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Abstract 
The placenta enables the transfer of molecules from mother to fetus. It is also a specialized organ 
producing molecules for fetal development that is sensitive to maternal health. Depressive 
symptoms are common during pregnancy and affect placental gene expression. Selective serotonin 
reuptake inhibitor (SSRI) antidepressant use has also been associated with altered placental gene 
expression. It is often unclear whether these effects are caused by the depression or the SSRI use. We 
investigated the separate and combined effects of depressive-like symptoms and SSRI use in an 
experimental setting. To this end, we used a rat model of maternal vulnerability (MV), where MV 
females exposed to stress (sMV) show depressive-like symptoms while controls (cMV) do not. We 
treated sMV and cMV dams with the SSRI fluoxetine or vehicle throughout pregnancy. We found a 
significant reduction in Mapk1 placental gene expression after maternal adversity, but no other 
effects of maternal adversity or fluoxetine exposure on the expression of stress- and serotonin-
related (Nr3c1, Maoa, and Slc6a4), neurogenesis-related (Bdnf, Igf1r, Ngf, and Npy), signal 
transduction-related (Mapk3), or angiogenesis-related (Pgf, Rock1, and Rock2) genes. Previously 
published results were not reproduced, suggesting that our MV rat placenta is more resilient to 
insults than the human placenta. 

Introduction 
Selective serotonin reuptake inhibitor (SSRI) antidepressant treatment during pregnancy has 
increased vastly over the past decades, both in Europe1,2 and in the US3,4. In these regions, hundreds 
of thousands of newborns every year have been exposed to SSRI medication5–8. By targeting the 
serotonin transporter (SERT) and increasing extracellular serotonin, SSRI exposure during 
neurodevelopment could affect brain circuit assembly and lifelong mental health9. Indeed, although 
some studies find no associations between in utero SSRI exposure and cognitive and behavioral 
outcomes10–12, others have reported higher levels of anxiety13, lower scores on motor-, social- 
emotional- and adaptive behavior tests14 and a higher risk of developing mental and behavioral 
disorders15 after prenatal SSRI exposure. Apart from neurobehavioral effects, recent meta-analyses 
point to a slight increase in the risk of cardiovascular malformations, persistent pulmonary 
hypertension of the newborn, as well as transient withdrawal symptoms after in utero SSRI 
exposure16. However, many adverse effects such as preterm delivery and intrauterine growth 
restriction16, preeclampsia17 and altered neurodevelopmental outcomes18 are potentially related to 
the underlying maternal illness. Exposure to maternal depression during gestation affects 
neurobehavioral functioning in neonates19, motor development and language scores in infants20, and 
executive functioning capabilities in 6-year-olds11. Together, these findings highlight the need to 
study the mechanisms mediating the effects of maternal depression and SSRI use on offspring 
development. 

