other 
studies, however, found a stimulatory effect on paracopulatory and receptive behaviors 
of postnatal fluoxetine exposure (Rayen et al., 2014). One could argue that the timing of 
the SSRI exposure could explain our differences in results, but a better explanation could 
be found in the fact that we only observed 30 minutes twice. A study by Chu and Ågmo 
performed in the seminatural environment taught us that the behavioral estrus of female 
rats can last up to eleven hours, with an average of 7 hours (Chu and Agmo, 2014). During 
this whole period, male and female rats continue to participate in copulatory behavior 
until the estrus period ends (Chu and Agmo, 2014, 2015). Male rats seem to copulate in 
copulatory bouts, defined as the time between the initial mount or intromission and the 
beginning of a period of sexual inactivity lasting for more than 60 min. When males 
copulate with naturally cycling females, they have on average about 4±1 bouts during 
the time they are in the seminatural environment. No such detailed studies have been 
performed in the seminatural environment with ovariectomized and hormonally primed 
females, but we can assume that males will in this case copulate in bouts as well. This 
indicates that we might have observed a time slot in our experiment in which most of 
the CTR-males might coincidently have been in a break between the copulatory bouts, 
whereas six out of ten FLX-males were observed within their copulatory bout. As a 
consequence, it would be very interesting to investigate the differences in behavioral 
patterns between FLX-rats and CTR-rats during the behavioral estrus period in more 
detail. This interesting data, however, would be quite substantial, and therefore better 
suitable for a separate manuscript.
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4.6 Affective behavior
In our seminatural environmental approach, we cannot directly relate certain behaviors 
to the traditional tests, but an indication of anxiety in the seminatural environment 
might be reflected by visiting the open area less and by more freezing in response to a 
white-noise stressor. Our results indicated that FLX-rats were present in the open area 
just as long as CTR-rats, also after the stressful white-noise exposure. In addition, we 
only observed a slight increase in freezing after the stressor when FLX-males visited the 
open area, caused by 4 out of 10 FLX-males. If these parameters would be a measure of 
anxiety-related behavior, it suggests that perinatal SSRI exposure does not or slightly 
increases the risk for anxiety-like behavior in adulthood. As mentioned before, the lack 
of clear anxiety-related behavior could also be explained by the social environment in 
which our rats were housed. The anxiety traits could be possibly suppressed in a more 
natural situation in which more behavioral escapes are an option, but come to the surface 
when exposed to an unnatural unfamiliar situation, or when assessed in acute stressful 
situations.

4.7 The translational value of the seminatural environment
Altogether, we believe that the seminatural environment is a good approach to study 
the effects of perinatal SSRI exposure (and other interventions) on naturally expressing 
behaviors. As mentioned before, the advantage of the seminatural environmental 
approach is that one can study a wide variety of behaviors at the same time, but in addition 
one can relate this behavior with other behaviors (e.g. sexual, aggressive, locomotor, and 
freezing) that are performed within the same setting/experiment. This is on one hand 
beneficial to the interpretation of the behavioral changes, because it provides additional 
information about the context of the behaviors, and on the other hand it permits to study 
several traits of psychiatric disorders at once in a natural situation. To give an example, 
the seminatural environmental approach allows for exploring several phenotypes often 
experienced by depressive persons, like reduced general activity, lack of interest in the 
environment, and limited social contact (social withdrawal). Before someone can be 
diagnosed with depression, the patient should have first of all characteristics of several 
traits corresponding to the disorder. But at the same time, these symptoms should cause 
significant distress or impairment in social, occupational, or other important areas of 
functioning, meaning in daily life. The seminatural environmental approach allows us 
to evaluate this aspect as well. Therefore, we believe that the seminatural environment 
is a valuable test set-up, and has additional advantages compared with the traditional 
test methods and perfectly suits to study the behavioral outcomes due to SSRI treatment 
during development.
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4.8 Limitation of this study
In the present study, we investigated the effects of fluoxetine exposure in offspring from 
healthy dams. However, in humans SSRI treatment during pregnancy and lactation 
is only used in mothers with psychopathologies. Even though exposing offspring 
from healthy dams to fluoxetine is of use to dissociate the effects of the SSRI from the 
maternal depression, looking at SSRI exposure in offspring from stressed dams would 
be more clinically relevant. We recently showed that fluoxetine treatment in healthy 
dams resulted in reduced social play behavior in male and female offspring (Houwing 
et al., 2019b), while male, but not female, offspring from an animal model of maternal 
vulnerability (Houwing et al., 2019a) showed reduced juvenile play behavior similar to 
offspring from fluoxetine treated healthy dams. Other studies showed that perinatal 
fluoxetine treatment can prevent reductions in rat juvenile social play behavior caused 
by pre-gestational maternal stress (Gemmel et al., 2017). Also, perinatal SSRI exposure 
in healthy dams resulted in reduced copulatory behaviors in male offspring, while male 
offspring from stressed dams were unaffected (Rayen et al., 2013). Interestingly, SSRI 
exposure in female offspring facilitated copulatory behaviors, regardless of maternal 
stress (Rayen et al., 2014). Thus, using an animal model of maternal depression and/or 
stress has an added value for future studies investigating effects of perinatal fluoxetine 
exposure in the seminatural environment.

5. Conclusion

Overall, we conclude that perinatal SSRI exposure causes adaptations in social and 
stress-coping behaviors at adulthood. FLX-females are mostly affected by reduced general 
activity and both males and females show altered social behavior. Exposing the animals 
to a stressor resulted in a different social strategy in FLX-females, and an altered stress-
coping behavior in mainly FLX–males. This indicates the existence of sex differences 
in the responses to SSRI exposure during early development. Whether the adaptations 
found due to perinatal SSRI exposure are beneficial or disadvantageous remains to be 
investigated. We show that SSRI exposure during development can have long-lasting 
effects. However, the SSRIs in our study were administered to healthy dams. Using an 
animal model of depression instead would improve the clinical relevance. This would 
make the research more translational to the human situation in which only depressed 
mothers use antidepressants. In this study we used the seminatural environment and 
showed it is an excellent tool to study the behavioral adaptations caused by perinatal 
SSRI exposure (or other interventions) in order to provide better information of the 
relevance of these changes for the risk for psychiatric disorders.
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Supplementary data

Table S1. Information dams and offspring

A: Treatment dams and cage distribution offspring

Dams Treatment Number 
offspring

Male-
Cage 1

Male-
Cage 2

Female-
Cage 3

Female-
Cage 4

Female-
Cage 5

Female-
Cage 6

F1 FLX 7
OM1
OM2
OM3

OF2
OF3

OF1
OF4

F2 FLX 9
OM5
OM6
OM7

OM4
OM8

OF5
OF8

OF6
OF7

F3 CTR 13 OM9
OM12

OM10
OM11

OF12
OF16

OF9
OF15

OF11
OF14

OF10
OF13
OF17

F4 CTR 6
OM13
OM14
OM15

OF18
OF19
OF20

F5 FLX none
F6 FLX none
F7 CTR none

F8 CTR 15 OM16
OM17

OM20
OM21
OM25

OF21
OF23

OF22
OF24
OF25

F9 FLX 8
OM29
OM30
OM31

OF27
OF29

OF26
OF28
OF30

F10 FLX dead

Abbreviations: M = male, F = female, CTR = methylcellulose, FLX=fluoxetine, OM = male offspring, 
OF = female offspring

B: Experimental design seminatural experiment
Colony Male 1 Male 2 Male 3 Male 4 Female 1 Female 2 Female 3 Female 4
SNE1 OM1 OM5 OM9 OM13 OF2 OF5 OF12 OF21
SNE2 OM2 OM6 OM12 OM16 OF3 OF8 OF13 OF22
SNE3 OM3 OM7 OM15 OM17 OF1 OF6 OF15 OF24
SNE4 OM4 OM11 OM21 OM29 OF4 OF9 OF19 OF27
SNE5 OM8 OM10 OM20 OM30 OF7 OF14 OF20 OF26

Abbreviations: SNE = seminatural environment, OM = male offspring, OF = female offspring
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Results SR1: behavior before, during and after the white-noise stressor

Baseline behavior (day 4 and 7 combined)
In our first analysis, we combined the behavioral data of both day 4 and day 7 before, 
during and after the stressor as one measure to investigate the general behavioral 
differences between CTR-rats and FLX-rats. This analysis does not take the hormonal 
state of the female into account, and is thus most similar to the natural situation in which 
females can be in different phases of their estrous cycle.
At baseline levels (before the stressor), the data analysis revealed that FE-male (Z= -1.965, 
p= 0.049, d = 1.141) and FE-female rats (Z= -2.646, p= 0.008, d = 1.444) spent longer in 
a social context than CTR-rats (Figure S1A). This effect can be mainly explained by an 
increased time spent resting or hiding in close vicinity to another rat (social passive: 
females Z= -2.948, p= 0.003, d = 1.691, males Z= -1.965, p= 0.049, d = 1.140; Figure 
S1B). Interestingly, when the active social behavior was investigated, it was found that 
only FLX-females displayed shorter social interactions than CTR-females (Z= -1.966, 
p= 0.049, d = 1.066), especially in the burrow area (Z= -2.496, p= 0.013, d = 1.359, Figure 
S1C), while the active social behavior between FE- and CTR-males was not different.
In terms of general activity without a direct social factor, it were again the FLX-females 
(and not the FLX-males) who showed less activity than CTR-females in mostly the 
burrow area (Z= -2.797, p= 0.005, d = 1.373, Figure S1D). In addition, this decrease in 
general activity was mainly caused by the fact that FLX-females spent less time exploring 
the total environment in a non-social context (Z= -2.117, p= 0.034, d = 1.153, Figure S2A).
When looking at conflict behavior, even though the total amount of time that was 
measured in this behavior was limited, it was found that FLX-females were shorter 
involved in conflict situations than CTR-females (Z= -3.035, p= 0.002, d = 1.332, Figure 
S2B), which was mostly caused by less boxing or wrestling behavior (Z= -2.758, p= 0.006, 
d = 1.148).
Self-grooming is also an important behavior in rats. At baseline levels, FLX-females 
spent less time grooming themselves than CTR-females (Z= -2.231, p= 0.026, d = 1.021, 
Figure S1E), especially in the burrow area (Z= -2.419, p= 0.016, d = 1.100). FLX-males, 
on the other hand, groomed themselves for an equal amount of time as CTR-males 
in the total environment. However, when the time spent grooming in the open field 
was compared, FLX-males seemed to spend actually more time grooming themselves 
compared to CTR-males (Z= -2.219, p= 0.026, d = 0.969). This could be explained by 
the fact that the FLX-males also showed more sexual interactions (mounts (Z= -2.097, 
p= 0.036, d = 1.048) and intromissions (Z= -2.796, p= 0.005, d = 1.253, Figure S2C) than 
CTR-males, resulting in spending more time on postcopulatory self-grooming behavior 
(Z= -2.796, p= 0.005, d = 1.209, Figure S2D) in the open field.
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Interestingly, while FLX-males seem to participate more in sexual activities, FLX-females, 
on the other hand, spent a shorter duration in paracopulatory behaviors (Z= -2.008, 
p= 0.045, d = 0.351, Table S1). As a consequence, FLX-females are being less pursued 
by the males (Z= -2.185, p= 0.029, d = 0.366), and thus tended to receive less mounts 
(Z= -1.819, p= 0.069, d = 0.508) and showed less lordosis responses (Z= -1.954, p= 0.051, 
d = 0.610) compared to CTR-females.

Behavior during white-noise exposure (day 4 and 7 combined)
During the 10 minutes of exposure to the white-noise stressor on day 4 and 7 combined, 
most of these behavioral differences found at baseline levels disappeared. FLX-rats 
behaved similar to CTR-rats (Figure S2E-H) and spent most of their time in the burrow 
area. The only difference between FLX-rats and CTR-rats were found on self-grooming 
behavior. FLX-males started to groom themselves extensively longer during the exposure 
to the stressor (Z= -2.646, p= 0.008, d = 1.308, Figure S1F). No significant differences 
were found between FLX-females and CTR-females. Though, one CTR-female continues 
to show lordosis behavior during the exposure to white-noise, which resulted in a 
significant increase in lordosis responses compared to FLX-females (Z= -2.164, p= 0.030, 
d = 0.556, Table S1).
One might expect to find differences in the freezing behavior between FLX-rats and 
CTR-rats during the exposure to white-noise. However, analysis of the data revealed 
that no such differences were found (Table S1).

Behavior after the stressor (day 4 and 7 combined)
When the behavior after the exposure to white-noise was investigated, the data revealed 
that the differences in behavior during the baseline period were mostly attenuated 
(Figure S2I-L), except for active social and conflict behavior. FLX-females continued to 
show lower levels of active social behavior (Z= -1.965, p= 0.049, d = 1.047, Figure S2L) 
and conflict behavior (Z= -1.973, p= 0.049, d = 0.591, Table S1) compared to CTR-females.
Interestingly, one important behavior suddenly appeared during this period: 
allogrooming (see the discussion for an explanation of the relevance of this behavior). 
FLX-females tended to spend less time allogrooming other rats than CTR-females 
(Z= -1.738, p= 0.082, d = 0.897, Figure S1G). This effect was only profound in FLX-
females, probably because males did in general not spend that much time allogrooming.
The effect that was found in FLX-males on self-grooming during the exposure to white-
noise was maintained after the stressor was turned off. FLX-males continued to groom 
themselves significantly longer than CTR-males (Z= -2.570, p= 0.01, d = 1.368, Figure 
S1H). Oppositely, FLX-females seemed to self-groom to a similar level as CTR-females, 
whereas they groomed less at baseline level. At last, it should be mentioned that FLX-
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males spent more time freezing aft er white-noise exposure when in the open fi eld 
(Z= -1.689, p= 0.091, d = 0.375, Table S1). Although brief as that was, it is still interesting 
because four FLX-males show this behavior, whereas only one of the CTR-males in the 
open fi eld were seen freezing.

Figure S1. Behavorial eff ects of perinatal SSRI exposure on day 4 and 7 combined. Th e data 
represents the time spent (s) on each behavior at adulthood in the seminatural environment on 
day 4 and 7 combined: baseline measure of being in social context (A), baseline measure of being 
socially passive (B), baseline measure social activity in the burrow area (C), baseline measure of 
general activity in the burrow area (D), baseline measure of self-grooming (E), self-grooming 
during the white-noise exposure (F), allogrooming aft er the stressor (G), self-grooming aft er the 
stressor (H). All graphs show the comparison between FLX-females (n=10) and CTR-females 
(n=10), and FE-males (n=10) versus CTR-males (n=10). In graphs A-H, data are shown with 
individual data points with the bars representing the mean±standard error of the mean. * p<0.05, 
# p<0.1 compared to CTR-females or CTR-males. a p<0.05, b p<0.1 compared to baseline of the 
same treatment group.
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Figure S3. Other baseline behavorial effects of perinatal SSRI exposure. The data represents 
the time spent (s) on each behavior at adulthood in the seminatural environment at baseline: non-
social exploration in the burrow (day 4) (A), conflict behaviors (day 4) (B), passive behavior (day 
7) (C), being in a social context (day 7) (D), paracopulatory behaviors (day 7) (E), being pursued 
(day 7) (F), lordosis responses (day 7) (G), pursuing in open field (day 7) (H). All graphs show 
the comparison between FLX-females (n=10) and/or CTR-females (n=10), and FE-males (n=10) 
versus CTR-males (n=10). Data are shown with individual data points with the bars representing 
the mean±standard error of the mean. * p<0.05, # p<0.1 compared to CTR-females or CTR-males.
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Abstract

The serotonin transporter (SERT) gene has been linked to depression, especially the short 
allele of the serotonin transporter linked polymorphic region (5-HTTLPR). When short 
allele carriers are exposed to stressful life events, their risk for developing depression 
is increased. The neurochemical properties of the short allele of the 5-HTTLPR in 
humans can be mimicked in heterozygous serotonin transporter knockout (SERT+/-) 
rats. These animals have a similar reduction in SERT expression as humans with a 
5-HTTLPR short allele. Several stress protocols have been used in SERT+/- animals but 
behavioural outcomes were mixed. Many studies used males to examine the behavioural 
effects of stress in SERT+/- rats, ignoring possible effects in females. However, women are 
depressed twice as often compared to men, therefore it is of great importance to study 
the effects of stress in females as well. Because early postnatal adversity can contribute 
to the psychopathology of depression, especially in vulnerable individuals, our aim 
was to investigate the effects of early-life stress in female SERT+/- rats and determine 
whether female SERT+/- rats could model the human short allele 5HTTLPR carriers. 
To this end, SERT+/- rats were maternally separated for six hours a day from postnatal 
day 2-15. Control rats were handled for 15 minutes from PND2-15 to control for litter 
disturbances. In adulthood, female rats were assessed for affective, social and coping 
behaviour. In addition, nerve growth factor (NGF) gene expression in the basolateral 
amygdala (BLA) and paraventricular nucleus of the hypothalamus (PVN) and basal 
plasma corticosterone levels were measured. Results show that maternal separation 
lowered sucrose preference in female SERT+/- rats compared to control SERT+/- rats, 
reflecting anhedonic behaviour. In addition, compared to control SERT+/- rats, maternal 
separation significantly lowered NGF gene expression in SERT+/- rats in both BLA and 
PVN, but did not affect plasma corticosterone levels. Together, these results show that 
early-life stress in female SERT+/- rats leads to depression-like behaviour and related 
plasticity impairments in the BLA and PVN.

Keywords: serotonin transporter; maternal separation; anhedonia; nerve growth factor; 
corticosterone
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Introduction

The interaction of the serotonin transporter (SERT) and stressful life events (SLE) and 
its role in the etiology of depression throughout development and into adulthood has 
generated much interest since Caspi et al. showed this link (Caspi et al., 2003). People 
carrying the short allele for a polymorphism in the SERT linked polymorphic region 
appear to be at increased risk to develop depression when they are exposed to SLE, 
while people carrying the long allele appear more resilient. Multiple replication studies 
have been performed after this pioneering study, but with mixed results. A recent meta-
analysis concluded that if SLE increases the risk of developing depression in people 
carrying the short-allele, this must be of modest effect size and only observable in limited 
situations (Culverhouse et al., 2018).
Animal studies in SERT knockout rodents have been performed to elucidate the 
underlying mechanisms of SERT x SLE interactions. Heterozygous SERT knockout 
animals (SERT+/-) are neurochemically comparable to the human S-allele carrier (see 
Houwing et al., 2017; Kalueff et al., 2010) and may therefore be of translational value. 
However, most studies in SERT+/- rodents fail to show an interaction effect of SERT 
genotype and early-life stress on depression-like behaviour (see Houwing et al., 2017). 
The question arises whether the stressors used in these animal studies were severe 
enough to induce the depression-like phenotype needed to study the related underlying 
molecular mechanisms. In the current study, we applied 6-hours of maternal separation 
from postnatal day (PND)2-15 as an early SLE to SERT+/- rats. This is substantially longer 
compared to the studies described thus far. Since almost all rodent studies have been 
performed solely in males (Houwing et al., 2017), it is unclear how female SERT+/- rodents 
respond to SLE. The use of females is of great importance since depression is more 
prevalent in women than in men (Albert, 2015). We therefore studied the early-life stress 
effects in female SERT+/- rats. In the present study, we only assessed the effects of maternal 
separation in SERT+/- rats compared to control handled SERT+/- rats. It was our aim to 
develop a translational model in which stress induces a depression-like phenotype in 
heterozygous SERT deficient females, therefore we did not take other SERT genotypes 
into account. An early-life stress protocol was chosen as it has been shown that separating 
pups from the dam is a highly potent stressor activating the hypothalamus-pituitary-
adrenal (HPA) (Van Bodegom et al., 2017). The long-term effects of maternal separation 
are generally greater when the separation occurs early in life and last for longer periods 
(reviewed in Lupien et al., 2009). We performed several behavioural tests to study 
potential alterations in affective, social and coping behaviour due to early-life stress.
Moreover, we assessed neuronal plasticity in the brain, because this process is essential 
in order to adapt to a stressful environment, and because neurotrophins play a crucial 

4
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role in plasticity during development (Banerjee et al., 2013; Dwivedi et al., 2005). 
The neurotrophin ‘nerve growth factor’ (NGF) plays a role in the pathophysiology of 
depression as NGF levels were found to be reduced in brains of depressed suicide victims 
(Banerjee et al., 2013). In the current study, we assessed NGF gene expression levels 
in the basolateral amygdala (BLA) and paraventricular nucleus of the hypothalamus 
(PVN), two brain areas that are activated by stress (Ulrich-Lai and Herman, 2009). 
Glucocorticoids are important in the stress-response as they act directly on the central 
nervous system and influence behaviour. Glucocorticoid levels, and especially cortisol 
(corticosterone in rodents), are often higher in major depression (Holsboer, 2000). 
We therefore characterized basal plasma corticosterone (CORT) concentrations in 
maternally separated (MS) and control (CTR)-SERT+/- rats. We hypothesized that MS-
SERT+/- rats would (1) display altered affective behaviour, (2) exhibit lower NGF gene 
expression, and (3) have higher basal plasma CORT levels compared to CTR-SERT+/- rats.

Materials and Methods

Maternal separation
To test our hypothesis, we performed the following maternal separation protocol. Wistar 
SERT+/- rats (Slc6a41Hubr) were bred by crossing SERT+/− females with SERT+/− males. 
Dams were checked daily for delivery of pups, which was set as PND0. On PND2-15, pups 
were maternally separated as a whole litter for 6 hours a day. During MS, whole litters 
were placed in preheated Makrolon type 2 cages (PND2-8: 32±1⁰C; PND9-15: 28±1⁰C). 
CTR pups were handled on PND2-15 for 15 minutes to control for litter disturbances. At 
PND21, pups were weaned and ears were punched for identification and genotyping (for 
genotyping protocol see: El Aidy et al., 2017). Pups were socially housed with same-sex 
animals. Only female SERT+/- rats were used in this study.

Adult animals
We used two batches of adult animals; batch 1 to assess behaviour and CORT levels and 
batch 2 to measure NGF gene expression levels in the BLA and PVN. For batch 1, 24 CTR 
animals were used coming from 11 litters and 15 MS animals were used originating from 
7 litters. For batch 2, 8 CTR animals were used from 7 litters and 7 MS animals were 
used originating from 7 litters. The animals in batch 1 were tested between the ages of 
10-16 weeks. Tests were at least one week apart in the following order: open field (OF), 
sociability and social recognition, elevated plus maze (EPM), sucrose preference, CORT 
levels, and forced swim test (FST). Animals in batch 2 were sacrificed at the age of six 
months. Animals were socially housed under standard laboratory conditions with a 
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reversed 12h:12h light/dark cycle (lights off at 11:00 a.m.) with ad libitum access to food 
(RMH-B, AB Diets; Woerden, the Netherlands) and tap water, unless stated otherwise. 
By measuring vaginal wall impedance (model MK-11, Muromachi, Tokyo, Japan) it was 
determined whether females were in oestrus before testing. Females were only tested 
when not in oestrus, unless stated otherwise. Behavioural testing took place between 
12:00 and 17:00 p.m. All experimental procedures were approved by the Groningen 
University Committee of Animal experiments.

Sucrose preference test
Animals (batch 1) were individually housed and habituated with two water bottles, one 
on each side of the cage, for 3 consecutive days. Following habituation, animals were 
presented with one water bottle and one bottle containing a sucrose solution for 24h 
on alternating days. On the other days two bottles of water were presented. With each 
sucrose day, the sucrose concentration increased with 0.25% (0.25% to 1%). Sucrose 
bottle locations on the cage were alternated on sucrose days to prevent spatial bias. Fluid 
consumption (gram) was determined daily. The preference for sucrose above water was 
calculated ((sucrose intake (g)/total intake (g)) x 100%). Sucrose intake was corrected 
for body weight.

Gene expression
For gene expression analysis (batch 2) six-months-old females were decapitated, brains 
were collected, frozen in isopentane on dry ice and stored at -80 °C. Brains were cut 
into coronal slices (200μM; -12°C) and punches from the PVN and BLA were obtained 
according to the atlas of Paxinos and Watson. For further material and methods of RNA 
extraction, cDNA, qPCR, OF, social recognition, EPM, CORT, FST and data analysis 
methods: see supplementary S1.

Statistical analysis
Sucrose preference was analysed using a one-way ANOVA for repeated measures with 
treatment (CTR/MS) as between subject factor, and the sucrose concentrations as within 
subject variables. When a significant main or interaction effect was found, data were 
further analysed using an independent samples t-test for between subject effects at 
different sucrose concentrations. For all other tests (behaviour, NGF expression and 
CORT) an independent sample t-test was used. Outliers were excluded from the data, 
and level of significance was set at p<0.05. All statistical analyses were performed using 
the Statistical Package for Social Sciences for Windows version 22.0 (SPSS, Chicago, 
IL, USA).

4
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Figure 1. Sucrose preference (A) and NGF Brain expression (B) in control (CTR) and maternally 
separated (MS) female SERT+/− rats. Shown are the mean ± SEM.*= p < 0.05.

Results

Sucrose preference test
For the sucrose preference, an overall maternal treatment (F(1,38)=5.21; p<0.05) and 
sucrose concentration (F(3,114)=17.84; p<0.001) effect was found, with a higher preference 
for sucrose in control animals, while sucrose preference increased with increasing sucrose 
concentrations in both groups (Fig. 1A). No interaction between maternal treatment 
and sucrose concentration was found (F(3,114)=1.21; ns). Post hoc analysis revealed that 
compared to CTR-SERT+/- rats, a lower preference for sucrose was found for MS-SERT+/- 
rats at concentrations of 0.5 % (t(1.34)=2.45, p<0.05), 0.75 % (tendency: t(1,36)=1.75, p=0.09) 
and 1.0 % (t(1,35(=2.25, p<0.05). Since no statistical differences were found for the OF, 
social recognition, EPM, CORT and FST these results can be found in supplementary S2.

Gene expression
NGF gene expression was downregulated in the BLA (t(1,14)=3.10; p<0.01) and PVN 
(t(1,14)=2.42; p<0.05) of MS-SERT+/- relative to CTR-SERT+/- rats (Fig. 1B).

Discussion and conclusion

In the present study, we investigated the effects of MS in female SERT+/- rats on affective 
behaviour, NGF brain expression and plasma CORT levels in adulthood. By applying 
MS for 6 hours a day from PND2-15 in SERT+/- rats we first showed that MS-SERT+/- rats 
have lower sucrose preference compared to CTR-SERT+/- rats, suggesting that MS-SERT+/- 
rats display anhedonia-like behaviour relative to CTR-SERT+/- rats. Secondly, we showed 
that NGF gene expression is significantly lower in the BLA and PVN of MS-SERT+/- rats 
compared to CTR-SERT+/- rats, suggesting that neurotrophic plasticity is altered by MS in 
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female SERT+/- rats. Basal CORT levels were not altered by MS in SERT+/- rats. Together, 
these results indicate an anhedonic-like phenotype with related plasticity impairments 
in female SERT+/- rats exposed to stress early in life.
Anhedonia is characterized by a reduced sensitivity to natural rewards like weak sucrose 
solutions, which is present in animal models of early-life stress (Duman, 2010). SERT+/- 
rats exposed to maternal separation also display anhedonia when using weak sucrose 
solutions compared to CTR-SERT+/- rats. Interestingly, sensitivity to natural rewards 
can be restored by several weeks of antidepressant treatment (Willner et al., 2010). 
Whether this is the case in our model remains to be established. A mice study of Tang 
and colleagues (Tang et al., 2013) found that unpredictable chronic stress and SERT 
deficiency can induce anhedonia. Since our SERT+/- rats display reduced SERT protein 
expression, this might play a role in the anhedonia seen in SERT+/- rats as well. Even 
though we do not know whether the anhedonia levels of SERT+/- rats differ from SERT+/+ 
rats, sucrose preference were lowered in MS-SERT+/- relative to CTRL-SERT+/- rats, 
showing that early-life stress in female SERT+/- rats leads to depression-like behaviour.
Despite the significant difference in sucrose preference, we did not find any significant 
differences in other behavioural tests. Although no effects were seen on thigmotaxis in 
the OF, MS-SERT+/- rats did tend to move less (p=0.08) in the OF compared to controls. 
This trend in moving less on the OF is in line with a study in which SERT+/- mice that 
received low maternal care displayed enhanced anxiety-like behaviour in the OF (less 
time spent in the centre) compared to those that received high maternal care (Carola 
et al., 2008). The latter authors also found a reduced latency to reach immobility in the 
tail suspension test, but this altered stress coping was not found in our MS-SERT+/- rats, 
possibly because we used different species, sex and a different behavioural test setup to 
assess stress coping. In contrast, another study with SERT+/- rats found improved stress 
coping behaviour in SERT+/- animals exposed to MS compared to controls (van der 
Doelen et al., 2013). However, this study used an escapable shock stress. In addition, 
a 3-hour MS protocol was used, indicating that the severity of the stressor (low stress 
improving stress coping) might play a role as well. In a mouse study With respect to 
female SERT+/- animals and the use of early-life stress, female SERT+/- mice exposed 
to prenatal stress tended to show decreased mobility in the FST (Van den Hove et al., 
2011). In the same study, a decrease in anxiety-like behaviour in SERT+/- mice exposed 
to prenatal stress was found. Reasons for these discrepancies in anxiety-like behaviour 
might be due to the different stressors used. Nevertheless we found a substantially 
lowered sucrose preference in SERT+/- rats exposed to stress, suggesting the presence of 
a symptom of a depression-like phenotype, namely anhedonia.
On a social level, we found no differences in sociability and social recognition between 
CTR-SERT+/- and MS-SERT+/- rats. This contrasts with a study performed in SERT+/- mice 
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where an increased social avoidance towards an unfamiliar male in a novel environment 
was found when experiencing high levels of stress (Bartolomucci et al., 2010). However, 
mice used in this study were subjected to chronic psychosocial stress, which is different 
from the MS protocol we used and may contribute to the difference in sociability 
outcome.
Because faecal CORT levels were increased upon three-day resident-intruder stress in 
SERT+/- mice (Jansen et al., 2010), we hypothesized higher plasma CORT levels in MS-
SERT+/- compared to CTR-SERT+/- rats. Interestingly, MS-SERT+/- rats tended to show 
lower basal CORT levels than CTR-SERT+/- rats. In another study with MS-SERT+/- rats 
(3 hours a day from PND2-15), no differences were found in CORT levels (van der Doelen 
et al., 2014). In addition, basal CORT levels in prenatally stressed SERT+/- mice were 
lower compared to wildtype mice, especially in males (Van den Hove et al., 2011). Their 
and our findings contrast with a study in SERT+/- mice where increased CORT levels 
were found 24 hours after a last psychosocial stressor (Bartolomucci et al., 2010). In our 
study, basal CORT levels were measured 12 weeks after the MS protocol, after most of 
the behavioural tests had already occurred, probably reflecting basal CORT levels. The 
small non-significant decrease in CORT levels might indicate an adaptation in the stress 
system preparing the animal for a stressful environment. This is only speculative, and 
further experiments are warranted to reveal whether the response to an acute stressor 
is altered in MS-SERT+/- rats.
Alterations in the morphology of neural cells due to chronic stress are often associated 
with a deficiency of neurotrophic factors. A shortage of neurotrophic factors can 
contribute to the pathogenesis of depression (Chen et al., 2015). Related to our study, 
a reduction of brain-derived neurotrophic factor (BDNF) was found in the ventral 
hippocampus of male SERT+/- rats exposed to 3-hour maternal separation stress 
compared to control SERT+/- rats. However, also an increase of BDNF was found in the 
dorsal hippocampus and dorsomedial prefrontal cortex after the maternal separation in 
SERT+/- rats, indicating that early-life stress affects BDNF expression but in a different 
anatomical manner (Calabrese et al., 2015). Although BDNF levels are often reported 
in animal models, NGF is also important with respect to alterations in the neural cell 
morphology. Glucocorticoids are known to regulate NGF in the brain and stress may 
alter NGF breakdown in the hypothalamus (Kucharczyk et al., 2016). Moreover, NGF 
blood levels are decreased in patients with psychiatric disorders (Aloe et al., 2002). In the 
present study we showed that NGF is significantly lowered in the basolateral amygdala 
and paraventricular nucleus of the hypothalamus of MS-SERT+/- rats compared to CTR-
SERT+/- rats, indicating that adult NGF gene expression is altered by early postnatal MS in 
female SERT+/- rats. To prevent changes in gene expression as a result of the behavioural 
tests, NGF levels were measured in a different group of animals, and thus cannot be 
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correlated to observed behavioural effects. Also, we cannot rule out whether the effects 
seen are due to maternal separation alone, or whether the SERT genotype also plays a role.
One limitation of the present study is that no comparisons were made with SERT+/+ 
animals. Therefore we cannot speculate whether SERT+/- rats are more vulnerable to 
maternal separation when compared to SERT+/+ rats. Moreover, we did not include 
males, therefore it remains to be established whether females SERT+/- rats are indeed 
more sensitive to this MS protocol than males. In conclusion, the present data indicate 
that MS in the early postnatal period induces anhedonia in female SERT+/- rats and that 
NGF might contribute to this observed effect. Whether outcomes in female SERT+/- rats 
are different from female SERT+/+ or SERT-/- rats remains to be investigated.
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Supplementary data

S1. Materials and methods

Behavioral experiments

Open field (24 CTR, 15 MS)
The open field consisted of an open square arena (100 x 100 x 40cm), with a black wooden 
floor and walls. The arena was subdivided into a center (1 square of 60x60cm) and outer 
area near the walls (20 cm wide). Animals were tested under dim light conditions (2.5 
lux), placed in a corner and recorded for 5 minutes using automated animal tracking 
software (EthoVision XT, Noldus, The Netherlands). Reported is the total distance moved 
(m). The open field was cleaned between trials using a 70% ethanol solution to prevent 
transmission of olfactory cues.

Sociability and social recognition test (20 CTR, 16 MS)
The sociability test consisted of a Plexiglas box (120 x 80 x 40cm), subdivided into 3 
connected identical chambers (40 x 80cm). First, the animal was placed for 10 min. into 
the empty middle chamber for habituation, with no access to the other 2 chambers. 
Afterwards, an unfamiliar female rat (7-10 weeks old; stranger 1) was placed under a 
plastic grid in the left or right chamber, while an empty grid was present in the other 
chamber. The doors were opened and the rat had access to all 3 chambers during a 
10 min. testing period (sociability trial). Afterwards, the rat was placed in the middle 
chamber again with the doors closed. A second unfamiliar rat (stranger 2) was now 
placed into the previously empty grid. The doors were opened again and the animal 
could now explore all chambers for 10 min (social recognition trial). The time spent in 
each chamber and direct social interaction was measured. The preference for stranger 
2 over the now familiar stranger 1 was calculated.

Elevated plus maze (23 CTR, 15 MS)
The plus maze consisted of 2 open (45 x 10 x 1cm) and 2 closed (45 x 10 x 50cm) arms 
opposite of each other elevated at a height of 50cm. Animals were tested under dim light 
conditions (open arm 2.5 lux; closed arm 0.25 lux). Rats were placed in the center of the 
plus maze facing an open arm and were allowed to freely explore the maze for 5 min. 
Time spent on the open arms, frequency visiting the open arms, and distance moved 
on the open arms were scored.
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Forced swim test (24 CTR, 13 MS)
Cylindrical Plexiglas tanks (50 cm x 18 cm diameter) filled up to 30 cm with 22 ± 1 °C 
water were used. Females were measured for estrus on day 1, only those not in estrus 
were tested, but we did not account for estrous stage on day 2. During the induction 
phase on day 1, animals were placed in the water for 15 min. After 24h, the rats were 
re-tested for 5 min. Mobility and immobility behavior was scored.
Immobility was defined as follows: making no movements for at least 2 s or making 
only those movements that were necessary to keep the nose above the water. Slightly 
moving paws or support by pressing paws against the wall of the cylinder was scored 
as immobility. Active climbing, diving, and swimming along the wall were scored as 
mobility.

Corticosterone levels (batch 1; 24 CTR, 15 MS):
Animals were singly housed for four days before blood sampling. Blood sampling was 
performed during the beginning of the light phase, when basal corticosterone resting 
levels of rats are low. Individual cages were carried to a different room where a small tail 
incision was made and blood collected in EDTA coated capillary tubes. Time from the 
first to the last rat was less than 20 minutes. Blood samples were centrifuged (3000 rpm) 
for 10min at 4°C. The plasma was stored at -80°C. Corticosterone levels were determined 
by radioimmunoassay (MP Biomedicals, Orangeburg, NY). Samples were analyzed in 
duplo and measures were averaged afterwards.

Gene expression in the brain (batch 2; 8 CTR, 7 MS):
RNA was extracted using Trizol reagent (Invitrogen Life Technologies) and 
Complementary DNA was synthesized using RevertAid Reverse Transcriptase (Thermo 
Scientific). qPCR reactions were run with 20ng cDNA for NGF with GADPH and β-actin 
used as reference genes. TaqMan® gene expression assays (Thermo Scientific) were used 
(NGF Rn01533872_m1; β-actin RB0667869_m1; GADPH RN01775763_g1). qPCR was 
performed on the CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, 
USA) with the following thermal cycling conditions: 10 min at 95°C followed by 40 cycles 
of 15 s at 95°C and 1 min at 60°C. Mean plate efficiencies and Cq values were calculated 
with the qPCR analysis software LinRegPCR.

qPCR data analysis
All samples were performed in triplicates and averaged for further calculations. Mean 
normalized expression (MNE), based on the ratio between Cq-values of the target and 
reference genes and the efficiency of the PCR reactions, was calculated as a measure of 
target gene transcription. Data are presented as log2 MNE.

