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Abstract

Serotonin (5-HT) and its specific transporter, SERT play important roles in pregnancy. Using 

placentas dissected from 18d gestational SERT-knock out (KO), peripheral 5-HT (TPH1)-KO and 

wild-type (WT) mice, we explored the role of 5-HT and SERT in placental functions in detail. An 

abnormal thick band of fibrosis and necrosis under the giant cell layer in SERT-KO placentas 

appeared only moderately in TPH1-KO and minimally present in WT placentas. The majority of 

the changes were located at the junctional zone of the placentas in SERT. The etiology of these 

findings was tested with TUNEL assays. The placentas from SERT-KO and TPH1-KO showed 49- 

and 8-fold increase in TUNEL-positive cells without a concurrent change in the DNA repair or 

cell proliferation compared to WT placentas. While the proliferation rate in the embryos of TPH1-

KO mice was 16-fold lower than the rate in gestational age matched embryos of WT or SERT-KO 

mice. These findings highlight an important role of continuous 5-HT signaling on trophoblast cell 

viability. SERT may contribute to protecting trophoblast cells against cell death via terminating the 

5-HT signaling which changes cell death ratio in trophoblast as well as proliferation rate in 

embryos. However, the cell death in SERT-KO placentas is in caspase 3-independent pathway.
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INTRODUCTION

Serotonin (5-HT) is a vasoconstrictor compound that also acts as a developmental signal 

early in rodent embryogenesis (Lauder et al., 1981). Genetic and pharmacological disruption 

of 5HT-signaling causes maternal and prenatal morbidity and mortality via mediating high 

blood pressure and neuroanatomical abnormalities, respectively. The actions of 5HT are 

mediated by different types of receptors, and terminated by a single 5-HT transporter 

(SERT). On the plasma membranes of the trophoblast cells SERT regulates extracellular 5-

HT levels and prevents the vasoconstriction in the placental vascular bed and thereby secures 

a stable blood flow to the embryo SERT cDNA’s have been cloned and sequenced from a 

number of sources, including human placenta (Ramamoorthy et al., 2993), platelets (Lesch 

et al., 1993), and brain (Lesch et al., 1993a); rat (Blakely et al., 1991; Hoffman et al., 1991) 

and mouse brain (Gregor et al., 1993). SERT is a well characterized member of Na+/Cl−-

dependent solute carrier 6 (SLC6A4) family (Amara and Arriza, 1993; Rudnick and Clark, 

1993). In different tissues, SERT is encoded by the same gene (Lesch et al., 1993, 1993a; 

Blakely et al., 1991; Hoffman et al., 1991; Gregor et al., 1993). However, the accumulating 

evidences suggest that low affinity, high capacity transport mechanisms may also contribute 

to the clearance of 5-HT (Matthaeus et al., 2015).

Trophoblast cells express many components of the 5-HT system such as SERT (Viau et al., 

2009; Bottalico et al., 2004), monoamine oxidase, MAO (Auda et al., 1998) which 

catabolizes 5-HT, and receptors, 5-HT1A and 5-HT2A (Viau et al., 2009; Huang et al., 

1998). As a mitogen, 5-HT promotes cell division and mitosis and acts as a developmental 

signal early in embryogenesis (Cote et al., 2007). However, continuous 5-HT signaling is 

involved in cell death mechanisms via activation of phosphatidylinositol-3 kinase 

(PI3K)/AKT and extracellular signal-regulated kinase (ERK) 1/2 signaling pathways (Kim 

et al., 2015; Nebigil et al., 2003). Additionally, 5-HT signaling upregulates the expression of 

the interleukin (IL)-6, which activates Janus kinases signal transducers and activators of the 

transcription (JAK-STAT3) signaling pathway in human placenta leading to cell death (Kim 

et al., 2015; Mercado et al., 2013a). Therefore, the 5-HT level in intervillous space and 

inside the cells plays different roles in the growth, differentiation and the apoptosis of 

trophoblast cells and must be tightly regulated. Supporting the importance of the role of 