Serotonin is involved in multiple stages of embryogenesis and placentation21. During 
pregnancy, the placenta acts as a gateway between the maternal and fetal blood circulations22. SSRIs 
cross the placenta in humans and animals23 and reach the developing brain at a time when serotonin 
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serves as a key neurotrophic factor during neurodevelopment24. The source of this serotonin might 
be maternal blood at first25,26, and the fetal dorsal raphe neurons towards the end of pregnancy27. 
However, the placenta seems to be the main source of serotonin before the fetal brain can synthesize 
its own. The murine placenta produces serotonin from maternal tryptophan starting in mid-
pregnancy, and is required for normal serotonin levels in the fetal brain28. Human placental villi at 
11 weeks of gestation are similarly capable of synthesizing serotonin28; the presence of both 
peripheral and neuronal tryptophan hydroxylase isoforms, TPH1 and TPH2, has been reported29. 
Indeed, the placenta is not a passive gateway but a highly specialized endocrine organ that 
synthesizes multiple neurosteroids and neuropeptides22. Work in mice has shown that both hypo- 
and hyperserotonemia may damage placental architecture30. Epigenetic mechanisms operating on 
placentally-expressed genes are known to be associated with a range of infant neurodevelopmental 
outcomes31. Therefore, the long-term effects of maternal depressive symptoms and/or SSRI use 
during pregnancy may be mediated by direct effects on the developing brain, but also by indirect 
effects on placental functioning32. 
 Human evidence points to the involvement of 4 categories of genes in the placenta that 
might be altered as a result of maternal depressive symptoms and SSRI use. The first category is the 
stress- and serotonin system. Elevated SERT/SLC6A4 placental gene expression was associated with 
untreated maternal depression, as well as with SSRI use33. Monoamine oxidase A (MAOA), coding 
for the enzyme that breaks down serotonin, was downregulated in the placenta with increasing 
symptoms of maternal depression34, and after maternal stress35. Epigenetic regulation of NR3C1 
(coding for the glucocorticoid receptor) might also play a role in the effects of maternal stress during 
pregnancy36. The second category is neurogenesis. Nerve growth factor (NGF) has a role in placental 
angiogenesis and maturation37. An increase in NGF gene expression was found after exposure to 
SSRIs in trophoblasts and endothelial cells38 and the fetal side of the placenta39. On the other hand, 
reduced levels of NGF and brain-derived neurotrophic factor (BDNF) in umbilical cord blood are 
associated with cognitive deficits in preterm infants40. In addition, it has been suggested that a stress-
induced increase in Neuropeptide Y (NPY) is associated with preeclampsia41. Another relevant 
neurotropic factor is insulin-like growth factor 1 (IGF1), which exerts its function mainly through 
the IGF1 receptor (IGF1R) and plays an important role in brain and placental development through 
control of cell growth, differentiation, maturation and cell survival42,43. Administration of IGF1 is 
known to cause antidepressant-like effects and increased basal serotonin levels in the 
hippocampus44. Furthermore, administration of antidepressants is known to cause an increase in 
hippocampal45 and cerebrospinal fluid IGF146. IGF1R expression in the brain was reduced in rats 
suffering from mild chronic stress, an effect that was reverted by fluoxetine treatment47. The third 
category is signal transduction-related genes. The effects of IGF1 seem to be exerted through 
mitogen-activated protein kinases (MAPK1 and MAPK3, also known as extracellular kinases, ERK2 
and ERK1, respectively) which are altered during depression and antidepressant treatment in the 
brain47,48, indicating that IGF1R and MAPK signaling may have a mediating role in the neuronal 
mode of action of fluoxetine47. The fourth category is angiogenesis. Placental growth factor (PGF) 
codes for a protein involved in angiogenesis, and was upregulated in placentas from depressed 
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women relative to controls49. Moreover, rho-associated, coiled-coil-containing protein kinase 
(ROCK) genes, related to the Rho kinase pathway which is involved in a wide range of physiological 
processes such as cardiovascular development and the modulation of placental vasculature50, were 
downregulated in placentas from both depressed- and antidepressant-treated women49. In all these 
human studies, it remains difficult to determine whether the effects are caused by depressive 
symptoms or by SSRI use, since no pregnant women without (a history of) symptoms use 
antidepressants. 

In laboratory rodents it is possible to study the effects of SSRIs in healthy pregnancy. In 
addition, rodent experiments are more controlled in terms of drug dosing and potential 
confounding factors. Although care should be taken when extrapolating aspects of rodent placental 
functioning to humans51, there are strong similarities between placentas from rodents and humans 
in terms of anatomy22, and gene- and protein expression52. Therefore, in order to distinguish 
between the effects of maternal depressive-like symptoms and SSRI use, we aimed to reproduce the 
reported effects on human placental gene expression in a rodent study. To this end, we used a genetic 
rat model of maternal vulnerability (MV) in combination with early life stress (sMV) or control 
handling (cMV). As adults, sMV females show a depressive-like phenotype, reflected in lower Ngf 
gene expression and lower sucrose preference relative to cMV females53. Throughout pregnancy, we 
treated sMV and cMV dams daily with fluoxetine (FLX), a commonly used SSRI, or vehicle (Veh). 
Here, we investigated the expression of 3 serotonin- and stress-related genes (Nr3c1, Maoa, and 
Slc6a4), 4 neurogenesis-related genes (Bdnf, Igf1r, Ngf, and Npy), 2 signal transduction genes 
(Mapk1 and Mapk3), and 3 angiogenesis-related genes (Pgf, Rock1, and Rock2) in the fetal part, or 
labyrinth zone, of placentas collected at the end of pregnancy. With the exception of a reduction in 
Mapk1 expression associated with maternal adversity, we found no differences between treatment 
groups, suggesting that maternal adversity and/or SSRI administration in this rat model does not 
affect placental expression of these genes. 