4
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S2. Results

Behavioral experiments

Open field
The total distance moved was lower in MS-SERT+/- (33.69 ± 1.14m) compared with 
CTR-SERT+/- (36.07 ± 0.77m) rats, although this was not significant (t(1,37)=1.78; p=0.08). 
Duration in the center, frequency to visit the center, and latency to enter the center were 
not different between the groups.

Sociability and social recognition test
Both control (82%) and maternally separated (79%) animals showed a preference for 
exploring the social side with stranger 1. During the social recognition test, both control 
(index 0.68) and maternally separated (index 0.67) animals showed a preference for 
stranger 2 over stranger 1. No differences were found between MS-SERT+/- and CTR-
SERT+/- rats.

Elevated plus maze
No differences were found in the time spent and frequency on the open arms between 
maternally separated and control animals.

Forced swim test
No differences were found in the immobility time of CTR-SERT+/- (159.6 ± 6.20) and 
MS-SERT+/- (169.46 ± 11.75) rats.

Basal corticosterone levels
Basal levels of corticosterone tended to be lower in MS-SERT+/- (145.2 ± 38.8) compared 
with CTR-SERT+/- (239.8 ± 35.8) rats (t(1,37)=1.77; p=0.08).
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Supplementary table 1. Results of behavioral experiments

Behavioral parameter CTR-SERT+/- MS-SERT+/- Statistics
Open Field n=24 n=15
Total distance moved (m) 36.07 ± 0.77 33.69 ± 1.14 t(1,37)=1.78; p=0.08 (n.s.)
Duration in center (sec) 0.96 ± 0.21 0.91 ± 0.57 n.s.
Frequency in center 1.33 ± 0,28 1.07 ± 0.32 n.s.
Latency to center 190.3 ± 21.7 179.7 ± 29.5 n.s.
Sociability and social recognition
Preference for stranger 1
(%, sociability test)

82.3 ± 2.19 78.7 ± 3.6 n.s.

Preference for stranger 2 over stranger 1 
(%, social recognition test)

67.7 ± 4.2 66.9 ± 5.7 n.s.

Elevated plus maze
Duration on open arm (sec)
Frequency on open arm

n=23
134.7 ± 5.4
13.5 ± 0.8

n=15
126.3 ± 9.3
12.5 ± 0.7

n.s.
n.s.

Forced swim test
Time spent immobile (sec)

n=24
159.6 ± 6.2

n=13
169.5 ± 11.8 n.s.

Data are presented as mean ± SEM

4
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Abstract

Recently, the putative association between selective serotonin re-uptake inhibitor (SSRI) 
exposure during pregnancy and the development of social disorders in children has 
gained increased attention. However, clinical studies struggle with the confounding 
effects of maternal depression typically co-occurring with antidepressant treatment. 
Furthermore, preclinical studies using an animal model of maternal depression to study 
effects of perinatal SSRI exposure on offspring social behavior are limited. Therefore, the 
aim of this study was to investigate effects of perinatal fluoxetine exposure on juvenile 
and adult social behavior in male and female rat offspring, using an animal model of 
maternal depression. We exposed heterozygous serotonin transporter deficient (SERT+/-) 
female rats to early life stress, and used this as a model for maternal depression. Control 
and depressive-like dams were treated with the SSRI fluoxetine or vehicle throughout 
gestation and lactation. Subsequently, both male and female wildtype (SERT+/+) and 
heterozygous (SERT+/-) rat offspring were tested for pup ultrasonic vocalizations (USVs), 
juvenile social play behavior and adult social interaction. Fluoxetine treatment of the 
dams resulted in a reduced total USV duration in pups at postnatal day 6, especially 
in SERT+/+ males. Perinatal fluoxetine exposure lowered social play behavior in male 
offspring from both control and early life stressed dams. However, in females a 
fluoxetine-induced reduction in juvenile play behavior was only present in offspring 
from control dams. Offspring genotype did not affect juvenile play behavior. Despite 
fluoxetine-induced behavioral effects at juvenile age, fluoxetine reduced male adult social 
behavior in offspring from control dams only. Effects of fluoxetine on female adult social 
behavior were virtually absent. Interestingly, early life stress in dams increased adult 
social exploration in vehicle exposed SERT+/+ female offspring and total social behavior 
in fluoxetine exposed adult SERT+/- male offspring. Furthermore, SERT+/- males appeared 
less social during adulthood compared to SERT+/+ males. Overall, the present study 
shows that chronic blockade of the serotonin transporter by fluoxetine during early 
development has a considerable impact on pup USVs, juvenile social play behavior in 
both male and female offspring, and to a lesser extent on male social interaction in 
adulthood.

Key words: SSRI; development; serotonin transporter; ultrasonic vocalizations; behavior
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Introduction

During pregnancy, about 7 to 13% of women are depressed or suffer from depressive 
symptoms (Bennett et al., 2004). More important, up to 5% percent of pregnant women 
suffer from major depression and cannot function normally without antidepressant 
treatment (Gaynes et al., 2005; Melville et al., 2010). Selective serotonin reuptake 
inhibitors (SSRIs) are the most widely prescribed antidepressants during pregnancy, as 
they are considered relatively safe for both mother and child (Gentile, 2005). However, 
SSRIs are able to cross the placenta and can be found in breast milk, thus reaching the 
developing child (Heikkinen et al., 2003; Noorlander et al., 2008).
Both exposure to a maternal depression as well as SSRIs during pregnancy can influence 
the child’s development and behavior (Olivier et al., 2013). As a result, there is an ongoing 
debate about whether the benefits of treating the mother’s depression during pregnancy 
and the postpartum period outweigh the potential health risks for the child. Recently, 
both maternal mood and SSRI treatment have been increasingly linked to changes in 
social development in children. When exposed to SSRIs in utero and the early postnatal 
period, children are at an increased risk for developing Autism Spectrum Disorder (ASD) 
traits (Gentile, 2015; Man et al., 2015). However, when properly controlled for maternal 
mood and stress, this link is not as evident (Brown et al., 2017; Yamamoto-sasaki et 
al. 2019). Also, independent of SSRI treatment, boys are 3-4 times more likely to get 
diagnosed with ASD than girls (Christensen et al., 2016). Unfortunately, the long-term 
impact of the complex interaction between maternal depression and perinatal SSRI 
treatment on social behavior in the offspring is not fully understood yet. Animal studies 
are often used to investigate SSRI treatment effects on offspring development. However, 
studies looking into the effects of SSRIs on social behavior in the offspring are limited. 
Like clinical studies, these few animal studies similarly indicate social alterations in 
the offspring. For example, both pre- and early postnatal SSRI treatment can decrease 
social play behavior in rodent offspring (Khatri et al., 2014; Olivier et al., 2011; Simpson 
et al., 2011), or time spent exploring a novel conspecific (Zimmerberg and Germeyan, 
2015). In contrast, an increase in aggressive play behavior is also reported (Gemmel et 
al., 2017). Furthermore, prenatal SSRI treatment can affect social communication in 10 
day old rat pups by increasing the amount of 40-kHz distress calls, reflecting an increase 
in anxiety (Cagiano et al., 2008). Even so, more limited are animal studies that also take 
the maternal depression into account. Such studies are more translational to the human 
situation since SSRI treatment typically occurs when suffering from anxiety and/or 
depression. In fact, clinical studies indicate that maternal illness is a confounding factor 
that can drive the risk of ASD in the offspring rather than the SSRI itself (Andrade, 2017). 
Furthermore, SSRI treatment in healthy pregnant women is considered unethical, but 

5
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this problem can be overcome in preclinical studies. Consequently, preclinical animal 
studies investigating both the maternal depression and SSRI treatment separately as well 
as combined would be more relevant.
To model a maternal depression, studies often utilize dams that were stressed during the 
gestational or pre-gestational period. Recently, it has been shown that treatment with the 
SSRI fluoxetine (FLX) can prevent reductions in rat juvenile social play behavior caused 
by pre-gestational maternal stress (Gemmel et al., 2017). While these results suggest a 
protective role of FLX against the effects of pre-gestational maternal stress on juvenile 
play behavior with siblings, they also show an increase in aggressive play behavior with 
unfamiliar conspecifics. It still remains to be established whether altered social behavior 
in the offspring due to maternal stress and/or FLX treatment in the dams remains present 
during adulthood. Furthermore, the long-term effects of perinatal SSRI use combined 
with maternal stress on social interactions need to be established in both male and female 
offspring, as such rodent studies including both sexes are still limited. In addition, sex 
differences are present in disorders related to social withdrawal (Christensen et al., 2016).
The aim of the present study was to assess the developmental effects of early life stress 
and perinatal FLX treatment in dams, both separately and combined, on juvenile and 
adult social behavior in male and female rat offspring. In addition, pup ultrasonic 
vocalizations were investigated. We used female rats heterozygous for the serotonin 
transporter (SERT+/-), and subjected them to early life stress as a translational model for 
maternal depression. We have previously shown that this procedure induces anhedonia, 
which is a well-known symptom of depression (Houwing et al., 2019). Consequently, 
our dams produce wildtype (SERT+/+) and SERT+/- offspring, so possible effects of SERT 
genotype on offspring social behavior could be investigated. In particular, FLX treatment 
was applied during the gestational and postpartum (lactation) period, since rat brain 
neurodevelopment at postnatal days 1–10 is equal to the third trimester in humans 
(Andrews and Fitzgerald, 1997; Dobbing and Sands, 1979). Furthermore, many women 
using antidepressants during pregnancy continue using them during the postnatal 
period. In addition, both male and female offspring were investigated, as there is a lack 
of animal studies investigating both sexes. We hypothesized that perinatal FLX exposure 
would result in an increase in 40-kHz distress calls after being separated from the mother 
and littermates (Cagiano et al., 2008). Furthermore, we expected decreased juvenile 
social play behavior and adult social interaction, as shown in previous studies (Khatri et 
al., 2014; Olivier et al., 2011; Simpson et al., 2011), with no differences between genotypes. 
Even though the dams, and not the offspring, were exposed to the early life stress, we 
also suspect a possible interaction of offspring genotype with early life stress in dams 
(ELSD) on offspring social behavior. We also expected decreased social play behavior 
in the offspring due to ELSD as shown previously by Gemmel et al. (2017). Finally, we 
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expected FLX to alleviate effects of ELSD on the offspring of both sexes (Gemmel et 
al., 2017). With this study, we want to provide a more complete understanding of the 
potential long-term risks SSRI treatment during pregnancy and lactation can have on 
offspring social behavior both early in life as well as later during adulthood.

Materials and Methods

Animals
SERT knockout rats (Slc6a41Hubr) were bred crossing SERT+/− females with SERT+/− male 
rats (F0), resulting in offspring (F1) of three genotypes (SERT+/+, SERT+/− and SERT−/−). 
Females were checked daily at 9:00 and 17:00 for delivery of pups, which was set as postnatal 
day (PND) 0. Animals were housed in aspen wood chip filled Makrolon type 3 cages 
(38.2x22.0x15.0cm; individual housing) or Makrolon type 4 cages (55.6x33.4x19.5cm; social 
housing) with ad libitum access to food (RMH-B, AB Diets; Woerden, the Netherlands) and 
tap water. For enrichment, animals were housed with a wooden gnawing stick (10x2x2cm) 
and nesting material (Enviro-dri®) for nest building. Animals were housed under standard 
laboratory conditions with a reversed 12h:12h light/dark cycle (lights off at 11:00 AM). 
All breeding took place in our own facility. All experimental procedures were approved 
by the Groningen University Committee of Animal experiments.

Early life stress in dams
Future dams were, as pups, subjected to early life stress. Dams (F0) with pups (F1) 
were randomly assigned to either the control group (CTR) or the early life stress group 
ELS). From postnatal day (PND)2-15 pups were maternally separated as a whole litter 
for 6 hours a day (9:00 AM to 3:00 PM) and transported to an empty room, to prevent 
olfactory and visual communication as well as ultrasonic vocalizations. During maternal 
separation, the whole litter was placed in a closed Makrolon type 2 cage on a heating mat 
(Terra Heatmat, Heatel; Poeldijk, the Netherlands). In the first postnatal weeks, rat pups 
are unable to sufficiently regulate their body temperature, as they lose more body heat 
than they generate (Alberts, 1978) and thus need extra heating elements when absent 
from the mother for a long period. The temperature of the heating mat was set at 32±1⁰C 
during PND2-8, and 28±1⁰C during PND9-15. Controls were handled for 15 minutes in 
the same room as the dams (e.g. weighing or determining sex) and were not placed on a 
heating mat. When returned to the mother, a bit of sawdust was distributed on the pups 
to apply scent of the mother. At PND21 pups were weaned and ears were punched for 
identification and genotyping (genotyping procedure: El Aidy et al., 2017). When adult, 
SERT+/- females exposed to ELS show depressive-like behavior (Houwing et al., 2019a) 
and were therefore used as an animal model for maternal depression.

5
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Perinatal fluoxetine exposure
In total, 85 adult female SERT+/- (33 CTR and 52 ELS) and 47 male SERT+/+ Wistar rats 
were used for breeding (F1). The estrus cycle phase of the females was determined by 
measuring vaginal wall impedance (model MK-11, Muromachi, Tokyo, Japan). When 
in estrus, a female was placed with a male for a 24-hour period (Gestational day 0: G0) 
before removing the male. Females from both CTR and ELS groups were randomly 
assigned to the FLX or vehicle group, with more dams assigned to the FLX groups. From 
G0 until weaning of the pups at PND21 (for 6 weeks), dams were weighed and treated 
daily at 11:00 AM with either 10 mg/kg FLX (Fluoxetine 20 PCH, Pharmachemie BV, the 
Netherlands) or a vehicle (Methylcellulose 1%, Sigma Aldrich Chemie BV, Zwijndrecht, 
the Netherlands) using oral gavage. Methylcellulose was used as this is the constituent 
of the FLX capsule. For this procedure, flexible PVC feeding tubes normally used for 
baby enteral tube feeding (40 cm length, Vygon, Valkenswaard, the Netherlands) were 
used. Using these feeding tubes, animals can be orally treated by gently picking up the 
animal without restraining them. By doing so we sought to minimize stress. Even so, 
animals injected with FLX, but not vehicle, appeared to struggle more after repeated 
oral treatment. Four groups of dams were used: (1) Control dams (no early life stress) 
+ vehicle treatment (CTR-VEH) (n=11), (2) Control dams (no early life stress) + FLX 
treatment (CTR-FLX) (n=22), (3) ELS in dams (ELSD) + vehicle treatment (ELSD-VEH) 
(n=15) and (4) ELS in dams + FLX treatment (ELSD-FLX) (n=37). Near the end of 
pregnancy, dams were checked twice a day (9:00 and 17:00) for pup delivery. On the day 
of birth (PND0), when the dam was taken out of the cage for her daily treatment, the 
birth weight and number of live and dead pups was recorded. In addition, the number 
of live pups was counted daily until PND4. At PND21, offspring (F2) were weaned and 
ears were punched for individual recognition and genotyping. Both wildtype (SERT+/+) 
and heterozygous (SERT+/-) offspring were used in this study. Pups were housed in groups 
of 3 to 5 with same sex and same treated animals in Makrolon type 4 cages under the 
same conditions as the dams. Pups were weighed weekly from PND0 until PND70. Due 
to unexpected high mortality rates in dams and offspring from FLX groups, 3 batches 
were needed to complete the study.

Pregnancy outcomes
During gestation and lactation, the following data were recorded of all 3 batches unless 
stated otherwise: dam mortality, gestational length, live birth index ([number of live 
offspring/number of offspring delivered] * 100), the viability index ([number of live 
offspring on PND 4/number of live offspring delivered] * 100), and litter size at birth and 
weaning. Furthermore, pup weight at birth and at PND70 were shown (batch 3 only).
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Ultrasonic Vocalizations (USVs)
At PND6, pup ultrasonic vocalizations in response to separation from the dam and 
littermates were recorded (batch 3 only) (Wöhr and Schwarting, 2008). In short, dams with 
litters on PND6 were moved to an empty room adjacent to the test room at least half an 
hour prior to recordings. Wearing gloves, one pup was randomly selected, sex determined 
and moved individually to the test room. No other animals were present in the test room. 
The pup was placed in a Makrolon type 2 cage (22.5 x 16.7 x 14cm) filled with Aspen wood 
chip that was already under the ultrasonic microphone (Condenser ultrasound microphone 
Avisoft-Bioacoustics CM16/CMPA, Glienicke, Germany). Recording started immediately 
and lasted for 3 minutes. Using the software Avisoft-SASLab Pro (version 5.2.12, Avisoft 
Bioacoustics, Glienicke, Germany) the time of the onset and offset of each vocalization was 
recorded, allowing for the determination of the total USV duration. Since genotype was 
yet unknown, pups were marked afterwards with a black marker on one of their paws for 
individual recognition. From each dam’s litter, a maximum of 2 pups per sex and genotype 
were analyzed. Since the USV experiment was run as a pilot, we only recorded USVs from 
pups from CTR (VEH and FLX) dams and not pups from dams exposed to early life stress. 
In total 32 males (9 SERT+/+ VEH, 11 SERT+/+ FLX, 5 SERT+/- VEH, 7 SERT+/- FLX) and 33 
females (7 SERT+/+ VEH, 9 SERT+/+ FLX, 8 SERT+/- VEH, 9 SERT+/- FLX) were recorded. All 
recordings took place between 2:30 and 5:00 PM under dim-light conditions.

Table 1. All 16 different offspring groups from four groups of dams that underwent behavioral 
assessment

Dams Juvenile social play 
(n)*

Adult social
interaction (n)

No. of litters
used

CTR VEH Male SERT+/+ 12 10
SERT+/- 22 10 10

Female SERT+/+ 11 11
SERT+/- 24 11 11

CTR FLX Male SERT+/+ 10 15
SERT+/- 20 10 10

Female SERT+/+ 11 12
SERT+/- 21 10 11

ELSD VEH Male SERT+/+ 13 12
SERT+/- 26 13 11

Female SERT+/+ 12 9
SERT+/- 23 11 11

ELSD FLX Male SERT+/+ 12 15
SERT+/- 24 10 13

Female SERT+/+ 9 15
SERT+/- 23 11 16

Each ‘n‘ depicts the number of couples used. *For social play analysis SERT+/+ and SERT+/- offspring 
were grouped. The last column shows the number of animals each offspring group came from.

5
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Behavioral testing
Male and female SERT+/+ and SERT+/- offspring from the 4 different dam groups were 
assessed for juvenile play behavior and social interaction during adulthood. This resulted 
in 16 offspring groups (Table 1). In general 1-3 pups per sex and genotype per litter were 
used. However in 4.7 % of the litters we used 4-5 pups per litter because of the reduced 
survival of pups. However, we did not find significant litter effects. The number of litters 
used for the offspring group is represented in Table 1. Testing occurred during the active 
dark phase of the animals, between 12:00 and 5:00 PM.

Social Play
Offspring were tested for juvenile social play behavior at 4-5 weeks of age (PND28-35), 
when the occurrence of this behavior is at its peak (Panksepp, 1981; Pellis and Pellis, 
1991). Animals were tested in couples, with a sex, genotype and treatment matched 
unfamiliar play partner, since play behavior in rats depends on the playfulness of the 
partner (Varlinskaya et al., 1999). The age of the test partners did not differ more than 1 
week. Prior to testing, motivation to play was increased to half maximum by physically 
isolating the animals for 3.5 hours (Niesink and Van Ree, 1989). During isolation, 
individuals were housed in Makrolon type 3 cages with ad libitum access to tap water 
and food. Animals were marked on their tail for individual recognition. Furthermore, 
animals were habituated individually to the test cage for 5 minutes during the isolation 
period. During testing, couples were placed in wood chip filled Phenotyper cages (45 
x 30 x 50 cm, Noldus Information Technology B.V., Wageningen, The Netherlands) for 
15 minutes under red light conditions. Play behavior was videotaped from above using 
an infrared camera in the Phenotyper top unit. Multiple couples in different cages were 
tested at the same time, but were not visible to each other. Various social play behaviors 
were scored including time spent socially exploring the partner (sniffing or grooming), 
pouncing frequency, pinning frequency, chasing duration and boxing/wrestling duration 
(Trezza et al., 2011). To get an idea about the total time spent in social play behavior, 
pouncing, pinning, chasing and boxing/wrestling durations were combined to ‘total play 
behavior’. Each couple was considered as an experimental unit, scored by a blind observer 
and analyzed using The Observer XT version 11.0 (Noldus Information Technology B.V., 
Wageningen, The Netherlands). Social play behavior was scored when at least one of the 
2 animals was displaying the behavior (e.g. when rat 1 is pouncing the behavior is scored, 
but also when rat 2 is pouncing).

Social interaction
At 10-11 weeks of age, the same animals were tested for a different social behavior 
test, namely social interaction. When rats grow up and sexually mature, social play 
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behavior gradually declines but does not disappear entirely (Panksepp, 1981; Pellis 
and Pellis, 1991). To increase motivation for social interaction, animals were isolated 
for 48 hours prior to testing as done previously (Olivier et al., 2011). Animals were 
individually habituated to the test cage for 20 minutes at the beginning of the isolation 
period and again 20 minutes when 24 hours into the isolation period. After the 48-hour 
isolation period, couples were placed in a rectangular arena (80 x 55 x 40 cm) to socially 
interact for 15 minutes under dim light conditions (10 lux). Animals were tested with 
the same partner as during play behavior. Social interaction was videotaped from the 
front and duration was scored using The Observer 11.0 (Noldus Information Technology 
B.V., Wageningen, The Netherlands). Scored behaviors include socially exploring the 
partner (sniffing, licking or grooming); following or approaching the partner; and play 
behavior (pouncing; pinning). To look at overall social behavior, all scored behaviors 
were combined into ‘Total social behavior’. Due to technical difficulties during social 
interaction tests, 2 couples were not recorded. Furthermore, 2 couples were tested with 
the wrong partner and 3 couples were not tested because their play partner did not 
survive into adulthood. Thus, even though the same couples were tested for social play 
and interaction, some groups have fewer couples for social interaction.

Statistical analysis
The Statistical Package for the Social Sciences software version 22 (SPPS Inc., IBM SPSS 
Statistics, Chicago) was used to perform statistics. Data was checked for parametric 
distribution and transformed if non-parametric for use in statistical analysis (formula 
for positively skewed data: Log10(behavioral parameter +1), formula for negatively skewed 
data: Log10(max value +1 - behavioral parameter)). For pregnancy outcomes, the live 
birth- and viability index were negatively skewed and transformed. For social play the 
following behavioral parameters were positively skewed: pinning frequency and chasing 
duration. Boxing/wrestling duration occurred on average less than 2 seconds per group 
and was not individually analyzed. For social interaction behavior, total play behavior 
was found to be positively skewed and was therefore transformed.
USVs were analyzed using a three-way (FLX x genotype x sex) analysis of variance 
(ANOVA) to determine main and/or interaction effects. Post-hoc paired t-tests for 
planned contrasts per sex and genotype were performed. For pregnancy outcomes 
a two-way (ELSD x FLX) ANOVA was performed. For behavioral data, first a 4-way 
multifactorial ANOVA (ELSD x FLX x genotype x sex) was performed to determine 
main sex and/or genotype effects (Supplementary Table 1.). No main effects of sex 
were found for social play behaviors. Furthermore, a genotype effect was only found for 
pinning frequency. Consequently, we decided to group genotypes but split the data by sex 
anyway for further analysis since it is known that there are sex differences in response to 
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stress and FLX exposure on behavioral measures. Subsequently, a two way (ELSD x FLX) 
multifactorial ANOVA per sex was performed to determine main and/or interaction 
effects. Upon significant main or interaction effects, post-hoc testing using Fisher’s LSD 
to correct for multiple comparisons was performed. Furthermore, a 4-way multifactorial 
ANOVA (ELSD x FLX x genotype x sex) for adult social interaction showed multiple 
main effects of sex and genotype, and an interaction between FLX exposure, genotype 
and sex and genotypes were therefore not collapsed (Supplementary table 1). As a result, 
a three way (ELSD x FLX x genotype) multifactorial ANOVA per sex was performed. 
In addition, Fisher’s LSD post-hoc was used to correct for multiple comparisons. All 
statistics were two-tailed with values of p<.05 being considered significant. All data and 
all figures are presented as means ± standard error of the mean (SEM).

Results

Pregnancy outcomes
To examine the effects of ELSD and FLX treatment on pregnancy outcomes, basic 
parameters such as dam mortality, gestational length, pup survival (live birth and 
viability index), litter size at birth and weaning and pup weight at birth and PND70 were 
recorded. Both FLX exposure and ELSD affected various pregnancy outcomes (Table 
2). Dam mortality differed among dams (X2 (3, n = 85) = 9.980, p<.05), with dams treated 
with FLX having higher mortality (approx. 30%) than vehicle treated dams (0%). FLX 
treatment of the dams significantly increased gestational length (F(1,70)=8.063, p<.01), 
regardless of ELSD, while ELSD decreased the gestational length, regardless of FLX 
treatment (F(1,70)=14.268, p<.001). Post-hoc analysis revealed that dams from the ELSD-
VEH group had a significantly shorter gestation period compared to all other groups 
(vs. CTR-VEH: Z=-2.612, p<.01; vs. CTR-FLX: Z=-4.062, p<.001; vs. ELSD-FLX: Z=-
2.564, p=.01). The addition of FLX to ELSD restored the gestational length to control 
length (Z=-0.599, p>.05), but was still shorter than the gestational length from dams 
treated with FLX only (Z=-2.323, p<.05). The live birth index was significantly decreased 
after FLX exposure, regardless of ELSD (F(1,66)=31.198, p<.001). Both FLX groups had a 
significant lower live birth index than vehicle treated mothers (CTR-VEH vs. CTR-FLX: 
p<.001; ELSD-VEH vs. ELSD-FLX: p<.01). From those born alive, fewer pups from FLX 
exposed groups survived until PND4 (viability index: F(1,66)=37.482, p<.001). Again, FLX 
exposed pups from control dams (p<.001) as well as from early life stressed dams (p=.001) 
had a lower viability index than vehicle treated control dams. Weight of the pups at 
PND0 was significantly decreased by FLX treatment, regardless of ELSD (F(1,233)=28.519, 
p<.001). Similarly, ELSD significantly decreased birth weight of pups, regardless of FLX 
treatment (F(1,233)=20.717, p<.001). 
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Table 2. Pregnancy outcomes of dams treated with FLX from G1 to PND21

CTR-VEHa CTR-FLXb ELSD-VEHc ELSD-FLXd

Number of dams 11 22 15 37
Dam mortality (%) 0/11 (0%)bd 7/22 (32%)ac 0/15 (0%)bd 11/37 (30%)ac

Gestational length (days) 22.64 ± 0.15c 22.88 ± 0.09cd 22.13 ± 0.09abd 22.50 ± 0.09bc

Live birth index (%) 96.7 ± 2.00bd 76.9 ± 4.70ac 99.0 ± 0.67bd 83.8 ± 3.32ac

Viability index (%) 98.4 ± 1.1bd 71.9 ± 5.9ac 97.2 ± 2.3bd 73.0 ± 6.0ac

Litter size at birth 11.8 ± 0.9 11.7 ± 0.4 12.4 ± 0.7 12.0 ± 0.3
Litter size at weaning 11.2 ± 0.8 bd 7.1 ± 0.5 ac 11.9 ± 0.7 bd 8.0 ± 0.5 ac

Pup birth weight (g) 5.88 ± 0.05bcd 5.34 ± 0.05a 5.40 ± 0.11a 5.26 ± 0.04a

Pup weight at PND70 (g) 205.7 ± 4.8 211.7 ± 5.6 202.8 ± 8.0 206.7 ± 4.7

Letters indicate a significant difference of p < 0.05 with the respective group (aCTR-VEH; bCTR-FLX; 
cELSD-VEH; dELSD-FLX).

Post-hoc testing revealed that offspring from control dams weighed more than all other 
groups (CTR-FLX: Z=-5.871, p<.001; ELSD-VEH: Z=-4.706, p<.001; ELSD-FLX: Z=-
7.647, p<.001). Pups in all groups did not differ in their weight at PND70 (p>.05) No 
significant main or interaction effects of treatment were found on litter size at birth. 
However, FLX exposure significantly affected litter size at weaning (F(1,66)=33.991, p<.001), 
decreasing the litter size from both control dams (p<.001) and dams stressed early in 
life (P<.001).

Ultrasonic Vocalizations
Pups exposed to perinatal FLX treatment significantly lowered the total duration of USVs 
after separation from mother and littermates compared to perinatal vehicle exposed 
pups, regardless of sex or genotype of the pups (F(1,56)=19.406, p<.001). No main effects of 
sex or genotype, or interactions with FLX treatment were found on total USV duration. 
Post-hoc analysis showed that SERT+/+ males from FLX treated dams had a significant 
lower total call duration (t=2,627, df=18, p<.05, Fig. 1A) compared to SERT+/+ male pups 
from vehicle treated dams. The same reduction in USVs was found in FLX exposed 
SERT+/+ females, however this just missed significance (t=2.010, df=7.391, p=.08, Fig. 
1B). Similarly, SERT+/- males from FLX treated dams tended to have a lowered total call 
duration compared to SERT+/- males from vehicle treated dams (t=2.084, df=10, p=0.06, 
Fig. 1A), while no differences were found in SERT+/- females (Fig. 1B). In addition, a sex 
x genotype effect was found, regardless of FLX treatment (F(1,56)=8.094, p<.01). Post-hoc 
analysis showed that SERT+/- males from vehicle treated dams tended to have a higher 
total call duration than SERT+/+ males (p=.05).
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Social play behavior
To assess whether and how ELSD and FLX exposure affect juvenile play behavior in male 
and female offspring, we measured social play behaviors with an unfamiliar partner. Since 
little genotype effects were found, play behavior from SERT+/+ and SER+/- animals were 
collapsed, differentiating only between males and females from the 4 different treatment 
groups. Pouncing and pinning are the most characteristic forms of social play behavior 
and easy to recognize. Both male and female offspring showed a significant reduction 
in pouncing frequency when exposed to FLX, regardless of ELSD (males: F(1,88)=18.142, 
p<.001; females: F(1,87)=4.403, p<.05, Fig. 2A). As expected, post-hoc testing revealed 
that both male and female CTR-FLX offspring pounced less than CTR-VEH animals 
(male: p<.05; female: p<.05). In addition, there was a significant decrease in pouncing 
frequency of ELSD-FLX male offspring compared to CTR-VEH (p<.05) and ELSD-VEH 
(p=.001) male offspring. Remarkably, no effects of FLX treatment or ELSD were found 
on the pinning frequency (Fig. 2B). Another play component, chasing duration, was 
altered after perinatal FLX exposure in both males (F(1,88)=10.008, p<.01) and females 
(F(1,87)=6.067, p<.05, Fig. 2C). Post-hoc analysis showed a reduction in chasing duration in 
male (p<.05) and female (p<.05) offspring from FLX treated mothers compared to vehicle 
treated mothers. In males, the combination of ELSD and FLX exposure also decreased 
offspring chasing duration, compared to both vehicle treated groups (CTR-VEH: p<.01, 
ELSD-VEH: p<.05). However, ELSD prevented the decrease in chasing behavior caused 
by FLX exposure in female offspring (p<.01).

Figure 1. Total USV duration of VEH and FLX exposed male (A) and female (B) pups separated 
from their dam and littermates on PND6. Shown is the mean ±SEM. *p<.05, n=5-9 per group.

For the total duration of play behavior (including duration of pouncing, pinning, chasing 
and boxing/wrestling), FLX exposure led to a reduction in social play in male offspring 
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regardless of ELSD (F(1,88)=8.731, p<.01, Fig. 2D). Post-hoc testing showed a significant 
decrease in male total play behavior of both CTR-FLX (p<.05) and ELSD-FLX (p<.05) 
compared to CTR-VEH offspring. Furthermore, male ELSD-FLX offspring played 
significantly less than ELSD-VEH offspring (p<.05). A significant interaction was found 
between FLX treatment and ELSD on total play behavior in females (F(1,87)=4.082, p<.05, 
Fig. 2D). Further analysis revealed that CTR-FLX females played significantly less than 
offspring of CTR-VEH mothers (p<.01). Similarly, ELSD tended to reduce play behavior 
in female offspring from vehicle-treated mothers (p=.08).
When it comes to sniffing or grooming an unfamiliar play partner, FLX exposure led 
to a significant increase in social exploration in female offspring regardless of ELSD 
(F(1,87)=9.545, p<.01, Fig. 2E). Further post-hoc analysis revealed an increase in female 
social exploration in both CTR-FLX (p<.05) and ELSD-FLX (p<.05) offspring compared 
to CTR-VEH. In addition, female ELSD-FLX offspring also showed an increase in social 
exploration compared to female ELSD-VEH offspring (p<.05). Social exploration in male 
offspring was not affected by FLX exposure or ELSD (p>.05, Fig. 2E).
Overall, males appear to be more vulnerable to the effects of FLX when it comes to 
juvenile play behavior, since FLX exposure both with and without ELSD reduced play 
behaviors. However, FLX exposure only reduced play behavior in female offspring 
from CTR mothers. This FLX-reduced juvenile play behavior was not present in female 
offspring from early life stressed dams.

Social interaction
During adulthood, offspring was tested in a different set-up to test social interaction. Adult 
male and female offspring heterozygous for the SERT showed reduced social exploration 
towards a conspecific compared to wildtype offspring, regardless of FLX exposure and 
ELSD (male: F(1,82)=28.128, p<.001, female: F(1,78)=7.534, p<.01, Fig. 3A and Fig. 3B). Post-hoc 
testing showed that male SERT+/- animals in all four offspring groups spent less time socially 
exploring their partner compared to wildtypes (CTR-VEH: p<.05, CTR-FLX: p<.05, ELSD-
VEH: p<.05, ELSD-FLX: p<.01), while in female offspring this was only the case for SERT+/- 
ELSD-VEH offspring (p<.05). Furthermore, ELSD led to a significant increase in female 
offspring social exploration, regardless of genotype and FLX exposure (F(1,78)=4.672, p<.05). 
Further analysis revealed an increase in social exploration in female SERT+/+ offspring from 
the ELSD-VEH group compared to SERT+/+ CTR-VEH offspring (p<.05).
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Figure 2. Occurrence of specific play behaviors such as pouncing frequency (A), Pinning 
frequency (B), Chasing duration (C), total time spent in play behavior (D) and time spent socially 
exploring the partner (E) in male and female juvenile rat offspring exposed to fluoxetine (FLX), 
early life stress in dams (ELSD) or their combination. Figures show mean ±SEM. *p<.05, **p<.01. 
SERT genotypes were collapsed. n=20-26 per group (Table 1).
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An interaction was found between ELSD and FLX exposure on following/approach 
behavior in male offspring, regardless of genotype (F(1,82)=4.937, p<.05; Fig. 3C). However, 
post-hoc analysis showed no significant effects on follow/approach behavior (p>.05). 
In females, no main or interaction effects of ELSD and FLX exposure were found on 
offspring following/approach (p>.05, Fig. 3D).
An interaction between ELSD and FLX exposure in male offspring was found for total 
time spent in play behavior (F(1,82)=5.250, p<.05, Fig. 3E). Also, an interaction was 
found between genotype and FLX exposure on total play duration in male offspring 
(F(1,82)=4.944, p<.05). When analyzed further, male SERT+/- offspring from the ELSD-
FLX group had increased total play behavior compared to male SERT+/- ELSD-VEH 
(p<.05) offspring. No main or interaction effects were found in female offspring (p>.05, 
Fig. 3F). When looking at total social behavior, an interaction effect of ELSD and FLX 
treatment was found in male offspring (F(1,82)=6.979, p=.01, Fig. 3G), but not for females 
(p>.05, Fig. 3H). Post-hoc testing showed that CTR-FLX SERT+/+ male offspring had 
significantly decreased total social behavior compared to CTR-VEH SERT+/+ offspring 
(p<.05). Combining ELSD and FLX exposure increased total social behavior in male 
SERT+/- offspring (p<.05). In addition, a significant main effect of offspring genotype was 
found, reflecting decreased total social behavior in SERT+/- male offspring compared to 
SERT+/+ animals (F(1,82)=23.590, p<.001). Further analysis revealed a reduction of total 
social behavior in male SERT+/- offspring in CTR-VEH (p<.05), CTR-FLX (p<.05) and 
ELSD-VEH (p<.001) groups compared to male SERT+/+ offspring.
Overall, effects of FLX exposure found during juvenile play are less apparent during 
adult social interactions in males, and are completely absent in females, suggesting that 
males are more vulnerable to the effects of perinatal FLX exposure when it comes to 
adult social behavior. Furthermore, effects of ELSD are now present in some offspring 
groups, with ELSD increasing offspring social behavior in males and females. Finally, 
having less SERT gene expression resulted in reduced adult social behavior, an effect 
that was more prominent in males.
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Figure 3. Time spent in adult social interactions such as social exploration (A, B), follow/approach 
(C, D), play behavior (E,F) and all social behavior combined (G,H) in male and female adult 
offspring exposed to fluoxetine (FLX), early life stress in dams (ELSD) or their combination. 
Figures show mean ±SEM. *p<.05, **p<.01, ***p<.001, $p<.05 vs SERT+/+, $$p<.01 vs SERT+/+, 
$$$p<.001 vs SERT+/+. n=9-13 per group (Table 1).
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Discussion

To our knowledge, the present study was the first to assess the effects of ELSD and 
perinatal FLX exposure, both separately and combined, on both juvenile and adult social 
behavior in male and female offspring. In addition, this study is the first to take both 
SERT+/+ and SERT+/- offspring into account. The results demonstrated that perinatal FLX 
exposure negatively affected pregnancy outcomes and lowered pup USVs. Furthermore, 
social play behavior of juvenile male and female offspring was affected. Male and female 
offspring of control dams treated with FLX displayed a considerable reduction in various 
components of social play behavior, as well as in total play behavior, independent of 
genotype. However, this FLX-reduced juvenile play behavior was not present in female 
offspring from early life stressed dams. In adulthood, reductions found in juvenile social 
behaviors due to perinatal FLX exposure are only present in the total time spent in 
social behaviors in wildtype male offspring. Interestingly, these FLX effects are entirely 
absent in females from both genotypes. Besides effects of perinatal FLX exposure, ELSD 
resulted in increased adult social interaction in male and female offspring, but in some 
treatment groups only. Overall, heterozygous offspring displayed lower social behavior 
than wildtype offspring, especially the males.