SERT in trophoblast, many clinical studies (but not all) report increased rates of congenital 

prematurity and malformations, including defects in fetal forebrain development, induced by 

selective serotonin uptake inhibitors (SSRI) during pregnancy (Chambers et al., 2006; 

Huybrechts et al., 2014, 2015; Wemakor et al., 2015). Reducing 5-HT uptake rates of SERT 

by SSRI alters the plasma vs platelet 5-HT ratio; as reported using SSRI in the first trimester 

had approximately a 2-fold increased risk for cardiac and a 1.8-fold increased risk for other 

congenital malformations compared to the entire national registry population (http://

www.ncbi.nlm.nih.gov/pubmed/22052679) (Balsell et al., 2012).

Furthermore, studies with preclinical models report that mice lacking the gene for SERT 

(SERT-KO) (Uceyler et al., 2010; Chen et al., 2012; Walther et al., 2003; Bengel et al., 

1998a) or the gene for TPH1 (TPH1-KO) (Cote et al., 2007; Kim et al., 2010; Paulmann et 

al., 2009) exhibit insulin resistance and glucose intolerance, and progressively develop 

obesity and hepatic steatosis (Armitage et al., 2008). These studies clearly throw additional 
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role to 5-HT and emphasize the importance of SERT in trophoblast more than functioning as 

a transporter, protecting the trophoblast cells against continuous 5-HT signaling.

In order to evaluate the impact of SERT and 5-HT on placenta, E18.d transgenic mice, 

SERT-KO (Bengel et al., 1998) and TPH1-KO (Walther et al., 2003) were characterized by 

comparing the plasma levels of 5-HT, glucose and insulin with the gestational age matched 

wild-type (WT) counterparts.

Using two different approaches, the histopathologic analysis and the TUNEL assays, the 

placentas from 18d E18.d SERT-KO (Bengel et al., 1998a) and TPH1-KO mice (Walther et 

al., 2003), and WT counterparts were evaluated. Our findings reveal that in SERT-KO 

mouse, the plasma 5-HT levels is 2-fold higher, the plasma glucose level is slightly higher, 

and the insulin level is 4-fold higher than these determinants in the plasma of WT mice. 

While these findings agreed with previously published studies, we then evaluated the impact 

of 2-fold higher 5-HT signaling on SERT-KO placentas. In TUNEL and proliferation assays, 

the cells death rates in SERT-KO placentas were found several-fold elevated at the maternal 

side as compared to the placentas of TPH1-KO and WT mice. Further analysis of the 

placentas from SERT-KO mice for Caspase3 staining suggested that the placental damage in 

the absence of SERT, at elevated 5-HT signaling, occurs in caspase3-independent pathway.

Material and Methods

Animals

Twelve weeks old adult male C57BL/6J mice WT, or SERT-KO and TPH1-KO mice were 

engineered on a C57BL6 genetic background. Tryptophan hydroxylase (TPH1) mice 

(Walther et al., 2003) were donated by Dr. M. Bader (Max-Delbrück-Center for Molecular 

Medicine). These mice lack the gene for TPH1, which is the rate-limiting enzyme in the 

synthesis of 5-HT in peripheral tissues. SERT-KO mice were provided by The Jackson 

Laboratory (Bar Harbor, Maine). Homozygous SERT−/− or TPH1−/− male and female mice 

(12 weeks old) were bred together and litters were analyzed. These mice were genotyped by 

PCR amplification of genomic DNA prepared from the tails of SERT−/− and TPH1−/− mice 

(Mercado et al., 2013b). The WT TPH1 allele produce bands at 570 bp and SERT allele 

produced bands at 310 bp, respectively indicating the deletion of the SERT or TPH1 genes 

totally (Walther et al., 2003; Bengel et al., 1998a). Procedures involving animals were 

approved by the Institutional Animal Care and Use Committee at the University of Arkansas 

for Medical Sciences and were conducted in accordance with the NIH Guide for the Care 

and Use of Laboratory Animals.