Materials and Methods 
Experimental animals 
The animals came from our colony of serotonin transporter knockout (SERT−/−, Slc6a41Hubr) Wistar 
rats at the University of Groningen (Groningen, the Netherlands), and were derived from 
outcrossing SERT+/− rats79. Animals were supplied ad libitum with standard lab chow (RMH-B, AB 
Diets; Woerden, the Netherlands) and water and were kept on a 12:12 h light-dark cycle (lights off 
at 11:00AM), with an ambient temperature of 21 ± 2 °C and humidity of 50 ± 5%. Cages were cleaned 
weekly, and animals were provided with a wooden stick for gnawing (10x2x2cm) and nesting 
material (Enviro-dri™, Shepherd Specialty Papers, Richland, MI, USA). During pregnancy, females 
were housed individually in type III Makrolon cages (38.2x22.0x15.0cm) and stayed with their pups 
until postnatal day (PND)21. Animals were weaned at PND21 and group housed in same-sex cages 
of 3-5 animals in type IV (55.6x33.4x19.5cm) Makrolon cages. All experimental procedures were 
approved by the Institutional Animal Care and Use Committee of The University of Groningen and 
were conducted in agreement with the Law on Animal Experiments of The Netherlands. 
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Maternal early life stress and fluoxetine treatment 
Our rat model of maternal vulnerability (MV) consists of heterozygous SERT knockout (SERT+/-) 
female rats. The early life stress protocol was conducted as previously described80. In short, SERT+/− 
females were mated with SERT+/− males (F0). Females were left undisturbed until delivery, which 
was defined as PND0. From PND2 to PND15, pups were either separated from the dam for 6 hours 
per day, or handled 15 minutes per day. Treatment allocation was done in alternating fashion based 
on date of birth. The SERT+/- female pups from these nests (F1) then matured to become the sMV- 
and cMV females. 
 Three-month-old sMV and cMV females were mated with wildtype males. Females were 
mated when in estrus (checked with a disinfected impedance meter, model MK-11, Muromachi, 
Tokyo, Japan). This was termed gestational day (GD)0. The males were removed after 24 hours, and 
the females stayed isolated in a type III cage. Throughout pregnancy and lactation, from GD1 until 
PND21, the dams were weighed and received an oral gavage of either 10 mg/kg fluoxetine (FLX, 
Fluoxetine 20 PCH, Pharmachemie BV, the Netherlands) or vehicle daily at 11:00AM. Treatment 
allocation was done semi-randomly; when possible, females from the same litter were put in 
different treatment groups. Methylcellulose (MC; Sigma Aldrich Chemie BV, Zwijndrecht, the 
Netherlands) was used for vehicle injections since it is the constituent of the fluoxetine capsule. FLX 
(5 mg/mL) and MC (1%) solutions were prepared with autoclaved water. The gavage volume ranged 
from 0.9 mL to 2.0 mL (depending on body weight). Animals were treated orally by gently picking 
up the animal without restraint, and using flexible PVC feeding tubes (40 cm length, Vygon, 
Valkenswaard, the Netherlands) in order to minimize discomfort. It should be noted that our lab 
has been confronted with thus far unexplained mortality in about one fourth of MV females as a 
result of fluoxetine treatment, a phenomenon we have described elsewhere62. None of the females 
included in the current study showed any signs of toxicity as a result of FLX.  

Placenta collection 
Placentas from N=13 litters were used for this study (cMV-Veh N=3, sMV-Veh N=3, cMV-FLX 
N=4 and sMV-FLX N=3). On GD21, approximately 24 hours after the last FLX or MC injection, 
pregnant dams were killed by rapid decapitation. The abdomen was opened, and the pups were 
quickly extracted, counted and sexed. Placentas were then isolated, placed in clean 2.0 mL safe-lock 
tubes (Sarstedt), snap frozen in liquid nitrogen and stored at -80°C. Tails were collected for SERT 
genotyping, which was performed as described previously80. Only SERT+/+ (wildtype) offspring were 
used in this study. The final number of placentas used for this study was N=43, with N=9 in the 
cMV-Veh group (4F,5M), N=7 in the sMV-Veh group (3F,4M), N=15 in the cMV-FLX group 
(8F,7M) and N=12 in the sMV-FLX group (6F,6M). We included a maximum of 2 pups of the same 
sex from each litter. 