Perinatal FLX exposure and pregnancy outcomes
In the present study, exposing SERT+/- dams to 10 mg/kg FLX during the entire pregnancy 
and lactation period resulted in high dam mortality (about 30%), suggesting maternal 
toxicity at the used dose. Timing of mortality was random (sometimes within minutes, 
other times it took hours) and occurred both during gestation and lactation suggesting 
no effect of accumulation of FLX/norFLX levels in the blood. To confirm this, FLX and 
norFLX levels were measured in maternal blood plasma 23 hours after the first oral 
treatment and weekly thereafter. Subsequently, weekly FLX and norFLX levels were 
always measured 23 hours after the oral treatment, right before the new treatment, with 
the exception of week 3 to prevent extra stress during the week of delivery. FLX/norFLX 
levels (FLX/norFLX in ng/ml: 23 hours: 47/233; week 1: 119/729; week 2: 97/774; week 
4: 89/745; week 5: 62/516; week 6: 28/442) appeared within normal range (Caccia et al., 
1990; Olivier et al., 2011), indicating that there was no accumulation of FLX in blood 
plasma. Some dams exposed to 10 mg/kg FLX showed physical signs of toxicity, such 
as piloerection and lowered activity (personal observations). Clinical signs of toxicity 
and less increase in body weight during pregnancy have been observed before in rats as 
a result of a daily dose of 12 and 17 mg/kg FLX given by oral gavage during G6-G15 or 
G7-PND21, but dam mortality was not observed (Byrd et al., 1994; Müller et al., 2013). 
Perhaps, the increased toxicity in FLX treated dams may be the result of our dams being 
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heterozygous for the SERT gene. Humans who carry the short allele of the SERT gene 
polymorphism, and thus have reduced SERT gene expression levels similar to SERT+/- 
rodents, have an increased risk of developing side effects in response to SSRI treatment 
(Luddington et al., 2009). Whether the genotype is indeed the cause of dam mortality 
is something that will be further investigated in future studies incorporating wildtype, 
SERT+/+ dams.
Furthermore, FLX exposed pups had a lower birth weight, decreasing their chances of 
survival at birth and the first postnatal days. Indeed, we saw a lower viability- and live 
birth index, suggesting fetal and neonatal toxicity as well. Indeed, increased mortality 
and lower birth weight after FLX or paroxetine exposure in pups is not uncommon 
(Cagiano et al., 2008; Fornaro et al., 2007; Müller et al., 2013; Van den Hove et al., 2008; 
Voorhees, 1994). Both human and preclinical studies show an association between SSRIs 
and lower birth weight (reviewed in Hutchison et al., 2018). By blocking the SERT, FLX 
can acutely increase serotonin plasma levels resulting in restricted umbilical artery blood 
flow due to serotonin’s vasoconstrictive properties (Taniguchi et al., 1994). In turn, this 
can lead to a reduced oxygen and nutrient supply to the fetus, thereby restricting growth. 
In the present study ELSD also reduced offspring birth weight, but did not affect pup 
survival. Even so, differences in birth weight were restored at adulthood, since differences 
were no longer present on PND 70.
However, another possible cause of decreased pup survival during the first postnatal 
days in FLX exposed litters might be due to the maternal care of the dam. Personal 
observations were made on maternal care on the day of birth. After delivery of pups, 
observed was whether pups received good maternal care by being all together and 
clean in the nest. When pups were found with their umbilical cord and/or placenta still 
attached or scattered through or outside the nest this was considered as poor maternal 
care. It appeared that maternal care seemed to be poor in more litters from FLX treated 
dams (approx. 80%), than in litters from vehicle treated dams (approx. 7%). Even so, 
we did not score maternal care in the following postnatal days and thus do not know 
what the quality and quantity of maternal care is for the surviving offspring. Next, the 
present study showed a shortening of the gestational period in dams that were stressed 
early in life. Similarly, maternal stress during pregnancy can lead to human pre-term 
delivery (Lilliecreutz et al., 2016; Rondó et al., 2003). FLX may also have influenced 
the maternal behavior, which in turn may have influenced the viability of the pups. In 
dams, serotonin metabolism seems to be altered in brain regions important in maternal 
behavior (reviewed in Gemmel et al., 2018). Exposing dams to FLX might have changed 
maternal behavior contributing to reduced viability of the pups. Indeed, maternal 
SSRI treatment decreases nest building in mice especially on the first postnatal day 
(Svirsky et al., 2016). Unfortunately maternal behavior was not observed in the present 
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study. Whether maternal behavior influenced the viability of the pups needs further 
investigation.
Overall, FLX treatment of the dams resulted in adverse pregnancy outcomes, including 
dam and pup toxicity, lower pup survival, reduced pup birth weight and a shorter 
gestational length. ELSD in dams had fewer adverse effects on pregnancy outcomes as 
it only reduced birth weight and shortened gestational length. Pups recovered from their 
lower birth weight as differences in body weight were no longer present at adulthood.

Perinatal FLX exposure and USVs
To assess the effects of perinatal FLX exposure on total duration of USVs at PND6, pups 
were individually separated from the dam and littermates and USVs were recorded 
for 3 minutes. Interestingly, a profound reduction in total USV duration as a result of 
developmental FLX exposure in the offspring was found regardless of sex and genotype. 
However, this effect was only significantly present in wildtype males when looked at 
individual groups. These results would suggest that our FLX exposed pups are less 
anxious since the emission of 40-kHz USVs in response to being isolated from the nest 
can be seen as a direct correlate of distress and/or anxiety in the pup (reviewed in 
Schwarting and Wöhr, 2012).
Our results disagree with a previous study also treating rat dams with 10 mg/kg FLX that 
found an increase in 40-kHz USVs, and thus presumably in anxiety levels, in 10-day old 
pups (Cagiano et al., 2008). However, in this study SSRI treatment was given only during 
the prenatal period, whereas we treated dams throughout the pre- and postnatal period. 
Consequently, our pups still received FLX via the breast milk of the dams on PND6, 
whereas the pups of Cagiano et al. (2008) were no longer exposed to FLX. Therefore, 
it is most likely that FLX/norFLX levels in the blood plasma were present in our pups 
at the time of testing on PND6, explaining the decrease in USVs. Similarly, when pups 
are injected intraperitoneally with 0.3-30 mg/kg of the SSRI citalopram or 3 or 30 mg/
kg FLX between PND8-10, the total duration of USVs was reduced compared to vehicle 
treated pups (Hodgson et al., 2008). This is not surprising, as SSRIs exhibit anxiolytic 
properties in humans as well as in rodents. Altogether, our results support the hypothesis 
that increasing extracellular 5-HT levels results in a decrease in maternal separation-
induced USVs (Wöhr and van Gaalen, 2018). Future studies should address the effects 
of developmental FLX exposure on USVs after the treatment period is over, and FLX/
norFLX is no longer present. For example, it would be interesting to combine USV 
recordings with juvenile social play behavior or adult social interaction to establish 
possible long term effects of developmental FLX exposure on social communication.
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Perinatal FLX exposure and social behavior
Exposure to SSRIs early in development can lead to short- and long-term changes in 
brain and behavior (Olivier et al., 2013). Although studies are conflicting, perinatal 
SSRI exposure in humans has been associated with increased externalizing behaviors 
such as aggression or defiant behavior (Oberlander et al., 2007), but also with increased 
internalizing behaviors such as anxiety, depression and social withdrawal (Hanley et 
al., 2015; Oberlander et al., 2010). More recently, multiple meta-analysis studies report 
an association between SSRI use during pregnancy and an increased risk for Autism 
Spectrum Disorder in children (Andalib et al., 2017; Brown et al., 2017; Kaplan et al., 
2016, 2017; Kobayashi et al., 2016), which is characterized by social interaction difficulties, 
communication challenges and a tendency to engage in repetitive behaviors. However, 
maternal illness is a confounding factor that may drive this increased risk for ASD, thus 
highlighting the need for animal research including both SSRI exposure and maternal 
stress, both separately as well as combined.
Consequently, more preclinical studies have been performed to characterize the effects 
of SSRIs on various forms of offspring social behavior. At the juvenile age, social play 
behavior in rats is essential for the development of social, cognitive, emotional and 
physical skills (Vanderschuren and Trezza, 2013). Typical play behavior in rats consists 
of rapid bouts of social interaction, which involve characteristic behaviors such as 
pouncing, pinning, boxing and chasing. Since the playfulness of the animal strongly 
depends on the social activity of its partner (Pellis and McKenna, 1992; Varlinskaya 
et al., 1999), both rats in a play couple were similarly treated and considered as one 
experimental unit. We chose this approach to emphasize possible social deficits in same 
treated animals, something which is done by many others, including experts in the field 
of social play behavior (Achterberg et al., 2015; Khatri et al., 2014; Rodriguez-Porcel et 
al., 2011; Trezza et al., 2011). In line with our own findings, the majority of studies find 
that social play behavior with an unfamiliar play partner at the juvenile age is reduced 
after SSRI exposure, regardless of time and length of exposure (Khatri et al., 2014; Olivier 
et al., 2011; Rodriguez-Porcel et al., 2011; Simpson et al., 2011). However, these SSRI-
dependent alterations in play behavior can also be sex-mediated, as studies showed males 
were more affected (Rodriguez-Porcel et al., 2011) or no effects were found in females 
(Simpson et al., 2011). In the present study, we observed play behaviors to be equally 
reduced by FLX exposure in males and females, but the combination of ELSD and FLX 
exposure only lowered male play behavior in the offspring. Even though, not all studies 
are consistent in finding reduced play behavior after FLX exposure. Recently, Gemmel et 
al. (2017) found no effects of FLX exposure during pregnancy and lactation on behavior 
in offspring from non-stressed mothers. This was observed during play behavior of four 
familiar siblings in their home cage, and might highlight the importance of a novel play 
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partner to observe effects of FLX. Interestingly, when Gemmel and colleagues looked 
at social play behavior with an unfamiliar play partner, they found that FLX exposure 
resulted in an increase in play behaviors in these animals. This specific effect on play 
behavior at the juvenile age in rats has not been observed by us or by others (Khatri et 
al., 2014; Olivier et al., 2011; Rodriguez-Porcel et al., 2011; Simpson et al., 2011).
Previous findings on more general social interaction behavior at an adult age, such 
as social exploration or contact behaviors, are more conflicting. In the present study, 
am interaction was found between FLX exposure, genotype and sex. FLX exposure 
during the entire gestational period and lactation reduced the total time spent in 
social interaction in adult male, but not female offspring. In fact, female adult social 
interaction was not affected at all by FLX exposure, suggesting increased vulnerability 
to developmental FLX exposure in males. Olivier et al. (2011) similarly found that FLX 
treatment of the dams during pregnancy tends to reduce social exploration in adult 
male offspring. In contrast, male rat offspring directly injected with FLX from PND0-4 
increased their sniffing, contact and total interaction behavior with a conspecific when 
adult (Ko et al., 2014). This could be due to compensation for impaired tactile function, as 
seen by structural alterations in the barrel cortex after SSRI exposure (Lee, 2009). Other 
studies investigating FLX exposure during the entire pregnancy, or part of the gestational 
and lactation period, found no effects on adult male and female social exploration in 
mice, but did find an increase in male aggressive behavior (Svirsky et al., 2016; Kiryanova 
et al., 2014). Overall, studies exploring the effects of SSRIs on adult social interaction in 
rodents are inconclusive, and effects on females are underexposed.
Next to looking at social exploration in rodents, another way to assess adult social 
behavior is to study the motivation for interaction with a conspecific over interaction with 
an object. The majority of such studies find decreased motivation for social interaction 
with a conspecific after developmental SSRI exposure in both sexes (Khatri et al., 2014; 
Rodriguez-Porcel et al., 2011; Simpson et al., 2011; Zimmerberg and Germeyan, 2015). 
Even so, a study in mice found an increase in motivation for conspecific interaction, but 
in females only (Svirsky et al., 2016).
Because we did not investigate the brains of the offspring we can only speculate on 
the effects developmental FLX exposure had in brain regions important for social 
behavior. It was previously found that the size of the sexually dimorphic nucleus of 
the medial preoptic area was decreased in male offspring exposed to postnatal FLX 
(Rayen et al., 2013). Although this area is linked to sexual behavior and not per se to 
social play behavior or social interaction, it was an effect prominently found in males, 
indicating that alterations in brain regions after developmental SSRI exposure can be sex-
dependent. Furthermore, perinatal SSRI treatment is able to reverse hippocampal CA3 
spine reduction and synapse density in juvenile and adolescent males that were prenatally 
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stressed (Ishiwata et al., 2005). The CA3 region is linked to the CA2 region (Sekino et 
al., 1997), an important area for regulating social behavior (reviewed in Gemmel et al., 
2018). As such, these alterations may reflect changes in social behavior outcomes when 
rats are exposed to FLX and/or stress. Alterations were also found in the dendritic spine 
architecture of the basolateral amygdala when exposed to postnatal FLX treatment. 
Interestingly this was linked to increased social behavior in male offspring. As mentioned 
before studies in females are limited, especially when combined with maternal stress. 
Both stress and SSRI treatment may have independent, but also accumulating effects, on 
brain development. Further investigation is warranted to unravel these alterations and to 
investigate their relevance in social functioning later in life in both males and females.
Altogether, the present and previous studies show that FLX exposure during early 
development interferes with juvenile social play behavior and social interaction during 
adulthood with males appearing to be more vulnerable to these effects than females.

Early life stress in dams, perinatal FLX exposure and offspring social behavior
Since SSRI treatment occurs in patients with a major depression and not in healthy 
people, using an animal model for maternal depression in the form of early life stress 
in SERT+/- dams might be of high translational value. Preclinical studies investigating 
SSRI exposure in an animal model of maternal stress are limited in number, especially 
when looking specifically into the effects of such developmental exposure on social 
behavior on the short and long-term. In the present study, few effects of ELSD were 
found on offspring social behavior. ELSD only tended to reduce total play behavior in 
female offspring regardless of FLX treatment and had no effects on male play behavior. 
Previously, Gemmel et al. (2017) used an animal model of pre-gestational stress and 
found decreased juvenile sibling play behavior regardless of sex, but not when playing 
with a novel play partner. However, in the same study an increase in time spent grooming 
a novel conspecific was found. Interestingly, we found a similar increase in adult social 
exploration in the offspring due to ELSD, but only in female wildtype offspring.
There are only few studies that preceded us in using an animal model of maternal stress 
to investigate effects of SSRI exposure during development. In the study of Gemmel et al. 
(2017) FLX exposure rescued the observed reduction in sibling play behavior as a result of 
pre-gestational stress exposure alone, regardless of sex. Interestingly, in the present study, 
the combination of ELSD and FLX exposure showed no such effects in the offspring, 
since there was no lowered social play due to ELSD that could be rescued. Instead, the 
combination of ELSD and FLX exposure resulted in the same play reducing effects 
as when exposed to FLX alone in male offspring. In juvenile female offspring, ELSD 
together with FLX exposure no longer resulted in the reduced social play behavior as 
seen when exposed to FLX alone. However, the combination of ELSD and FLX exposure 
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seemed to increase adult play behavior in the offspring compared to offspring from early 
life stressed dams treated with vehicle, while total social behavior in males similarly 
increased compared to offspring from CTR dams treated with FLX. Even so, this effect 
was only found in SERT+/- male offspring.
The limited effects of ELSD on offspring social behavior found in this study might be 
surprising, since maternal stress can result in long-term changes in affective behavior in 
the next generation (Franklin et al., 2010). One explanation could be that the maternal 
stress applied in the present study only leads to subtle changes in social behavior and 
for that reason these changes could not be detected in the current social tests. Although 
anhedonia was present in the dams, other affective behaviors were not changed relative 
to control dams (Houwing et al, 2019). Even though we applied a more severe stressor to 
the mothers compared to other maternal separation studies with SERT+/- rats (Houwing 
et al., 2017), this still might be too mild to find robust effects on social behavior in the 
offspring. Future studies are needed to explore whether even more severe stressors, e.g. 
like the unpredictable maternal separation used by Franklin and colleagues (2010), will 
result into changes in social behaviors in the offspring.
A limitation of the current study is that effects found on social behavior due to FLX 
exposure during development could be mediated by the effects of maternal behavior. 
Since we only made personal observations on maternal care on the day at birth and not 
afterwards, we cannot rule out whether maternal behavior was affected, and thereby 
influencing social behavior of the offspring. FLX treatment of the dams can increase 
maternal care of the pups (Johns et al., 2005; Pawluski et al., 2012), but other studies find 
no effect on maternal behavior (Rayen et al., 2011). Maternal licking, a component of 
maternal behavior, is negatively correlated with social play behavior with an unfamiliar 
play partner (Gemmel et al., 2017). To know whether this was the case in the present 
study, maternal care with and without FLX treatment should be subjectively observed 
for a longer period in our early life stressed dams in the future, especially since maternal 
toxicity was observed.

Offspring SERT genotype and social behavior
To our knowledge, this is the first study that explored perinatal SSRI effects on social 
behavior in rat offspring including SERT genotype of the offspring as well. Although 
no differences in social play were present at the juvenile age, differences were found in 
adult social interaction between SERT+/- and SERT+/+ animals. Overall, SERT+/- males and 
females show reduced social exploration relative to wildtypes, regardless of ELSD and 
FLX exposure. Again, effects were more pronounced in male offspring than in female 
offspring, reducing social exploration in all offspring groups, whereas this was only found 
in female offspring from early life stressed dams that were vehicle treated. Similarly, total 
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social behavior in SERT+/- males was reduced in all offspring groups compared to SERT+/+ 

animals, except for SERT+/- offspring from early life stressed dams treated with FLX. No 
genotype effects were observed on total social behavior in females. Previously, studies 
have shown that SERT-/- rodents are less interested in socially exploring or playing with 
a conspecific (Homberg et al., 2007b; Kalueff et al., 2007; Schipper et al., 2011a, 2011b), 
but social behavior studies including SERT+/- rodents are limited. When they do include 
SERT genotype, social behaviors such as sexual behavior and aggression are not affected 
in SERT+/- rodents compared to SERT+/+ animals (Chan et al., 2011; Homberg et al., 
2007a). When it comes to investigating differences in SERT genotype in response to 
FLX treatment, studies are limited in number. Since little neurochemical and behavioral 
changes have been observed in SERT+/− rodents when compared to SERT+/+ animals, 
we similarly did not expect to see a difference in response to FLX exposure during 
development between genotypes. The few studies that took SERT genotype into account 
when looking at perinatal FLX exposure found no differences between SERT+/+ and 
SERT+/- mice in response to FLX exposure in anxiety-related tests (Ansorge et al., 2004).
However, we found that adult SERT+/+ offspring from dams treated with FLX reduced 
social behavior compared to offspring from vehicle treated dams, while SERT+/- offspring 
did not. Noted should be that it also looked like SERT+/- offspring reduced social behavior 
after FLX exposure, but this did not reach statistical significance. Overall, the present 
study is the first to show differences in specific adult social behaviors between SERT+/+ 
and SERT+/- animals, indicating that reduced SERT expression can interfere with social 
behavior during adulthood.
In light of recent findings associating perinatal SSRI treatment with impaired social 
behavior in children, there is need for preclinical research exploring the effects of SSRIs 
and maternal stress both independently as well as combined. In the present study, ELSD 
and FLX exposure interacted to affect aspects of offspring adult social behavior in males, 
thus highlighting the importance of implementing an animal model of maternal stress 
in SSRI exposure research. In addition, our findings suggest that males may be more 
vulnerable to perinatal FLX exposure, since FLX induced effects on female adult social 
behavior were absent.
However, since studies vary in their protocols on many levels (differences in species, test 
age, drug dose, drug administration route, duration of drug exposure, exposure during 
the pre- or postnatal period, and differences in social behavior paradigms), replication 
of findings is of great importance. Replicating findings despite differences in protocols 
will further support observed outcomes. Here we showed in two different social behavior 
paradigms, one at a young age and the other in adulthood, that social behavior was 
affected by perinatal FLX exposure. Since social experience can influence the behavioral 
outcome, we did not repeat the exact same social behavioral tests at young age and 
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adulthood. Currently, our group is also addressing other social behaviors including 
aggression and sexual behavior to provide a better insight into the effects perinatal 
FLX exposure and/or early life maternal stress can have on the social outcome of the 
offspring. Furthermore, when it concerns social behavior it becomes especially important 
to include both male and female offspring, as boys are more often diagnosed with social 
disorders. Findings in males may therefore not be representative for females. Overall, 
investigating the association between perinatal SSRI exposure and offspring social 
behavior can contribute to extending our knowledge about the risks and/or benefits of 
perinatal SSRI treatment for the mother and the developing child.
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Abstract

Many depressed women continue antidepressant treatment during pregnancy. Selective 
serotonin reuptake inhibitor (SSRI) treatment during pregnancy increases the risk for 
abnormal social development of the child, including increased aggressive or defiant 
behavior, with unknown effects on sexual behavior. Our aim was to investigate the effects 
of perinatal SSRI treatment and maternal depression, both separately and combined, on 
aggressive and sexual behavior in male rat offspring. Heterozygous serotonin transporter 
(SERT+/-) knockout dams exposed to early life stress (ELSD) were used as an animal 
model of maternal depression. Depressive-like dams were treated with fluoxetine (FLX) 
or vehicle throughout pregnancy and lactation. Male offspring were tested for aggressive 
and sexual behavior in adulthood. As lifelong reductions in SERT expression are known 
to alter behavioral outcome, offspring with normal (SERT+/+) and reduced (SERT+/-) SERT 
expression were assessed. Results: Perinatal FLX treatment reduced offensive behavior, 
the number of animals attacking, and increased the latency to attack, especially in 
SERT+/+ offspring. Perinatal FLX treatment reduced the mounting frequency in SERT+/+ 
offspring. ELSD increased offensive behavior, without affecting sexual behavior in 
SERT+/- offspring. Overall, our research demonstrates that perinatal FLX treatment and 
ELSD have opposite effects on aggressive behavior, with little impact on sexual behavior 
of male offspring.

Keywords: SSRI; development; serotonin transporter; early life stress; behavior; 
offspring; depression
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1. Introduction

Many women who initiate or continue antidepressant treatment during pregnancy 
are prescribed selective serotonin reuptake inhibitors (SSRIs), as they are considered 
relatively safe for both mother and child (Gentile, 2005). However, SSRIs are able to 
cross the placenta and are excreted into breast milk, thus reaching the developing child 
(Heikkinen et al., 2003; Noorlander et al., 2008). SSRIs act on the serotonergic system by 
blocking the serotonin transporter, resulting in sustained higher extracellular serotonin 
(5-HT) levels and increased serotonergic neurotransmission (Pierz and Thase, 2014). 
In the developing brain, 5-HT acts as a neurotrophic factor, regulating a wide variety 
of neurodevelopmental processes including neurogenesis, cell division, differentiation 
and migration, neuro-apoptosis, and synaptic plasticity (Azmitia, 2001; Gaspar et al., 
2003; Sodhi and Sanders-Bush, 2003). Therefore, it has been suggested that perinatal 
SSRI exposure has the potential to influence serotonergic functioning and subsequently 
alter behavioral development of the child. Indeed, exposure to SSRIs has been linked 
to abnormal development of social behaviors (reviewed by Gemmel et al., 2018a). 
Clinical studies show that children from mothers treated with SSRIs during pregnancy 
have an increased risk to show more externalizing behaviors such as aggression or 
defiant behavior (Oberlander et al., 2007), and more internalizing behaviors such as 
anxiety, depression and social withdrawal (Hanley et al., 2015; Oberlander et al., 2010). 
Furthermore, there is an ongoing discussion about whether SSRI treatment increases the 
risk for the child to develop autism spectrum disorder, as effects often disappear when 
controlling for maternal illness (Brown et al., 2017; Kaplan et al., 2017; Zhou et al., 2018).

In preclinical studies, it has been shown that developmental SSRI exposure affects various 
social behaviors in rodents, including aggressive and sexual behavior. For instance, 
treating rat dams with fluoxetine (FLX) during the prenatal period increased the number 
of fighting bouts in adult male offspring, without affecting attack latency (Singh et al., 
1998). Treating mice dams with FLX during the prenatal and early postnatal period 
resulted in an increased number of offspring attacking intruder mice, even though they 
showed a similar amount of aggressive behavior compared to control mice (Kiryanova 
and Dyck, 2014). Concerning sexual behavior, offspring from mice dams treated with 
FLX from conception until weaning showed reduced sexual incentive motivation, 
without affecting copulatory behaviors (Gouvêa et al., 2008). In rats, a decrease in 
copulatory behaviors including number of mounts, intromission and ejaculations has 
been found after exposure to the SSRI citalopram during the early postnatal period 
(Harris et al., 2012; Maciag et al., 2006; Rodriguez-Porcel et al., 2011). These data indicate 
that perinatal SSRI exposure increases aggressive behavior, while decreasing sexual 
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behavior. Interestingly, similar neural structures are involved in inter-male aggression 
and reproductive behavior (Anderson, 2012). Even though the pathways of reproductive 
and offensive behaviors are shared, exposure to perinatal FLX appears to have opposite 
effects on aggressive and sexual behavior in male rodent offspring.
Since it is difficult to discern the effects of maternal depression and SSRI treatment 
in humans, animal models of maternal stress are of great help to separate the effects 
of maternal depression and SSRI treatment during pregnancy on offspring behavior. 
From a translational perspective, studying the effects of perinatal SSRI exposure in an 
animal model of depression is highly relevant, as usually depressed, and not healthy 
women take SSRIs. In rodents, stress during the prenatal period has been associated 
with reduced aggression in male offspring (Kinsley and Svare, 1986; Patin et al., 2005). 
In contrast, stressors during the early postnatal period, such as maternal separation or 
social deprivation, have been found to increase aggressive behavior in rodents(Sandi and 
Haller, 2015). Besides aggressive behavior, it has also been shown that both prenatal and 
early postnatal stress in rodents reduces male sexual behavior, especially the number of 
copulatory behaviors (Masterpasqua et al., 1976; Rhees and Fleming, 1981), and results 
in less animals showing at least one intromission or ejaculation response (Hernández-
Arteaga et al., 2016; Rhees et al., 2001).
The number of preclinical studies combining the effects of maternal stress and SSRI 
exposure during the perinatal period to investigate offspring neurodevelopment are 
increasing, but still limited when it comes to aggressive and sexual behavior. Kiryanova et 
al. (Kiryanova et al., 2016) studied the effects of FLX treatment in mouse dams exposed to 
prenatal chronic unpredictable tress. They found that perinatal FLX treatment increased 
levels of aggressive behavior, while prenatal stress reduced levels of aggressive behavior 
in male offspring mice (Kiryanova et al., 2016). Interestingly, when FLX treatment was 
administered in dams exposed to early life stress, offspring displayed normal aggressive 
behavior. When it comes to sexual behavior, Rayen et al. (Rayen et al., 2013) found that 
FLX treatment during lactation reduced the number of intromissions and resulted in 
a longer latency to the first intromission and ejaculation in male offspring. However, 
prenatal restraint stress and the combination of prenatal stress and FLX treatment did 
not affect copulatory behavior of male offspring (Rayen et al., 2013). While these studies 
use an animal model of prenatal stress, pregestational stress might be more clinically 
relevant, as many women cope with a depression long before they become pregnant. 
Therefore, we investigated the effects of perinatal FLX treatment on aggressive and sexual 
behavior in male offspring using an animal model of pregestational maternal depression. 
Our animal model of maternal depression consists of heterozygous serotonin transporter 
knockout (SERT+/-) dams that as pups have been exposed to early life stress (early life 
stress in dams, ELSD), resulting in depressive-like behavior (Houwing et al., 2019a). As 

BNW_Danielle_V1.indd   160BNW_Danielle_V1.indd   160 08-05-20   11:2608-05-20   11:26



161

Effects of Perinatal FLX and ELSD on Aggressive and Sexual behavior

reduced SERT expression has been associated with increased vulnerability to develop 
anxiety and depressive-like behavior after stressful life events (Caspi et al., 2003), but 
also with poorer response to FLX treatment in adults (Stevenson, 2018), we expected 
offspring SERT genotype to interact with FLX and ELSD. Furthermore, as it has been 
shown that perinatal SSRI treatment can increase aggressive behavior in rodent offspring 
(Kiryanova et al., 2016; Kiryanova and Dyck, 2014; Singh et al., 1998), we expected a 
similar increase in aggression towards an intruder after perinatal FLX treatment. In 
addition, we expected ELSD to reduce offspring aggressive behavior (Kinsley and Svare, 
1986; Kiryanova et al., 2016; Patin et al., 2005). When offspring is exposed to perinatal 
FLX and ELSD we expect aggressive behavior in offspring to be normal (Kiryanova et 
al., 2016). Furthermore, since multiple studies show reduced sexual behavior after both 
SSRI exposure (Gouvêa et al., 2008; Maciag et al., 2006; Rayen et al., 2013) and prenatal 
stress (Hernández-Arteaga et al., 2016; Masterpasqua et al., 1976; Rhees and Fleming, 
1981), we similarly expected perinatal FLX treatment and ELSD, independently as well 
as combined, to reduce sexual behavior in the offspring.

2. Materials and Methods

2.1. Animals
Wistar rats were maintained on a reversed 12h light/dark cycle (lights off at 11:00 AM) 
with ad libitum access to food RMH-B, AB Diets; Woerden, the Netherlands) and tap 
water. A wooden gnawing stick (10 x 2 x 2 cm) and nesting material (Enviro-dri®) was 
provided for environmental enrichment. Animals were housed in Makrolon type 3 cages 
(38.2 x 22.0 x 15.0 cm) during individual housing or Makrolon type 4 cages (55.6 x 
33.4 x 19.5 cm) during social housing. All breeding occurred in our own facility. All 
experimental procedures were approved by the Groningen University Committee of 
Animal experiments (DEC 6936A).

2.2. Early life stress in dams
Serotonin transporter knockout rats (Slc6a41Hubr) were bred crossing SERT+/− females 
with SERT+/− males, resulting in pups of three genotypes (SERT+/+, SERT+/− and SERT−/−). 
These pups (future dams) were randomly assigned to either the control group (CTR) or 
the early life stress group (ELS). ELS consisted of maternally separating both male and 
female pups of all SERT genotypes as a whole litter for 6 hours a day from postnatal day 
(PND)2-15. CTR pups were taken away during this period for 15 minutes and handled 
briefly. At PND21 pups were weaned and socially housed with same treated, same sex 
pups from different litters. When adult, SERT+/- females exposed to ELS show depressive-
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like behavior (Houwing et al., 2019a) and were therefore used as an animal model for 
maternal depression.

2.3. Perinatal fluoxetine treatment
In total, 85 (33 CTR and 52 ELS) female SERT+/- and 47 male SERT+/+ rats were used for 
breeding. Female estrus was determined by measuring vaginal wall impedance (model 
MK-11, Muromachi, Tokyo, Japan) and followed by housing the receptive female together 
with a male for 24 hours (gestational day 0, G0). CTR and ELS SERT+/- females were 
randomly assigned to the vehicle treated (VEH) or fluoxetine treated (FLX) group. 
Using oral gavage, dams were treated daily with VEH (methylcellulose 1%, Sigma 
Aldrich Chemie BV, Zwijndrecht, the Netherlands) or FLX (10 mg/kg; Pharmachemie 
BV, the Netherlands) injected at a volume of 5 mL/kg from G0 until weaning of the 
pups at PND21. For oral gavage, flexible PVC feeding tubes (Vygon, Valkenswaard, 
the Netherlands) were used without restraining the animals, thus minimizing stress. 
To determine the exact dosing volume, dams were weighed daily. Four groups of dams 
were used: (1) CTR dams + VEH treatment (CTR-VEH) (n=11), (2) CTR dams + FLX 
treatment (CTR-FLX) (n=22), (3) ELS in dams + VEH treatment (ELSD-VEH) (n=15) and 
(4) ELS in dams + FLX treatment (ELSD-FLX) (n=37). Dams were checked twice a day 
for pup delivery. Pregnancy outcomes of the dams and litter characteristics have been 
reported elsewhere (Houwing et al., 2019b). On PND21 pups were weaned and ears were 
punched for individual recognition and genotyping (El Aidy et al., 2017). SERT+/+ and 
SERT+/- offspring were housed with 3-5 same-treated, same-sex animals from different 
litters, while mixing genotypes. Due to unexpected high mortality rates in dams and 
offspring from FLX groups (Houwing et al., 2019b), offspring from three (aggressive 
behavior) or even four (sexual behavior) batches were needed to complete this study. In 
addition, because of the reduced survival of FLX pups, in 4.7% of the litters (batch 1 to 
3) up to five pups per litter were used. No litter effects were found.

2.4. Behavioral testing
Both SERT+/+ and SERT+/- male offspring were tested for aggressive and sexual behavior 
during adulthood. Different batches of males were used for aggressive and sexual 
behavior. Males used for aggressive behavior were previously tested for juvenile play 
(4-5 weeks of age) and social interaction (10-12 weeks of age) (Houwing et al., 2019b). 
Males used for sexual behavior were previously tested for affective behavior, including 
the open field test (16 weeks of age), the forced swim test (26 weeks of age) and the 
sucrose preference test (27-30 weeks of age) (Houwing et al., in preparation). Testing 
occurred between 12:00 PM and 5:00 PM during the active dark phase of the animals. 
Behavior was manually scored and analyzed by one observer blind to treatment using 
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The Observer XT version 11.0 (Noldus Information Technology B.V., Wageningen, The 
Netherlands).

2.4.1 Aggressive behavior
Male (14-16 weeks old) offspring were tested for aggressive behavior in the resident-
intruder test (Koolhaas et al., 2013). Male residents were paired with an adult non-
experimental SERT+/+ female and housed in a large cage (80 x 55 x 50 cm) for one week to 
habituate and establish territorial behavior. Females were oviduct-ligated 2 weeks before 
the habituation period, to prevent pregnancy and the development of maternal aggression 
while keeping hormonal regulation intact. Pairs were housed with a polycarbonate 
tunnel and 2 wooden gnawing sticks (10 x 2 x 2 cm) for enrichment, while food (RMH-
B, AB Diets; Woerden, the Netherlands) and tap water were present ad libitum. Cages 
were covered with a 2 cm layer of Aspen wood chip bedding and were not cleaned during 
the habituation and testing period. Females and enrichment were removed at least one 
hour before testing, and testing occurred under dim light conditions (10 lux). Residents 
received three training sessions followed by a test session on consecutive days. During 
training, an unfamiliar non-experimental male SERT+/+ rat (intruder) was introduced 
into the resident’s cage and the latency to attack the intruder by biting was observed. 
After the first biting attack, or when no attack occurred within 10 minutes, the intruder 
was removed. Residents and intruders were weighed prior to habituation to ensure that 
intruders were lighter than residents. Intruders were only used once a day, and each 
resident received an unfamiliar intruder for each training and test session. During the 
test session, aggressive behavior of the resident was recorded on video for 10 minutes 
after the first attack. If residents did not attack the intruder, the first 10 minutes of the 
video were scored. The frequency and duration of the following behaviors of the resident 
were manually scored from the video recordings: (1) Offensive behavior (lateral threat, 
upright posture, clinch attack, keep down and chasing); (2) Social behavior (moving 
towards/ following, social sniffing, social grooming); (3) Defensive behavior (keep off 
and submissive behavior); (4) Non-social behavior (non-social exploration, rearing, 
inactivity and self-grooming). Furthermore, the latency to attack the intruder was 
scored. In addition, we calculated the proportion of animals attacking the intruder 
during the test session. Behavioral measures were converted into percentage of total 
time spent on the behavior.