Hematoxylin and Eosin (H&E) and Trichromie Histology of Placentas

Placentas from 18d gestation SERT-KO, TPH1-KO, and WT mice were dissected from the 

uterus, formalin fixed and paraffin embedded. 5 μm slides were prepared for Hematoxylin 

and Eosin (H&E) staining, TUNEL, and immunohistochemistry (IH). An experienced 

placental pathologist (DJR) examined the placental histology in H&E-stained sections. 

Representative placenta sections from each group were stained with trichrome using routine 

methods.
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Slides are loaded into glass slide holders and dewaxed first in 100% xylene (Fisher 

Scientific) for 5 minutes, then in 100% ethanol (Fisher Scientific) with 10–20 seconds 

agitation, once in 90% ethanol with 10–20 seconds agitation, once with 70% ethanol with 

10–20 seconds agitation and twice in H2O with 10–20 seconds agitation. The rack is 

transferred into pre-warmed (94°C–96°C) retrieval solution in a glass container in the water 

bath. Antigen retrieval is 30 minutes in the water bath, 20 minutes on the bench and 5 

minutes in running water.

TUNEL and IH

To measure tissue injury (cell death), placental sections were subjected to TUNEL assay 

using the In Situ Cell Death Detection Kit (Roche Diagnostics, Indianapolis, IN) according 

to the manufacturer’s protocol (Apostolov et al., 2009). Ki67 antibody (Ab) (Abcam, 

Cambridge, MA) was used on formalin fixed paraffin embedded placental and embryonic 

tissues and countered with goat anti-rabbit IgG-Alexa Fluor 594 (Invitrogen) to detect the 

primary Ab (Apostolov et al., 2009). Control staining was performed in the absence of the 

primary Ab. After staining, sections and cells were counterstained with 4′,6-diamidino-2-

phenylindol (DAPI) to visualize cell nuclei, mounted under cover slips with Prolong® 

Antifade kit (Invitrogen, Carlsbad, CA) and acquired using the Olympus IX-81 inverted 

microscope (Olympus America, Center Valley, PA) equipped with Hamamatsu ORCA-ER 

monochrome camera (Hamamatsu Photonics K.K., Hamamatsu City, Japan).

The quantification of the TUNEL and Ki67 data iwas performed by using SlideBook 4.2 

software on images captured at 200X magnification which counts the nuclei (DAPI staining) 

and the TUNEL and Ki67 positive cells and calculates the percentage of positive cells to the 

total number of cells. For Ki67 assessment, quantification by mean intensity was performed 

to confirm the results.

Image Analysis

The analysis of fluorescent images was performed using the SlideBook 4.2 software. For 

quantification, 14 independent fields of view were collected per each mouse placenta 

section, and mean optical density (MOD) was recorded for Alexa Fluor 594 channel by a 

person blind to the genotypes. The data were presented as averages of MODx/field of view 

for each channel. The percentage of TUNEL-positive (dead) cells was quantified by 

measuring the area of TUNEL-positive nuclei per total area of DAPI+TUNEL; the TUNEL 

data were presented as the percentage of TUNEL positive cells per total number of cell per 

field view.

Western blotting (WB) analysis and quantitation of protein expression

Placentas dissected from 18d gestational age mice and the cells were prepared following a 

previously published method (Li et al., 2014). Cells were lysed and solubilized in PBS 

containing 0.44% SDS, and protease inhibitor mixture (PIM). Samples were analyzed by 

12% SDS-PAGE and transferred to nitrocellulose. Blots were incubated with primary Ab, 

rinsed, and then with horseradish peroxidase (HRP)-conjugated secondary Abs. The signals 

were visualized using the enhanced chemiluminescence (ECL) detection system. The 

polyclonal SERT Ab was generated by Proteintech Group, Inc. (Chicago, IL) on a peptide 
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corresponding to the last 26 amino acids of the C terminus (positions 586–630) of SERT. 