Tissue dissection and RNA isolation 
To minimize RNA degradation, the placentas were soaked in RNAlater-ICE (Ambion, Life 
Technologies) overnight at -20°C before dissection. To exclusively obtain fetal tissue from the 
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labyrinth layer, the uterus and junctional zone of the placenta were peeled off and discarded. Half of 
the obtained labyrinth zone was used in RNA isolation. Samples were lysed twice for 2 minutes at 
30 Hz in 500 µL TRIzolTM reagent (Ambion, Life Technologies) using a TissueLyser II (Qiagen) and 
5 mm stainless steel beads. Then, 100 µL chloroform (Sigma-Aldrich) was added for phase 
separation, and 250 µL isopropanol (Acros Organics) was used to precipitate the RNA. The RNA 
pellet was cleaned with 500 µl 75% ethanol (Merck, Boom lab) and then dissolved in UltraPureTM 
DNase/Rnase-free distilled water (Invitrogen) at 55°C for 15:00 min. RNA concentration, integrity 
and purity was checked using a NanoDrop 2000 spectrophotometer (Thermo Scientific) and 1.2% 
agarose gel electrophoresis, and then RNA was stored at -80°C. 

RNA clean-up and reverse transcription 
To filter out PCR inhibitors, the OneStepTM PCR inhibitor removal kit (Zymo Research) was used 
according to the manufacturer’s protocol. DNase I, Amp grade (Invitrogen) was used on 1000 ng 
RNA per sample according to the manufacturer’s protocol. Then, complementary DNA (cDNA) 
was synthesized using oligo(dT)18 primers and RevertAid H Minus Reverse Transcriptase (Thermo 
Scientific) according to the manufacturer’s protocol using a Veriti 96 well thermal cycler (Applied 
Biosystems). Several cDNA solutions from the same RNA sample were aggregated, diluted to 10 
ng/µL, aliquoted, and stored at -20°C. 

Quantitative reverse transcriptase PCR (qRT-PCR) 
Quantitative reverse transcriptase PRC (qRT-PCR) reactions were performed using several custom 
designed TaqMan® gene expression assays (Table 1), as well as Bdnf (Rn02531967_s1) and Ngf 
(Rn01533872_m1) assays (Thermo Scientific). Each reaction volume was 20 µL, including 10 µL 
iTaq Universal Probes Supermix (Bio-Rad). The custom designed gene expression assays were first 
optimized (Table 2), while for Bdnf and Ngf, 1 uL assay and 20 ng cDNA was used. Reactions were 
run in triplicate on 96 fast half skirt qPCR plates (Sarstedt) with randomized sample order. An 
Applied Biosystems 7500 Fast Real-Time PCR System was used (Life Technologies, the Netherlands) 
with the following conditions: 2 min 95°C; 40 cycles of 15 sec 95°C, 1 min 60°C. As a side note: we 
also ran assays for Htr1a, Htr1b, Tph1 and Tph2 on these samples, but gene expression of these 
targets was below detection level. All of these assays except for Tph1 have previously been 
successfully used to amplify their targets in cDNA derived from brain tissue. We also ran an assay 
for Igf1, but qPCR efficiency was too low.  

Data analysis 
PCR efficiencies and Cq values were calculated using LinRegPCR v.2017.181. If the standard 
deviation (SD) of the mean Cq value of a triplicate was ≥0.3, the most deviating measurement was 
excluded. If the two remaining measurements still had an SD≥0.3, we repeated the qPCR for that 
triplicate and used the new measurements. One sample had to be excluded from the analysis for 
Bdnf, because its Cq value was too high to be able to assess gene expression reliably. Due to high 
variability between triplicates, 4 samples had to be removed from the analysis for Igf1r, 1 sample 

Chapter 5

176



from the analysis for Mapk1, and 1 for the analysis for Mapk3. To calculate target gene expression, 
we used the mean normalized expression (MNE), based on the ratio between the Cq values of the 
target and the reference genes (Act-B and Gapdh), and the PCR efficiency82. Results are visualized as 
log(MNE). 