2.4.2 Sexual Behavior
Male (32 weeks old) offspring were assessed for sexual behavior in 45 x 30 x 50 cm 
Phenotyper cages (Noldus Information Technology B.V., Wageningen, The Netherlands) 
under red light conditions. Cages were covered with a 2 cm layer of Aspen wood chip 
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bedding and were not cleaned during the testing period. Adult female SERT+/+ rats were 
used as stimulus animals and estrous was induced with a single s.c. injection of 50 
μg estradiol benzoate (dissolved in sesame oil saturated with lecithin) 36–42 h prior 
to testing (Olivier et al., 2011). First, males were allowed to habituate to the test cage 
for 10 min. Subsequently, a receptive female was introduced and sexual behavior was 
recorded on video for 30 min. To ensure the male was able to interact with a receptive 
and willing female, female behavior was observed within the first 5 minutes of the test. 
If she repeatedly rejected the male (e.g. kicking, turning around to prevent mounting), 
she was replaced. Training of sexual behavior occurred once a week for six consecutive 
weeks. Sexual behavior was recorded on video tape in week 7, when the animals were 
sexually experienced. The frequency and latency of the following male copulatory 
behaviors were manually scored from video: mounts, intromissions and ejaculations. 
Mounting and intromission frequency of the first ejaculatory series (frequency up until 
the first ejaculation) were used. Copulatory efficiency was calculated by determining 
the intromission ratio: number of intromissions/(number of intromissions + number 
of mounts)*100.

2.5 Statistical analysis
Data was analyzed using The Statistical Package for the Social Sciences (SPSS) software 
version 22 (SPPS Inc., IBM SPSS Statistics, Chicago). Upon non-parametric distribution, 
data was transformed to approach parametric distribution for use in statistical analysis. 
For behavior in the resident-intruder test, offensive and defensive behavior were log 
transformed. Regarding sexual behavior, a square root transformation was performed 
for mounting, intromission and ejaculation frequency. In addition, latency of copulatory 
behaviors were log transformed. All other behavioral parameters approached parametric 
distribution.
For both aggressive and sexual behavior, all possible two-way ANOVAs were performed 
to determine main and/or interaction effects of FLX, ELSD and genotype. For the 
proportion of animals attacking, a χ2 analysis was performed. Upon significant main 
and/or interaction effects, post hoc testing was performed using Fisher’s LSD to correct 
for multiple comparisons. All statistics were two-tailed with values of p ≤ .05 being 
considered significant. When adding litter as a factor in our ANOVA, no significant 
interactions between litter and other factors were found. All data and all figures are 
presented as mean ± standard error of the mean (SEM). Outliers were not removed and 
individual data points are shown in each figure.
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3. Results

3.1. Aggressive behavior

Effects of perinatal FLX treatment and ELSD on aggressive behavior in SERT+/+ and 
SERT+/- male offspring were assessed using the resident intruder test. Perinatal FLX 
treatment significantly reduced offensive behavior in the offspring, regardless of ELSD 
and genotype (F(1,77)=17.686, p<.001, Fig. 1a). Post hoc testing revealed that SERT+/+ 
CTR-FLX offspring showed less offensive behavior compared to SERT+/+ CTR-VEH 
offspring (p<.01, Fig. 1a). Similarly, SERT+/+ ELSD-FLX offspring displayed less offensive 
behavior compared to SERT+/+ ELSD-VEH offspring (p<.01, Fig. 1a). Furthermore, ELSD 
significantly increased offensive behavior in the offspring, regardless of perinatal FLX 
treatment and genotype (F(1,77)=7.389, p<.01, Fig. 1a). In addition, an interaction between 
ELSD and genotype was found (F(1,77)=4.786, p<.05), with both SERT+/- ELSD-VEH 
and SERT+/- ELSD-FLX offspring showing significantly increased offensive behavior 
compared to SERT+/- offspring from same treated CTR dams (CTR-VEH vs. ELSD-VEH: 
p<.05, CTR-FLX vs. ELSD-FLX: p<.05), while SERT+/+ offspring were not affected (Fig. 
1a). Also, a tendency towards a main effect of genotype was found with SERT+/- offspring 
showing less offensive behavior compared to SERT+/+ offspring (F(1,77)=3.264, p=.08, 
Fig. 1a). More specifically, post hoc testing revealed that SERT+/- CTR-VEH offspring 
showed less offensive behavior compared to SERT+/+ CTR-VEH offspring (p<.01, Fig. 
1a). Defensive behavior was not affected by ELSD, perinatal FLX treatment or offspring 
genotype (p>.05, Fig. 1b). When looking into non-aggressive social behavior, a significant 
main effect of genotype was found with SERT+/- offspring showing increased social 
behavior compared to SERT+/+ offspring, regardless of perinatal FLX treatment and ELSD 
(F(1,77)=4.901, p<.05, Fig. 1c). Regarding non-social behavior, a significant interaction 
between perinatal FLX treatment and genotype was found (F(1,77)=4.578, p<.05, Fig. 1d). 
Both SERT+/+ CTR-FLX and SERT+/+ ELSD-FLX offspring showed increased non-social 
behavior compared to VEH treated counterparts (CTR-FLX vs. CTR-VEH: p<.05, ELSD-
FLX vs. ELSD-VEH: p<.01) while perinatal FLX treatment did not affect non-social 
behavior in SERT+/- offspring (Fig. 1d). For the attack latency, there was a significant 
main effect found of perinatal FLX treatment, with perinatal FLX treatment increasing 
the latency to attack the intruder, regardless of ELSD and genotype (F(1,77)=8.101, p<.01, 
Fig. 1e). Post hoc analysis showed that SERT+/+ CTR-FLX offspring had a higher latency 
to attack the intruder than SERT+/+ CTR-VEH offspring (p<.05, Fig. 1e). Regarding the 
proportion of animals attacking the intruder, a significant main effect of perinatal FLX 
treatment was found, with a smaller proportion of animals attacking, regardless of ELSD 
and genotype (χ2 (1,85)=7.973, p<.01, Fig. 1f). 
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Figure 1. Effects of perinatal FLX treatment and ELSD on various behaviors of adult male 
offspring in the resident intruder test. Shown are offensive behavior (a), defensive behavior (b), 
social behavior (c), non-social behavior (d), attack latency (e) and proportion of animals attacking 
(f) during the test session. Figures show mean ±SEM. *p≤.05, **p<.01, $$ p<.01 (vs. SERT+/+ CTR-
VEH). n=9-12 per group.
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Also, a significant main effect of ELSD was found, with a higher proportion of animals 
attacking the intruder, regardless of perinatal FLX treatment and genotype (χ2 (1,85)=4.870, 
p<.05, Fig. 1f). Post hoc testing revealed that a smaller proportion of SERT+/+ CTR-FLX 
offspring attacked the intruder than SERT+/+ CTR-VEH offspring (p=.05, Fig. 1f). Also, 
a significant smaller proportion of SERT+/- CTR-FLX offspring attacked the intruder 
compared to both SERT+/- CTR-VEH (p<.05) and SERT+/- ELSD-FLX offspring (p=.05).

3.2. Sexual behavior
Effects of perinatal FLX treatment and ELSD on male copulatory behaviors in SERT+/+ 
and SERT+/- offspring were assessed after 6 weeks of training, when animals were sexually 
experienced. A tendency towards an interaction between perinatal FLX treatment and 
genotype was found for mounting frequency (F(1,75)=3.671, p=.06), with post hoc testing 
revealing that SERT+/+ CTR-FLX offspring showed less mounting behavior compared to 
SERT+/+ CTR-VEH offspring (p<.05, Fig. 2a). When looking at the latency until the first 
mount, a significant main effect of genotype was found, with SERT+/- offspring showing 
a reduced mounting latency compared to SERT+/+ offspring, regardless of perinatal FLX 
treatment and ELSD (F(1,75)=3.923, p=.05, Fig. 2b). However, post hoc comparisons show no 
genotype differences between offspring groups. For the number of intromissions, again 
a significant main effect of genotype was found, with SERT+/- offspring displaying an 
increased number of intromissions compared to SERT+/+ offspring, regardless of perinatal 
FLX treatment and ELSD (F(1,75)=5.702, p<.05, Fig. 2C). More specifically, post hoc analysis 
showed that SERT+/- CTR-FLX offspring performed more intromissions than SERT+/+ 
CTR-FLX offspring (p<.05, Fig. 2c). Also, for the intromission ratio a significant main 
effect of genotype was found, with SERT+/- offspring showing a higher intromission ratio 
than SERT+/+ offspring, regardless of perinatal FLX treatment and ELSD (F(1,75)=9.924, 
p<.01, Fig. 2d). Post hoc analysis revealed that SERT+/- ELSD-VEH offspring had a higher 
intromission ratio than SERT+/+ ELSD-VEH offspring, suggesting higher copulatory 
efficiency (Fig. 2d). No other significant main and/or interaction effects were found for 
the analyzed copulatory behaviors.
Between batches, animals significantly differed in their sexual performance (ejaculation 
frequency: F(3,82)=14.927, p<.001). With an average ejaculation frequency below 1, animals 
in the second (0.53 ± 0.48), third (0.90 ± 0.21) and fourth (0.64 ± 0.29) batch were poor 
sexual performers, and differed significantly from the first batch (2.48 ± 0.20, p<.001), 
where animals performed normally.
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Figure 2. Effects of perinatal FLX treatment and ELSD on male offspring copulatory behaviors. 
Shown are the mounting frequency (a), mounting latency (b), intromission frequency (c), and 
the intromission ratio (d). Figures show mean ±SEM. *p≤0.05, $ p≤0.05 (vs. SERT+/+), $$ p<0.01 
(vs. SERT+/+). n=10-11 per group.

4. Discussion

In this study, we sought to explore the effects of perinatal FLX treatment and dams’ early-
life stress history, both separately and combined, on aggressive and sexual behavior in 
adult SERT+/+ and SERT+/- male offspring. Our main findings demonstrate that perinatal 
FLX treatment lowered aggressive behavior, especially in SERT+/+ offspring, while 
early life stress in dams (ELSD) heightened aggressive behavior in SERT+/- offspring. 
Perinatal FLX treatment caused mild effects on sexual behavior of SERT+/+ offspring, 
while ELSD did not affect sexual behavior. Finally, we found genotype specific effects. 
SERT+/- offspring showed less offensive, but more sexual activity compared to SERT+/+ 
rats. Altogether these data show that both perinatal FLX treatment and ELSD genotype-
dependently affect social behavior in the offspring.
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4.1 Effects of perinatal FLX treatment on offspring aggressive behavior
Against our expectations, FLX treatment in healthy dams reduced aggressive behavior in 
SERT+/+ offspring. This was reflected in less time spent in offensive behavior, an increased 
attack latency and a smaller proportion of animals attacking the intruder. Our findings 
contradict both clinical and preclinical data, where perinatal SSRI treatment has been 
associated with an increase in aggressive behavior. In humans, SSRI treatment during 
pregnancy has been associated with increased externalizing behaviors such as aggression 
or defiant behavior in 4-year-olds (Oberlander et al., 2007). Similarly, preclinical 
studies show that perinatal FLX treatment has been associated with an increase in male 
aggressive behavior during adulthood. FLX treatment during the last week of pregnancy 
increased the number of foot shock induced aggressive fighting bouts in adolescent rat 
offspring (Singh et al., 1998). FLX treatment during the entire pregnancy increased the 
number and duration of aggressive attacks in adult male mice (Svirsky et al., 2016). In 
addition, Kiryanova and Dyck (Kiryanova and Dyck, 2014) found that perinatal FLX 
treatment from G15-PND21 increased the proportion of mice attacking an intruder, 
while other parameters of aggressive behavior were unaffected. Related to the reduced 
aggression levels we found in the present study, Yu et al. (Yu et al., 2014) showed that 
male mice exposed to FLX during PND2-PND21 displayed reduced aggressive behavior 
towards an intruder, even failing to display some characteristic aggressive behaviors 
such as biting and tail rattling. Furthermore, Lisboa et al. (Lisboa et al., 2007) exposed 
male mice offspring to FLX throughout pregnancy and lactation (G0 – PND21), similar 
to our study, and found a trend towards an increased attack latency, but no effects on 
number of attacks or attack duration in adult male offspring. All taken together, it seems 
that prenatal FLX treatment increases offspring aggressive behavior while postnatal FLX 
exposure reduces aggressive behavior. However, when FLX is given during both the pre- 
and postnatal period results on aggressive behavior in the offspring are inconsistent. 
One possible explanation for the found reduction in offspring aggressive behavior is 
that our animals are less motivated to participate in social interactions. We previously 
found that the animals used in this study engage less in juvenile social play behavior and 
adult social interactions (Houwing et al., 2019b). Indeed, in the present study we found 
that FLX exposed offspring displayed more non-social behaviors, such as non-social 
exploration. At the same time, FLX exposed offspring spent a similar amount of time 
resting, indicating that FLX exposed offspring were not simply less active than VEH 
exposed offspring (data not shown).
Interestingly, reduced aggressive behavior after developmental FLX exposure corresponds 
with findings in SERT-/- rodents, who similarly display reduced levels of aggression. Both 
SSRI exposure and diminished SERT expression result in elevated extracellular serotonin 
levels. Whereas SERT-/- rodents have chronically elevated 5-HT levels and display 
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reduced aggressive behavior compared to SERT+/+ rodents, SERT+/- rodents have similar 
extracellular 5-HT levels to SERT+/+ (reviewed by Houwing et al., 2017). Interestingly, 
we observed reduced offensive behavior in SERT+/- CTR-VEH offspring when compared 
to SERT+/+ offspring, while it is often reported that SERT+/+ and SERT+/- rodents show no 
differences in behavior. Perhaps these rats function similar under normal conditions, but 
may respond differently under stressful situations. Overall, we found reduced aggressive 
behavior when animals are exposed to FLX. Discrepancies, between studies in aggressive 
behavior could be attributed to several factors, including the variation in behavioral tests 
to measure aggressive behavior, species used, FLX dose and treatment period (pre- versus 
postnatal) and treatment duration (days versus weeks).

4.2 Effects of perinatal FLX treatment on offspring sexual behavior
Regarding sexual behavior, our findings demonstrated that male CTR offspring, but not 
ELSD offspring, exposed to perinatal FLX show reduced mounting behavior, specifically 
in SERT+/+ offspring. However, other copulatory behaviors such as intromissions, 
ejaculations and the intromission ratio were not affected, suggesting that sexual 
motivation is only slightly reduced, while leaving sexual performance intact. In humans 
not much is known about SSRI treatment during pregnancy and lactation and the effects 
it can have on offspring sexual behavior later in life, but preclinical studies found that 
early SSRI exposure can lead to reduced copulatory behaviors in rodents. For example, 
when rat pups are treated with the SSRI citalopram from PND8-PND21, the number 
of mounts, intromissions and ejaculations are reduced in both naïve and sexually 
experienced male rats (Harris et al., 2012; Maciag et al., 2006; Rodriguez-Porcel et al., 
2011). Similarly, FLX exposure during the postnatal period reduced sexual motivation 
and performance in adult male rats (Rayen et al., 2013; Rodriguez-Porcel et al., 2011). 
However, when animals were exposed to FLX during the prenatal period, or throughout 
the pre- and postnatal period, male copulatory behavior was unaffected in mice (Gouvêa 
et al., 2008) and rats (Cagiano et al., 2008; Olivier et al., 2011; Vieira et al., 2013). All in 
all, the present study shows that perinatal FLX exposure did not affect overall sexual 
performance, although a small decrease was found in sexual motivation.

4.3 Effects of ELSD on offspring aggressive and sexual behavior
Against our expectations, ELSD increased aggressive behavior in male SERT+/- offspring, 
which was reflected in increased offensive behavior towards an intruder. However, 
when these pups were also exposed to FLX, aggression levels were comparable to the 
control animals. Our findings contradict previous literature where prenatal stress 
reduced aggressive behavior in male offspring (Kinsley and Svare, 1986; Kiryanova 
et al., 2016; Patin et al., 2005). While prenatal stress reduces aggressive behavior in 

BNW_Danielle_V1.indd   170BNW_Danielle_V1.indd   170 08-05-20   11:2608-05-20   11:26



171

Effects of Perinatal FLX and ELSD on Aggressive and Sexual behavior

offspring, stressors during the early postnatal period, such as maternal separation, 
have the potential to increase inter-male aggression in rats (Veenema et al., 2006) and 
maternal aggression in mice (Veenema et al., 2007). Although the offspring in the present 
study were not exposed to maternal separation, their mothers actually were exposed 
to maternal separation. Because transgenerational effects of early life stress have been 
reported in both humans (Esteves et al.) and rodents (Weiss et al., 2011) our results in 
the offspring may be the result of transgenerational effects of early life stress in our 
dams. One of the mechanisms responsible for the potential transgenerational effects on 
aggressive behavior is through physiological changes in the dam. Both prenatal stress 
(reviewed by Rakers et al., 2016) and maternal separation can induce maternal cortisol 
(or corticosterone (CORT) in rodents) release which can be transferred to the fetus via 
the placenta to induce changes in the fetal hypothalamic-pituitary-adrenal axis and 
subsequent behavioral alterations later in life. In fact, maternal separation for 3 hours a 
day on PND1-14 can increase basal CORT levels and other regulators of the HPA-axis 
such as hypothalamic CRF mRNA levels in juvenile (Veenema and Neumann, 2009) and 
adult (Plotsky and Meaney, 1993) male rats. However, 6 hours of maternal separation 
from PND2-15 in our dams did not affect basal CORT levels prior to breeding (Houwing 
et al., 2019a) and was not measured during pregnancy or in the offspring. Consequently, 
we do not know whether there is maternal-fetal stress transfer and if this is responsible 
for increased aggression levels in the offspring. Whether the dams exposed to early 
life stress indeed show more maternal aggression and if these effects are transferred to 
the offspring remain to be further investigated. Another possibility for the increased 
aggression found in our offspring is due to altered maternal care of the dam. Prenatal 
stress can either increase (Rayen et al., 2011), reduce (Smith et al., 2004) or have no effect 
on maternal care of the dam (Gemmel et al., 2018b; Kiryanova et al., 2016; Pawluski et 
al., 2012b, 2012a). Predictive maternal separation can increase maternal care of the dam 
(Franklin et al., 2010) and there is evidence for the behavioral transmission of maternal 
care behavior from dams to female offspring (reviewed by Champagne, 2008). Whether 
the observed increase in aggressive behavior in offspring of mothers exposed to early 
life stress are associated with altered maternal care levels remains to be investigated. 
Regarding sexual behavior, no effects of ELSD was found on copulatory behaviors of 
male offspring. These findings are opposed to previous studies that have repeatedly found 
prenatal stress to impair male sexual behavior (Gerardin et al., 2005; Hernández-Arteaga 
et al., 2016; Masterpasqua et al., 1976; Wang et al., 2006), but are similar to Rayen and 
colleagues who found no effects of prenatal stress on male (Rayen et al., 2013) and female 
(Rayen et al., 2014) sexual performance. To our knowledge, the effects of ELSD on male 
sexual behavior in the next generation have not been documented. Clearly, more research 
is needed on the transgenerational effects of ELSD on sexual behavior performance of 
male offspring.
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4.4 Effects of offspring SERT genotype and its interaction with perinatal FLX 
treatment and ELSD
Our results demonstrated that SERT+/- males showed reduced offensive behavior and 
increased non-aggressive social behavior compared to SERT+/+ offspring. Furthermore, 
SERT+/- males showed a decreased mounting latency and increased intromission 
frequency and intromission ratio compared to SERT+/+ males, suggesting increased 
sexual motivation and copulatory efficiency, without affecting sexual performance. 
This is surprising, as differences in aggressive and sexual behavior between SERT+/+ 
and SERT+/- rodents haven’t been found before (Chan et al., 2011; Esquivel-Franco et al., 
2018; Homberg et al., 2007), and SERT-/- rodents usually show impaired sexual behavior 
(Chan et al., 2011). When SERT+/- offspring were split for treatment groups, not many 
differences were found. In fact, when just looking at SERT+/- CTR-VEH offspring, which 
is the most comparable group to previous literature, we only find offensive behavior to 
be reduced while sexual behavior is unaltered.
Next, we were interested in a possible interaction between offspring SERT genotype and 
perinatal FLX treatment. In primates, having the short (S) allele for a polymorphism in 
the promotor region of the SERT gene results in lower SERT expression. Lower SERT 
expression has been associated with a poorer response to FLX treatment (Stevenson, 
2018). Keeping this in mind, the reduced SERT expression in our SERT+/- rats might 
play a role in the response to perinatal SSRI exposure as well. Interestingly, effects of 
perinatal FLX treatment on aggressive behavior were primarily observed in SERT+/+ 
offspring and almost completely absent in SERT+/- offspring. Our study even shows that 
levels of offensive behavior in SERT+/- offspring were quite low to begin with, which may 
have concealed effects of perinatal FLX treatment. When it comes to sexual behavior, 
perinatal FLX treatment and SERT genotype interacted to decrease mounting in SERT+/+ 
offspring only. Consequently, our findings suggest that SERT+/- offspring are less sensitive 
to developmental FLX exposure than SERT+/+ offspring. Furthermore, we found an 
interaction between SERT genotype and ELSD on offspring offensive behavior. In fact, 
ELSD increased offensive behavior in SERT+/- offspring only, suggesting that SERT+/- male 
offspring are more sensitive to ELSD than SERT+/+ offspring. Our results seem in line 
with the finding that human S-allele carriers that are exposed to stressful life events are 
more susceptible to stress and have an increased risk to develop mental disorders like 
major depression. All in all, our results indicate that SERT+/- offspring are less sensitive 
to FLX-induced effects on sexual behavior, while being more sensitive to ELSD-induced 
effects on aggressive behavior.
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4.5 Limitations and future perspectives
After analyzing our data, we discovered that a large part of our males used for sexual 
behavior were poor sexual performers. In fact, 46% of our male offspring did not 
ejaculate at all during the 30 minute test session, while sexually experienced SERT+/+ 
and SERT+/- Wistar rats usually ejaculate on average 2.5 times (Chan et al., 2011). Poor 
sexual performers were present in all treatment groups. However, frequencies of other 
copulatory behaviors were within normal range. We also discovered that there were 
differences in the 4 batches tested. In fact, the 2nd, 3rd and 4th batch were poor sexual 
performers, while the 1st batch performed normally. Further analysis did not show an 
interaction between batch and perinatal FLX treatment, ELSD or genotype and indicated 
a main effect of batch only. Factors responsible for poor sexual performance in these 
batches might be related to subtle changes during the experiments such as a different 
season, or having a different experimenter that performed testing with each batch 
(although all data were scored by the same experimenter), but the exact factor remains 
unknown. Future studies should preferably use one batch of animals, where at least 
CTR animals should on average display normal sexual performance. Furthermore, the 
present study investigated male aggressive and sexual behavior only. Previously, it has 
been shown that effects of developmental FLX exposure can have opposite effects on male 
and female sexual behavior (Rayen et al., 2013, 2014). Rayen et al (2013) showed that early 
postnatal FLX exposure reduces copulatory behaviors in males, while female proceptive 
and receptive behaviors were facilitated (Rayen et al., 2014). In addition, potential 
alterations in female aggression, for example maternal aggression, after perinatal FLX 
exposure and maternal stress haven’t been investigated before. Therefore, future research 
should include both sexes when looking at the effects of perinatal FLX treatment and 
maternal stress on offspring aggressive and sexual behavior.

5. Conclusions

In summary, our research showed that perinatal FLX treatment has profound long-
term effects on male aggressive behavior, while having little impact on male sexual 
behavior. Our results add to the increasing amount of clinical and preclinical literature 
linking perinatal SSRI treatment to alter neurobehavioral development in the offspring 
and suggest a role for offspring SERT genotype. However, the underlying maternal 
depression might also contribute to long-term neurobehavioral alterations in the 
offspring. The risks and benefits of SSRI use during pregnancy therefore needs further 
investigation, and more studies should include a translational animal model of maternal 
depression, to provide better insights into the effects in the offspring. Furthermore, 
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future studies should include both male and female offspring to determine implications 
for behavioral development later in life. Altogether, understanding the effects of SSRI 
use during pregnancy and the postnatal period can help depressed women to make more 
informed decisions about the initiation or continuation of antidepressant treatment 
during pregnancy.
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Abstract

Many women diagnosed with a major depression continue or initiate antidepressant 
treatment during pregnancy. Both maternal stress and selective serotonin inhibitor 
(SSRI) antidepressant treatment during pregnancy have been associated with changes 
in offspring behavior, including increased anxiety and depressive-like behavior. Our 
aim was to investigate the effects of the SSRI fluoxetine (FLX), with and without the 
presence of a maternal depression, on affective behavior in male and female rat offspring. 
As reduced serotonin transporter (SERT) availability has been associated with altered 
behavioral outcome, both offspring with normal (SERT+/+) and reduced (SERT+/-) SERT 
expression were included. For our animal model of maternal depression, SERT+/- dams 
exposed to early life stress were used. Perinatal FLX treatment and early life stress 
in dams (ELSD) had sex- and genotype-specific effects on affective behavior in the 
offspring. In female offspring, perinatal FLX exposure interacted with SERT genotype 
to increase anxiety and depressive-like behavior in SERT+/+, but not SERT+/-, females. In 
male offspring, ELSD reduced anxiety and interacted with SERT genotype to decrease 
depressive-like behavior in SERT+/-, but not SERT+/+, males. Altogether, SERT+/+ female 
offspring appear to be more sensitive than SERT+/- females to the effects of perinatal FLX 
exposure, while SERT+/- male offspring appear more sensitive than SERT+/+ males to the 
effects of ELSD on affective behavior. Our data suggest a role for offspring SERT genotype 
and sex in FLX and ELSD-induced effects on affective behavior, thereby contributing 
to our understanding of the effects of perinatal SSRI treatment on offspring behavior 
later in life.

Keywords: SSRI; development; serotonin transporter; early life stress; affective behavior; 
offspring
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1. Introduction

Being the leading cause of disability worldwide, major depressive disorder (MDD) is 
affecting approximately 4.4% of the global population (World Health Organization, 
2017), with a higher prevalence in women. During pregnancy, hormonal changes can 
increase vulnerability for the onset or return of depression, especially during the 2nd 
and 3rd trimester (Bennett et al., 2004). Consequently, one in five pregnant women 
experiences symptoms of a depression (Gaynes et al., 2005), while approximately 4–7.5% 
of women actually suffer from MDD during pregnancy (Andersson et al., 2003; Gaynes 
et al., 2005; Melville et al., 2010).
Being depressed during pregnancy has been associated with several adverse pregnancy 
outcomes, including poor neonatal adaptation, premature delivery and reduced fetal 
growth (reviewed in Olivier et al., 2013). On the long term, a maternal depression has 
the potential to alter neurobehavioral development of the offspring. For instance, being 
depressed during pregnancy has been associated with attention and emotional problems 
in 4-year olds (Beveridge et al., 2002; Van Batenburg-Eddes et al., 2013), increased 
anxiety in 6-year olds (Davis and Sandman, 2012), increased internalizing in 12-year olds 
(Agnafors et al., 2013), and an increased risk to develop a depression during adolescence 
or adulthood (Pawlby et al., 2009; Pearson et al., 2013).
When pregnant women are suffering from a moderate to severe depression, antidepressant 
treatment is often recommended (Yonkers et al., 2011). Selective serotonin reuptake 
inhibitors (SSRIs) are the most frequently prescribed class of antidepressants during 
pregnancy, with prescription up to 3% in Europe and even up to 13% in the United 
States (Cooper et al., 2007; El Marroun et al., 2012; Hayes et al., 2012). By blocking the 
serotonin transporter (SERT), SSRIs prevent reuptake of synaptic serotonin back into 
the presynaptic cell, resulting in increased extracellular serotonin levels and prolonged 
serotonergic signaling. SSRIs cross the placenta and have been found in human breast 
milk, exposing not only the mother but also the developing child to the SSRIs (Heikkinen 
et al., 2003; Noorlander et al., 2008). Whereas serotonin is an important regulator of 
mood during adulthood, serotonin acts as a neurotrophic factor modulating important 
neurodevelopmental processes during early brain development (Azmitia, 2001; Gaspar 
et al., 2003; Sodhi and Sanders-Bush, 2003). Consequently, changes in serotonin levels 
during neurodevelopment are not without risks for the developing child. For instance, 
SSRI treatment during pregnancy has been associated with increased internalizing and 
anxious behaviors in 3 and 6 year olds (Hanley et al., 2015; Oberlander et al., 2010), and 
an increased risk for attention-deficit hyperactivity disorder (Clements et al., 2015). 
Furthermore, SSRI use during pregnancy has repeatedly been linked to an increased risk 
for autism spectrum disorder (Andalib et al., 2017; Kaplan et al., 2016, 2017; Kobayashi 
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et al., 2016), whereas others did not find this link or suggest that this increased risk is 
caused by the depression itself rather than the SSRIs (Brown et al., 2017; Yamamoto-
sasaki et al., 2019).
In clinical studies it is hard to directly dissociate the effects of the maternal depression 
from the SSRI treatment and when controlled for the severity of the maternal depression, 
associations of prenatal SSRI treatment with behavioral problems in the child do not 
always persist. Fortunately, preclinical studies can provide a distinct indication as to 
whether SSRI exposure during development, both separately as well as combined with 
maternal stress, alters behavior of the offspring later in life. However, most preclinical 
studies have investigated the effects of SSRI treatment using only healthy rodents, 
while studying the effects of perinatal SSRI treatment in the presence of a stressed 
mother is more clinically relevant. In rodents, it has been shown repeatedly that both 
perinatal SSRI exposure and prenatal stress cause changes in affective behavior, such 
as increased anxiety and depressive-like behavior (reviewed in Kiryanova et al., 2013; 
Weinstock, 2017). Studies investigating the neurobehavioral effects of SSRI exposure 
during the perinatal period in combination with an animal model of depression have 
been increasing in number (e.g. Kiryanova et al., 2016; Pawluski et al., 2012; Rayen et 
al., 2011; Salari et al., 2016). However, only few of those studies focused on the effects of 
SSRI treatment and maternal stress on affective behavior in the offspring (Kiryanova et 
al., 2016; Rayen et al., 2011).
In the present study, we investigated the effects of perinatal SSRI exposure with and 
without the presence of maternal stress, on offspring affective behavior. We used an 
animal model of depression, which utilizes heterozygous serotonin transporter knockout 
(SERT+/-) dams exposed to early life stress (ELSD). We have previously shown that this 
procedure induces anhedonia, reflecting depressive-like behavior (Houwing et al., 2019a), 
which is already present prior to conception. Throughout pregnancy and lactation, dams 
exposed to early life stress were treated with the SSRI fluoxetine (FLX) or vehicle to 
investigate potential long-term alterations in affective behavior in both male and female 
offspring. Since both pharmacological blockade of the SERT with SSRIs and lifelong 
reduced SERT expression alter behavioral development in rodents (Ansorge et al., 2004, 
2008; Homberg et al., 2007), both SERT+/+ and SERT+/- offspring were investigated. In 
humans, a reduction in SERT expression has been associated with increased affective 
behavior after stressful life events (Caspi et al., 2003), but also with poorer treatment 
response (Stevenson, 2018). Therefore, we expected offspring SERT genotype to interact 
with FLX exposure and ELSD. Furthermore, since FLX exposure increases affective 
behavior such as anxiety and depressive-like behavior in rodents (e.g. (Boulle et al., 
2016a; Ko et al., 2014), we expected FLX exposure to increase affective behavior in the 
present study as well. Similar to effects of prenatal stress (Weinstock, 2017), we also 
expected ELSD to increase anxiety and depressive-like behavior in the offspring.
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2. Methods

2.1 Animals
Wistar rats were housed in Makrolon type 3 cages (38.2 x 22.0 x 15.0 cm) during 
individual housing or Makrolon type 4 cages (55.6 x 33.4 x 19.5 cm) during social 
housing. Animals were given ad libitum access to food RMH-B, AB Diets; Woerden, 
the Netherlands) and tap water and were maintained on a reversed 12h light/dark cycle 
(lights off at 11:00 a.m.). Environmental enrichment was provided as a wooden gnawing 
stick (10 x 2 x 2 cm) and nesting material (Enviro-dri®). All breeding occurred in our own 
animal facility and experimental procedures were approved by the Groningen University 
Committee of Animal experiments (DEC6936A).

2.2 Early life stress in dams
Serotonin transporter knockout rats (Slc6a41Hubr) were bred crossing SERT+/− females 
with SERT+/− male rats, resulting in offspring of three genotypes (SERT+/+, SERT+/− and 
SERT−/−). These pups (future dams) were randomly assigned to either the control group 
(CTR) or the early life stress group (ELS). ELS consisted of maternally separating both 
male and female pups of all SERT genotypes as a whole litter for 6 hours a day from 
postnatal day (PND)2-15. As a control (CTR), pups were taken away during this period 
for 15 minutes and handled briefly. Pups were weaned at PND21 and socially housed 
with same treated, same sex pups from different litters. As we have previously shown 
that adult SERT+/- females exposed to ELS show depressive-like behavior (Houwing et 
al., 2019a) they were used as an animal model for maternal depression.

2.3 Perinatal fluoxetine treatment
In total, 134 adult female SERT+/- (65 CTR and 69 ELS) and 47 male SERT+/+ Wistar 
rats were used for breeding and fluoxetine treatment. When in estrus, determined 
by measuring vaginal wall impedance (model MK-11, Muromachi, Tokyo, Japan), a 
female was placed with a male for a 24-hour period (Gestational day 0: G0) and housed 
singly afterwards. Females from both CTR and ELS groups were randomly assigned to 
the fluoxetine or vehicle group. From G0 until weaning of the pups at PND21 (a total 
of 6 weeks), dams were weighed and treated daily at 11:00 a.m. with either 10 mg/kg 
fluoxetine (FLX, Fluoxetine 20 PCH, Pharmachemie BV, the Netherlands) or a vehicle 
(VEH, Methylcellulose 1%, Sigma Aldrich Chemie BV, Zwijndrecht, the Netherlands) 
using flexible PVC feeding tubes (40 cm length, Vygon, Valkenswaard, the Netherlands) 
for oral gavage. With these feeding tubes, animals can be orally treated by gently picking 
up the animal without restraining them and minimizing stress. Four groups of dams 
were used: (1) Control dams + vehicle treatment (CTR-VEH) (n=24), (2) Control dams 
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+ fluoxetine treatment (CTR-FLX) (n=41), (3) ELS in dams + vehicle treatment (ELSD-
VEH) (n=21) and (4) ELS in dams + fluoxetine treatment (ELSD-FLX) (n=48). Near 
the end of pregnancy, dams were checked twice a day (9:00 a.m. and 5:00 p.m.) for pup 
delivery (PND 0). At PND21, offspring were weaned and ears punched for individual 
recognition and genotyping as described previously (El Aidy et al., 2017). Both wildtype 
(SERT+/+) and heterozygous (SERT+/-) offspring were used in this study. Pups were housed 
in groups of 3 to 5 with same-sex and same-treated animals in Makrolon type 4 cages 
under the same conditions as the dams. Due to unexpected high mortality rates in dams 
and offspring (about 25%) from FLX groups, we ended up with less dams and litters 
for offspring groups than before start of treatment (see Houwing et al., 2019b for more 
details on dam and pup mortality). In total, 4 batches were used in this study. Per litter, 
part of the offspring was used for the current study, while other pups in litters from the 
first 3 batches were used for parallel experiments including social play, social interaction 
(Houwing et al., 2019b), aggressive and sexual behavior (Houwing et al., submitted). In 
the end, offspring for the current study came from 60 litters (CTR-VEH: 18, CTR-FLX: 
17, ELSD-VEH: 11, ELSD-FLX: 14).

2.4 Behavioral testing
Male and female wildtype (SERT+/+) and heterozygous (SERT+/-) offspring were tested 
for changes in affective behavior during adulthood, including anxiety in the open 
field, stress coping in the forced swim test and depressive-like behavior in the sucrose 
preference test. Testing occurred during the active dark phase of the animals, between 
12:00 and 5:00 p.m.

2.4.1 Open Field (OF)
At 16 weeks of age, animals were tested for anxiety-like behavior in the OF. The OF 
consisted of an open square arena (100 x 100 x 40 cm), with a black floor and walls made 
of wood. The arena was subdivided into a center (square area of 60 x 60 cm) and outer 
area near the walls (20 cm wide). Animals were tested under dim light conditions (2.5 
lux). At the beginning of each trial, an animal was placed in a corner and exploration 
was recorded on video for 10 minutes. Using automated animal tracking software 
(EthoVision XT, Noldus, The Netherlands), the total distance moved (m) and the time 
the animal spent in the center of the OF were calculated. Between trials, the OF was 
cleaned using a 70% ethanol solution to remove olfactory cues.

2.4.2 Forced Swim Test (FST)
At 26 weeks of age animals were tested for stress coping in the FST. Animals were placed 
in cylindrical Plexiglas tanks (50 cm x 18 cm diameter), filled with 30 cm of water (22 ± 1 
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°C). On the first day, animals were placed in individual tanks for 15 min. Upon removal, 
animals were dried with a towel and placed in a cage on a heating mat to recover. On 
the second day, exactly 24 hours later, animals were re-tested for 5 min. Animals were 
tested under dim light conditions (2.5 lux). Animals that were simultaneously tested were 
visually separated from animals in the other tanks. Females were checked for estrous 
cycle phase (model MK-11, Muromachi, Tokyo, Japan) on the first day of the FST and 
were not tested if they were in estrus. The FST was recorded on video and percentage of 
time spent in mobility and immobility was scored by one observer blind for treatment 
(The Observer XT 11.0, Noldus, The Netherlands). Active climbing, swimming and 
diving were scored as mobility, while immobility was defined as making no movements 
for at least 2 s or making only those movements that were necessary to keep the nose 
above water. Slightly moving of the paws or support by pressing paws against the wall of 
the tank was still considered immobility. Tanks were cleaned and refilled between trials.