Anti-SERT (diluted 1:500) gave one major band at 90 kD. For determination of Bcl2, Bax 

and Caspase-3, membranes were probed with antibodies against Bax or Bcl2 or Caspase-3 

(Cell Signaling cat #: 14796, 3498 or 9662, respectively) in the dilutions provided by the 

manufacturers. Caspase-3 Antibody detects endogenous level of full length caspase-3 (35 

kD) and the small fragments of resulting from cleavage (17 kD). Signals were quantitated 

with a VersaDoc 1000 analysis system.

Statistical Analysis

The placental pathologic parameters were compared and used to evaluate the differences in 

placental pathology and vasculature between SERT-KO and WT. Continuous variables were 

summarized using means and standard deviations (SD), while frequency distributions 

accounting for missing values were used for categorical variables. The Student’s t-test was 

used when two groups were compared, and the SAS for Windows version 9.1 statistical 

software package (SAS Institute, Cary, NC) for TUNEL and proliferation assays. A p value 

less than 0.05 was considered statistically significant.

Results

Plasma concentrations of 5-HT were 2-fold higher in SERT-KO (1.75 ± 0.05 ng/ml of blood) 

than in WT mice (0.85 ± 0.04 ng/ml of blood). By contrast, deletion of TPH1 gene resulted 

in undetectable 5-HT levels in plasma (Table 1).

Location of SERT in the mouse placenta

In order to visualize SERT in the placentas from 18d gestational age of SERT-KO and WT 

mice were processed for IH (Figure 1). The slides were first dewaxed in xylene and then 

moved for staining with SERT-Antibodies (1:100 dilution; Mercado et al., 2013) or mouse 

trophoblast marker (1:100 dilution TROP-1; Thermo Fisher Scientific Cat No:PA5-47074) 

antibodies. The localization of SERT (in red) and TROP-1 (in green) signals were captured 

in the overlaid images with Alexa Fluor −549 and −488 dye (1:250 dilution, respectively 

filter sets. The DNA is stained with DAPI in blue.

If TROP-1 and SERT co-localized then the structures would appear light purple; otherwise, 

the distinct green and red signals would represent structures containing either one of the two 

proteins. In enlarged images the TROP-1 mostly appears around the cell plasma and overlaid 

with red SERT. In SERT-KO placenta only TROP-1 and DAPI staining were determined. 

Antibodies against SERT localized in both, on the plasma membrane and at the intracellular 

compartments. Some non-specific staining in the same channel with DAPI was observed but 

not very distinct. SERT was mostly found in the junction, labyrinth and decidua whereas no 

detection at all in KO placentas. The morphology of trophoblast in the placentas of SERT-

KO mouse was found different than the WT counterparts.

H&E stained sections of placentas from transgenic and WT mice at 18d gestations

The effect of increasing plasma 5-HT levels was investigated by histological analysis of 

placentas from SERT-KO and WT mice (Figure 2). Placentas from all three mouse models 
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(10 slides per placenta, 6 placentas from each genotype, n=4 different dams) were harvested, 

weighed (170 ± 43.56 and 150 ± 15.81 mg, WT and SERT-KO, respectively) and the 

orientation to the uterus (preserving the implantation site) was maintained for processing. 5 

μm sections were stained and analyzed for intravascular thrombosis, vascular wall necrosis, 

retroplacental thrombus/necrosis, and for placental development. Initially, the 

histopathologic analysis of the placenta and uterine tissues included careful examination of 

the junctional zone and maternal decidua. We found no structural changes such as vascular 

thrombi amongst the SERT-KO and WT placentas. However, the junctional zone of placenta 

from SERT-KO mice showed significant macroscopic modifications. WT placental 

junctional zones are typically viable without evidence of necrosis. SERT-KO placentas 

showed large confluent areas of necrosis with signs of hemorrhage and fibrosis (Figure 2A 

and B). We confirmed these findings using H&E trichrome staining of placentas (18d 

gestational age) which demonstrated fibrin deposition at the junctional zone only in the 

SERT-KO placenta (Figure 2C and D).