Table 1. Custom designed primer and probe sequences (5’-3’). 
Gene Forward primer sequence Reverse primer sequence Probe sequence 
Reference    
Actb ACCCGCGAGTACAACCTTC ATCGTCATCCATGGCGAACTG FAM-CGTCGCCGGTCCACACCCGC-TAMRA 
Gapdh AGTGCCAGCCTCGTCTCATA CGTTGATGGCAACAATGTCCA HEX-TGGCCGTATCGGACGCCTGGT-TAMRA 
Target    
Nr3c1 CCCAGTTTATTGTCAGGCAA AAAGGGATGCTGTATTCATGT HEX-TTCATGGTGTGAGTACCTCTGGA-TAMRA 
Maoa ATCTCGCAGGCCACATGTTC ACTCTATCCCGGGCTTCCAA FAM-GGCGGCATCTCAGGATTGGCTGC-MGBNFQ 
Slc6a4 GCACGAACTCCTGGAACACT AGCGTCCAGGTGATGTTGTC FAM-AGTTGGTGCAGTTGC-BHQ1 
Igf1r ATCAGGCTTCATCCGCAACA CTGGGCAGACGTCACAGAAT FAM-CCCAGAGCATGTACTGTATCCCC-TAMRA 
Npy TGGCCAGATACTACTCCGCT CTCAGGGCTGGATCTCTTG FAM-CAATCTCATCACCAGACAGAGATAT-TAMRA 
Mapk1 
Mapk3 
Pgf 

ACAGGCCTATCTTCCCAGGA 
TCCGAGACATCCTCAGAGCA 
CGGGATCCACATTCCTACGTG 

TGTGCGGGAGAGAAAGCAAA 
TAGCAGCTTGTACAGGTCCG 
TGCCTTTGTCGTCTCCAGAA 

FAM-ATCCTGGGTATTCTTGGATCTCCAT-TAMRA 
FAM-TGGAAGCCATGAGAGATGTTTACAT-TAMRA 
Cy5-TGTGCTCTGCGAATGCAGGCCT-BHQ2 

Rock1 TCAAGAAAGCAAGAAAGCTGCT TCTTTGGTTAGCGCATTGTTTG FAM-ATCATACCGTTAGTCGGCTTGAAGA-TAMRA 
Rock2 TGGCTTTTGCTAACAGTCCG AGGTCTCCACCTGGCATGTA FAM-TGGGTGGTTCAGCTCTTTTGTGCCT-TAMRA 

 
Table 2. Optimization results for custom designed primer and probes. 

Gene Forward primer conc. Reverse primer conc. Probe conc. cDNA amount 
Reference     
Actb 500 nM 650 nM 100 nM 20 ng 
Gapdh 400 nM 650 nM 150 nM 70 ng 
Target     
Nr3c1 400 nM 400 nM 200 nM 20 ng 
Maoa 500 nM 650 nM 150 nM 20 ng 
Slc6a4 500 nM 500 nM 250 nM 40 ng 
Igf1r 650 nM 400 nM 200 nM 20 ng 
Npy 250 nM 400 nM 200 nM 20 ng 
Mapk1 
Mapk3 
Pgf 

500 nM 
650 nM 
500 nM 

500 nM 
400 nM 
500 nM 

200 nM 
200 nM 
200 nM 

20 ng 
20 ng 
50 ng 

Rock1 400 nM 400 nM 100 nM 20 ng 
Rock2 500 nM 650 nM 200 nM 20 ng 

Statistical methods 
R v3.5 was used for statistical analysis. Log(MNE) results were visually inspected using a Q-Q plot 
and deemed to be normally distributed. Since t-tests did not show significant differences between 
males and females in gene expression, we analyzed the sexes together. Two-way ANOVAs were used 
to analyze each target gene, with maternal adversity (sMV) and FLX as factors. Statistical significance 
was set at p<0.05. Graphs were produced using GraphPad prism v8. Error bars represent SEM. 