2.4.3 Sucrose preference test (SPT)
At 27-30 weeks of age, animals were tested for their preference for a sucrose solution over 
water. First, animals were individually housed and habituated with two water bottles, 
one on each side of the cage, for 3 consecutive days. Following habituation, animals were 
presented with one water bottle and one bottle containing a sucrose solution for 24h on 
alternating days. On the other days two bottles of water were presented. Starting with 
a 0.1% sucrose solution, the sucrose concentration gradually increased with 0.1% each 
sucrose day (0.1% to 1%). After that, sucrose concentrations increased with 1% (1% to 
4%). In total, 13 different sucrose concentrations were given over a period of 4 weeks. 
Sucrose bottle locations on the cage were alternated on sucrose days to prevent spatial 
bias. Fluid consumption (gram) was determined daily and animals were weighed on 
sucrose days. The preference for sucrose above water was calculated ((sucrose solution 
intake (g)/total fluid intake (g)) x 100%). In addition, the actual sucrose intake in mg 
per gram rat was calculated and corrected for body weight ((((sucrose solution intake 
(g)/100)*sucrose concentration (%))/body weight (g))*1000).

2.5 Statistical analysis
The Statistical Package for the Social Sciences software version 22 (SPPS Inc., IBM SPSS 
Statistics, Chicago) was used to perform statistics. We previously found sex specific 
effects of perinatal FLX exposure in the offspring (Houwing et al., 2019b), therefore 
ANOVAs were performed per sex. For the OF and FST, all possible two-way ANOVAs 
were performed to determine main and/or interaction effects of FLX, ELSD and genotype. 
For the SPT, a repeated measures ANOVA with FLX, ELSD and genotype as between 
subjects factor and sucrose concentration as within subjects factor was performed. 
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When appropriate, Fisher LSD was used post hoc to correct for multiple comparisons. 
All statistics were two-tailed with values of p≤.05 being considered significant. All data 
and all figures are presented as means ± standard error of the mean (SEM).

3. Results

3.1 Open Field (OF)
Effects of perinatal FLX exposure and ELSD on anxiety-like behavior in SERT+/+ and 
SERT+/- offspring were assessed using the OF. Regarding the total distance moved in the 
OF, perinatal FLX exposure and genotype interacted in both male and female offspring, 
regardless of ELSD (males: F(1,75)=4.856, p<.05, Fig. 1A; females: F(1,76)=14.420, p<.001, 
Fig. 1B). For males, post hoc analysis showed that SERT+/+ CTR-FLX offspring had a 
lower total distance moved in the OF compared to SERT+/+ CTR-VEH offspring (p<.05, 
Fig. 1A). In addition, SERT+/+ ELSD-FLX male offspring tended to have a lower total 
distance moved compared to SERT+/+ ELSD-VEH offspring (p=.06, Fig. 1A). For females, 
SERT+/+ CTR-FLX had a lower total distance moved compared to SERT+/+ CTR-VEH 
offspring (p<.05, Fig. 1B). Furthermore, SERT+/+ ELSD-FLX female offspring had a lower 
total distance moved compared to SERT+/+ ELSD-VEH offspring (p<.05, Fig. 1B). On 
the contrary, a tendency towards a higher total distance moved was found for SERT+/- 
CTR-FLX female offspring compared to SERT+/- CTR-VEH offspring (p=.08, Fig. 1B). 
For the time the animals spent in the center of the OF, a main effect of ELSD was found 
in male offspring, with ELSD offspring significantly spending more time in the center, 
regardless of FLX exposure and genotype (F(1,75)=4.764, p<.05, Fig. 1C). Post hoc analysis 
showed that SERT+/- ELSD-FLX male offspring significantly spent more time in the 
center of the OF, compared to SERT+/- CTR-FLX males (p<.05, Fig. 1C). For females, an 
interaction between FLX exposure and genotype was found for the time spent in the 
center (F(1,76)=5.175, p<.05, Fig. 1D), with effects found only in SERT+/+ females. Post hoc 
analysis showed that SERT+/+ CTR-FLX and SERT+/+ ELSD-FLX female offspring tended 
to spent less time in the center of the OF, compared to SERT+/+ CTR-VEH offspring (vs. 
CTR-FLX: p=.09, vs. ELSD-FLX: p=.08, Fig. 1D). Likewise, SERT+/+ ELSD-FLX female 
offspring tended to spent less time in the center of the OF, compared to SERT+/+ ELSD-
VEH offspring (p=.06, Fig. 1D).
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Figure 1. Effects of perinatal FLX exposure and ELSD on male (A) and female (B) total distance 
moved and male (C) and female (D) time spent in the center of the open field. Figures show mean 
±SEM. *p≤.05, n=9-12 per group.

Figure 2. Effects of perinatal FLX exposure and ELSD on percentage of time spent immobile in 
the FST for males (A) and females (B). Figures show mean ±SEM, $ p<.05 (vs SERT+/+), n=9-12 
per group.
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3.2 Forced swim test (FST)
To assess effects of FLX exposure and ELSD on stress coping, SERT+/+ and SERT+/- 
offspring were assessed in the FST. For males, a significant main effect of genotype was 
found, with SERT+/- offspring spending a lower percentage of time being immobile in the 
FST compared to SERT+/+ offspring, regardless of FLX exposure or ELSD (F(1,75)=4.062, 
p<.05, Fig. 2A). Post hoc analysis revealed that SERT+/- ELSD-FLX offspring spent a 
significantly lower percentage of time being immobile in the FST compared to SERT+/+ 
ELSD-FLX offspring (p<.05, Fig. 2A). For females, a significant main effect of genotype 
was found as well, with SERT+/- offspring spending a higher percentage of time being 
immobile in the FST compared to SERT+/+ offspring, regardless of FLX exposure or ELSD 
(F(1,76)=13.870, p<.001, Fig. 2B). More specific, post hoc analysis showed that SERT+/- CTR-
VEH offspring spent a higher percentage of time being immobile in the FST compared 
to SERT+/+ CTR-VEH offspring (p<.05, Fig. 2B). Also, SERT+/- ELSD-VEH treated female 
offspring spent a higher percentage of time being immobile in the FST compared to 
SERT+/+ ELSD-VEH female offspring (p<.05).

3.3 Sucrose preference test
To assess effects of FLX exposure and ELSD on depressive-like behavior, SERT+/+ and 
SERT+/- offspring were tested using the sucrose preference test. Both males and females show 
an increasing preference for a sucrose solution with an increasing sucrose concentration 
(males: F(6.006, 450.482)=18.400, p<.001, Fig. 3A-B; females: F(5.830, 443.100)=19.840, p<.001, Fig. 
3C-D). For males, an interaction between ELSD and genotype on sucrose preference was 
found, regardless of FLX exposure (F(1,75)=4.327, p<.05, Fig. 3A-B). In addition, a main 
effect of ELSD was found, with ELSD increasing sucrose preference in male offspring 
(F(1,75)=6.732, P<.05, Fig. 3A-B). Post hoc analysis showed increasing effects of ELSD on 
sucrose preference in SERT+/- males at 0.2, 0.3, 0.5 and 0.7 % sucrose solution compared 
to CTR SERT+/- male offspring (Fig. 3B), while no effects were observed in SERT+/+ males 
(Fig. 3A). For females, an interaction between FLX exposure and genotype on sucrose 
preference was found (F(1,76)=10.002, P<.01, Fig. 3C-D). Post hoc analysis revealed that 
FLX exposure significantly lowered the sucrose preference at 0.5, 0.7, 0.8 and 1.0% sucrose 
solution in SERT+/+ offspring (Fig. 3C), while FLX exposure increased sucrose preference 
at 0.9% sucrose solution in SERT+/- offspring compared to CTR SERT+/- offspring (Fig. 3D). 
Regarding sucrose intake, both male and female offspring increased their sucrose intake 
with increasing sucrose concentrations (males: F(4.254, 319.082)=272.212, p<.001; females: F(3.573, 

271.535)=279.817, p<.001, data not shown). Furthermore, a main effect of genotype was found 
in females, with SERT+/- offspring having a lower sucrose intake compared to SERT+/+ 
females (F(1,76)=5.799, p<.05, data not shown). No other main and/or interaction effects of 
perinatal FLX exposure, ELSD and genotype were found in males or females.
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4. Discussion

In the present study, we investigated the long term effects of perinatal FLX treatment 
and ELSD, both separately and combined, on affective behavior in adult male and female 
offspring with normal and diminished SERT expression. Our main findings demonstrate 
that perinatal FLX exposure and ELSD alter affective behavior, but effects are genotype 
and sex dependent. FLX exposure increased anxiety-like behavior in females, but only 
in SERT+/+ females and effects might be activity dependent. Furthermore, FLX exposure 
interacted with genotype to increase depressive-like behavior in SERT+/+ females. 
Opposite to the effects of FLX exposure, ELSD had reducing effects on anxiety- and 
depressive-like behavior. ELSD decreased anxiety-like behavior in SERT+/- males exposed 
to FLX. Also, ELSD interacted with genotype to decrease depressive-like behavior in 
SERT+/- male offspring, but not in SERT+/+ males. All take together, our findings show 
that SERT+/+ female offspring are more sensitive than SERT+/- females to the effects of 
perinatal FLX exposure, while SERT+/- male offspring are more sensitive than SERT+/+ 
males to the effects of ELSD on affective behavior.

4.1 Effects of perinatal FLX exposure on anxiety- and depressive-like behavior
In line with our expectations, perinatal FLX treatment altered affective behavior by 
increasing anxiety- and depressive-like behavior in the offspring. Both male and female 
SERT+/+ CTR-FLX offspring covered a shorter distance in the OF compared to CTR-
VEH offspring, indicative of reduced motor activity. Similarly, female SERT+/+ ELSD-
FLX offspring were less active in the OF than ELSD-VEH offspring. The finding that 
perinatal FLX exposure reduces activity in the OF has been found repeatedly when 
FLX was administered directly to the offspring (Altieri et al., 2015; Ansorge et al., 2004; 
Karpova et al., 2009; Ko et al., 2014; Yu et al., 2014; Zheng et al., 2011). Surprisingly, in 
previous studies that administered FLX directly to the dam, offspring did not show 
altered activity levels (Boulle et al., 2016a, 2016b; Kiryanova et al., 2016, 2017; Lisboa et 
al., 2007; McAllister et al., 2012; Olivier et al., 2011; Salari et al., 2016). These differences 
might appear due to the timing of treatment. For example, an earlier study performed 
by our lab (Olivier et al., 2011) showed no effect of FLX treatment during development 
on OF activity in rat offspring. This study differed from the current study as treatment 
occurred only during gestation, while the dams in the present study were treated during 
both gestation and lactation. The studies that found reduced OF field activity after FLX 
was administered directly to offspring also cover the postnatal period. This is similar to 
our study, indicating that the period of treatment is of importance. We also found that 
SERT+/+ females tended to reduce the time they spent in the center of the OF. However, 
as we simultaneously found reduced activity in the OF, we cannot claim this reflects 
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increased anxiety-like behavior. Mixed results are found on anxiety levels in the OF 
after developmental FLX exposure. Some studies show increased anxiety-like behavior, 
as seen by less visits to the center of the OF, in male rats (Boulle et al., 2016b; Ko et al., 
2014) and mice (Altieri et al., 2015). Other studies find no effect of developmental FLX 
exposure on anxiety in the OF at all in male (Karpova et al., 2009; Kiryanova et al., 2016; 
Kiryanova and Dyck, 2014; Zheng et al., 2011) or female (Boulle et al., 2016a; Kiryanova 
et al., 2017; McAllister et al., 2012) rodents. Interestingly, in the elevated plus maze - 
another test frequently used to assess anxiety levels in rodents - anxiety levels in offspring 
from FLX treated dams were not altered (Altieri et al., 2015; Ansorge et al., 2004, 2008; 
Ko et al., 2014; Lisboa et al., 2007; Olivier et al., 2011; Silva et al., 2018) or anxiety-like 
behavior even decreased (Kiryanova et al., 2016; Kiryanova and Dyck, 2014; McAllister 
et al., 2012). Discrepancies between studies could be the result of many factors, including 
differences in species, dosage, administration route and treatment period (pregnancy 
versus lactation). Rebello and colleagues (2014) showed that the early postnatal period 
(P2-11) is a critical time period in mice during which FLX exposure results in persistent 
changes in anxiety levels. If any, our results only show a small non-significant increase 
in anxiety, which might be due to the P2-11 treatment period.
To assess the effects of perinatal FLX exposure on stress coping and depressive-like 
behavior, we subjected offspring to the FST and a sucrose preference test. In both males 
and females, we found no effects of perinatal FLX exposure on immobility in the FST. 
In line with our results, other studies also found no effect of perinatal FLX exposure 
on immobility time in the FST in neither male (Altieri et al., 2015; Boulle et al., 2016a; 
Lisboa et al., 2007; Olivier et al., 2011; Salari et al., 2016) nor female (Altieri et al., 2015) 
rodents. In contrast, increased immobility time (Boulle et al., 2016a; Ko et al., 2014; 
Lisboa et al., 2007; Rebello et al., 2014), as well as decreased immobility time (Karpova 
et al., 2009) after early life FLX exposure has been found as well, indicating that FLX 
may alter stress coping responses under some conditions. Again, studies varied greatly 
in their experimental design, possibly contributing to the inconsistencies found between 
studies. Whether altered stress-coping is indicative of depressive-like behavior remains 
to be investigated. To measure depressive-like behavior we used a sucrose preference 
test, which assesses anhedonia, a well-known symptom of depression. By doing so, 
we found an effect of perinatal FLX exposure on sucrose preference in females. In 
fact, FLX exposure interacted with SERT genotype, with SERT+/+ females exposed 
to FLX showing a lower preference for sucrose compared to VEH exposed females, 
while SERT+/- females were barely affected. Males were not sensitive to perinatal FLX 
exposure regarding sucrose preference and intake, as no differences were found between 
CTR and FLX exposed rats. This is not surprising as others have shown similar results 
(Francis-Oliveira et al., 2013; Olivier et al., 2011; Salari et al., 2016). Anhedonic behavior 
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as a result of perinatal FLX exposure is something that has scarcely been observed in 
adult males (Rebello et al., 2014) and has not been found before in adult female rodents 
(Francis-Oliveira et al., 2013). However, studies using the sucrose preference test to assess 
anhedonia after developmental FLX exposure are limited to begin with and therefore 
findings need to be replicated. All in all, perinatal FLX exposure resulted in anhedonia 
in SERT+/+ females, independent of ELSD, reflecting depressive-like behavior. Together, 
our data suggest that FLX exposure during the perinatal period has long-term effects 
on affective behavior, particularly in SERT+/+ female offspring.

4.2 Effects of early life stress in dams on offspring anxiety- and depressive-like 
behavior
In the present study we used SERT+/- dams exposed to ELS (ELSD) as an animal model 
for maternal depression. Against our expectations, ELSD resulted in more time spent 
in the center of the OF and an increased preference for a sucrose solution in SERT+/- 
males, suggesting reduced anxiety- and depressive-like behavior. No differences in stress 
coping in the FST were found. At the same time, no effects of ELSD were found in any 
females, or in SERT+/+ males for any of the behavioral tests. Our findings oppose many 
studies where pre-gestational and prenatal stress mainly result in increased anxiety- 
and depressive-like behavior (Weinstock, 2017). The observation that our dams show 
increased depressive-like behavior, while the offspring of these dams show a decrease 
in depressive-like behavior, might be due to the stress protocol we applied to our dams 
early in life. Unlike previous studies, we used an animal model for maternal depression 
consisting of exposing SERT+/- females to maternal separation from postnatal day 2 to 15. 
Even though these females show depressive-like behavior (anhedonia) during adulthood 
(Houwing et al., 2019a), we did not investigate possible effects of early life stress on 
maternal behavior and maternal care in our dams during the postnatal period. Since 
depressive-like behavior in dams can influence the quality of maternal care (Barha et al., 
2007; Nephew and Murgatroyd, 2013), investigating whether maternal care is altered in 
these dams, is essential in future experiments as it might explain the observed decrease 
in anxiety- and depressive-like behavior in the offspring.

4.3 Effects of SERT genotype on offspring anxiety- and depressive-like behavior
To investigate whether FLX exposure and ELSD interact with offspring SERT genotype, 
we assessed behavior of both SERT+/+ and SERT+/- offspring. The SLC6A4 gene, which 
encodes the human SERT, has a known functional variation within the serotonin 
transporter linked polymorphic region (5-HTTLPR) of the promotor region and is 
one of the most studied genes in psychiatric disease risk and response to psychiatric 
medications. Having the short (S) allele of this polymorphism corresponds with lower 
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expression while having the long (L) allele corresponds with higher expression levels of 
the SERT, which could in turn influence SERT saturation and 5-HT availability during 
SSRI treatment. In humans, the S-allele is associated with a poorer response to SSRI 
treatment and more adverse side effects (Stevenson, 2018). Since our SERT+/- animals also 
have reduced SERT expression levels, as seen in human S-allele carriers, we expected 
them to differ in their response to FLX exposure when compared to SERT+/+ offspring. 
Indeed, we found an interaction between SERT genotype and FLX exposure in both the 
OF and the sucrose preference test, especially in females. Interestingly, the FLX-induced 
increase in anxiety in the OF were limited to SERT+/+ female offspring and not found 
in SERT+/- females. Similarly, the lowered sucrose preference due to FLX exposure was 
observed only in SERT+/+ females, and not in SERT+/- females. These findings suggest 
that SERT+/- female offspring are less sensitive to perinatal FLX exposure than SERT+/+ 
female offspring. In mice, postnatal FLX exposure did not interact with SERT genotype 
to affect anxiety- and depressive-like behavior (Ansorge et al., 2008). As only few other 
animal studies have investigated the potential interaction between developmental FLX 
exposure and SERT genotype on adult rodent behavior, further research investigating 
the potential interaction between early FLX exposure and SERT genotype is warranted 
as sensitivity to SSRIs in S-allele carriers and SERT+/- rodents may be different during 
development than in adulthood.
Besides the interaction with FLX exposure, we were also interested in the interaction 
between SERT genotype and ELSD. The well-known study of Caspi and colleagues (2003) 
showed an interaction between the 5-HTTLPR and adverse life events on enhanced 
stress susceptibility and risk to develop mental disorders in humans. There has been 
an ongoing discussion about the replicability of this association both in humans and 
rodents. Preclinical studies rarely show that SERT+/- rodents have increased vulnerability 
to develop depressive- or anxiety-like behavior after exposure to early life stress (reviewed 
in Houwing et al., 2017). Offspring are usually indirectly stressed via the mother using 
pre- or postnatal stressors resulting in altered stress levels in the dam and/or disturbed 
mother-pup interactions. In the present study however, we used a pre-gestational stressor 
early in the life of the dam, which in turn has the potential to similarly affect maternal 
care and interactions with the offspring. However, we did not check for maternal care 
and mother-pup interactions, and therefore do not know whether the maternal care 
was altered. Nonetheless, we found an interaction between SERT genotype and ELSD 
on anxiety- and depressive-like behavior in male offspring. ELSD-induced reductions in 
anxiety, as seen by the increased time spent in the center of the OF, were found only in 
SERT+/- offspring. Likewise, the increased preference for sucrose in offspring from dams 
exposed to ELSD was only seen in SERT+/- offspring. Our findings suggest that SERT+/- 
offspring are more sensitive than SERT+/+ offspring to the effects of ELSD, corresponding 
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with a few other studies that found an interaction between SERT genotype and early 
life stress (Carola et al., 2008; Van den Hove et al., 2011). The interaction that was found 
between SERT genotype and ELSD does implicate a higher sensitivity to ELSD in SERT+/- 
rats compared to SERT+/+ rats, but outcomes appear beneficial, since we observed less 
anxiety- and depressive-like behavior in the animals as a result of ELSD. Because our 
stressors are applied early in life, further research is warranted to investigate the effects 
of stressful life events later in life. Taken together, our data suggest that SERT+/+ offspring, 
particularly females, appear to be more vulnerable to the effects of FLX exposure than 
SERT+/- offspring. At the same time, SERT+/- offspring, particularly males, appear to be 
more sensitive to the effects of ELSD than SERT+/+ offspring.

4.4 Limitations
The strength of the current study is the use of maternal depression rat model to elucidate 
the effects of perinatal fluoxetine exposure, which increases the translational value of the 
study. However, we would also like to address some limitations. For instance mother-pup 
interactions were not observed, since we wanted to disturb litters as little as possible. In 
hindsight, we cannot exclude whether the FLX-induced effects found in the offspring 
are a direct effect of FLX exposure, or an indirect effect due to altered maternal care. 
Although some studies did not observe an effect of FLX treatment on maternal care 
of the dams (Gemmel et al., 2018b; Kiryanova et al., 2016; Kiryanova and Dyck, 2014; 
Pawluski et al., 2012b; Rayen et al., 2011), others did find increased maternal licking and 
arched-back nursing (Gemmel et al., 2018a; Johns et al., 2005; Pawluski et al., 2012a). This 
information in especially important since we found a high mortality rate in the pups 
and subjective observations imply poor maternal care after FLX treatment (Houwing et 
al., 2019b), which may have influenced some of our results.

5. Conclusion

In conclusion, our findings suggest that both perinatal FLX treatment and ELSD have 
long-term effects on affective behavior in the offspring, depending on sex and genotype. 
More specific, our results indicate that SERT+/+ offspring, especially females, appear to 
be more sensitive than SERT+/- females to the effects of FLX exposure, while SERT+/- 
offspring, particularly males, are more sensitive than SERT+/+ males to the effects of 
ELSD on affective behavior. Ultimately, investigating the effects of developmental 
SERT blockade in offspring with genetic SERT variants may provide useful insights 
into whether genetic variants of the SERT have a predisposition to develop affective 
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disorders later in life. Furthermore, it allows a better understanding of the potential 
harmful effects of early-life exposure to SSRIs and maternal stress.
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Background

During pregnancy, about 1 in 5 women experience depressive symptoms (Patkar et al., 
2004), while approximately 4–7.5% of pregnant women suffer from a severe depression 
(Andersson et al., 2003; Gaynes et al., 2005; Melville et al., 2010). Selective serotonin 
reuptake inhibitors (SSRIs) are the most frequently prescribed class of antidepressants 
as they have been considered relatively safe for both mother and child (Barbey and 
Roose, 1999; Gentile, 2005). Even so, SSRIs can cross the placental barrier and reach 
the developing child in utero (Heikkinen et al., 2003; Noorlander et al., 2008a). Hence, 
during development, SSRIs affect the serotonergic system and have the potential to alter 
neurobehavioral development of the child later in life. Indeed, both the depression and 
SSRI treatment during pregnancy have been associated with altered neurobehavioral 
outcomes in the offspring (reviewed in Olivier et al., 2013). However, clinical studies are 
unable to completely separate the effects of the SSRIs from the effects of the underlying 
maternal depression. By using an animal model of maternal depression it is possible to 
dissociate these effects. In this thesis, we aimed to answer the following question:

What are the effects of a maternal depression and perinatal treatment with the SSRI 
fluoxetine, both separately and combined, on neurodevelopmental outcomes in rat 
offspring?

We expected both the maternal depression and SSRI exposure to exert suppressing 
effects on behavior of the offspring, independent of each other. When combined, we 
anticipated SSRI treatment in depressed mothers to either restore behavioral effects in 
the offspring back to normal (for better) or to have an even bigger (suppressing) effect 
on offspring behavior (for worse).

In order to provide an answer to the stated research question, we developed an animal 
model for maternal depression. This animal model is based on the assumption that 
humans with lower gene expression levels of the serotonin transporter (SERT) are 
more susceptible to stress and have an increased risk to develop mental disorders after 
exposure to stressful (early) life events (Caspi et al., 2003). Therefore, we tried to mimic 
this situation in rats by exposing females with reduced SERT gene expression to early life 
stress (ELS) to induce a depressive-like phenotype. We designed and performed various 
experiments where we treated healthy and depressive-like female rats with the SSRI 
fluoxetine (FLX) or vehicle (VEH) throughout pregnancy and lactation (also known as 
the perinatal period). The offspring were assessed for neurodevelopmental outcomes. 
As lifelong reductions in SERT expression are known to alter behavioral outcome and 
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as it has the potential to interact with stressful life events, offspring with both normal 
(SERT+/+) and reduced SERT expression levels (SERT+/-) were assessed. In this chapter, 
we briefly summarize and discuss our main findings from chapter 2-7 and put them 
in a broader perspective. In addition, we discuss whether exposing SERT+/- females to 
ELS - our current animal model of maternal depression - demonstrates to be a valid 
animal model of depression.

Main findings

Effects of perinatal SSRI exposure on neurodevelopmental outcomes of the offspring
To assess the effects of perinatal FLX exposure on offspring neurodevelopment, a wide 
variety of experiments were performed. In chapter 2, we first started with experiments 
involving perinatal FLX treatment of non-depressed healthy dams, and investigated 
its effects on anxiety-like behavior and stress coping in the offspring. As it is known 
that serotonergic signaling is involved in the regulation of circadian rhythms, we also 
investigated whether perinatal SSRI treatment alters circadian behavior in the offspring, 
as this has scarcely been studied. As studies involving the effects of perinatal FLX 
treatment on offspring circadian behavior have been performed previously in male mice 
only, we decided to investigate the effects of perinatal SSRI treatment in female offspring. 
We treated rat dams daily with FLX (10 mg/kg) from gestational day 1 until the pups 
were weaned at postnatal day (PND) 21, and studied the female offspring. We observed a 
significant decrease in open arm entries of the elevated plus maze (EPM), which suggests 
increased anxiety, but we did not observe any other differences in anxiety-like behavior 
or stress coping in FLX-exposed female offspring. However, we did find an effect of 
perinatal FLX exposure on circadian behavior after injecting the offspring with a high 
dose of the 5-HT1A/7 receptor agonist 8-OH-DPAT. This challenge, which resets the 
circadian rhythm of the animals, resulted in a shorter free-running period for activity 
in constant darkness (which normally lasts approximately a bit less than 24h in nocturnal 
animals) in females that were exposed to FLX in the perinatal period compared to VEH 
exposed animals. Since the suprachiasmatic nucleus (SCN) is innervated by serotonergic 
neurons, expresses 5-HT1A receptors, and SCN serotonin modulates the circadian effects 
of light -with agonists inhibiting response to light and antagonists enhancing responses 
to light- (Ehlen et al., 2001; Smith et al., 2008), we expected some alterations in the 
serotonergic system, especially at the 5-HT1A receptor level. The latter because 8-OH-
DPAT exerted the phase-shifting effect and this drug is mainly acting on the 5-HT1A 

receptor. However, 5-HT1A receptor gene expression levels were not altered in the SCN 
due to perinatal FLX exposure. Besides the 5-HT1A receptor, we also investigated the 
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expression of key clock genes (Per1, Per2, Cry1 and Cry2) in the SCN, as SSRIs are 
known to increase the expression of these genes (Nomura et al., 2008). However, similar 
to 5-HT1A receptor gene expression, no difference in expression of clock genes were 
found in the SCN of female rats exposed to perinatal FLX when compared to VEH 
exposed rats. Future research investigating expression levels at different time points, 
after an 8-OH-DPAT challenge, or in other brain regions, is warranted to determine 
whether these genes do play a role in the disruption of the circadian response the a non-
photic cue. We further investigated 5-HT1A receptor sensitivity by applying a specific 
and highly efficacious 5-HT1A receptor agonist (F13714) in a dose-response manner and 
consequently by measuring the hypothermic effect. F13714 showed a clear hypothermic 
effect with no differences in this hypothermic responsivity between FLX and VEH-
exposed offspring, indicating that the functionality of the 5-HT1A receptor is not altered 
in female rats after perinatal FLX exposure. Summarizing, perinatal FLX exposure 
disrupts circadian behavior after a non-photic challenge, but underlying mechanisms 
remain to be investigated.
When assessing rodent behavior, simplified rodent test set-ups can only investigate a 
small fraction of the full behavioral repertoire of the animal. However, using a semi-
natural environment rodents can express their full behavioral repertoire, which allowed 
us to study the effects of perinatal FLX treatment on behavioral outcomes in male 
and female offspring in a more natural setting in chapter 3. Also, by using this more 
translational test set-up we could investigate the consequences of an environmental 
stressor. We discovered that both male and female offspring from FLX-treated dams 
spent more time in passive social behavior, (e.g. resting together), when housed in a 
semi-natural environment. Females compensated for this behavior by spending less 
time in active social behavior, such as social sniffing. To assess their behavioral response 
to a stressful stimulus, we exposed them to loud white noise (80dB) for 10 minutes. 
FLX-exposed males increased the amount of self-grooming in response to this stressor 
compared to VEH-exposed males. VEH-exposed males did not show this grooming 
response, indicating differences in stress coping behavior. We concluded that perinatal 
FLX treatment of healthy dams leads to alterations in social behavior and the response 
to a stressor in the offspring when observed in a seminatural environment.
Whereas animal studies, including the studies in chapter 2 and 3, often treat healthy 
pregnant dams with antidepressants, perinatal antidepressant treatment in humans 
typically co-occurs with a depression. Therefore, a more translational approach would 
be to study the effects of perinatal FLX treatment in an animal model of depression as 
well. To this end, we developed an animal model of maternal depression in chapter 4. 
Using dams that have been exposed to ELS (ELS in dams, ELSD) as our animal model of 
maternal depression, we were able to investigate the effects of perinatal FLX treatment, 
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of both healthy and depressive-like dams, on behavioral outcomes in the offspring in 
chapters 5-7. However, in this section we only focus on the results of perinatal FLX 
exposure regardless of the depressive-like phenotype of the dams, thus offspring from 
healthy dams only. The effects of the depressive-like phenotype of the dam, with and 
without FLX treatment, on offspring behavior will be discussed in the next section.
We studied the effects of perinatal FLX exposure on offspring social behavior at various 
ages in chapter 5. Already early in the postnatal period FLX exposure affects social 
communication, with pups, especially males, producing less ultrasonic vocalizations 
(USVs) at PND 6 when socially isolated compared to VEH-exposed pups. At the juvenile 
age, both male and female offspring exposed to perinatal FLX spent less time in social 
play behavior, which is a behavior essential for the development of social, cognitive, 
emotional and physical skills (Vanderschuren and Trezza, 2013). However, when adult, 
FLX-induced reductions in social behavior were still present in males, but absent in 
females. All take together, our results suggested that male offspring are more sensitive 
than females to the effects of perinatal FLX exposure, especially in the long run.
Other important social behaviors include aggressive and sexual behavior, which were 
assessed in male offspring only in chapter 6. Adult male offspring were tested for 
offensive behavior towards an intruder in the resident-intruder test. We observed that 
male offspring exposed to FLX were less aggressive compared to VEH-exposed offspring, 
as seen by reduced offensive behavior, less animals attacking the intruder, and by an 
increased latency to attack the intruder. Male sexual behavior was tested by observing 
copulatory behavior of a sexually experienced male with a receptive female. Little effects 
were found of FLX exposure on male copulatory behavior after six weeks of experience. 
Perinatal FLX exposure resulted in less mounts in male offspring, but had no effect 
on the number of intromissions or ejaculations. In conclusion, we demonstrated that 
perinatal FLX treatment of healthy dams has suppressing effects on aggressive behavior, 
while having little impact on sexual behavior of male offspring.
In chapter 7, male and female offspring were tested for affective behavior, including 
anxiety- and depressive-like behavior and stress coping. In females, but not males, 
perinatal FLX exposure reduced the preference for a sucrose solution over water 
compared to VEH-exposed animals, suggesting relatively increased anhedonic or 
depressive-like behavior. Furthermore, FLX exposure tended to increase open field (OF) 
anxiety in female offspring, but this did not reach statistical significance. Stress coping 
in the forced swim test (FST) was similar between FLX and VEH-exposed offspring of 
both sexes. When it comes to affective behavior, we concluded that females appeared to 
be more sensitive than males to the effects of perinatal FLX exposure.
All chapters taken together, perinatal FLX exposure resulted in alterations in juvenile 
and adult behavior of the offspring, with most profound effects found for social play 
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behavior and social interaction (chapter 3 and 5) and aggressive behavior (chapter 6), 
while less profound - but still present - effects were found on sexual (chapter 6), anxiety 
and depressive-like behavior (chapter 2 and 7)(Table 1). In addition, our results suggest 
that male offspring are more sensitive than female offspring to the effects of perinatal 
FLX exposure on social behavior, while female offspring appear to be more sensitive 
than male offspring to the effects of perinatal FLX exposure on affective behavior. Many 
preclinical studies have preceded us in finding effects of perinatal FLX treatment in 
healthy dams on offspring behavior, although the exact direction of found effects are 
inconsistent across studies. Interestingly, when we summarize the results in this thesis, 
we can conclude that all behavioral effects due to perinatal FLX treatment, especially 
using the classical rodent test setups, seem to be a reduction in behavior. Juvenile and 
adult social interaction, and aggressive and sexual behavior were all reduced due to 
perinatal FLX exposure. Furthermore, an increase in anxiety-like behavior was observed 
by less visits in the open arm of the EPM (chapter 2) and the tendency to spent less time 
in the center of an OF (chapter 7). Also, in the seminatural environment setup more 
passive social behavior and less active behavior occurred (chapter 3). Interestingly, this 
reduction in behavior might indicate a change in coping style of animals exposed to 
FLX during early development. Individual differences in response to a stressor lead to 
different coping strategies, which can be either passive, active or flexible (variability by 
switching between passive and active)(Lambert et al., 2006). While an active coping 
style consists of a behavioral response that deals directly with the problem and its 
effects, a passive coping style consists of a behavioral response that attempts to avoid 
actively confronting problems and/or behaviors in order to indirectly reduce associated 
emotional tension (Billings and Moos, 1981).Having an effective coping style allows the 
animal to adapt faster to a threatening environment and to build resilience against stress-
induced pathology. Overall, our results indicate that FLX exposed animals have changed 
their coping strategy towards a more passive coping style. It is difficult to say if this 
passive coping style is effective, as it depends on whether it is matching or mismatching 
the current stressful situation (Schmidt, 2011).
Even so, while our results might reflect a change in coping style after perinatal FLX 
exposure, another possibility is that these reductions in behavior reflect a reduction in 
overall motor activity. That’s why in our experiments we also assessed motor activity, 
for example by measuring the total distance travelled in the OF and EPM. We found 
reduced OF motor activity in the offspring after perinatal FLX exposure, indicating 
that the tendency for increased OF anxiety might be the result of a decrease in motor 
activity instead of an increase in anxiety itself. Even so, this reduction in activity is 
novelty-induced and does not reflect overall motor activity of the offspring. Therefore, 
studying home cage activity would be most optimal to measure overall motor activity. 
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In chapter 2, we measured home cage activity for 24 hours in female offspring using 
transmitters connected to a telemetry system. No differences were found between FLX 
and VEH-exposed offspring. Kiryanova and colleagues similarly found no effects of FLX 
exposure on home cage wheel running activity in male mice (Kiryanova et al., 2013, 
2017b). Therefore, we believe that perinatal FLX exposure most likely does not result in 
a reduction in overall motor activity, but reflects long term-alterations in coping style.

Effects of a maternal depression with and without SSRI exposure
While about 20% of women experience symptoms of a depression during pregnancy, 
approximately 4–7.5% of pregnant women suffer from a major depressive disorder 
(Andersson et al., 2003; Gaynes et al., 2005; Melville et al., 2010). Having a depression 
during pregnancy, also known as antenatal depression, has been associated with poor 
pregnancy outcomes such preterm delivery and reduced fetal weight gain, and altered 
neurobehavioral development of the offspring later in life (reviewed in Olivier et 
al., 2013). Many women who suffer from antenatal depression require some form of 
treatment. When other treatment strategies prove ineffective, antidepressants are usually 
prescribed. Since antidepressant treatment during pregnancy usually occurs in women 
suffering from anxiety and/or depression, and not in healthy women, using an animal 
model of maternal depression would be a more translational approach to study the effects 
of perinatal FLX treatment on offspring neurodevelopment. To this end, we developed an 
animal model of maternal depression in chapter 4. Therefore, female rats heterozygous 
for the SERT gene (SERT+/-), resulting in 40-50% reduced SERT expression, were as 
pups exposed to ELS. ELS consisted of separating pups from their mother (Maternal 
separation, MS) daily for 6 hours a day starting on PND 2 until PND 15. Control pups 
were separated from their mother for 15 min instead on the same days, to control for 
litter disturbances. Female SERT+/- pups exposed to CTR handling and MS were tested 
for depressive-like behavior and neuronal plasticity in adulthood. MS females showed 
anhedonic behavior and altered neuronal plasticity relative to CTR females. Therefore, 
we concluded that SERT+/- females exposed to ELS show, on average, depressive-like 
behavior and could be used as an animal model of maternal depression.

8

BNW_Danielle_V1.indd   211BNW_Danielle_V1.indd   211 08-05-20   11:2608-05-20   11:26



212

Chapter 8
Ta

bl
e 

1.
 B

eh
av

io
ra

l e
ffe

ct
s o

f F
LX

 e
xp

os
ur

e,
 d

am
’s 

ea
rly

 li
fe

 st
re

ss
 h

is
to

ry
, a

nd
 th

ei
r c

om
bi

na
tio

n 
in

 th
e 

off
sp

ri
ng

FL
X

 e
xp

os
ur

e
Ea

rl
y 

lif
e 

st
re

ss
 in

 d
am

s (
EL

SD
)

FL
X

 e
xp

os
ur

e 
+ 

EL
SD

M
al

es
Fe

m
al

es
M

al
es

Fe
m

al
es

M
al

es
Fe

m
al

es
Be

ha
vi

or
SE

R
T+/

+
SE

R
T+/

-
SE

R
T+/

+
SE

R
T+/

-
SE

R
T+/

+
SE

R
T+/

-
SE

R
T+/

+
SE

R
T+/

-
SE

R
T+/

+
SE

R
T+/

-
SE

R
T+/

+
SE

R
T+/

-

A
ct

iv
ity

24
-h

ou
r h

om
e 

ca
ge

2
.