Placenta tissue injury in SERT-KO mice

To determine the impact of 5-HT on placental integrity we performed TUNEL assays on 

placentas of SERT-KO, TPH1-KO and WT mice (n=5/genotype) (Figure 3A). Placentas 

from SERT-KO mice showed significantly higher percentage of TUNEL-positive cells (49-

fold higher) as compared to those from WT mice (Figure 3B). TPH1-KO placental cell death 

ratio was 8-fold higher than the ratio of the placentas from WT mice. The TUNEL-positive 

cells were not confluent but rather patchy, potentially indicating that the tissue injury was 

not equally distributed along the junctional zone (Figure 3A). Since the TUNEL-positivity 

(free DNA termini), in addition to cell death (pre- and postmortem DNA fragmentation), 

may be a result of excessive DNA repair (single-stranded DNA gaps and nicks) or elevated 

scheduled DNA synthesis (Okazaki fragments), we further measured protein expression of 

Ki67 by quantitative IH. There was no significant difference in the total number of cells in 

the junctional zone, per specific area of the placentas between the transgenic and WT mouse. 

There was no difference in the staining of the Ki67 proliferation marker between SERT, 

TPH1-KO and WT placenta samples (Figure 3C). The percent of TUNEL-positive placental 

cells in SERT-KO was 65-fold higher than the percent of TUNEL positive cells in placentas 

from WT and 6-fold higher than TPH1-KO (Figure 4). Ki67 staining of embryonic heart 

clearly shows a reduced proliferation in with 94% less in TPH1-KO mice, (Figure 5A, B) 

and 25% less for SERT-KO compared to the embryonic hearts from WT mice.

SERT-dependent placental cell death occurs in Caspase3-independent pathway

Placentas from 18d gestation SERT-KO mice were analyzed in TUNEL for Caspase3 

staining. The caspase3 staining appeared at a negligible level suggesting that in SERT-KO 

placenta the cell death may occur in caspase3-independent signaling pathway (Figure 6A). 

In order to confirm the findings from TUNEL assays, placentas from 18d gestation WT and 

SERT-KO were harvested, their trophoblast cells were isolated by following previously 

published method (Li et al., 2014). They were analyzed for the expression levels of Bax, 

Bcl2 and Caspase-3 in Western blot assays (Figure 6B). The levels of Bcl2 and Bax were 

found at the same levels in placentas of WT and SERT-KO. However the expression level of 

Caspase 3 was 65% lower in SERT-KO than WT placentas. The level of SERT and actin 
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were used as control in the same samples. The densitometric determinations indicate the 

Bcl2 vs Bax ratios are similar in between the placentas from WT and SERT-KO.

In summary these findings strongly emphasize the importance of SERT in protecting the 

placenta against cell death in a Caspase3-independent pathway. We did not find evidence of 

a maternal vascular source of this necrosis (no vascular thrombi or vascular injury) therefore 

we propose that the protective role of SERT in placenta is through regulating the 

intervillous/trophoblast 5-HT ratio which influences the cell proliferation in embryos. 

Furthermore, the placental necrosis is a result of a trophoblastic defect in proliferation or 

survival.

Discussion

The trophoblast serves as a multi-functional barrier separating the maternal and fetal blood 

circulation. Defects in trophoblast loose the integrity of trophoblast which causes the 

formation of necrosis and fibrosis at the junctional zone. In the current studies, we found 

that by genetically interfering with 5-HT levels there is abnormal hemorrhage (evidenced by 

fibrin deposition) and necrosis at the junction of the giant cells layer of the placenta. This 

finding is reminiscent of human placental pathology, such as those complicated by abnormal 

maternal blood flow (Odibo et al., 2014). We investigated the impact of extracellular 5-HT at 

elevated level on placenta.