Results 
We investigated gene expression in the placenta after exposure to maternal adversity (sMV) and/or 
the SSRI fluoxetine (FLX) throughout gestation in rats. We investigated 12 genes of interest using 
qRT-PCR. All results and accompanying calculations are available in Appendix A. 
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Figure 1. Placental log mean normalized expression (MNE) of genes of interest after exposure to maternal adversity (sMV) 
and/or fluoxetine (FLX), measured with qPCR: (a) Glucocorticoid receptor (Nr3c1); (b) Monoamine oxidase A (Maoa); (c) 
Serotonin transporter (Slc6a4); (d) Brain-derived neurotrophic factor (Bdnf); (e) Insulin-like growth factor 1 receptor (Igf1r); 
(f) Nerve growth factor (Ngf); (g) Neuropeptide Y (Npy); (h) Mitogen activated protein kinase 1 (Mapk1); (i) Mitogen activated 
protein kinase 3 (Mapk3); (j) Placental growth factor (Pgf); (k) Rho-associated coiled-coil containing protein kinase 1 (Rock1);

Chapter 5

178



(l) Rho-associated coiled-coil containing protein kinase 2 (Rock2). N=5-15/group (see Maternals and Methods and Appendix 
A). 

Placental gene expression of stress- and serotonin-related genes was not significantly altered by sMV 
and FLX (Figure 1a-c). For Nr3c1 gene expression, there was no significant interaction between sMV 
and FLX (F(1,39)=0.756, p=0.390), no main effect of sMV (F(1,39)=0.376, p=0.543), and no main 
effect of FLX (F(1,39)=0.036, p=0.851) (Figure 1a). For Maoa gene expression, there was no 
significant interaction between sMV and FLX (F(1,39)=1.131, p=0.294), no main effect of sMV 
(F(1,39)=0.064, p=0.802), and no main effect of FLX (F(1,39)=0.238, p=0.628) (Figure 1b). 
Similarly, for Slc6a4 gene expression, there was no significant interaction between sMV and FLX 
(F(1,39)=0.256, p=0.615), no main effect of sMV (F(1,39)=0.100, p=0.753), and no main effect of 
FLX (F(1,39)=0.047, p=0.829) (Figure 1c). 
 Likewise, there were no significant effects of sMV and FLX on placental gene expression 
of neurogenesis-related genes (Figure 1d-g). For Bdnf gene expression, there was no significant 
interaction between sMV and FLX (F(1,38)=0.019, p=0.892), no main effect of sMV (F(1,38)=1.923, 
p=0.174), and no main effect of FLX (F(1,38)=0.210, p=0.649) (Figure 1d). For Igf1r gene expression, 
there was no significant interaction between sMV and FLX (F(1,35)=0.044, p=0.836), no main effect 
of sMV (F(1,35)=0.230, p=0.634), and no main effect of FLX (F(1,35)=0.884, p=0.22) (Figure 1e). 
For Ngf gene expression, there was no significant interaction between sMV and FLX (F(1,39)=0.013, 
p=0.908), no main effect of sMV (F(1,39)=0.016, p=0.901), and no main effect of FLX 
(F(1,39)=1.118, p=0.297) (Figure 1f). Lastly, for Npy gene expression, there was no significant 
interaction between sMV and FLX (F(1,39)=2.158, p=0.150), no main effect of sMV (F(1,39)=1.086, 
p=0.304), and no main effect of FLX (F(1,39)=0.034, p=0.854) (Figure 1g). 
 In the category signal transduction-related genes, there was a main effect of maternal 
adversity on Mapk1 gene expression, with the sMV groups having lower expression of this gene than 
the cMV groups (F(1,38)=5.342, p=0.026) (Figure 1h). There was no significant interaction between 
sMV and FLX (F(1,38)=0.217, p=0.643) and no main effect of FLX (F(1,38)=1.149, p=0.290) for 
Mapk1 (Figure 1h). For Mapk3, there was no significant interaction between sMV and FLX 
(F(1,38)=0.705, p=0.406), no main effect of sMV (F(1,38)=0.001, p=0.975) and no main effect of 
FLX (F(1,38)=1.996, p=0.166) (Figure 1i). 
 Genes related to angiogenesis were also not significantly different in sMV and FLX-
exposed placentas relative to controls (Figure 1j-l). For Pgf gene expression, there was no significant 
interaction between sMV and FLX (F(1,39)=0.575, p=0.453), no main effect of sMV (F(1,39)=2.409, 
p=0.129), and no main effect of FLX (F(1,39)=1.198, p=0.280) (Figure 1j). For Rock1 gene 
expression, there was no significant interaction between sMV and FLX (F(1,39)=0.162, p=0.690), no 
main effect of sMV (F(1,39)=0.938, p=0.339), and no main effect of FLX (F(1,39)=0.274, p=0.604) 
(Figure 1k). For Rock2 gene expression, there was no significant interaction between sMV and FLX 
(F(1,39)=0.142, p=0.708), no main effect of sMV (F(1,39)=1.244, p=0.272), and no main effect of 
FLX (F(1,39)=2.769, p=0.104) (Figure 1l). 
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Discussion 
In this study, we aimed to reproduce reported effects of maternal depressive-like symptoms and SSRI 
antidepressant use on placental gene expression in a rodent model. Human studies have identified 
stress- and serotonin-related, neurogenesis-related, and angiogenesis-related genes that might be 
affected. Since it is difficult to disentangle the effects of the SSRI use from the underlying maternal 
depression, we investigated their separate and combined effects using a rat model of maternal 
vulnerability. After treating dams with fluoxetine or vehicle throughout pregnancy, we investigated 
expression of 3 serotonin- and stress-related genes (Nr3c1, Maoa, and Slc6a4), 4 neurogenesis-
related genes (Bdnf, Igf1r, Ngf, and Npy), 2 signal transduction genes (Mapk1 and Mapk3), and 3 
angiogenesis-related genes (Pgf, Rock1, and Rock2). We found a significant reduction of Mapk1 
expression associated with maternal adversity, but did not identify other significant differences in 
placental gene expression as a result of maternal adversity or SSRI administration. There are several 
potential explanations for the fact that we did not find differences in most placental gene expression 
patterns. 