.
=

.
.

.
.

.
.

.
.

.
N

ov
el

ty
-in

du
ce

d2,
7

↓
=

↓
=

=
=

=
=

=
=

=
=

So
ci

al
U

SV
s5

↓
=

=
=

.
.

.
.

.
.

.
.

Ju
ve

ni
le

 so
ci

al
 p

la
y 

be
ha

vi
or

5*
↓

↓
=

=
↓

=
A

du
lt 

so
ci

al
 in

te
ra

ct
io

n5
↓

=
=

=
=

=
↑$

=
=

=
=

=
A

gg
re

ss
iv

e B
eh

av
io

r
O

ffe
ns

iv
e 

be
ha

vi
or

6
↓

=
.

.
=

↑
.

.
↓

=
.

.
A

tt
ac

k 
la

te
nc

y6
↑

=
.

.
=

=
.

.
=

=
.

.
Pr

op
or

ti
on

 
of

 
an

im
al

s 
at

ta
ck

in
g6

↓
↓

.
.

=
=

.
.

=
=

.
.

Se
xu

al
 B

eh
av

io
r

M
ou

nt
s6

↓
=

.
.

=
=

.
.

=
=

.
.

In
tr

om
is

sio
ns

6
=

=
.

.
=

=
.

.
=

=
.

.
Ej

ac
ul

at
io

ns
6

=
=

.
.

=
=

.
.

=
=

.
.

A
nx

ie
ty

O
pe

n 
fie

ld
7

=
=

=
=

=
=

=
=

=
=

=
=

El
ev

at
ed

 p
lu

s m
az

e2
.

.
↑=

.
.

.
.

.
.

.
.

.
H

om
e 

ca
ge

 e
m

er
ge

nc
e2

.
.

=
.

.
.

.
.

.
.

.
.

St
re

ss
 co

pi
ng

/D
ep

re
ss

iv
e

Fo
rc

ed
 sw

im
 te

st
2,

7
=

=
=

=
=

=
=

=
=

=
=

=
Su

cr
os

e 
pr

ef
er

en
ce

7
=

=
↓

=
=

↑
=

=
=

↑
↓

=
Se

m
i-

na
tu

ra
l E

nv
ir

on
m

en
t

A
ct

iv
ity

3
=

.
↓

.
.

.
.

.
.

.
.

.
Pa

ss
iv

e 
so

ci
al

 b
eh

av
io

r3
↑

.
↑

.
.

.
.

.
.

.
.

.
A

ct
iv

e 
so

ci
al

 b
eh

av
io

r3
=

.
↓

.
.

.
.

.
.

.
.

.
Se

xu
al

 b
eh

av
io

r3
↑

.
=

.
.

.
.

.
.

.
.

.
Se

lf-
gr

oo
m

in
g 

aft
er

 st
re

ss
or

3
↑

.
=

.
.

.
.

.
.

.
.

.

A
ll 

eff
ec

ts
 a

re
 p

os
t h

oc
 co

m
pa

re
d 

to
 C

TR
-V

EH
 o

ffs
pr

in
g. 

* S
ER

T+/
+  a

nd
 S

ER
T+/

-  co
lla

ps
ed

. S
ym

bo
ls 

re
pr

es
en

t a
 d

ec
re

as
e (
↓)

, i
nc

re
as

e (
↑)

, n
o 

ch
an

ge
 in

 b
eh

av
io

r 
(=

) o
r w

he
n 

an
im

al
s w

er
e n

ot
 te

st
ed

 (.
). 

$ 
= 

so
ci

al
 ex

pl
or

at
io

n 
du

ri
ng

 th
e s

oc
ia

l i
nt

er
ac

tio
n 

te
st

. N
um

be
rs

 re
pr

es
en

t t
he

 co
rr

es
po

nd
in

g c
ha

pt
er

.

BNW_Danielle_V1.indd   212BNW_Danielle_V1.indd   212 08-05-20   11:2608-05-20   11:26



213

General Discussion

Since other animal models of depressive-like behavior, including animal models of 
prenatal and pre-gestational stress, previously found alterations in offspring behavior 
such as increased anxiety and depressive-like behavior (Van den Hove et al., 2013, 2014) 
or reduced social play behavior (Gemmel et al., 2017) we similarly expected reductions in 
offspring behavior. Overall, we found some main effects of ELSD, or maternal depression, 
on offspring behavior. To be more specific, ELSD resulted in increased social exploration 
during the social interaction test in adult female offspring. In males, we found ELSD 
to increase the time spent in the center of the OF, increase the preference for a sucrose 
solution over water, increase offensive behavior and increase the proportion of animals 
attacking an intruder. Thus, it seems that having a depressive-like mother reduces 
anxiety and depressive-like behavior, and increases social behavior compared to having 
a healthy mother, regardless of FLX exposure. Even so, we found little effects of ELSD 
when comparing groups post hoc (table 1). Interestingly, it seems that the effects of ELSD 
that we find involves activation of behaviors, as opposed to the more suppressed behavior 
in offspring after FLX exposure (see paragraph ‘Effects of perinatal SSRI exposure on 
neurodevelopmental outcomes of the offspring’’). Consequently, one theory is that the 
enhancing effects of ELSD on offspring behavior prevents the reduction in behavior 
found after FLX exposure, reflecting (more) normal levels. However, we rarely observed 
such normalizing effects of ELSD and only found this for playful chasing behavior in 
juvenile females, where ELSD interacted with FLX exposure to prevent the FLX-induced 
reduction in chasing and therefore these animals displayed normal behavior (chapter 5). 
Furthermore, ELSD interacted with FLX and resulted in normal levels of play behavior 
and total social behavior during the social interaction test in adult male offspring. These 
interactive effects seem to be restricted to the juvenile period as we did not find any 
other interactions between FLX and ELSD on aggressive, sexual or affective behavior in 
the offspring. Furthermore, when FLX was administered to depressive dams, offspring 
showed a similar suppression in juvenile social play behavior, male offensive behavior, 
and female sucrose preference compared to offspring from healthy dams treated with 
FLX. All in all, the anxiety and depression-reducing effects due to having a depressive-
like mother found in rat offspring are the opposite of neurodevelopmental changes, such 
as the increased risk for emotional problems in children, associated with perinatal FLX 
treatment in humans. Therefore, caution is warranted when translating the effects of 
our depressive-like rat dams, with and without FLX exposure, to the effects of a human 
maternal depression on offspring neurodevelopment. In this thesis, when solely looking 
at rat offspring behavior, outcomes due to the maternal depression appear to be favorable 
over perinatal SSRI exposure.
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Interactions of ELSD and FLX exposure with offspring SERT genotype
In humans, having the short (S) allele for the polymorphism in the 5-HTTLPR of the 
promotor region of the SERT gene results in lower SERT expression, which could in 
turn facilitate SERT saturation and increase extracellular 5-HT availability during 
SSRI exposure. Having at least one S-allele is associated with a poorer response to SSRI 
treatment and more adverse side effects (Stevenson, 2018). As SERT+/- rodents show 
40-50% reduced SERT expression levels in the brain (Homberg et al., 2007a), similar to 
human S-allele carriers who have 50-80% reduced SERT binding sites (Murphy et al., 
2008) they might show a different response to FLX exposure as well, when compared 
to wildtype rodents. Therefore, we investigated the interaction between SERT genotype 
and FLX exposure in the offspring. Furthermore, it is believed that the human S-allele 
carriers are more susceptible to develop mental disorders when exposed to stressful life 
events, including early life stressors such as childhood maltreatment (Caspi et al., 2003). 
In our experiments, the offspring were raised by a depressive-like mother, which we 
considered as an early life stressor. Therefore, we also investigated whether an interaction 
between offspring SERT genotype and ELSD existed. Consequently, we assessed the 
effects of ELSD and FLX exposure on offspring behavior in both SERT+/+ and SERT+/- 
offspring (chapters 5-7).
Firstly, we investigated whether there are effects of SERT genotype on offspring 
behavior, regardless of ELSD or FLX exposure. Our results show that there are some 
basal differences in behavior between SERT+/+ and SERT+/- animals. For example, when 
it comes to social behavior, our SERT+/- male offspring tended to have a higher total USV 
call duration as pups, showed less adult social interaction (chapter 5) and displayed lower 
levels of aggressive behavior (Chapter 6). As for sexual behavior, SERT+/- male offspring 
had a shorter latency to the first mount, performed more intromissions and had a higher 
intromission ratio, indicating higher sexual motivation and an increased copulatory 
efficiency (Chapter 6). Lastly, SERT+/- males spent less time being immobile in the FST, 
indicting a more active approach in their stress coping compared to SERT+/+ males 
(Chapter 7). Even so, all these behavioral effects are regardless of ELSD and perinatal 
FLX exposure, and post hoc testing did not always consistently indicate particular 
treatment groups responsible for these effects. The same holds true for females, where 
SERT+/- females spent more time immobile in the FST and had a lower sucrose intake 
compared to SERT+/+ females, indicating increased depressive-like behavior (Chapter 7). 
Like males, no particular treatment group was consistently responsible for these effects 
when tested post hoc. Previous studies often did not find differences in anxiety-like, 
depressive-like, aggressive and sexual behavior between SERT+/+ and SERT+/- rodents. 
(Chan et al., 2011; Holmes et al., 2003; Homberg et al., 2007b; Müller et al., 2013). On the 
other hand, SERT+/− rodents did show enhanced reversal learning and impaired object 
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recognition after 8 h (Brigman et al., 2010; Olivier et al., 2009). The fact that we do find 
differences might be attributable to the many treatment groups used, since when we 
look solely at CTR-VEH offspring, we only find offensive behavior to be significantly 
reduced in SERT+/- offspring.
Next, we assessed whether there would be an interaction between offspring SERT 
genotype and perinatal FLX exposure resulting in altered offspring behavior. Indeed, 
we found that SERT genotype and perinatal FLX exposure interacted to affect various 
offspring behaviors. To be more specific, in SERT+/+ offspring FLX exposure lowered 
the total distance moved in the OF in both sexes, decreased the time females spent in 
the center of the OF, lowered female sucrose preference, increased non-social behavior 
during the resident intruder test in males, and tended to interact to decrease mounting 
frequency in males. While all these FLX-induced effects were observed in SERT+/+ 
offspring only, SERT+/-males displayed increased adult play behavior during the social 
interaction test when exposed to FLX. Few other studies have investigated both perinatal 
FLX exposure and offspring SERT genotype and no interaction effects between these 
factors, most likely due to a different experimental design (Ansorge et al., 2004, 2008). 
Nevertheless, our results suggest that SERT+/- offspring are less sensitive for the effects 
of FLX when compared to SERT+/+ offspring.
Finally, we investigated whether SERT genotype and ELSD interacted to affect offspring 
behavior as well. Indeed, we found that SERT genotype and ELSD interacted to alter 
offspring behavior. Interestingly, ELSD increased the time spent in the center of the OF, 
sucrose preference and offensive behavior in males. However, these effects were only 
seen in SERT+/- offspring, suggesting that SERT+/- male offspring are more sensitive to 
ELSD than SERT+/+ male offspring. We found no interactions between SERT genotype 
and ELSD on other behaviors nor any interaction effects in females.
To conclude, our results show that there are genotype differences in behavior, with 
SERT+/- males showing less social, aggressive and depressive-like behavior, while having 
higher sexual motivation. On the other hand, SERT+/- females show increased depressive 
like behavior. Furthermore, SERT+/- offspring appear to be less sensitive than SERT+/+ 
offspring for the effects of FLX exposure, while at the same time, our results suggest 
that SERT+/- offspring are more sensitive than SERT+/+ offspring to the effects of ELSD.

Summary of main findings
To summarize, both perinatal FLX treatment and a maternal depression altered offspring 
behavior (Table 1). However, the most pronounced effects are due to the perinatal 
FLX exposure. Treating dams with FLX during pregnancy and lactation resulted in a 
reduction of certain offspring behavior, especially social behaviors such as juvenile social 
play and adult aggression, and to a lesser extend increased anxiety and depressive-like 
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behavior. Effects appeared sex specific as our results suggest that male offspring are 
more sensitive than female offspring to the effects of perinatal FLX exposure on social 
behavior, while female offspring appear to be more sensitive than male offspring to 
the effects of perinatal FLX exposure on affective behavior. To investigate the effects 
of perinatal FLX treatment in depressive-like dams, we developed an animal model 
of depression. When pups, female SERT+/- rats were exposed to early life stress, and we 
showed that this resulted in depressive-like behavior and altered neuronal plasticity in 
adulthood compared to non-stressed (control) SERT+/- females. Control and depressive-
like females were then used as dams for FLX treatment during pregnancy and lactation. 
Having a depressive-like mother, or a mother exposed to ELS (ELSD), also had some 
effects on offspring behavior. As opposed to the more suppressed behavior in offspring 
after FLX exposure, the depressive-like phenotype of the dam resulted in activation of 
certain behaviors. More specifically, offspring from these dams showed less anxiety- 
and depressive-like behavior, or more non-anxious behavior, depending on sex and 
SERT genotype. Even so, ELSD rarely prevented FLX-induced reductions in offspring 
behavior. Furthermore, offspring SERT genotype affected behavioral outcome as well. 
SERT+/- male offspring showed less social, aggressive and depressive-like behavior, while 
having higher sexual motivation, compared to SERT+/+ male offspring. On the other 
hand, SERT+/- female offspring showed increased depressive like behavior compared 
to SERT+/+ female offspring. Also, offspring SERT genotype influenced the response to 
perinatal FLX exposure and ELSD. Our results show that SERT+/- offspring appear to be 
less sensitive than SERT+/+ offspring for the effects of FLX exposure, while at the same 
time, our results suggest that SERT+/- offspring are more sensitive than SERT+/+ offspring 
to the effects of ELSD.
All in all, our thesis contributed to important shortcomings in the current literature 
on the effects of a maternal depression and antidepressant treatment during pregnancy 
on neurodevelopmental outcomes in rodent offspring. Firstly, effects of FLX treatment 
during pregnancy on circadian behavior in the offspring have previously only been 
explored in male mice and underlying mechanisms have not been studied (Kiryanova et 
al., 2013, 2017b). We found limited effects on circadian behavior in female rat offspring 
indicating that using different species and sexes may have different results, which 
demonstrates the importance of including both sexes and multiple animal strains in 
studies. Also, we were the first to explore the effects of FLX treatment during pregnancy 
in a seminatural environment, where animals can express their full behavioral repertoire 
in a more natural setting. Here, we found both similar results (e.g. reduced social 
behavior) as well as differences (e.g. more activity instead of freezing in response to 
a stressor) in offspring behavior when compared to offspring housed in a laboratory 
setting. Furthermore, we are among the few research groups that used an animal model 
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of maternal depression to dissociate the effects of antidepressant treatment from the 
depression during pregnancy (e.g. Boulle et al., 2016b; Kiryanova et al., 2016; Pawluski 
et al., 2012a), something which is quite difficult to achieve in human studies. Using this 
animal model, we were among the first to explore the effects of a depressive phenotype 
and fluoxetine treatment during pregnancy, both separately and combined, on offspring 
social behavior at various time points in life, including pup ultrasonic vocalizations, 
juvenile play behavior and adult social interaction. Furthermore, both FLX treatment 
and maternal depression during pregnancy on aggressive behavior in male offspring were 
studied, something that previously had only been studied in male mice (Kiryanova et al., 
2016; Kiryanova and Dyck, 2014). Also, sexual behavior was investigated of experienced 
male offspring, while in previous literature often animals naïve to sexual interactions 
were studied once (e.g. Rayen et al., 2013). Here we showed that sexual performance 
of our animals, both when naïve and when experienced, was not affected by perinatal 
FLX exposure.
Another important contribution of this thesis to the field of depression and antidepressant 
treatment during pregnancy is that we investigated offspring with different genotypes 
for the serotonin transporter, to explore whether they are affected differently by having a 
depressive-like mother and/or perinatal FLX treatment. Indeed, our studies showed that 
having offspring with lifelong diminished serotonin transporter gene expression levels 
(SERT+/- ) respond different to the perinatal FLX treatment and depressive phenotype 
of the mother than offspring with normal serotonin transporter gene expression levels 
(SERT+/+). SERT+/- offspring appear to be less sensitive than SERT+/+ offspring for the 
effects of FLX, while at the same time SERT+/- offspring are more sensitive than SERT+/+ 
offspring to the effects of having a depressive-like mother.

Considerations, limitations and future perspectives

Are females with reduced SERT expression more vulnerable to ELS exposure?
Throughout this thesis, female SERT+/- rats exposed to ELS were used as an animal model 
of maternal depression. This animal model is based on the assumption of Caspi and 
colleagues that humans with the lower SERT expressing short allele that are exposed to 
stressful (early) life events are more susceptible to stress and have an increased risk to 
develop mental disorders like major depression (Caspi et al., 2003). Since SERT+/− rats 
have a similar reduction in SERT expression, exposing them to early life stressors to 
induce depressive-like behavior is potentially a highly translational animal model of 
depression. In chapter 4, we showed that exposing SERT+/- females to MS, an early life 
stressor, indeed induces, on average, a depressive-like phenotype. However, in terms of 
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behavior, we only found that these females had a lower preference for sucrose compared 
to non-stressed SERT+/- females, while no differences in other tests for anxiety- and 
depressive-like behavior were found (chapter 4). When we look at the offspring of the 
depressive-like dams, ELSD had little effects on offspring behavior, or even activating 
effects. An important difference between dams and offspring is however, that dams 
have been directly exposed to ELS as pups, while the offspring are exposed to the 
effects of the ELS in the dams, that is, the depressive phenotype. While we found ELS 
to induce a depressive-like phenotype, but to have little other effects in our SERT+/- dams, 
SERT+/- offspring appeared to be more sensitive to the effects of ELSD than SERT+/+ 
offspring. Possibly, the effects of ELSD on the offspring are transgenerational effects. 
In mice, the effects of (unpredictable) MS can be transmitted to the next generation of 
male and female offspring (Weiss et al., 2011). One of the problems of comparing the 
effects of ELS in our SERT+/- dams to the effects of ELSD in SERT+/- offspring is that only 
SERT+/- dams were used in our studies. Therefore, the effects of ELS in SERT+/- dams 
were relatively to non-stressed SERT+/- dams, while SERT+/- offspring were compared 
to SERT+/+ offspring. Therefore, we do not know if our depressive-like SERT+/- dams are 
actually more vulnerable to ELS than SERT+/+ dams, like we found in our offspring, as 
we did not test them alongside SERT+/+ females (chapter 4).
Recently, we designed an experiment to investigate whether females with lower or no 
SERT expression are indeed more vulnerable to ELS, and if perhaps other forms of MS 
are more effective to induce depressive-like behavior. To be more specific, we separated 
SERT+/+, SERT+/- and SERT-/- pups as a whole litter from the dam on PND 2-15 for either 6 
hours a day on a predictive time point (MS360, our current animal model for depression), 
3 hours a day on a predictable time point (MS180), 3 hours a day on unpredictable time 
points (MSU180), or 3 hours a day on unpredictable time points including additional 
unpredictable stressing of the mother while the pups are away (MSUS180). As a control, 
pups were separated from their mother for 15 minutes and handled briefly. As a result, we 
tested 15 offspring groups in total. We added the component of unpredictable maternal 
separation as it has been shown in mice that when maternal separation is predictive the 
dam can anticipate separation of the pups and increases maternal care before and after 
separation (Franklin et al., 2010). Furthermore, Franklin and colleagues found that 
unpredictable maternal separation in combination with maternal stress produced most 
persistent behavioral effects in the pups. Starting the day prior to the maternal separation 
period until 1 day after (PND 1-16), we measured body weight and scored maternal care 
of the dams. After early life stressors were applied in our experiment, female pups were 
assessed in a wide variety of behavioral tests during adulthood, including the open field 
(OF), elevated plus maze (EPM), 3-chamber test, sucrose preference test, home cage 
emergence (HCE) test, novel object recognition (NOR) and the forced swim test (FST).
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Effects of ELS on dam body weight gain and maternal care
First, we investigated how the maternal separation procedures affected the dams, by 
daily measurement of their body weight from PND 1-16. Our results showed a significant 
difference in body weight gain of the dams starting on the first day of MS (PND 2), with 
MSU180 and MSUS180 dams showing significant less weight gain compared to CTR dams 
(for MSU180 on PND 2, 5, 6, 8, 9, 11 and 15; for MSUS180 on PND 2, 3, 4, 5, 6, 7, 8, 9, 10, 
11, 12, 13, 15, Fig. 1). On the first day after the maternal separation period was over (PND 
16), there were no longer differences in body weight gain between dams. As only MSU180 
and MSUS180 dams gained the least body weight during the separation period compared 
to CTR dams, it is suggested that unpredictable MS is a more stressful procedure for the 
dams than predictable MS. Furthermore, MSUS180 dams showed significant less body 
weight gain compared to MSU180 dams on PND 2 and PND 12 (p<.05), while a tendency 
was found on PND 4, 6 and 7, indicating that additional stressing of the dam next to 
unpredictable MS is the most stressful procedure used for the dam.
Furthermore, we scored maternal care of the dams. However, this was extremely 
challenging as bedding material limited our vision on the pups. Therefore, we could 
only reliably score the time the dam spent on and off the nest. Our results showed that 
MSUS180 dams spent more time on the nest than CTR dams, especially during the 
second postnatal week (data not shown). Even though this suggests increased maternal 
care, we do not know for sure whether this is the case as we were unable to score other 
aspects of maternal care such as licking and grooming and arch-back nursing.

Figure 1. Effect of the different maternal separation procedures on dam body weight gain. 
Differences between groups were tested using an Oneway ANOVA per postnatal day, followed 
by Fisher’s LSD upon statistical significance. Post hoc differences between CTR dams and other 
treatment groups are displayed. *p<.05, **p<.01, ***p<.001.
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Do SERT genotype and ELS interact to alter anxiety-like behavior and object recogni-
tion later in life?
To assess whether lower SERT expression interacted with ELS (in this case maternal 
separation), we assessed pups in various behavioral tests during adulthood. To assess 
anxiety-like behavior, animals were tested in the OF, EPM, and in the HCE test. In short, 
in the OF females were allowed to explore a square 100 cm x 100 cm arena, whereas in 
the EPM, females could explore an EPM consisting of two open and wo closed arms for 
5 minutes. In the HCE test, the latency to escape their home cage was recorded with a 
maximum of 10 minutes. Animals with less visits and time spent in the center of the 
OF or on the open arm of the EPM, or a higher latency to escape the home cage, are 
considered relatively more anxious.
A main effect of genotype was found on activity in the OF (F(2,113)=5.062, p<.01, Fig. 2A) 
and EPM (F(2,112)=8.778, p<.001, Fig. 2C), with SERT-/- females being more active than 
both SERT+/+ (OF: p<.05, EPM: p<.001) and SERT+/- (OF: p<.01, EPM: p<.01) females, 
regardless of treatment. In particular, SERT-/- MS360 (p<.05) and MSU180 (p<.05) 
females were more active than their wildtype counterparts, while SERT-/- MSUS180 
females were significantly more active than both SERT+/+ MSUS180 (p<.01) and SERT+/- 
MSUS180 (<.05) females. This finding was surprising, as previous studies have always 
reported a decrease in novelty-induced activity for SERT-/- rodents (reviewed in Kalueff et 
al., 2010). Furthermore, a main effect of genotype was found for time spent on the open 
arm of the EPM (F(2,112)=11.819, p<.001, Fig. 2D), with SERT-/- females spending less time 
on the open arm of the EPM compared to both SERT+/+ (p<.001) and SERT+/- (p<.001) 

females, regardless of treatment. Also, a main effect of genotype was found for escape 
latency in the HCE test (F(2,123)=9.175, p<.001, Fig. 2E), with SERT-/- females showing a 
higher latency to escape their home cage compared to both SERT+/+ (p<.01) and SERT+/- 
(p<.001) females, regardless of treatment. These findings indicate that despite higher 
activity levels, SERT-/- females were more anxious than SERT+/+ and SERT+/- females. Our 
data agree with previous studies which have consistently found increased anxiety levels 
in SERT-/- rodents, when compared to SERT+/+ rodents (Ansorge et al., 2004; Olivier et 
al., 2008).
As for the different MS treatments, a tendency was found for activity in the EPM 
(F(4,112)=2.351, p=0.058, Fig 2C), with MS360 SERT+/+ (p<.01) and MSU180 SERT+/+ (p<.05) 
females being less active in the EPM compared to CTR SERT+/+ females. Furthermore, 
a main effect of treatment was found for the frequency of visits to the center of the 
OF (F(4,113)=2.670, p<.05, Fig. 2B), with MS180 SERT+/- females showing less visits to 
the center of the OF compared to CTR SERT+/- females (p<.05), suggesting increased 
anxiety-like behavior in these females. Interestingly, we found an interaction between 
SERT genotype and ELS on anxiety-like behavior in the EPM (F(8,112)=2.224, p<.05) 
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and a tendency towards an interaction in the HCE test (F(8,123)=1.753, p<.1). Whereas 
SERT-/- CTR females were more anxious compared to both SERT+/+ CTR (p<.001) and 
SERT+/- CTR (p<.01) females as seen by less time spent in the open arm of the EPM (Fig. 
2D), unpredictable MS in SERT-/- females prevented this decrease as MSU180 (p<.05) 
and MSUS180 (p<.05) SERT-/- females showed significantly more time spent in the open 
arm of the EPM compared to CTR SERT-/- females. Similarly, SERT-/- CTR females were 
more anxious by showing a significant higher escape latency compared to SERT+/+ CTR 
(p<.001) and SERT+/- CTR (p<.001) females in the HCE test (Fig. 2E), while SERT-/- MS360 
(p<.01) and SERT-/- MSUS180 (p<.05) females had a significant lower escape latency 
compared to SERT-/- CTR females. In addition, MS360 SERT+/+ females spent less time 
on the open arm of the EPM compared to CTR SERT+/+ females, suggesting increased 
anxiety in these females as well.
Furthermore, we assessed cognition using the NOR test. After habituation to the test 
cage on the first day, females were tested in two trials. During the first trial, females were 
allowed to explore two identical objects for 3 minutes. After that, objects were removed 
for 45 sec followed by the second trial, where the females could explore dissimilar objects, 
a familiar one and a novel one, for another 3 minutes. All groups were able to discriminate 
between the familiar and novel object in the second trial, as seen by a recognition index 
significantly higher than 0.5, indicating intact learning abilities (p<.05). Perhaps, using 
a longer interval between trials could have shown cognitive impairments, as for example 
it is known that impaired object recognition in SERT-/- and SERT+/- rats compared to 
SERT+/+ rats was only visible with 8 hours between trials (Olivier et al., 2009). Despite 
no cognitive impairments found in any of the groups, an interaction was found between 
SERT genotype and ELS on the recognition index (F(8,101)=2.438, p<.05), with SERT+/- 
MSU180 females having a higher recognition index than both SERT+/+ MSU180 (p<.05) 
and SERT-/- MSU180 (p<.01) females, suggesting relatively better recognition abilities. In 
addition, MSUS180 SERT-/- females had a significant lower recognition index compared 
to CTR SERT-/- females (p<.01). Overall, our findings agree with Weiss and colleagues, 
who similarly found that unpredictable MS (MSUS180) in females, even though in mice, 
resulted in less anxiety-like behavior compared to CTR females, as seen by an increased 
time spent on the open arm in the EPM (Weiss et al., 2011). Also, similar to our results, 
Weiss and colleagues showed that MSU180 females tended to decrease their latency to 
enter an unfamiliar area. To conclude, our results indicate that SERT genotype and ELS 
interact to alter anxiety-like behavior, without impairing object recognition.
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Figure 2. Effects of SERT genotype and ELS on anxiety-like behavior and object recognition. 
Shown are the total distance moved (A) and frequency of entering the center (B) in the OF. 
For the EPM, shown are the total distance moved (C) and time spent on the open arm (D). 
Furthermore, shown are the latency to escape the home cage (E) and recognition index (F) in 
the NOR test. Treatment groups include control handled animals (CTR), 6 hours of predictable 
maternal separation (MS360), 3 hours of predictable maternal separation (MS180), 3 hours of 
unpredictable maternal separation (MSU180) and 3 hours of unpredictable maternal separation 
combined with maternal stress (MSUS180). A two way ANOVA (Genotype x Treatment) was 
performed to determine main and/or interaction effects, upon statistical significance followed 
by post hoc testing using Fisher’s LSD. *p<.05; **p<.01; $ p<.05, $$p<.01, $$$p<.001 vs. SERT+/+; 
& p<.05, &&p<.01, &&&p<.001 vs. SERT+/-, n=7-10.
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Do SERT genotype and ELS interact to alter depressive-like behavior later in life?
To assess components of depressive-like behavior, animals were tested for social behavior 
(and social recognition) in the 3-chamber test, stress coping in the FST and anhedonia 
using the SP test. The 3-chamber test consists of an arena with three equally sized 
chambers, which are connected by doors. During habituation, animals can freely explore 
all three chambers for 5 minutes. Afterwards, the animal is placed in the middle chamber 
while an unfamiliar stimulus animal is placed in a grid in one of the empty chambers, 
while the other chamber contains an empty grid. Doors are opened, the time spent with 
the stimulus animal and the empty grid is recorded for 5 minutes and the sociability 
index is calculated (time spent with stimulus animal/(time spent with stimulus animal 
+ time spent with empty grid). Then, the animal is placed back in the middle and in 
the empty grid an unfamiliar stimulus animal is placed. Doors are opened, the time 
spent with the familiar and unfamiliar stimulus animal is recorded for 5 minutes and 
the recognition index is calculated (time spent with unfamiliar stimulus animal/(time 
spent with familiar stimulus animal + time spent with unfamiliar stimulus animal). 
Our results clearly show differences between genotypes. SERT-/- females were more 
active, as seen by a higher total distance moved during habituation in the 3-chamber 
test (F(2,107)=14.442, p<.001, Fig. 3A) than SERT+/+ (p<.001) and SERT+/- (p<.001) females, 
especially SERT-/- MS360 and MSU180 females. Furthermore, SERT-/- females appeared to 
be more social than both SERT+/+ and SERT+/- females. They showed a higher preference 
for an unfamiliar stimulus animal over an empty grid (referred to as a higher sociability 
index (F(2,107)=4.328, p<.05, Fig. 3B) than SERT+/- females (p<.01). More specific, SERT-

/- CTR females showed a higher sociability index than CTR SERT+/+ females (p<.05), 
while SERT-/- MSUS180 females showed a higher sociability index than SERT+/- females 
(p<.05). Regarding ELS, treatment groups tended to differ in their sociability index 
(F(4,107)=2.116, p=0.084), with MS360 (p<.05) and MS180 (p<.01) SERT-/- females showing 
a lower sociability index than CTR SERT-/- females. In addition, SERT-/- females spent 
more time in social interaction with both the familiar and unfamiliar stimulus animal 
(F(2,107)=6.949, p<.01, Fig. 3C) than SERT+/+ (p<.01) and SERT+/- (p<.01) females. More 
specific, SERT-/- MS180 females spent more time in social interaction than SERT+/+ MS180 
females (p<.05), while SERT-/- MSUS180 females spent more time in social interaction 
than SERT+/+ (p<.05) and SERT+/- (p<.01) MSUS180 females. The finding that our SERT-

/- females are more social is surprising as previous studies report SERT-/- rodents to have 
impaired social interaction and approach (reviewed in Kalueff et al., 2010), but might 
be explained by the increase in activity found.
Regarding stress coping, females were tested in the FST. Females were placed in a 
cylindrical tank filled with water (22 ± 1 °C) for 5 minutes on the first day, and for 15 
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minutes exactly 24 hours later. The time spent actively swimming (active coping style) 
or passively floating (passive coping style) was measured.
A difference between genotypes were found on time spent immobile in the FST 
(F(2,112)=24.671, p<.001, Fig. 3D) with SERT-/- females showing increased immobility 
compared to SERT+/+ (p<.01) females, which is in line with findings by Olivier and 
colleagues (2008). To be more specific, SERT-/- CTR females spent more time immobile 
than SERT+/+ females (p<.01), SERT-/- MS360 spent more time immobile than SERT+/+ 
(p<.001) and SERT+/- (p<.001) MS360 females, SERT+/- MS360 spent more time immobile 
than SERT+/+ MS360 (p<.01), SERT-/- MS180 females spent more time immobile than 
SERT+/+ (p<.001) and SERT+/- (p<.001) MS180 females and SERT-/- MSUS180 females 
spent more time immobile than SERT+/- MSUS180 females (p<.05). Furthermore, an 
interaction between SERT genotype and treatment was found for immobility time in 
the FST (F(8,112)=2.363, p<.05, Fig. 3D). While MSU180 SERT+/+ females show increased 
immobility compared to CTR SERT+/+ females (p<.05), MS360 SERT+/- females show 
decreased immobility compared to CTR SERT+/- females (p<.05). We found no effects 
in MSUS180 females, as opposed to Franklin et al. (2010) who previously found that 
MSUS180 female mice decreased their immobility time, while MSUS180 male mice 
increased the time spent immobile in the FST.
To test for anhedonic behavior, females were tested for their preference for a sucrose 
solution over water. After 3 days of habituation to two water bottles, females were 
presented with one water bottle and one bottle containing a sucrose solution for 24h on 
alternating days. On the other days two bottles of water were presented. Starting with a 
0.25% sucrose solution, the sucrose concentration gradually increased with 0.25% each 
sucrose day (0.25% to 1%). The preference for sucrose over water was calculated ((sucrose 
solution intake (g)/total fluid intake (g)) x 100%) as well as the actual sucrose intake in 
mg per gram rat, corrected for body weight ((((sucrose solution intake (g)/100)*sucrose 
concentration (%))/body weight (g))*1000). An effect of treatment on sucrose preference 
was found at the 1% solution (F(4,112)=3.223, p<.005, Fig. 3E). Post hoc testing revealed that 
MS360 SERT-/- females had a lower sucrose preference than CTR SERT-/- females (p<.01), 
suggesting anhedonic behavior in these females. No differences between genotypes were 
found, possibly because the percentages of sucrose used (0.25 to 1%) were too low to 
detect differences in genotype since Olivier and colleagues did find a lower sucrose 
preference and intake in females SERT-/- rats at higher sucrose percentages (2 to 10%)
(Olivier et al., 2008).

To conclude, our results show clear genotype effects, with SERT-/- females being more 
active, more social and having a more passive coping style compared to other genotypes. 
Regarding ELS treatment, MS360 and MS180 females appeared less social, shown by 
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a lower sociability index, while MS360 females showed relative anhedonic behavior, 
compared to CTR females. Post hoc, these effects were shown by SERT-/- females only. 
As an interaction between SERT genotype and ELS treatment were only observed for 
immobility in the FST, we conclude that SERT genotype and ELS do not interact to alter 
depressive-like behavior in female rats. This finding agrees with many rodent studies 
that also do not find an interaction between the SERT genotype and ELS (reviewed in 
Houwing et al., 2017).