The cellular integrity and the barrier properties of intercellular junctions, which are anchored 

into cytoskeletal proteins are controlled by a number of factors including 5-HT (Li et al., 

2016). The 5-HT concentration in the intervillous space is tightly regulated by SERT 

expressed on trophoblast (Ramamoorthy et al., 1993). Our current studies with TUNEL 

assays show that in TPH1-KO mice, with lack of 5-HT, rates of trophoblast cell death were 

significantly lower than the rates in SERT-KO mice where the plasma 5-HT levels are 2-fold 

higher than those of WT (Mercado et al., 2013b). Overall, while the SERT-KO placentas 

showed profound tissue damage, markers for DNA repair or cell proliferation were not 

elevated.

In exploring the cause of 5-HT-associated placental cell death, our studies underlined a 

major role for SERT in trophoblast cells. The importance of SERT and the extracellular vs 
intracellular ratio of 5-HT were demonstrated in different approaches, using preclinical 

study models. Trophoblast isolated from diabetic placentas where the level of SERT on the 

cell surface is much less than its level on non-diabetic trophoblast (Li et al., 2014), we found 

the cell death ratio several fold higher than non-diabetic counterparts. Supporting these 

findings, the histochemical and biological features of placentas dissected from 18d pregnant 

mice lacking the gene encoding SERT showed a 49-fold increase in cell death without a 

concurrent change in the DNA repair or cell proliferation compared to WT counterparts. 

Interestingly, the necrotic insult was primarily located at the junctional zone of the placenta. 

These results suggested a relationship between the levels of SERT on cell surface with the 

rate of cell death and point to an additional role for SERT as protecting placental cells 

against cell death.
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Studies using various selective SERT inhibitors on the placental choriocarcinoma (JAR) 

cells demonstrated that some, but not all, inhibitors caused DNA fragmentation and 

apoptosis in these cultured cells (Bengel et al., 1998b). The findings from these previous 

studies indicate that SERT on the cell surface was required to prevent programmed cell 

death. The TUNEL assays located the highest rate of cell death at the maternal side of the 

placentas in both transgenic mice, but predominantly in the SERT-KO model. This finding is 

similar to the necrosis described in human placentas complicated by maternal hypertension 

(Odibo et al., 2014). Although we did not observe placental infarct-like histology, we found 

evidence of placental necrosis by TUNEL assay. Due to the intense DNA fragmentation 

registered by TUNEL, this tissue damage is likely irreversible at a single-cell level. Judging 

from the TUNEL intensity that reached 6% on average, and comparing this damage with 

TUNEL resulting from injuries of other tissues (Apostolov et al., 2009). While the lack of 

SERT generated placental pathology, the lack of peripheral 5-HT biosynthesis (TPH1-KO) 

appeared to be associated with only minor placental damage.

To investigate the involvement of 5-HT and 5-HT signaling in pregnancy, the fasting blood 

glucose and insulin levels in transgenic mice, SERT-KO and TPH1-KO were measured. The 

plasma 5-HT level is twofold higher in SERT-KO than WT mice. During pregnancy 5-HT 

upregulates the insulin production in beta cells of pancreas (Schraenen et al., 2010) and their 

secretion (Uceyler et al., 2010). However, 5-HT also regulates glucose-stimulated insulin 

secretion as a paracrine/autocrine agent via acting on 5-HT3 receptor, lowering the 2 cell 

threshold for glucose (Ohara-Imaizumi et al., 2013). Agreeing with these studies, in SERT-

KO plasma insulin level was fourfold higher and the glucose level was slightly higher than 

in WT mice. In contrast, in the absence of peripheral 5-HT, in TPH1-KO mice plasma 

resulting in insulin levels twofold lower and glucose levels 1.5fold higher than in WT mice. 

Therefore, the elevated plasma 5-HT in SERT-KO mice is the likely cause of their resistance 

to elevated plasma insulin.

Interestingly, in an earlier study with microarray analysis of megakaryocytes, we made a link 

between 5-HT signaling and apoptosis by identifying several proteins as apoptosis effectors 

which were found as up-regulated and their natural inhibitors were listed as down-regulated 

(Mercado et al., 2013a). Herein we connected these findings with, signaling pathways in cell 

death of SERT-KO placenta and we investigated if Caspase-3 is activated at Bcl2/Bax ratios 

in SERT-KO placenta.