First, it could be that rodent placenta in general, or the MV rat placenta in particular, is 
more resilient to the interventions than the human placenta. Rodents are commonly used to study 
the effects of perinatal SSRI exposure because neurodevelopment54, including aspects specific to the 
serotonin system55–57, unfolds in a sequence similar to that in humans. We have shown in a recent 
meta-analysis that perinatal SSRI exposure in rodents leads to lower activity and exploration, more 
passive stress-coping and less efficient sensory processing later in life58; outcomes which overlap 
with the effects seen in humans after prenatal SSRI exposure59. In addition, murine models of 
maternal adversity show similar neurobehavioral characteristics as those observed in women with 
peripartum depression and their children60. The placenta plays a key role in the effects of prenatal 
maternal stress on offspring neurodevelopment, as suggested by human and rodent studies61. 
However, despite associations with changes in offspring behavior62, the depressive-like phenotype 
of our sMV females53 might not be strong enough to induce large changes in placental gene 
expression, with the exception of Mapk1. 

In terms of anatomy, the human and murine placentas are both discoid (shaped like a disc) 
and hemochorial (the fetal epithelium bathes in maternal blood)22. However, the fetal surface of the 
murine hemochorial placenta has three layers of trophoblast while that of the human hemochorial 
placenta has just one layer63, and while the human placenta has chorionic villi that provide the 
contact area with the maternal blood, the murine placenta has the labyrinth zone to serve that 
purpose22. Recently, it was pointed out that the translational relevance of murine models specifically 
for the etiology of serotonin-related function and dysfunction in the placenta is not clear26. For 
example, the mouse placenta expresses the vesicular monoamine transporter 264, but human 
trophoblasts do not65. Indeed, paradoxical effects of prenatal antidepressant exposure on SERT gene 
expression in the placenta exist in the literature; whereas in a human study SERT was upregulated 
after SSRI treatment33, in a rat study it was downregulated after serotonin–norepinephrine reuptake 
inhibitor (SNRI) treatment66. Whether this difference is reflective of the different species, of SSRI vs 
SNRI administration, or of confounding effects of maternal mood33 remains to be determined. 
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 A second potential explanation is that the reported effects in humans might not be 
replicable between studies – and therefore also not between species. For example, one study showed 
lower placental ROCK2 expression after antidepressant (mostly SSRI) exposure49, and another a 
tendency for higher ROCK2 expression relative to controls, depending on cell type38. Cohort 
differences like these might be related to confounding factors associated with maternal depression 
or SSRI use. An example of a potential confounder is nutrition, which is usually of lower quality in 
case of maternal mood issues67, and is a known modulator of placental health68. Nutrition and other 
lifestyle factors may modulate study outcomes whereas they might differ between cohorts, leading 
to problems with replicability. It is therefore important that rigorous in vivo studies with large 
sample sizes are performed. 
 Nevertheless, we did find that maternal adversity reduced Mapk1 gene expression, whereas 
FLX treatment left Mapk1 expression unaffected. MAPK1 acts as an integration point for multiple 
biochemical signals and is implicated in a wide variety of different cellular processes, such as 
proliferation, gene expression, differentiation, mitosis, cell survival and apoptosis69. The most 
