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Abstract

Objectives: Placental insufficiency contributes to altered maternal-fetal amino acid transfer, and
thereby to poor fetal growth. An important placental function is the uptake of tryptophan and its
metabolism to serotonin (5-HT) and kynurenine metabolites, which are essential for fetal
development. We hypothesised that placental 5-HT content will be increased in pregnancies
affected with fetal growth restriction (FGR).

Methods: The components of the 5-HT synthetic pathway were determined in chorionic villus
samples (CVS) from small-for gestation (SGA) and matched control collected at 10-12 weeks of
human pregnancy; and in placentae from third trimester FGR and gestation-matched control
pregnancies using the Fluidigm Biomarker array for mMRNA expression, the activity of the enzyme
TPH and 5-HT concentrations using an ELISA.
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Results: Gene expression for the rate limiting enzymes, 7PH1 and 7PHZ, 5-HT transporter,
SLC6A4; and 5-HT receptors HTR5A, HTR5B, HTR1D and HTR1E were detected in all CVS
and third trimester placentae. No significant difference in mMRNA was observed in SGA compared
with control. Although there was no significant change in 7PHZ mRNA, the mRNA of 7PH2and
SLC6A4 was significantly decreased in FGR placentae (p < 0.05), while 5-HT receptor mRNA
was significantly increased in FGR compared with control (p < 0.01). Placental TPH enzyme
activity was significantly increased with a concomitant increase in the total placental 5-HT
concentrations in FGR compared with control.

Conclusion: This study reports differential expression and activity of the key components of the
5-HT synthetic pathway associated with the pathogenesis of FGR. Further studies are required to
elucidate the functional consequences of increased placental 5-HT in FGR pregnancies.

Introduction

Fetal growth restriction (FGR), defined as defined as a failure of the fetus to reach its full
growth potential, is a common and significant obstetric complication, affecting
approximately 5-10% of all pregnancies worldwide [1-3]. The second leading cause of
perinatal mortality after prematurity, FGR remains the major cause of late pregnancy
stillbirth, a leading cause of morbidity and a major contributor to lifelong impairment
including neurological disorders, cerebral palsy, cardiovascular disease, systemic
hypertension, stroke and non-insulin-dependent diabetes mellitus in adulthood [1,4].
Identifying high-risk pregnancies for FGR is key in order to prevent or alleviate the
consequences of poor fetal growth. Clinically, the ability to predict FGR is limited and
current strategies are largely restricted to prenatal screening based on ultrasonographic
biometrical measurements of the fetus and Doppler velocimetry for placental perfusion, for
evidence of fetal decompensation secondary to hypoxia [5,6]. This allows clinicians to
identify FGR from otherwise healthy small for gestational age (SGA) infants [5]. FGR is
managed based on careful monitoring of fetal growth and biophysical profile. Premature
delivery is often the only solution when fetal growth is significantly impaired, contributing
to the risk of perinatal mortality and morbidity [7]. Therefore, understanding the
mechanisms implicated in the development of FGR is necessary to develop novel strategies
to prevent or limit FGR and its consequences.

There are multiple aetiologies of FGR, including those of maternal (hypertension,
gestational diabetes mellitus), fetal (chromosomal abnormalities) or placental (infarcts)
origins. Although the mechanisms implicated in the development of FGR are poorly
understood, it is widely accepted that the origins of FGR lie within a functionally
insufficient placenta [8]. Therefore, understanding the molecular mechanisms of placental
insufficiency associated with FGR is of increasing importance. Typically, placentae from
FGR-affected pregnancies are smaller than gestation-matched control pregnancies and may
exhibit a number of morphological and functional defects [9-12]. For example, aberrant
fusion of the villous cytotrophoblasts (VCT), with an associated increase in apoptosis,
reduces transfer of nutrients and growth factors to the fetus, thereby restricting fetal growth
[13]. Another significant feature of FGR pathogenesis is uteroplacental ischemia, due to
failure of the extravillous trophaoblast cells (EVCT) to proliferate, migrate, invade, and
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adequately transform and remodel spiral arterioles in the placental bed [2,10,14]. In addition
to this cytotrophoblastic dys-function, various studies suggest that the resulting hypoxia,
oxidative stress or both may have a significant effect on key placental metabolic pathways
[13,15].

One such metabolic pathway that plays a prominent role in feto-placental growth is the
metabolism of the amino acid tryptophan. During pregnancy, the essential amino acid
tryptophan is actively transported to the fetus by the placenta [16]. Besides being utilised for
protein synthesis by the placenta and fetus, another fate of tryptophan is the formation of
serotonin (5-HT) and kynurenine (KYN) metabolites [16]. In a recent study, we reported that
the expression and activity of the KYN pathway is present in the human placenta from early
gestation, and is down-regulated by hypoxia and in FGR pregnancies [17]. However, the
expression of key metabolic components of the 5-HT synthetic pathway in early and late
pregnancy placental tissues is largely unknown, particularly in cases of impaired placental
function observed in FGR, where the activity of several placental nutrient transporters is
dysregulated [18].