In summary our data show an increased in trophoblastic TUNEL-positive cells at the 

junctional zone in placentas from SERT-KO mice which is coupled with histologic evidence 

of necrosis and increased fibrin deposition. These findings were mildly present in the TPH1-

KO mice and focally present in WT mice. The cell death ratio in maternal versus fetal sides 

of placentas showed differences between transgenic mice such as in SERT-KO this ratio was 

2.4 in TPH1-KO it was 3.5 suggesting more damage on the fetal side of placentas from 

TPH1-KO. This was almost equal in the placentas of WT mice (1.07). This impact of 

damaged cells at the fetal side of placentas was observed in the embryonic heart tissues of 

TPH1-KO which was 94% less than it is in WT embryonic tissues. The findings from the 

TUNEL assay were supported by IH and WB analysis of caspase3 in the trophoblast cells 

isolated from SERT-KO and TPH-KO mice. However, the low level of caspase3 positive 
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cells and the ratio of Bcl2 to Bax in SERT-KO cells suggest the SERT-related cell death as 

independent of caspase3, such as in a “necrosis-like program cell death” (Broker et al., 

2005; Cande et al., 2004).

Overall, findings make a link between the abnormal thick band of fibrosis and necrosis 

under the giant cell layer found in SERT-KO placentas with the high cell death ratio. 

Furthermore, it is reported that abnormal implantation with chronic abruption and decidual 

necrosis often present by retroplacental thrombus and necrosis and congenital heart defects 

(Cote et al., 2007). Indeed, the proliferation assays on embryonic heart showed a significant 

effect of lack of 5-HT on heart tissue. The cardiac defects observed in earlier studies were 

atrial or ventricular septal defects in which the wall between the right-left sides of the heart 

was not completely developed. SERT-KO mice develop obesity and cardiovascular 

complications and their embryos show various developmental defects (Cote et al., 2007).
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Figure 1. Expression of SERT in E18 mouse placentas
The 4 μm sections of parafine embeded placentas dissected from E18 WT and SERT-KO 

mice were dewaxed, rehydrated and subjected to antigen retrieval. Sections were stained as 

described in the Methods with polyclonal SERT- and monoclonal TROP-1 antibodies (1:100 

dilution) followed by Alexa549-conjugated donkey anti-goat and Alexa488 donkey anti-

rabbit dye (1:250 dilution). Nuclei were counterstained with DAPI in blue (1:250 dilution). 

In placentas dissected from SERT-KO mouse only green TROP-1 and blue DAPI staining 

are found. In WT placentas red, SERT-staining appeared over TROP-1. Cells were analyzed 

with a Zeiss LSM510 laser confocal microscope. The lower panels are 10X the 

magnification of the area framed in white in the upper panels. The scale bars for the upper 

panels are in 1 μm and for the lower panels 10 μm indicate the magnification of the images. 

Figures show representative images from at least 2 separate experiments.
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Figure 2. 
H&E stained E18 SERT-KO (A) and WT (B) placenta at 2X highlighting junctional zone 

showing necrotic area (indicated with an asterisk) in SERT-KO with minimal serous fluid 

(arrows) in WT placentas. H&E staining are the representative images of 10 slides per 

placenta, 6 placentas from each mouse, n=4. The insets at the right of the main figures are 

the 20X the magnification of the areas framed in white. Trichrome staining of placentas 

from E.18 d SERT-KO (C) and WT (D) mice. Photomicrographs of the junctional zone 

stained with trichrome. Royal blue color and arrows highlight connective tissue (collagen) 

within the necrosis in SERT-KO and WT at 10X magnification.
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Figure 3. Tissue injury in placentas of E.18 d SERT- and TPH1-KO and WT mice placentas
(A) TUNEL assay performed in placentas of these mice. Note the uneven (patchy) TUNEL 

staining. The images in each panel are acquired at 200X magnification. (B) Quantification of 

the TUNEL. The apoptosis in placentas from SERT-KO mice were 65-fold higher than WT, 