ELS exposure in SERT+/- females
In the experiments described above, we basically repeated our behavioral experiments 
from chapter 4, with, next to SERT+/- MS360 females, the addition of SERT+/+ and SERT-

/- females and groups subjected to other MS procedures. In chapter 4, we showed that 
SERT+/- females exposed to MS360 show a lower preference for sucrose than SERT+/- CTR 
females, suggesting depressive-like behavior. However, in chapter 4 we did not find 
any differences between SERT+/- MS360 and CTR females in the OF, EPM, SR and FST 
test. When we look at the SERT+/- MS360 females in the study described in chapter 8.4, 
we likewise did not find any effect of MS360 in the OF, EPM and SR when compared 
to CTR SERT+/- females. However, we also did not find an effect of MS360 on sucrose 
preference in SERT+/- females when compared to CTR SERT+/- females, despite using the 
same sucrose concentrations. What we did find in MS360 SERT+/- females was a decrease 
in immobility time in the FST, thus a more active coping style, compared to SERT+/- CTR 
females. Van der Doelen and colleagues have previously found that male SERT+/- rats 
similarly changed their coping style when exposed to an escapable foot shock (van der 
Doelen et al., 2013). SERT+/- males shortened their escape latency, which can be seen as 
a beneficial outcome, suggesting that early life stress does not have to always result in 
negative consequences later in life (van der Doelen et al., 2013). Overall, we could not 
replicate our findings from chapter 4, as we did not find a depressive-like phenotype 
in SERT+/- MS360 females. Furthermore, interaction effects were found when SERT-

/- females were included. However, when SERT-/- females were removed from analysis, 
interaction effects were no longer present (data not shown). Overall, our findings agree 
with the majority of rodent literature, where interactions between SERT+/- genotype and 
ELS are often not found (e.g. Bodden et al., 2015; Kloke et al., 2013). This could be due to 
the fact that females usually tend to be less responsive to stressors, or that the stressor 
is not severe enough. As we could not replicate the depressive-like phenotype in SERT+/- 
females, our findings suggest that some changes should be made to our current animal 
model of depression in order to consistently show a depressive-like phenotype in these 
animals (discussed in ‘’Limitations and future directions’’).
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Figure 3. Effects of SERT genotype and ELS on social behavior, stress coping and depressive-
like behavior. Shown for the 3-chamber test are the total distance moved during habituation 
(A), sociability index (B) and total social interaction with both the familiar and novel stimulus 
animal (C). For stress coping, the percentage of total time spent immobile in the FST is shown (D). 
For depressive-like behavior, the sucrose preference (E) and sucrose intake (F) are shown for 1% 
sucrose solution. Treatment groups include control handled animals (CTR), 6 hours of predictable 
maternal separation (MS360), 3 hours of predictable maternal separation (MS180), 3 hours of 
unpredictable maternal separation (MSU180) and 3 hours of unpredictable maternal separation 
combined with maternal stress (MSUS180). A two way ANOVA (Genotype x Treatment) was 
performed to determine main and/or interaction effects, upon statistical significance followed 
by post hoc testing using Fisher’s LSD. *p<.05; **p<.01; $ p<.05, $$p<.01, $$$p<.001 vs. SERT+/+; 

& p<.05, &&p<.01, &&&p<.001 vs. SERT+/-, n=7-10.
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Limitations and future directions
Throughout our experiments, we came across some limitations. The most important 
limitation of our studies is that we did not control for the effects of ELSD, FLX or their 
combination, on maternal behavior of our dams. When alterations in maternal care 
of dams following ELSD or FLX treatment, or their combination are found, this can 
indicate that observed behavioral alterations in the offspring are the consequence of 
changes in maternal care. Studies that investigate the effects of stress exposure and FLX 
treatment in dams on maternal care show mixed results. While some studies found that 
chronic unpredictable prenatal stress (Kiryanova et al., 2016) and prenatal restraint stress 
(Gemmel et al., 2018; Pawluski et al., 2012a, 2012b) did not alter maternal care, others 
find that prenatal stress increased (Rayen et al., 2011), or reduced (Smith et al., 2004) 
maternal care of the dams. When it comes to FLX treatment, no effects of FLX treatment 
on maternal care (Da-Silva et al., 1999; Gemmel et al., 2018; Kiryanova et al., 2016; 
Kiryanova and Dyck, 2014; Rayen et al., 2011), increased arched back nursing (Pawluski 
et al., 2012a), or reduced licking and nursing (Boulle et al., 2016a) were found. While 
we did not objectively score maternal caregiving behaviors of our dams, we did make 
personal observations on the day of birth. Noted was whether pups were all together and 
clean in the nest, if the umbilical cord and/or placenta were attached. For example, when 
pups were scattered through or outside the nest instead of all together in the nest, this 
was considered as poor maternal care. It appeared that maternal care seemed to be poor 
more often in litters from FLX-treated dams (80%), than in litters from VEH-treated 
dams (7%). This observed poor maternal care is a possible explanation for the increased 
pup mortality that we found in FLX litters (chapter 5). It has been shown previously 
that FLX exposure can increase pup mortality by inducing heart failure postnatally 
as well (Noorlander et al., 2008b). Therefore, to investigate whether FLX or maternal 
care affect offspring mortality, future studies could control for this by cross fostering of 
pups. If FLX-exposed pups that are cross fostered by VEH-treated dams (with normal 
caregiving behavior) do not survive as well, FLX-exposure is most likely responsible 
for the increased pup mortality. However, if FLX-exposed pups survive when raised by 
VEH-treated dams, or VEH-exposed pups cross fostered by FLX-treated dams still die, 
the altered maternal care is most likely the reason for pup mortality. Not only FLX, but 
also the SSRI paroxetine can increase pup mortality, which was actually the result of 
paroxetine itself, as high mortality rates were still found after cross fostering of paroxetine 
exposed pups (Van den Hove et al., 2008). In humans, paroxetine treatment early in 
pregnancy has been repeatedly associated with an increased risk for birth defects such 
as major congenital malformations and cardiac malformations (reviewed in Bérard et al., 
2016). All in all, it is important that future studies assess both depressive-like behavior 
and maternal caregiving behavior of the dam to check whether behavioral alterations in 
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the offspring are the direct result of ELSD or FLX exposure, or that, in addition, ELSD 
or FLX indirectly affect offspring behavior through changes in maternal care.
Unfortunately, not only high pup mortality, but also high dam mortality was found 
after FLX treatment of our dams. As been discussed in chapter 5, approximately 30 % of 
FLX-treated dams died during the pre- or postnatal period, suggesting maternal toxicity. 
Blood plasma levels of FLX and its active metabolite norFLX were within normal range 
during 6 weeks of treatment, thereby ruling out accumulation of FLX being responsible 
for the high mortality rate. Post mortem tissue (including stomach, heart, lungs, liver, 
brain, spleen and intestines) revealed no differences between VEH- and FLX-exposed 
dams. Personal observations revealed signs of toxicity, including piloerection and 
lowered activity immediately after treatment with 10 mg/kg FLX by oral gavage. We 
speculated that the high mortality might be the result of the high FLX dose given at once 
using oral gavage, as opposed to receiving FLX through gavage at a lower dose of 5 mg/
kg (Francis-Oliveira et al., 2013; Silva et al., 2018) or by receiving FLX more distributed 
throughout the day, e.g. via drinking water (Kiryanova et al., 2016, 2017a). Even so, 
Olivier and colleagues treated rats through oral gavage with an even higher dose of 12 
mg/kg and did not find mortality in the dams (Olivier et al., 2011). Another possible 
factor that could influence the mortality rate in our dams is their genetic background. We 
used SERT+/- dams, which have less SERT expression, and thus less SERTs are available. 
Therefore, SERTs are occupied faster in SERT+/- animals after FLX treatment compared 
to SERT+/+ animals, possibly resulting in more severe side effects after a high dose of 
FLX. Likewise, reduced SERT expression has been associated with a poorer response 
to SSRI treatment and more adverse side effects in humans (Stevenson, 2018). As this is 
pure speculation, future studies should investigate the occurrence of dam mortality by 
looking into the dose-response relationship of perinatal FLX treatment in both SERT+/+ 
and SERT+/- females. Furthermore, while we tried to minimize stress by not restraining 
animals during oral gavage, future studies could minimize stress during treatment 
even more by e.g. administering FLX via a wafer biscuit twice a day (Gemmel et al., 
2017). However, this would be a more challenging method as wafer eating needs to 
be monitored, especially during the postnatal period to ensure that the dam, and not 
the offspring, eats the entire biscuit. Other administration methods include dissolving 
FLX in drinking water (Kiryanova et al., 2016) or adding FLX to a sucrose solution in a 
syringe from the animals can lick (Atcha et al., 2010).
Lastly, another limitation of our studies is the unstable behavioral outcome of our 
animal model of maternal depression, as extensively discussed in the discussion section 
of the thesis. All in all, both predictable and unpredictable maternal separation didn’t 
have much effect on SERT+/- female anxiety and depressive-like behavior, compared to 
SERT+/- CTR females. While we aimed for depressive-like behavior in dams to result in 
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suppressing effects on behavior of offspring, ELSD rather seemed to increase behavior 
such as the preference for sucrose, social interaction, and male aggression. In order 
to create a more stable depressive-like phenotype in our dams, one solution could 
be to increase severity of the early life stressor applied, or to add more stressful life 
events throughout life. Another solution could be to make a selection of dams that are 
responsive and show an anxious and depressive phenotype consistently over behavioral 
tests, as opposed to including all dams (which also include stress resilient dams), which 
only show a depressive-like phenotype on average. However, many animals are needed 
to carry out this selection of dams. Similarly, in humans, not all S-allele carriers that 
are exposed to stressful life events develop a depression. In fact, of the individuals who 
experienced four or more stressful life events, 33% of the S-allele carriers developed a 
depression, whereas this was the case for only 17% of L-allele carriers (Caspi et al., 2003).

Conclusions

In this thesis we studied the effects of a maternal depression and perinatal FLX 
exposure, both separately and combined, on offspring neurodevelopmental outcome. 
To summarize, perinatal FLX exposure clearly had reducing effects on behavior in 
offspring from healthy dams. Effects of the maternal depression on offspring behavior 
were less pronounced, with enhancing effects found for some offspring behaviors. 
Consequently, the combination of a maternal depression and SSRI exposure had minor 
effects on offspring behavior, as FLX reducing effects might have been leveled-out by 
the maternal depression. With regard to offspring genotype, SERT+/- offspring appear 
to be less sensitive for the effects of FLX exposure compared to SERT+/+ offspring. In 
contrast, when we do find effects of the maternal depression on offspring behavior, this 
is primarily true for SERT+/- offspring, suggesting that SERT+/- offspring are more sensitive 
to the maternal depression compared to SERT+/+ offspring. Furthermore, despite the 
high translational relevance of exposing SERT+/- females to ELS as an animal model of 
maternal depression, we were unable to consistently induce a depressive-like phenotype, 
on average, in our dams. In humans, all mothers studied are usually diagnosed with a 
depression, therefore we should make a selection exclusively of those animals expressing 
the depressive phenotype. Together with the absence of negative, or suppressing, 
behavioral effects in the offspring, our animal model could not be validated and is in its 
current state not suitable as an animal model of depression.
Regarding antidepressant treatment during pregnancy: are they for better or worse? Our 
findings indicate that specifically FLX treatment during pregnancy is not for worse, as 
the found suppressing effects of perinatal SSRI exposure are small, but not detrimental 
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to offspring behavior and mostly occur in offspring from healthy dams. Even so, our 
findings have translational relevance to the human situation. Male rat offspring appeared 
more sensitive to the effects of perinatal FLX treatment on social behavior, which was 
reduced. In humans, boys are more often diagnosed with autism spectrum disorder, 
of which impaired social interaction is one of the core symptoms, with a possible 
role for serotonin. Furthermore, we found increased aggressive behavior in male rat 
offspring exposed to FLX during pregnancy, while in humans boys from mothers who 
took antidepressants during pregnancy also have an increased risk to display more 
externalizing, or violent, behavior. Similarly, our female rat offspring appeared to be a 
bit more anxious and depressive-like when their mother was treated with FLX, while in 
humans children exposed to antidepressants during pregnancy have an increased risk to 
show more internalizing behaviors. Thus, even though rats and humans are not exactly 
the same, we do see some similarities in neurodevelopmental outcomes of antidepressant 
treatment during pregnancy on the offspring. Therefore, the rat can be used to further 
unravel underlying mechanisms contributing to the neurodevelopmental outcomes in 
offspring of depressed mothers who used, but also who did not use, antidepressants 
during pregnancy. In the end, benefits and risks of antidepressant treatment during 
pregnancy should be weighed against the risks of the untreated maternal depression per 
individual case. All taken together, the findings in this thesis provide new information 
on the effects of perinatal SSRI exposure on offspring neurodevelopmental outcome, 
which can help pregnant women that are suffering from antenatal depression, as well as 
their physicians, to make more informed decisions about the initiation or continuation 
of antidepressant treatment.
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Background

During pregnancy, about 1 in 5 women experience depressive symptoms, while 
approximately 4–7.5% of pregnant women suffer from a severe depression. Selective 
serotonin reuptake inhibitors (SSRIs) are the most frequently prescribed class of 
antidepressants as they have been considered relatively safe for both mother and child. 
However, SSRIs cross the placental barrier and reach the developing child in utero. 
As a result, SSRIs affect the serotonergic system during development and have the 
potential to alter neurobehavioral development of the child. Indeed, both a maternal 
depression as well as SSRI treatment during pregnancy have been associated with altered 
neurodevelopmental outcomes in the offspring. Unfortunately, clinical studies so far 
have been unable to completely separate the effects of the SSRIs from the effects of 
the underlying maternal depression. However, by using an animal model of maternal 
depression it is possible to dissociate these effects. Therefore, in this thesis, we aimed to 
answer the following question:

What are the effects of a maternal depression and perinatal treatment with the SSRI 
fluoxetine, both separately and combined, on neurodevelopmental outcomes in rat 
offspring?

We expected both the maternal depression and SSRI exposure to exert suppressing 
effects on behavior of the offspring, independent of each other. When combined, we 
anticipated SSRI treatment in depressed mothers to either restore behavioral effects in 
the offspring back to normal (for better) or to have an even bigger (suppressing) effect 
on offspring behavior (for worse).
In order to provide an answer to the stated research question, we developed an animal 
model for maternal depression. This animal model is based on the assumption that 
humans with lower gene expression levels of the serotonin transporter (SERT) are more 
susceptible to stress and have an increased risk to develop mental disorders after repeated 
exposure to stressful (early) life events. Therefore, we tried to mimic this situation in rats 
by exposing females with reduced SERT gene expression levels to early life stress (ELS) in 
order to induce a depressive-like phenotype. Subsequently, we designed and performed 
various experiments where we treated healthy and depressive-like female rats with the 
SSRI fluoxetine (FLX) or vehicle (VEH) throughout pregnancy and lactation (also known 
as the perinatal period). The offspring were assessed for neurodevelopmental outcomes. 
As lifelong reductions in SERT expression are known to alter behavioral outcome and 
as it has the potential to interact with stressful life events, offspring with both normal 
(SERT+/+) and a lifelong reduction in SERT expression levels (SERT+/-) were assessed.
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Chapter 2

To first assess the effects of perinatal FLX exposure in healthy dams on offspring 
neurodevelopment, a wide variety of experiments were performed. In chapter 2, we 
investigated the effects of perinatal FLX treatment on anxiety-like behavior and stress 
coping in the offspring. Because serotonergic signaling is involved in the regulation of 
circadian rhythms, we also investigated whether perinatal SSRI treatment alters circadian 
behavior in the offspring, as this has scarcely been studied. Previously performed studies 
looking into the effects of perinatal FLX treatment on offspring circadian behavior have 
been studied in male mice only, we therefore decided to investigate the effects of perinatal 
SSRI treatment in female offspring. Rat dams were daily treated with FLX (10 mg/kg) 
from gestational day 1 until the pups were weaned at postnatal day (PND) 21, and female 
offspring were studied. We observed a significant decrease in open arm entries of the 
elevated plus maze (EPM), which suggests increased anxiety, but we did not observe 
any other differences in anxiety-like behavior or stress coping in FLX-exposed female 
offspring. However, we did find an effect of perinatal FLX exposure on circadian behavior 
after injecting the offspring with a high dose of the 5-HT1A/7 receptor agonist 8-OH-
DPAT, a challenge which resets the circadian rhythm of the animals. The 8-OH-DPAT 
injection resulted in a shorter free-running period for activity in constant darkness (which 
normally lasts approximately a bit less than 24h in nocturnal animals) in females that 
were exposed to FLX in the perinatal period compared to VEH exposed animals. Since 
the suprachiasmatic nucleus (SCN) is innervated by serotonergic neurons, expresses 
5-HT1A receptors, and because SCN serotonin modulates the circadian effects of light 
-with agonists inhibiting response to light and antagonists enhancing responses to 
light-, we expected some alterations in the serotonergic system, especially at the 5-HT1A 
receptor expression level. The latter because 8-OH-DPAT exerted the phase-shifting effect 
and this drug is mainly acting on the 5-HT1A receptor. However, 5-HT1A receptor gene 
expression levels were not altered in the SCN due to perinatal FLX exposure. Besides 
the 5-HT1A receptor, we also investigated the expression of key clock genes (Per1, Per2, 
Cry1 and Cry2) in the SCN, as SSRIs are known to increase the expression of these genes. 
However, no difference in the expression of clock genes were found in the SCN of female 
rats exposed to perinatal FLX when compared to VEH exposed rats. Future research 
investigating expression levels at different time points, immediately after an 8-OH-DPAT 
challenge, or in other brain regions, is warranted to determine whether these genes do 
play a role in the disruption of the circadian response to a non-photic cue. Finally, we 
investigated whether the sensitivity of the 5-HT1A receptor was altered due to perinatal 
FLX exposure. To do so, we applied a specific and highly efficacious 5-HT1A receptor 
agonist (F13714) in a dose-response manner and consequently measured the hypothermic 
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effect of this agonist. F13714 showed a clear hypothermic effect with no differences in 
this hypothermic responsivity between FLX and VEH-exposed offspring, indicating that 
the functionality of the 5-HT1A receptor is not altered in female rats after perinatal FLX 
exposure. Summarizing, perinatal FLX exposure disrupts circadian behavior after a non-
photic challenge in female rats, but underlying mechanisms remain to be investigated.

Chapter 3

When assessing rodent behavior, simplified rodent test set-ups can only investigate 
a small fraction of the full behavioral repertoire of the animal. However, using a 
seminatural environment rodents can express their full behavioral repertoire, which 
allowed us to study the effects of perinatal FLX treatment on behavioral outcomes in 
male and female offspring in a more natural setting in chapter 3. Also, by using this 
more translational test set-up we could investigate the consequences of an environmental 
stressor. Rat dams were treated daily with FLX (10 mg/kg) from gestational day 1 until 
the pups were weaned at postnatal day (PND) 21. To assess the effect of FLX exposure 
during early development, female and male offspring were behaviorally tested in the 
seminatural environment at adulthood. Baseline behavior was measured in addition 
to responses during and after stressful white-noise events. Behavior was observed on 
two days, day 4 on which females were sexually non-receptive, and day 7, on which 
females were sexual receptive. We discovered that both male and female offspring from 
FLX-treated dams spent more time in passive social behavior, (e.g. resting together), 
when housed in a semi-natural environment. Females compensated for this behavior 
by spending less time in active social behavior, such as social sniffing. To assess their 
behavioral response to a stressful stimulus, we exposed them to loud white noise (80dB) 
for 10 minutes. FLX-exposed males increased the amount of self-grooming in response 
to this stressor compared to VEH-exposed males. VEH-exposed males did not show 
this grooming response, indicating differences in stress coping behavior. We concluded 
that perinatal FLX treatment of healthy dams leads to alterations in social behavior 
and changes the response to a stressor in the offspring when observed in a seminatural 
environment.

Chapter 4

Whereas animal studies, including the studies in chapter 2 and 3, often treat healthy 
pregnant dams with antidepressants, perinatal antidepressant treatment in humans 
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typically co-occurs with a depression. Therefore, a more translational approach would be 
to study the neurodevelopmental outcomes in offspring due to perinatal FLX treatment 
in an animal model of depression, which we developed in chapter 4. The serotonin 
transporter (SERT) gene has been linked to depression, especially the short allele of 
the serotonin transporter linked polymorphic region (5-HTTLPR). When short allele 
carriers are exposed to stressful life events, their risk to develop depression is increased. 
The neurochemical properties of the short allele of the 5-HTTLPR in humans can 
be mimicked in heterozygous serotonin transporter knockout (SERT+/-) rats. These 
animals have a similar reduction in SERT expression as humans with a 5-HTTLPR 
short allele. Since early postnatal adversity can contribute to the psychopathology of 
depression, especially in vulnerable individuals, we investigated the effects of early-life 
stress in female SERT+/- rats and determined whether female SERT+/- rats could model 
the human short allele 5HTTLPR carriers. To this end, SERT+/- rats were maternally 
separated for six hours a day from postnatal day 2-15. Control rats were handled for 
15 minutes from PND2-15 to control for litter disturbances. In adulthood, female rats 
were assessed for affective, social and coping behaviour. In addition, nerve growth factor 
(NGF) gene expression in the basolateral amygdala (BLA) and paraventricular nucleus 
of the hypothalamus (PVN) and basal plasma corticosterone levels were measured. 
Results show that maternal separation lowered sucrose preference in female SERT+/- 
rats compared to control SERT+/- rats, reflecting anhedonic behaviour. In addition, 
compared to control SERT+/- rats, maternal separation significantly lowered NGF gene 
expression in SERT+/- rats in both BLA and PVN, but did not affect plasma corticosterone 
levels. Together, these results show that early-life stress in female SERT+/- rats leads to 
depression-like behaviour and related plasticity impairments in the BLA and PVN. 
Consequently, these SERT+/- females were used as an animal model of depression in this 
thesis.

Chapter 5

Using SERT+/- females that have been exposed to ELS (ELS in dams, ELSD) as our animal 
model of maternal depression, we investigated the effects of perinatal FLX treatment (10 
mg/kg) in both healthy and depressive-like dams, on offspring social behavior in chapter 
5. Rat dams were treated daily with FLX (10 mg/kg) from gestational day 1 until the 
pups were weaned at postnatal day (PND) 21. Both male and female wildtype SERT+/+ 
and heterozygous SERT+/- rat offspring were tested for pup ultrasonic vocalizations 
(USVs), juvenile social play behavior and adult social interaction. FLX treatment of the 
dams resulted in a reduced total USV duration in pups at postnatal day 6, especially in 
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SERT+/+ males. Perinatal FLX exposure lowered social play behavior in male offspring 
from both control and depressive dams. However, in females a FLX-induced reduction 
in juvenile play behavior was only present in offspring from healthy dams. Offspring 
genotype did not affect juvenile play behavior. Despite FLX-induced behavioral effects 
at juvenile age, FLX reduced male adult social behavior in offspring from healthy dams 
only. Effects of FLX on female adult social behavior were virtually absent. Interestingly, 
ELSD increased adult social exploration in vehicle exposed SERT+/+ female offspring and 
total social behavior in FLX exposed adult SERT+/- male offspring. Furthermore, SERT+/- 
males appeared less social during adulthood compared to SERT+/+ males. Overall, the 
present study shows that chronic blockade of the serotonin transporter by FLX during 
early development has a considerable impact on pup USVs, juvenile social play behavior 
in both male and female offspring, and to a lesser extent on male social interaction in 
adulthood, while the maternal depression has minor compensating effects

Chapter 6

Next to USVs, juvenile social play behavior and adult social interaction in chapter 5, male 
offspring were also tested for aggressive and sexual behavior in chapter 6. Again, SERT+/- 
females that have been exposed to ELS (ELSD) were used as depressive dams. Healthy 
and depressive-like dams were treated daily with FLX (10 mg/kg) from gestational day 
1 until the pups were weaned at postnatal day (PND) 21. Both SERT+/+ and SERT+/- 

male offspring were assessed, as lifelong reductions in SERT expression are known to 
alter behavioral outcome. Our results showed that FLX treatment of the dams reduced 
offensive behavior, the number of animals attacking, and increased the latency to attack, 
especially in SERT+/+ offspring. Furthermore, perinatal FLX treatment reduced the 
mounting frequency in SERT+/+ offspring, but had little effect on other sexual parameters. 
Opposite to the effects of FLX, ELSD increased offensive behavior, without affecting 
sexual behavior, but only in SERT+/- offspring. Overall, our research demonstrates that 
perinatal FLX treatment and ELSD have opposite effects on aggressive behavior, with 
little impact on sexual behavior of male offspring.

Chapter 7

In chapter 7, we investigated the effects of a maternal depression and perinatal FLX 
treatment on affective behavior in male and female rat offspring. Like in chapter 5 and 
6, SERT+/- females that have been exposed to ELS (ELSD) were used as depressive dams. 
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Healthy and depressive dams were treated daily with FLX (10 mg/kg) from gestational 
day 1 until the pups were weaned at postnatal day (PND) 21. Male and female offspring 
were assessed for affective behavior, including anxiety- and depressive-like behavior, 
and for stress coping. As reduced serotonin transporter (SERT) availability has been 
associated with altered behavioral outcome, both offspring with normal (SERT+/+) and 
reduced (SERT+/-) SERT expression were included. Perinatal FLX treatment and ELSD 
had sex- and genotype-specific effects on affective behavior in the offspring. In female 
offspring, perinatal FLX exposure interacted with SERT genotype to increase anxiety 
and depressive-like behavior in SERT+/+, but not SERT+/-, females. In male offspring, 
ELSD reduced anxiety and interacted with SERT genotype to decrease depressive-like 
behavior in SERT+/-, but not SERT+/+, males. Altogether, SERT+/+ female offspring appear 
to be more sensitive than SERT+/- females to the effects of perinatal FLX exposure, while 
SERT+/- male offspring appear more sensitive than SERT+/+ males to the effects of ELSD 
on affective behavior. Our results suggested a role for offspring SERT genotype and sex 
in FLX and ELSD-induced effects on affective behavior.

Chapter 8

In this chapter, we briefly summarized and discussed our main findings from chapter 2-7 
and put them in a broader perspective. To summarize, both perinatal FLX treatment and 
a maternal depression altered offspring behavior. However, the most pronounced effects 
are due to the perinatal FLX exposure. Treating dams with FLX during pregnancy and 
lactation resulted in a reduction of certain offspring behavior, especially social behaviors 
such as juvenile social play and adult aggression, and to a lesser extend increased anxiety 
and depressive-like behavior. Effects appeared sex specific as our results suggest that 
male offspring are more sensitive than female offspring to the effects of perinatal FLX 
exposure on social behavior, while female offspring appear to be more sensitive than male 
offspring to the effects of perinatal FLX exposure on affective behavior. To investigate 
the effects of perinatal FLX treatment in depressive-like dams, we developed an animal 
model of depression. When pups, female SERT+/- rats were exposed to early life stress, and 
we showed that this resulted in depressive-like behavior and altered neuronal plasticity in 
adulthood compared to non-stressed (control) SERT+/- females. Control and depressive-
like females were then used as dams for FLX treatment during pregnancy and lactation. 
Having a depressive-like mother, or a mother exposed to ELS (ELSD), also had some 
effects on offspring behavior. As opposed to the more suppressed behavior in offspring 
after FLX exposure, the depressive-like phenotype of the dam resulted in activation of 
certain behaviors. More specifically, offspring from these dams showed less anxiety- and 
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depressive-like behavior, or more non-anxious behavior, depending on sex and SERT 
genotype. Moreover, ELSD rarely compensated FLX-induced reductions in offspring 
behavior. Furthermore, offspring SERT genotype affected behavioral outcome as well. 
SERT+/- male offspring showed less social, aggressive and depressive-like behavior, while 
having higher sexual motivation, compared to SERT+/+ male offspring. On the other 
hand, SERT+/- female offspring showed increased depressive-like behavior compared 
to SERT+/+ female offspring. Also, offspring SERT genotype influenced the response to 
perinatal FLX exposure and ELSD. Our results show that SERT+/- offspring appear to be 
less sensitive than SERT+/+ offspring for the effects of FLX exposure, while at the same 
time, our results suggest that SERT+/- offspring are more sensitive than SERT+/+ offspring 
to the effects of ELSD.
In addition, we discussed whether exposing SERT+/- females to ELS - our current animal 
model of maternal depression - demonstrated to be a valid animal model of depression. 
We presented and discussed a study that we designed to investigate whether females with 
lower (SERT+/-) or no SERT expression (SERT-/-) are indeed more vulnerable to ELS (in 
this case maternal separation), and if perhaps other forms of maternal separation are 
more effective to induce depressive-like behavior. More specific, SERT+/+, SERT+/- and 
SERT-/- pups were separated as a whole litter from the dam on PND 2-15 for either 6 hours 
a day on a predictive time point (MS360, our current animal model for depression), 3 
hours a day on a predictable time point (MS180), 3 hours a day on unpredictable time 
points (MSU180), or 3 hours a day on unpredictable time points including additional 
unpredictable stressing of the mother while the pups are away (MSUS180). As a control 
(CTR), pups were separated from their mother for 15 minutes and handled briefly. To 
assess whether lower SERT expression interacted with ELS, we assessed female pups for 
anxiety- and depressive-like behavior, stress coping, and cognition during adulthood. 
Our results indicated that SERT genotype and ELS interact to alter anxiety-like 
behavior, without impairing object recognition. However, we also concluded that SERT 
genotype and ELS do not interact to alter depressive-like behavior in female rats. When 
we specifically investigated SERT+/- females that were exposed to 6 hours of maternal 
separation (MS360), our current animal model of depression, we did not find increased 
depressive-like behavior when compared to CTR handled animals, as we did in chapter 
4. Therefore, we suggested that some changes should be made to our current animal 
model of depression in order to consistently show a depressive-like phenotype in our 
dams. We suggested that either we increase severity of the early life stressor applied, 
or that a selection is made of dams that show an anxious and depressive phenotype 
consistently over behavioral tests, as opposed to including all dams (which also include 
stress resilient dams), who only show a depressive-like phenotype on average. This would 
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be a more translational approach, as antidepressant treatment usually only occurs in 
depressed patients.
Furthermore, we discussed some limitations of the studies in this thesis. Most important 
limitations included the lack of objective maternal care scoring, especially since high 
dam and pup mortality were found in FLX-treated groups. Subjective observations of 
maternal care indicated poor maternal to be responsible for pup mortality, while SERT 
genotype of the dams might play a role in dam mortality. Even so, to minimize stress 
further during drug delivery, other administration methods than oral gavage could be 
utilized, such as via drinking water, a wafer biscuit or dissolved in a sucrose solution.
In the end, we concluded that antidepressant treatment during pregnancy is definitely not 
for worse, as the found suppressing effects of perinatal FLX exposure are small, but not 
detrimental to offspring behavior and mostly occur in offspring from healthy dams. In 
the end, benefits and risks of antidepressant treatment during pregnancy should always 
be weighed against the risks of the untreated maternal depression per individual case. 
All taken together, we concluded that the findings in this thesis provide new information 
on the effects of perinatal SSRI exposure on offspring neurodevelopmental outcome, 
which can help pregnant women that are suffering from antenatal depression, as well as 
their physicians, to make more informed decisions about the initiation or continuation 
of antidepressant treatment.
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Achtergrond
 
Tijdens de zwangerschap krijgen veel vrouwen te maken met neerslachtige gevoelens. 
Ongeveer 1 op de 5 zwangere vrouwen heeft symptomen van een depressie, terwijl 
ongeveer 1 op de 20 zwangere vrouwen een zware depressie ontwikkelt. Het 
voorschrijven van antidepressiva bij een milde tot zware depressie is vaak noodzakelijk, 
met name als andere vormen van behandeling niet effectief zijn. Selectieve serotonine 
heropname remmers (SSRI’s) zijn de meest voorgeschreven antidepressiva tijdens de 
zwangerschap, omdat er relatief weinig bijwerkingen lijken te zijn voor zowel moeder 
als kind. Desondanks passeren SSRI’s de placenta en bereiken zo het ongeboren 
kind in de baarmoeder. Daarnaast zijn SSRI’s aanwezig in de moedermelk wanneer 
borstvoeding wordt gegeven. SSRI’s grijpen aan op het serotonerge systeem, welke tijdens 
de ontwikkeling van het kind betrokken is bij essentiële processen in de cel waaronder 
de celdeling, cel differentiatie en migratie, neurogenese, neuroapoptose en synaptische 
plasticiteit. Op latere leeftijd is de neurotransmitter serotonine vooral betrokken is bij 
onder andere het reguleren van stemming, slaap, eetlust en cognitieve vaardigheden. 
Het is bekend dat verstoringen in het serotonerge systeem een rol kunnen spelen bij 
de ontwikkeling van neuropsychiatrische aandoeningen. Omdat het gebruik van 
SSRI’s tijdens de zwangerschap het serotonerge systeem verstoord, brengt dit mogelijk 
risico’s met zich mee voor de gezondheid van het (ongeboren) kind. Zowel de maternale 
depressie als het gebruik van SSRI’s tijdens de zwangerschap zijn geassocieerd met 
veranderingen in het gedrag en de hersenen van nakomelingen. Ondanks de gevonden 
associaties is het erg lastig om de effecten van SSRI-gebruik tijdens de zwangerschap 
los te koppelen van de onderliggende depressie. In de mens kan dit niet los van elkaar 
bestudeerd worden; gezonde zwangere vrouwen gebruiken immers geen antidepressiva. 
Het gebruik van proefdieren, in het bijzonder ratten, biedt hierbij uitkomst. Door een 
ratmodel voor depressie te gebruiken kunnen we zowel de losstaande effecten van 
een maternale depressie en SSRI-gebruik tijdens de zwangerschap bestuderen, als in 
combinatie met elkaar. Het doel van dit proefschrift was antwoord te krijgen op de 
volgende onderzoeksvraag:

Wat zijn de effecten van een depressie, SSRI-gebruik, en de combinatie hiervan tijdens 
de zwangerschap, op de ontwikkeling van het gedrag en de hersenen in de nakomelingen 
van ratten?

We verwachtten dat zowel de maternale depressie als het SSRI-gebruik tijdens de 
zwangerschap los van elkaar een onderdrukkend effect hebben op het gedrag van de 
nakomelingen. Wanneer er sprake is van een combinatie van een maternale depressie 
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en SSRI-gebruik tijdens de zwangerschap, verwachtten we a) dat het SSRI-gebruik de 
onderdrukkende effecten op het gedrag als gevolg van de depressie van de moeder 
weer herstelt naar het niveau van nakomelingen van gezonde moeders, of b) dat deze 
combinatie nog grotere onderdrukkende effecten op het gedrag van de nakomelingen 
laat zien.

Om een antwoord te kunnen geven op onze onderzoeksvraag ontwikkelden we een 
diermodel voor maternale depressie. Dit diermodel is gebaseerd op de aanname dat 
mensen met een lagere expressie van het serotonine transporter (SERT) gen gevoeliger 
zijn voor stress, waardoor ze een verhoogd risico hebben om een mentale stoornis te 
ontwikkelen als ze meerdere malen aan (vroege) stressvolle gebeurtenissen worden 
blootgesteld. Deze situatie in de mens hebben we nagebootst door vrouwelijke ratten 
met verminderde SERT-expressie vroeg in hun leven bloot te stellen aan stress om zo op 
latere leeftijd een depressie-achtig fenotype te creëren. Vervolgens hebben we verschillende 
experimenten uitgevoerd waarbij gezonde rattenvrouwtjes en rattenvrouwtjes met een 
depressie-achtig fenotype behandeld werden met de SSRI fluoxetine (FLX) of met een 
placebo gedurende de gehele zwangerschap en aansluitende lactatieperiode (ook wel 
bekend als de perinatale periode). De nakomelingen van deze vrouwtjes werden getest op 
veranderingen in de fysiologie, in het gedrag en in de hersenen. Aangezien bekend is dat 
levenslange vermindering van SERT-expressie gedragsveranderingen kan veroorzaken, 
en omdat verminderde SERT-expressie de potentie heeft om een interactie aan te gaan 
met stressvolle gebeurtenissen, werden zowel nakomelingen met normale SERT-expressie 
(SERT+/+) als nakomelingen met een levenslange vermindering in SERT-expressie (SERT+/-) 
onderzocht.

Hoofdstuk 2 
 
Eerst onderzochten we de effecten van perinatale FLX-behandeling van gezonde moeders 
op de nakomelingen. In hoofdstuk 2 bestudeerden we de effecten van deze maternale 
behandeling op de angstrespons van nakomelingen en keken we hoe de nakomelingen 
omgaan met een stressvolle situatie. Omdat het serotonerge systeem betrokken is bij 
de regulatie van circadiaanse ritmes hebben we daarnaast in deze dieren gekeken of 
perinatale FLX-behandeling van de moeder leidt tot veranderingen in circadiaans gedrag 
van de nakomelingen. Dit is in eerdere studies zelden bestudeerd en alleen in mannelijke 
muizen. Daarom besloten we onze studie uit te voeren met vrouwelijke nakomelingen. 
Vrouwtjesratten werden dagelijks behandeld met FLX (10 mg/kg) vanaf de bevruchting tot 
aan het verspenen van de pups op postnatale dag (PND) 21. Vervolgens werden alleen de 
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vrouwelijke nakomelingen bestudeerd. We zagen dat nakomelingen van FLX-behandelde 
moeders significant minder vaak de open arm van de elevated plus maze (EPM) betraden, 
wat verhoogde angst suggereert. Desondanks vonden we verder geen andere verschillen 
in angst of in de respons op een stressvolle situatie vergeleken met nakomelingen van 
onbehandelde moeders. Echter, er werd wel een effect van de perinatale FLX-behandeling 
op circadiaans gedrag in de nakomelingen gevonden, nadat deze geïnjecteerd werden met 
een hoge dosis van de serotonine (5-HT)1A/7 receptoragonist 8-OH-DPAT. Deze injectie 
zorgt ervoor dat het circadiaans ritme van de dieren gereset wordt. Wanneer vervolgens 
het ritme van activiteit in constante duisternis werd bekeken, zagen we dat deze dieren 
gemiddeld een korter activiteitsritme hadden dan nakomelingen van moeders behandeld 
met een placebo tijdens de perinatale periode. Vervolgens hebben we geprobeerd de 
onderliggende mechanismen te ontrafelen. We waren met name geïnteresseerd in de 
nucleus suprachiasmaticus (NSC), een kleine groep neuronen in de periventriculaire 
zone van de hypothalamus, omdat deze geïnnerveerd wordt door serotonerge neuronen 
en omdat 5-HT1A receptoren aanwezig zijn in dit gebied. Daarnaast is de aanwezigheid 
van serotonine in de NSC betrokken bij de modulatie van de effecten van licht op het 
circadiaans ritme, waarbij 5-HT1A receptoragonisten een inhiberende respons op de 
effecten van licht hebben, waar de 5-HT1A receptorantagonisten een versterkend effect 
hebben. Hierdoor verwachtten we veranderingen te vinden in het serotonerge systeem 
van de nakomelingen, voornamelijk op het niveau van 5-HT1A receptor expressie, als 
gevolg van perinatale FLX-behandeling van de moeders. Dit verwachtten we vooral 
omdat 8-OH-DPAT verantwoordelijk was voor de verschuiving van het activiteitsritme 
en omdat 8-OH-DPAT aangrijpt op de 5-HT1A receptor. Ondanks de verschuivingen die 
8-OH-DPAT teweegbracht, vonden we geen verschillen in genexpressie van de 5-HT1A 
receptor in de NSC als gevolg van de perinatale FLX-behandeling. Daarnaast hebben 
we ook de genexpressie van belangrijke klokgenen (Per1, Per2, Cry1 en Cry2) bestudeerd 
omdat er bekend is dat SSRI’s de expressie van deze genen kan verhogen. Echter, ook 
hier werden geen verschillen gevonden in genexpressie van deze klokgenen in de NSC 
tussen vrouwelijke nakomelingen van placebo behandelde moeders en nakomelingen 
van moeders behandeld met FLX tijdens de perinatale periode. Vervolgonderzoek naar 
genexpressie op bijvoorbeeld verschillende tijdspunten, onmiddellijk na een 8-OH-
DPAT-injectie, of in andere hersengebieden is nog nodig om te bepalen of deze genen 
een rol kunnen spelen in de gevonden veranderingen in het circadiaans ritme.
Als laatste onderzochten we of de gevoeligheid van de 5-HT1A receptor in de 
nakomelingen was veranderd als gevolg van de perinatale FLX-behandeling van de 
moeder. We onderzochten dit door een zeer specifieke en doeltreffende 5-HT1A receptor 
agonist (F13714) toe te dienen aan de nakomelingen en vervolgens een dosis-respons 
analyse uit te voeren aan de hand van het hypothermische effect dat deze agonist heeft. 
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F13714 liet een duidelijk hypothermisch effect zien, maar het effect was niet verschillend 
tussen nakomelingen van gezonde en FLX-behandelde moeders. Dit geeft aan dat de 
functionaliteit van de 5-HT1A receptor onveranderd is in vrouwelijke nakomelingen van 
moeders die met FLX behandeld zijn. Samengevat, perinatale FLX-behandeling verstoord 
circadiaans gedrag na een farmacologische uitdaging in vrouwelijke nakomelingen, maar 
de onderliggende mechanismen van dit effect moeten nog verder bestudeerd worden.