important upstream activators of MAPK1 are RAF proteins, key mediators of growth factors like 
EGF, PDGF, FGF, but also BDNF and IGF169,70. The downregulation of Mapk1 we report is likely 
due to upstream factors other than BDNF and IGF1 that could have been affected by maternal 
adversity. It is known that the MAPK pathway is affected by depression and that antidepressants 
may exert part of their function through this system71. Even though we found a reduction in Mapk1 
expression, it remains unclear whether and how the MAPK pathway responds to depression, plays 
a role in the pathophysiology of depression and by which mechanism it may affect or be affected by 
antidepressant treatment48. Further research is necessary to unravel the exact role of MAPK1 via 
adaptations in the placenta. 
 Our study has several strengths and limitations. We are the first to experimentally 
investigate the consequences of both maternal adversity and SSRI use on the placenta, which enabled 
us to assess their separate and combined effects. This controlled setting has many advantages. For 
example, we have control over drug dosing and do not have to rely on self-reporting or prescription 
data in order to infer drug dosing. In addition, we included placentas from both male and female 
placentas. However, our relatively small sample size precluded analysis of sex differences in gene 
expression. This is unfortunate, since there is evidence that prenatal insults affect males and females 
differently, with a role for placental regulation61. Moreover, human72,73 and rodent58 evidence 
suggests that the effects of perinatal SSRI exposure are different for males and females. Another 
limitation is that, since this study was essentially designed as a replication study, we focused only on 
a narrow set of genes. It would be interesting to perform a similar study using whole-genome 
sequencing in order to identify novel targets. One recent study employed RNA sequencing to 
investigate gene expression in placentas from pregnancies characterized by untreated or treated 
maternal depression. Findings suggest that especially imprinted genes are modulated by depressive-
like symptoms, while pharmacological treatment did not affect gene expression74. 
 Future studies are needed to further explore whether the placenta plays a rather passive, 
facilitative role in the long-term effects of in utero exposure to maternal depression and SSRI use, or 
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whether its physiology and its capacity to produce hormones and neurotransmitters partly mediates 
the effects. Rodent studies offer ample opportunity to study the placenta over the course of 
pregnancy, whereas this is difficult in humans. This has relevance in the case of serotonin-related 
questions, since the relationship of serotonin with the placenta has a temporal dimension. In vitro 
placental cell line studies suggest that SSRI exposure may alter placental estrogen production75, 
extravillous trophoblast homeostasis76 and villous trophoblast synctialization77. Direct comparisons 
between human and laboratory rodent and in vitro outcomes would generate more knowledge of 
the aspects in which human placental functioning differs or overlaps with rodent or cell models 
mimicking it. This will be instrumental in effectively guiding future study design and determining 
which approaches are most translationally relevant. Whole-genome transcriptomic analyses and 
proteomics, whether targeted at the tissue- or single cell level, or even in relation to spatial context 
of intact tissue78, are promising in uncovering novel targets and providing a more holistic view of 
the state of the placenta at a specific time. Lastly, sex differences in placental functioning are worth 
exploring as insults may have different effects in male and females. 
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