6-fold higher than the rates of placentas from TPH1-KO mice. (C) Quantification of the 

proliferation marker Ki67 mean intensity. The images in each panel are acquired at 400X 

magnification. No difference was seen on the proliferation rates of placentas from transgenic 

or WT mice. TUNEL assay and Ki67 staining were performed on 10 slides per placenta, 6 

placentas from each mouse, n=4. Asterisks indicate statistical difference between WT and 

SERT-KO (*) mice P<0.05 assessed by one way ANOVA and a Bonferroni post hoc test. 

The scale bars represent 10 μm.
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Figure 4. The location of the death cells in placentas of E.18 d SERT- and TPH1-KO and WT 
mice placentas
A. TUNEL assays were performed on maternal and fetus sides of the placentas from E.18 d 

SERT-KO, TPH1-KO and WT mice. The images in each panel are acquired at 200X 

magnification. The scale bars represent 10 μm. B. Quantification of the TUNEL assays 

showed that the highest level of the cell death occurred at the maternal side of the SERT-KO 

placentas was 65-fold higher than the apoptosis of the cells at the maternal side of the WT 

placentas. TUNEL assays were performed on 10 slides per placenta, 6 placentas from each 

mouse, n=4. Asterisks indicate statistical difference between WT and SERT-KO maternal (*) 

and fetal side (**) of placentas P<0.05 and P<0.001 assessed by one way ANOVA and a 

Bonferroni post hoc test.
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Figure 5. Ki67 staining of Embryonic heart from E.18 d WT and transgenic mice
(A) The embryonic tissues were stained with Ki67, proliferation marker and DAPI to orient 

the staining in nucleus. Merged image show the level of staining in each tissue. The images 

in each panel are acquired at 400X magnification. The scale bars represent 10 μm. (B) 

Quantification of the proliferation marker Ki67 mean intensity. The proliferation rates in 

embryos of TPH1-KO were 16-fold lower than the rates of WT. This difference was much 

less pronounced in between the proliferation rates of embryos from SERT-KO and WT 

which was only 1.3-fold less in SERT-KO embryos. Asterisks indicate statistical difference 

between WT and SERT-KO or TPH1-KO mice (**) P<0.01 or (***) P<0.001 assessed by 

one way ANOVA and a Bonferroni post hoc test. All assays were performed on 10 slides per 

embryo, 6 embryos from each mouse, n=4.
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Figure 6. Caspase3 staining of the placentas from SERT-KO mice
(A) E.18d placentas from WT and SERT-KO mice were first analyzed in TUNEL assays and 

the same field was evaluated for caspase3 staining (n=3). Only one of the three SERT-KO 

placentas gave a negligible levels of Caspase3 staining suggest that in the absence of SERT 

the placental damage occurs in caspase3-independent signaling pathway. The images in each 

panel are acquired at 400X magnification. The scale bars represent 10 μm. (B) Placental 

cells prepared from WT and SERT-KO (E.18d) (Yi et al., 2014) were analyzed in 5-12% 

gradient SDS. The WB analysis were performed with antibodies against Bax or Bcl2 or 

Caspase-3. The results of Western blot analysis are the summaries of combined data from 

four densitometric scans of the protein bands.
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Table 1

Characteristics of the study models

WT SERT-KO TPH1-KO

Blood plasma 5-HT
(ng/ml blood)
(Mercado et al., 2013b)

0.85 ± 0.04 1.75 ± 0.05 u.n.d.

Blood glucose levels
(mg/dl blood)

65.22 ± 10.3 81.77 ± 4.35 108.55 ± 5.92

Blood insulin levels
(ng/dl blood)

0.44 ± 0.04 1.82 ± 0.4 0.25 ± 0.002

Placental Weight (mg) 170 ± 43.56 150 ± 15.81 106 ± 16.73

u.n.d. = undetectable.
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