Hoofdstuk 3
 
In het gedragsonderzoek van knaagdieren wordt vaak gebruik gemaakt van 
gesimplificeerde experimentele opstellingen, welke slechts een fractie van het volledige 
gedragsrepertoire van het dier kunnen meten. Door knaagdieren te bestuderen in een 
semi-natuurlijke omgeving kunnen zij hun volledige gedragsrepertoire laten zien. Door 
deze meer translationele experimentele opstelling te gebruiken konden we in hoofdstuk 
3 de effecten van perinatale FLX-behandeling op het gedrag van de nakomelingen in een 
meer natuurlijke setting onderzoeken. Daarnaast onderzochten we ook wat de gevolgen 
zijn van een stressvolle gebeurtenis op het gedrag. Vrouwtjesratten werden dagelijks 
behandeld met FLX (10 mg/kg) vanaf dag 1 van de bevruchting tot aan verspening 
van de pups op PND 21. Om het effect van de blootstelling aan FLX tijdens de vroege 
ontwikkeling te onderzoeken werd het gedrag van volwassen mannelijke en vrouwelijke 
nakomelingen bestudeerd in een semi-natuurlijke omgeving. Het basisgedrag in de semi-
natuurlijke omgeving werd gemeten en daarnaast werd ook de gedragsrespons tijdens 
en na een luid, stressvol geluid van witte ruis bestudeerd. Gedrag werd geobserveerd 
op twee verschillende tijdspunten van het experiment. Op dag 4 na de introductie 
in de semi-natuurlijke omgeving, wanneer vrouwtjes niet seksueel receptief zijn, 
en op dag 7 wanneer vrouwtjes wel seksueel receptief zijn. We ontdekten dat zowel 
mannelijke als vrouwelijke nakomelingen van gezonde moeders die behandeld waren 
met FLX meer tijd spendeerden aan passief sociaal gedrag (bijvoorbeeld samen rusten) 
dan nakomelingen van de controlegroep, wanneer zij gehuisvest waren in een semi-
natuurlijke omgeving. Vrouwelijke ratten compenseerden voor dit gedrag door minder 
tijd te spenderen aan actief sociaal gedrag, zoals het besnuffelen van een ander. Het 
gedrag van de nakomelingen in respons op een stressvolle gebeurtenis werd onderzocht 
door de nakomelingen 10 minuten lang bloot te stellen aan het luide geluid van witte 
ruis (80 dB). Mannelijke nakomelingen van FLX-behandelde moeders reageerden op dit 
stressvolle geluid door zichzelf meer te gaan poetsen in vergelijking met nakomelingen 
van placebo-behandelde moeders. Mannelijke nakomelingen van placebo-behandelde 
moeders lieten deze reactie niet zien, wat suggereert dat mannelijke nakomelingen van 
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FLX-behandelde moeders anders omgaan met een stressvolle gebeurtenis dan mannelijke 
nakomelingen van placebo-behandelde moeders. We concludeerden dat perinatale FLX-
behandeling van gezonde vrouwelijke ratten leidt tot veranderingen in sociaal gedrag 
en een aangepaste reactie op een stressvolle gebeurtenis in nakomelingen gehuisvest in 
een semi-natuurlijke omgeving. 

Hoofdstuk 4
 
Verreweg de meeste dierstudies, inclusief onze studies in hoofdstuk 2 en 3, behandelen 
gezonde zwangere vrouwtjes met antidepressiva, terwijl in de mens antidepressiva 
tijdens de zwangerschap alleen gebruikt worden bij een depressie (of andere mentale 
aandoening). Om onze dierstudies beter te vertalen naar de humane situatie is het 
beter om de effecten van FLX-behandeling tijdens de perinatale periode te bestuderen 
door, naast het gebruik van de gezonde moederratten, een diermodel voor maternale 
depressie te gebruiken. Dit diermodel voor depressie ontwikkelden we in hoofdstuk 4. In 
de mens wordt het gen voor de serotonine transporter geassocieerd met de ontwikkeling 
van een depressie, met name het korte allel dat het gevolg is van een polymorfisme in 
de promotorregio van het SERT-gen (HTTLPR), wat zorgt voor minder expressie van 
SERT in vergelijking met het lange allel. Wanneer dragers van het korte allel worden 
blootgesteld aan meerdere stressvolle levensgebeurtenissen lopen zij een groter risico 
om een depressie te ontwikkelen dan dragers met een lang allel. De neurochemische 
eigenschappen van het korte allel 5-HTTLPR-polymorfisme in de mens kunnen worden 
nagebootst in heterozygote SERT knockout (SERT+/-) ratten. Deze dieren hebben een 
vergelijkbare afname in SERT-expressie met de humane dragers van een korte allel. 
Omdat negatieve gebeurtenissen in de vroege postnatale periode kunnen bijdragen aan 
de psychopathologie van depressie, vooral in gevoelige individuen, onderzochten we de 
effecten van stress vroeg in het leven van vrouwelijke SERT+/- ratten. Vervolgens bekeken 
we of vrouwelijke SERT+/- ratten een goed diermodel kunnen zijn voor de humane dragers 
van het korte allel 5-HTTLPR-polymorfisme. SERT+/- vrouwtjes ratten werden als pups 6 
uur per dag gescheiden van hun moeder van PND 2 tot en met 15. Controlepups werden 
op dezelfde dagen slechts 15 min per dag gescheiden van hun moeder en kort gehanteerd 
door de onderzoeker. Op volwassen leeftijd werden de SERT+/- vrouwtjes getest voor 
affectief en sociaal gedrag en hoe ze om konden gaan met een stressor. Daarnaast werd de 
genexpressie van zenuwgroeifactor NGF bestudeerd in verschillende hersengebieden: de 
basolaterale amygdala (BLA) en de nucleus paraventricularis hypothalami (PVN). Ook 
werden basale waarden van corticosteron gemeten in het bloedplasma. Onze resultaten 
lieten zien dat de dagelijkse separatie van 6 uur van de moeders ervoor zorgde dat de 
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vrouwelijke pups op volwassen leeftijd minder voorkeur voor een sucrose oplossing 
hebben dan de controle vrouwtjes, wat duidt op anhedonie, of depressie-achtig gedrag, 
in deze dieren. Daarnaast zorgde de separatie van 6 uur van de moeder ervoor dat 
SERT+/- vrouwtjes een lagere NGF genexpressie hadden in zowel de BLA als de PVN 
in vergelijking met de controle SERT+/- vrouwelijke ratten. Corticosteron waarden in 
het bloedplasma waren vergelijkbaar tussen beide groepen. Samenvattend laten onze 
resultaten zien dat stress vroeg in het leven van SERT+/- vrouwelijke ratten leidt tot 
depressie-achtig gedrag en bijbehorende veranderingen in plasticiteit van de BLA en 
PVN. Als gevolg van deze resultaten werden de SERT+/- vrouwtjes gebruikt als een 
diermodel voor maternale depressie voor de rest van de studies in dit proefschrift.

Hoofdstuk 5 
 
Met behulp van SERT+/- vrouwelijke ratten welke blootgesteld zijn aan stress vroeg in 
het leven, ook wel ons diermodel voor depressie, onderzochten we in hoofdstuk 5 de 
effecten van perinatale FLX-behandeling in gezonde en depressie-achtige vrouwtjes op 
het sociale gedrag van de nakomelingen. Deze vrouwtjes werden dagelijks behandeld met 
FLX (10 mg/kg) of een placebo vanaf de bevruchting tot aan verspening van de pups op 
PND 21. Zowel mannelijke als vrouwelijke, en zowel wildtype (SERT+/+) als heterozygote 
SERT (SERT+/-) knockout nakomelingen werden getest als pup op ultrasone vocalisaties 
(USV’s), op jong spelgedrag en op volwassen sociale interacties. De FLX-behandeling 
van de gezonde moeders resulteerde in een kortere duur van USV’s in pups op PND 6, 
vooral in SERT+/+ mannelijke nakomelingen. FLX-behandeling van zowel de gezonde 
als depressie-achtige moeders zorgde er ook voor dat sociaal spel in jonge mannelijke 
nakomelingen verminderd was. Echter, bij vrouwelijke nakomelingen was dit alleen 
het geval als de gezonde moeder, en niet de depressie-achtige moeder, werd behandeld 
met FLX tijdens de perinatale periode. Het SERT-genotype van de nakomelingen had 
geen invloed op het spelgedrag van de jonge nakomelingen. Op volwassen leeftijd 
werd alleen een onderdrukkend effect op sociale interacties gevonden in mannelijke 
nakomelingen van FLX-behandelde gezonde moeders. In vrouwelijke nakomelingen 
werden op volwassen leeftijd geen verschillen gevonden in sociale interacties tussen 
nakomelingen van FLX- en placebo-behandelde moeders. Het depressie-achtige 
fenotype van de moeders leidde echter wel tot een toename van sociale exploratie op 
volwassen leeftijd in SERT+/+ vrouwelijke nakomelingen, terwijl een combinatie van een 
depressie-achtige moeder en FLX-behandeling tijdens de perinatale periode het totale 
sociale gedrag verhoogde in volwassen SERT+/- mannelijke nakomelingen vergeleken 
met nakomelingen van gezonde moeders behandeld met FLX. Daarnaast had het SERT-
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genotype van de nakomelingen een effect op sociaal gedrag op volwassen leeftijd, waarbij 
SERT+/- mannelijke nakomelingen minder sociaal bleken te zijn op volwassen leeftijd 
dan SERT+/+ mannetjes. Al met al laat de studie in hoofdstuk 5 zien dat chronische 
blokkering van de SERT door blootstelling aan FLX tijdens de vroege ontwikkeling 
een noemenswaardig effect heeft op pup USVs, jong spelgedrag in zowel mannelijke als 
vrouwelijke ratten en in wat mindere mate op volwassen sociale interacties in mannelijke 
ratten. De depressie van de moeder lijkt daarentegen kleine, compenserende effecten te 
hebben op het sociaal gedrag van de nakomelingen.

Hoofdstuk 6
  
Naast pup USV’s, jong spelgedrag en volwassen sociale interacties in hoofdstuk 5 hebben 
we in hoofdstuk 6 ook ander sociaal gedrag bestudeerd, namelijk agressief en seksueel 
gedrag van mannelijke nakomelingen. Ook in deze studie werden SERT+/- vrouwtjes die 
blootgesteld waren aan stress vroeg in het leven gebruikt als depressie-achtige moeders. 
Zowel gezonde als depressie-achtige vrouwtjes werden dagelijks behandeld met FLX (10 
mg/kg) vanaf de bevruchting tot verspening van de pups op PND 21. Zowel SERT+/+ als 
SERT+/- mannelijke nakomelingen werden getest, omdat een levenslange vermindering 
in SERT-expressie geassocieerd is met veranderingen in gedrag, met name in combinatie 
met aversieve gebeurtenissen. Onze resultaten lieten zien dat FLX-behandeling van de 
moeders leidde tot verminderd offensief gedrag in de mannelijke nakomelingen in 
vergelijking met nakomelingen van placebo-behandelde moeders. Daarnaast waren er 
minder dieren die een aanval deden, en een eventuele aanval duurde langer, vooral in 
SERT+/+ mannetjes. Daarnaast zorgde de FLX-behandeling van de moeder ervoor dat 
SERT+/+ mannetjes minder vaak een receptief vrouwtje wilden bestijgen, terwijl weinig 
effecten op andere parameters voor seksueel gedrag werden gevonden. Tegenovergesteld 
aan de effecten van de FLX-behandeling leidde het depressie-achtig gedrag van de 
moeder tot verhoogd offensief gedrag, maar alleen in SERT+/- nakomelingen. Seksueel 
gedrag werd niet beïnvloed door de depressie-achtige staat van de moeder. In conclusie, 
deze studie laat zien dat perinatale FLX-behandeling en de depressie van de moeder 
tegenovergestelde effecten hebben op agressief gedrag, en weinig impact hebben op het 
seksueel gedrag in mannelijke nakomelingen.
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Hoofdstuk 7  

In hoofdstuk 7 onderzochten we de effecten van een maternale depressie en perinatale 
FLX-behandeling op het affectief gedrag van mannelijke en vrouwelijke nakomelingen. 
Net als in hoofdstuk 5 en 6, gebruikten we in deze studie de SERT+/- vrouwtjes die 
blootgesteld zijn aan stress vroeg in het leven als model voor depressie-achtige moeders. 
Gezonde en depressie-achtige vrouwtjes werden dagelijks behandeld met FLX (10 
mg/kg) vanaf de bevruchting tot verspening van de pups op PND 21. Mannelijke 
en vrouwelijke nakomelingen werden getest op affectief gedrag, inclusief angstig 
en depressie-achtig gedrag, en hoe zij omgaan met een stressvolle situatie. In deze 
studie werden zowel SERT+/+ als SERT+/- nakomelingen getest. Onze resultaten lieten 
zien dat de perinatale FLX-behandeling en de depressie van de moeder geslachts- en 
genotype specifieke effecten hadden op het affectief gedrag in de nakomelingen. In de 
vrouwelijke nakomelingen vond er een interactie plaats tussen de FLX-behandeling van 
de moeder en het SERT-genotype van de nakomelingen met als resultaat dat alleen 
SERT+/+ vrouwelijke nakomelingen, maar niet SERT+/- vrouwelijke nakomelingen, meer 
angst en depressie-achtig gedrag lieten zien dan vrouwelijke nakomelingen van placebo 
behandelde moeders. In de mannelijke nakomelingen interacteerde het depressie-achtige 
fenotype van de moeders met het genotype van de nakomelingen en zorgde ervoor dat 
er minder angst en depressie-achtig gedrag was, echter alleen in SERT+/- mannelijke 
ratten. We concludeerden dat SERT+/+ vrouwelijke nakomelingen gevoeliger lijken te 
zijn dan SERT+/- vrouwtjes voor de effecten van perinatale FLX-behandeling van de 
moeders. Daarentegen lijken SERT+/- mannelijke nakomelingen gevoeliger te zijn dan 
SERT+/+ mannetjes voor de effecten van het depressie-achtige fenotype van de moeders 
met betrekking tot affectieve gedrag. Onze resultaten suggereren dat SERT-genotype 
en het geslacht van de nakomelingen een rol spelen bij de effecten van perinatale FLX-
behandeling en de depressie van de moeder op affectief gedrag.

 
Hoofdstuk 8

 
In hoofdstuk 8 hebben we een korte samenvatting weergegeven van de resultaten 
beschreven in hoofdstukken 2-7, tevens hebben we onze bevindingen bediscussieerd en 
geplaatst in een breder perspectief. Samengevat, zowel de perinatale FLX-behandeling 
als de maternale depressie zorgden voor veranderingen in gedrag van de nakomelingen, 
waarbij de FLX-behandeling van de moeders voor de meest uitgesproken resultaten 
zorgde. De behandeling van vrouwelijke ratten met FLX tijdens de zwangerschap tot aan 
verspening van de pups zorgde ervoor dat sommige gedragingen werden onderdrukt, 
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met name sociaal gedrag zoals jong sociaal spel en volwassen agressie, maar ook in 
mindere mate angst en depressie-achtig gedrag. De gevonden effecten bleken afhankelijk 
van het geslacht van de nakomelingen. Mannelijke nakomelingen bleken gevoeliger 
dan vrouwtjes voor de effecten van de FLX-behandeling op sociaal gedrag, terwijl 
vrouwelijke nakomelingen gevoeliger bleken dan mannelijke nakomelingen voor de 
effecten van FLX-behandeling op affectief gedrag. Om de effecten van de perinatale FLX-
behandeling te onderzoeken in combinatie met een maternale depressie ontwikkelden 
we een diermodel voor depressie. Vrouwelijke SERT+/- ratten werden als pups blootgesteld 
aan stress, wat resulteerde in depressie-achtig gedrag en veranderingen in neuronale 
plasticiteit op volwassen leeftijd in vergelijking met controle SERT+/- vrouwtjes. 
Vervolgens werden deze vrouwelijke controle ratten en vrouwelijke ratten met depressie-
achtige gedrag gebruikt voor behandeling met FLX tijdens de zwangerschap en lactatie. 
Resultaten lieten zien dat de depressie van de moeder effecten had op de nakomelingen. 
In tegenstelling tot meer passief gedrag na FLX-blootstelling, zorgde de depressie 
van de moeder voor een activatie van sommige gedragingen in de nakomelingen. 
Om precies te zijn, nakomelingen van depressie-achtige ratten moeders zorgde voor 
een vermindering van angstig en depressie-gerelateerd gedrag, afhankelijk van het 
geslacht en SERT-genotype van de dieren. Daarnaast compenseerde de depressie van 
de moeder in sommige gevallen de effecten van de FLX-behandeling, waardoor er geen 
verschillen waren met de nakomelingen van gezonde, met placebo behandelde, moeders. 
Verder lieten onze resultaten een gedragsmatig effect van het SERT-genotype van de 
nakomelingen zien. SERT+/- mannelijke nakomelingen lieten minder sociale interacties, 
agressie en depressie-achtig gedrag zien terwijl ze een hogere seksuele motivatie hadden, 
vergeleken met SERT+/+ mannetjes. SERT+/- vrouwtjes daarentegen lieten een verhoging 
zien in depressie-achtig gedrag vergeleken met SERT+/+ vrouwtjes. Ook vonden we een 
interactie tussen het SERT-genotype van de nakomelingen en de FLX-behandeling, en 
een interactie met de depressie van de moeder. Onze resultaten suggereren dat SERT+/- 

nakomelingen minder gevoelig zijn dan SERT+/+ nakomelingen voor de FLX-behandeling 
van de moeder, terwijl SERT+/- nakomelingen meer gevoelig lijken voor de depressie van de 
moeder. Verder bediscussieerden we of de blootstelling van SERT+/- vrouwtjes aan stress 
vroeg in het leven – ons huidige model voor maternale depressie – daadwerkelijk een 
goed diermodel voor depressie is. We presenteerden in dit hoofdstuk een nieuwe studie 
waarin we onderzochten of vrouwelijke ratten met verminderde SERT-expressie (SERT+/-) 
of met helemaal geen SERT-expressie (SERT-/-) gevoeliger zijn voor stress vroeg in het 
leven en of dit inderdaad depressie-achtig gedrag op latere leeftijd kan veroorzaken. 
Hiervoor keken we naar verschillende vormen van maternale separatie, waarbij SERT+/+, 
SERT+/- en SERT-/- pups dagelijks (PND 1-15) gescheiden werden van hun moeder voor 
6 uur per dag telkens op hetzelfde tijdstip (MS360, ons huidige model voor depressie), 3 

&
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uur per dag telkens op hetzelfde tijdstip (MS180), 3 uur per dag op een onvoorspelbaar 
tijdstip (MSU180) of 3 uur per dag op een onvoorspelbaar tijdstip waarbij ook de moeder 
aan een stressor werd blootgesteld terwijl de pups weg waren (MSUS180). Ter controle 
(CTR) werden pups 15 minuten per dag gescheiden van de moeder en kort gehanteerd 
door de onderzoeker. Vervolgens onderzochten we of het SERT-genotype interacteerde 
met deze stressor vroeg in het leven. Dat wil zeggen, zorgt het hebben van een ander 
SERT-genotype ervoor dat je anders reageert op de gebruikte stressoren? Om dit te 
onderzoeken testten we vrouwelijke ratten uit deze nesten op volwassen leeftijd op angst 
en depressie-achtig gedrag, het omgaan met een stressor, en cognitie. Onze resultaten 
lieten zien dat er inderdaad een interactie tussen SERT-genotype en de stressoren werd 
gevonden op angst en de cognitie van vrouwelijke ratten. Desondanks vonden we geen 
interactie tussen het SERT-genotype en de stressoren op depressie-achtig gedrag in deze 
vrouwelijke ratten. Verassend genoeg vonden we wanneer we specifiek keken naar de 
SERT+/- vrouwtjes die blootgesteld waren MS360, ons huidige diermodel voor depressie, 
geen depressie-achtig gedrag wanneer we ze vergeleken met CTR SERT+/- vrouwtjes, 
terwijl we dit wel vonden in hoofdstuk 4. Hierdoor kwamen we tot de conclusie dat 
er aanpassingen moeten komen in ons huidige diermodel voor depressie zodat we 
herhaaldelijk kunnen aantonen dat er sprake is van depressie-achtig gedrag in deze 
dieren. Zo kunnen we de hevigheid van de gebruikte stressor verhogen, en/of moeten 
we een selectie maken van alleen die vrouwtjes die een angstig en depressie-achtige 
gedrag laten zien (in tegenstelling tot meenemen van alle vrouwtjes, inclusief vrouwtjes 
die geen depressie-achtig fenotype hebben, waardoor er alleen gemiddeld genomen een 
depressie-achtig fenotype aanwezig is bij de vrouwtjes in de studies van dit proefschrift). 
Deze aanpak zou meer relevant en translationeel zijn naar de humane situatie, waar 
alleen depressieve (en niet gezonde) moeders met antidepressiva tijdens de zwangerschap 
behandeld worden. Verder bediscussieerden we belangrijke beperkingen van de studies 
uitgevoerd in dit proefschrift. Een van de meest belangrijke beperkingen is het feit dat 
we de maternale zorg van de behandelde moeders naar de nakomelingen niet onderzocht 
hebben, vooral omdat we te maken kregen met hoge sterftecijfers onder zowel de FLX-
behandelde moeders als hun nakomelingen. Persoonlijke observaties suggereerden dat 
slechte verzorging van de FLX-moeders ten opzichte van hun pups verantwoordelijk is 
voor de sterfte onder de pups. Het SERT+/- genotype van de moeders speelt hier mogelijk 
een rol in. Verder kan het onderzoek in de toekomst verbeterd worden door stress tijdens 
de toediening van de antidepressiva aan de moeders verder te minimaliseren door 
toepassing van andere toedieningsmethoden. SSRI’s kunnen ook bijvoorbeeld toegediend 
worden via het drinkwater, een wafeltje of opgelost worden in een sucrose oplossing. 
Ten slotte concludeerden we dat antidepressivagebruik tijdens de zwangerschap zeker 
geen slecht idee is, aangezien de gevonden effecten van perinatale FLX-behandeling in 

BNW_Danielle_V1.indd   258BNW_Danielle_V1.indd   258 08-05-20   11:2608-05-20   11:26



259

Nederlandse samenvatting

de nakomelingen (ratten) klein zijn, en de behandeling geen vernietigend effect geeft op 
het gedrag (dat wil zeggen, het normale gedrag is nog steeds aanwezig, maar in mindere 
mate) en de negatieve effecten van de behandeling zijn vooral in nakomelingen van 
gezonde, niet-depressieve, moeders gevonden. Uiteindelijk moeten de voor- en nadelen 
van antidepressivagebruik tijdens de zwangerschap altijd per individueel geval tegen 
elkaar afgewogen worden. Samenvattend concluderen we dat de bevindingen in dit 
proefschrift nieuwe informatie opleveren over de effecten van SSRI-antidepressivagebruik 
tijdens de zwangerschap in gezonde en depressieve vrouwelijke ratten op veranderingen 
in het gedrag en de hersenen van de nakomelingen. Door dergelijk onderzoek hopen we 
dat zowel de zwangere vrouwen die getroffen worden door een depressie, als hun artsen, 
een beter geïnformeerde en overwogen beslissing maken over de start of voortzetting 
van antidepressivagebruik.

&
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Appendix III

Dankwoord

I was just guessing at numbers and figures

Pulling the puzzles apart

Questions of science, science and progress

Do not speak as loud as my heart

Nobody said it was easy

It’s such a shame for us to part

Nobody said it was easy

No one ever said it would be this hard

Oh, take me back to the start

The Scientist - Coldplay
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Daar is hij dan, mijn proefschrift! De totstandkoming hiervan kan wel een beetje worden 
vergeleken met de geboorte van een kind. Bij beiden moet je hard werken, slaat de paniek 
je om de oren, vervolgens komt de vermoeidheid om de hoek kijken en lijkt er geen 
einde aan te komen. Toch wordt dit gevolgd door een overweldigend gevoel van geluk 
na de geboorte. Mede dankzij de steun van familie, vrienden en collega’s heb ik mijn 
proefschrift kunnen afronden. Hieronder wil ik graag van de gelegenheid gebruik maken 
om iedereen, en een aantal mensen in het bijzonder, te bedanken.

Allereerst natuurlijk Jocelien. Ontzettend bedankt voor alles wat je voor mij gedaan 
hebt. Jouw enthousiasme en interesse voor het project zijn aanstekelijk en motiveerde 
mij om het beste uit mijzelf te halen. Bedankt voor al je advies en steun op werkgebied, 
maar ook op persoonlijk gebied. Je deur stond altijd voor mij open als ik een vraag had, 
ergens mee zat, of gewoon weer even een grafiek wilde laten zien. Het was altijd gezellig 
met jou, van (eerste) hulp met experimenten, wijn drinken werkoverleg bij jou thuis 
tot diep in de nacht, borrels op of na het werk, tot samen met Anouschka en mij ‘even 
een rondje fietsen’ van 40km in Ierland. Ik kan je niet vaak genoeg bedanken, ik ben 
ontzettend blij dat jij mijn promotor was!

Ook wil ik mijn (co)-promotoren Martien en Sietse bedanken voor het meedenken met 
het project, maar ook voor het geven van feedback op manuscripten/hoofdstukken en 
presentaties.

Lieve collega’s van Room 0258: Betty, Anouschka, Laura, Kevin, Steffen, Warner, 
Giorgio, Niels, Deepika, Diana, Nur, Simone en Bente. Bedankt voor de leuke tijd die 
ik met jullie heb gehad tijdens mijn PhD. Ik heb genoten van de BBQs, labuitjes, borrels, 
karaoke sessies, congressen en koffiepauzes die ik met jullie heb mogen delen. Laura, 
bedankt dat toen ik net begon aan mijn PhD jij ervoor zorgde dat ik me op mijn plek 
voelde, maar ook voor de leuke stapavonden/promotiefeestjes met bijbehorende drankjes 
(het is allemaal goedgekomen ;-)). Kevin, erg leuk dat wij een gedeelde interesse in DBZ 
hadden, samen de film op werk kijken en een Vegeta rompertje voor Finn, bedankt, het 
was over 9000! Bedankt allemaal dat jullie mij soms zo hard hebben laten lachen dat ik 
ervan moest huilen! Ook bijzonder dat de meesten ook naar mijn bruiloft zijn gekomen 
en er een ongelofelijk feestje van hebben gemaakt. De afterparty schijnt ook leuk te zijn 
geweest. Ook niet geheel onbelangrijk is dat ik altijd feedback kreeg op zeer belangrijke 
data, soms meerdere malen per dag, van Mr, Boombastic, Yala, Nonno en KevinGO, 
bedankt daarvoor! Aan iedereen van room 0258 die nog bezig is met zijn PhD: heel veel 
succes nog met het afronden van jullie PhD, jullie kunnen het!
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In het bijzonder wil ik mijn paranimfen Betty en Anouschka bedanken.
Betty, bedankt dat je altijd voor mij klaar stond voor advies, hulp of om mijn geklaag 
aan te horen. We waren roomies op meerder congressen zoals op het ECNP (Parijs), de 
FENS (Berlijn) en de DNM en het was altijd gezellig! En bedankt dat jouw bed, of de 
bank, altijd voor mij klaar stond na een feestje in Groningen.
Anouschka, samen zaten wij op het antidepressiva tijdens de zwangerschap project; ik 
vooral het gedragsmatige werk, jij het moleculaire werk. Bedankt voor alle gezelligheid 
en hulp bij experimenten, maar ook dat je de tijd nam om mij verschillende technieken 
te leren welke nodig waren voor mijn project. Ook bedankt dat je op mijn katten wilde 
passen als wij op vakantie waren, en dat je Finn een paar uurtjes wilde vermaken 
terwijl ik weg moest voor een afspraak. En leuk dat je ook kwam wonen in het hippe 
Zwollywood!
En uiteraard beiden bedankt dat jullie mijn paranimfen willen zijn! Ook al wonen we 
allemaal ergens anders, ik hoop dat we elkaar af en toe nog zullen zien in de toekomst.

En dan een speciaal plekje in mijn hart: Team Friet vs. Patat: Frank (Fantasy), Marelle 
(Mel) en Betty (Bet). Ook al was ik wat minder aanwezig na de geboorte van Finn, ik 
heb altijd genoten van de etentjes, samen series kijken, badmintonnen, friet en ijsjes 
eten, pokémon vangen en natuurlijke onze tripjes maar Mayrhofen, Athene en Lissabon. 
Hopelijk gaan we nog vaker zulke uitstapjes maken!

Ook wil ik alle (voormalige) master studenten bedanken die meegeholpen hebben aan 
het project. Judith, Chantal, Jenny, Marrit, Kirsten, Eline, en Jolien ontzettend bedankt 
voor jullie inzet en gezelligheid! Maar ook bedankt aan alle studenten die meegeholpen 
hebben tijdens hun bachelor project.

Alle dierverzorgers waaronder Saskia, Diane en Linda ontzettend bedankt voor de 
goede zorgen voor onze ratjes en alle hulp wanneer ik deze nodig had.

Ook bedankt aan alle andere neurobiologie collega’s, om er een paar uit te lichten: Bauke, 
Christa, Wanda, Pleunie, Kunja en Jan voor jullie interesse en onmisbare hulp bij mijn 
project. Maar natuurlijk ook alle PhD studenten van de 3e en 4e verdieping, teveel om op 
te noemen, ook jullie bedankt voor de leuke tijd.

Ook heb ik 5 maanden een geweldige tijd gehad in Tromsø, Noorwegen. Bedankt 
Eelke dat jij met mij de samenwerking aanging en mij wegwijs hebt gemaakt in het 
hoge noorden. Ik zal nooit vergeten dat jij en Roy mij kwamen ophalen nadat ik aan 
de verkeerde kant de berg afgelopen was, oeps. Ook Roy bedankt voor alle hulp bij de 
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experimenten en de gezelligheid. Patty en Olivia, ook dankzij jullie heb ik een leuke tijd 
in Tromsø gehad. Etentjes, samen tripjes maken (Husky lodge) en een cursus naaktmodel 
tekenen volgen. Bedankt allemaal voor de gezellige tijd, ik zal het nooit vergeten en kom 
graag nog een keer terug!

Familie, vrienden en vriendinnetjes, overbuurtjes. Bedankt voor jullie steun en 
vriendschap en natuurlijk alle afleiding buiten mijn werk om. Maar ook voor de interesse 
in mijn project, ook al snapten jullie niet altijd waar ik nou helemaal mee bezig ben, 
misschien na het lezen van dit proefschrift wel ;-)
In het bijzonder mijn Lingewaard vriendinnetjes: Annemiek, Sharon, Vera, Kim en 
Daphne. Samen hebben we al zoveel meegemaakt zoals stapavonden, carnaval, festivals, 
BBQs, etentjes en de vele tripjes zoals naar Edinborough, Tromsø (met noorderlicht!), 
Dublin, Valencia en wintersport in Mayrhofen. Hopelijk dit jaar weer een leuk avontuur! 
Onze vriendschap beschouw ik als een hele bijzondere, hopelijk blijven we altijd 
vriendinnen!

Maar ook de Bio chickies, bedankt voor de leuke tijd als sinds onze biologie studie. Ook 
al zijn wel allemaal druk in binnen en buitenland, hopelijk zien we elkaar af en toe nog.

Dan de schoonfamilie. Hella, ontzettend bedankt voor alles wat je voor ons doet. Het 
helpen klussen bij (alweer) een verhuizing, en het altijd bereid zijn om op Finn te passen. 
Je deur staat altijd voor ons open en dat waarderen wij enorm, bedankt! Maar natuurlijk 
ook Hans, Guus & Jessie & Hanne & Jens (Fred), Julia en Niels, en Chiem ontzettend 
bedankt voor jullie steun en afleiding buiten het werk om.

Dan natuurlijk mijn broers en zussen: Manon, Robin, Marjolijn, Sofie en Tim (en alle 
aanhang). Ook al woonden we altijd aan de andere kant van het land, jullie kwamen wel 
langs voor een verjaardag, om te helpen verhuizen of natuurlijk om Finn (en de katten) te 
bewonderen. Erg fijn om zo’n grote en leuke familie te hebben, ik zou niet zonder willen.

Mams, bedankt dat je altijd voor ons klaar staat! Heb ik een oppas nodig, mam staat 
binnen een half uur voor de deur. Maar ook wanneer wij een slaapplek nodig hadden of 
een hapje mee wilden eten stond de deur altijd open. Maar ook samen lunchen of even 
de stad in lopen doen we graag. Annette, bedankt dat mam altijd de hort op mag ;-)

Pap en Mieke, ook jullie staan altijd voor ons klaar. Geen werk? Kom maar in het lab 
werken. Geen vervoer? Ik breng je wel. Grote dingen vervoeren? Neem de bus maar mee. 
Carnaval vieren? Wij passen wel op. ’s Avonds nog laat naar Zwolle? Blijf maar slapen. 
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Hier ben ik natuurlijk ontzettend dankbaar voor! En Mieke, ik had geen andere bonus 
moeder willen hebben!

Lieve Pap en Mam, bedankt dat jullie mij de vrijheid hebben gegeven om mijn eigen 
keuzes te maken, voor al jullie steun en vertrouwen. Jullie hebben mij gemaakt tot wie 
ik ben. Ik hou van jullie!

Bas, mijn man, tegenwoordig ook wel dr. Pilzecker (trots op jou!), maar ook mijn steun 
en toeverlaat. Bedankt voor jouw liefde, geduld en vertrouwen in mij. Hopelijk kunnen 
we na alle drukte nu lekker settelen in ons nieuwe huisje in Lent.

En mijn lieve kleine Finn, zo ongelofelijk waardevol, daar kan geen proefschrift tegenop.

Danielle
Desje
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Danielle Houwing was born on January 10th 1990 in 
Arnhem, the Netherlands. The majority of her childhood 
she lived in a small town called Huissen (pronounce as 
Huussen). After finishing high school (VWO+) at OBC 
Bemmel in 2009, she started the bachelor Biology at 
Utrecht University. After successful graduation this was 
followed by a master in Environmental Biology, study 
track Behavioral Ecology, in 2012. As she was actually 
not that into ecology, but more into animal behavior 
and neurobiology, she followed her major (9-month) 
internship in the first year of her masters at the spin-off company Delta Phenomics 
founded by Prof. Berry Spruijt and dr. Lucas Noldus. Here she looked into rat social 
behavior, using an animal model for social deficits, by performing pharmacological 
studies under supervision of dr. Suzanne Peters. More pharmacological studies followed 
in her minor (6-month) internship at Brain center Rudolf Magnus in Utrecht, where 
she looked into the role of monoamine re-uptake inhibition and opioid agonism on 
the motivational aspects of social play behavior in rats under supervision of Prof. Louk 
Vanderschuren and dr. Marijke Achterberg. After graduating her masters in 2014, she 
worked a few months as research assistant at Delta Phenomics and Utrecht University 
to analyze ultrasonic volaizations of rats. In 2015, she started her PhD at the University 
of Groningen under the supervision of Prof. Jocelien Olivier and started working on the 
project: antidepressant treatment during pregnancy: for better or worse? During her PhD 
she spent part of her project at the University of Tromsø, Norway, to collaborate with 
dr. Eelke Snoeren and work on the effects of antidepressant treatment during pregnancy 
on offspring behavior housed in a seminatural environment (funded by a travel award 
granted by the KNAW). The results of the projects both at the university of Groningen 
and University of Tromsø are presented in this thesis.
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