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General discussion

BNW_Danielle_V1.indd   205BNW_Danielle_V1.indd   205 08-05-20   11:2608-05-20   11:26



206

Chapter 8

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.

8
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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 

BNW_Danielle_V1.indd   214BNW_Danielle_V1.indd   214 08-05-20   11:2608-05-20   11:26



215

General Discussion

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 

BNW_Danielle_V1.indd   224BNW_Danielle_V1.indd   224 08-05-20   11:2608-05-20   11:26



225

General Discussion

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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