Conversion of tryptophan to 5-HT occurs through the hydroxylation of precursor tryptophan
and decarboxylation of the intermediate product - 5-hydroxytryptophan (5-HTP) [16]. The
rate-limiting enzymes in this process are tryptophan hydroxylase 1 (TPH1) and TPH2
which, in addition to the brain, are expressed in peripheral tissues including the placenta
[19]. Some 5-HT of maternal origin may also be transported into the placenta by 5-HT
transporter SERT/SLC6A4, which is localised to the syncytiotrophoblast [20], although
most maternal 5-HT appears to be metabolised by monoamine oxidase enzymes in the
cytotropho-blast cells, possibly to prevent vasoconstriction of spiral arterioles [21-23].

As FGR is associated with decreased placental KYN synthesis [17], a greater availability of
tryptophan may lead to an increased placental synthesis of 5-HT, with an associated increase
in expression of components of the 5-HT synthetic pathway in FGR pregnancies. In this
study, we hypothesized that altered expression of the components of the placental 5-HT
synthetic pathway contributes to the aetiology of FGR. Small for gestational age (SGA),
defined as a birth weight below the 10th percentile of a birth weight curve, is often
considered as a surrogate for FGR. Therefore, our overall aim was to determine the
relationship between the mRNA levels of 7TPH1, TPH2, SLCA64 and receptors of 5-HT in
first-trimester (10-12 weeks’ gestation) chorionic villous samples (CVS) collected from
women who went on to develop SGA later in pregnancies and gestation-matched
uncomplicated control pregnancies; and in placentae from third-trimester FGR and
gestation-matched uncomplicated control pregnancies. Placental 5-HT concentrations and
localisation of 5-HT receptors were determined in third trimester FGR and gestation-
matched control pregnancies.

2. Materials and methods

2.1

Patient details and tissue sampling

2.1.1. Third trimester FGR and control placental tissues—Human placentae from
pregnancies complicated by FGR (n = 23) and healthy control pregnancies (n = 42) were
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obtained following informed patient consent and approval from the Research and Ethics
Committee of the Royal Women’s Hospital, Melbourne. Patient characteristics are shown in
Table 1; previous studies have demonstrated consistent differences in the expression of
various genes in the placentae from these cohorts of patients [17,24]. Briefly, the inclusion
criteria for FGR samples was defined as a birth weight less than 10th percentile for
gestational age using Australian growth charts [25] and any one of the following criteria on
antenatal ultrasound: oligohydramnios (amniotic fluid index < 7); abnormal umbilical artery
Doppler velocimetry; or asymmetric growth (head circumference to abdominal
circumference ratio > 1.2 for gestational age). Uncomplicated control samples were matched
to FGR cases based on gestational age, determined using last menstrual period dates and
confirmed by early pregnancy ultrasound. Both caesarean sections and spontaneous and
induced vaginal deliveries were included in the sample collection. The following
characteristics were excluded in the selection of both control and FGR samples: prolonged
rupture of membranes beyond 24 h and/or evidence of placental abruption; maternal
chemical dependency; underlying maternal diseases including preeclampsia, maternal
hypertension, gestational diabetes, type 1 and 2 diabetes; fetal congenital anomalies;
chromosomal abnormalities; pregnancies with multiple fetuses; and suspected intrauterine
infection. All control mothers gave birth to normally formed babies with birth weights
appropriate for gestational age. Control placentae were normal in appearance with no
observed pathology. Following delivery of the placentae, the decidua was removed and
placental tissue pieces were excised from the periphery and from the central cotyledons and
pooled and rinsed in buffered saline. Samples were processed within 20 min of delivery of
the placenta, and snap frozen and stored at —80 °C for RNA and protein analyses; some
samples were fixed in 10% formalin for immunohistochemical analysis.

2.1.2. First trimester CVS samples—Human first trimester villous tissues (n = 52
control, n = 28 SGA) were obtained as surplus tissue from chorionic villus sampling (CVS)
performed at the University Medical Centre of Groningen, The Netherlands. These CVS
samples were snap frozen and stored at —80 °C for gene expression analysis. Patient
characteristics are shown in Table 2 for the SGA and matched control samples used in this
study. SGA was used as a surrogate for FGR, as has been done in previous studies [26,27].
Briefly, CVS was performed vaginally between 10 and 12 weeks’ gestation, for aneuploidy
risk due to increased maternal age or serum screening results. The tissues were collected
after obtaining informed written patient consent and ethics approval from the Federation of
Dutch Medical Scientific Societies. Patient identification was removed prior to receiving the
samples. Patient demographic details were obtained through questionnaires completed by
each patient postpartum and included details of the pregnancy outcome. Pregnancies that
were complicated by SGA, defined as a birth weight less than 10th percentile (as per Dutch
population charts, Stichting Perinatale Registratie, Nederland) were then matched to
uncomplicated control pregnancies, based on maternal age, gestational age, parity and
crown-rump-length at the time of sampling. Exclusion criteria for both control and SGA
samples were gestational diabetes, pregnancies associated with multiple fetuses, fetal
congenital anomalies and chromosomal abnormalities. Control patients did not have clinical
evidence of preeclampsia or maternal hypertension. All control mothers gave birth to infants
with birth weights appropriate for gestational age.
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2.1.3. First trimester placental tissues—Human placentae from 8 to 14 weeks’
gestation (n = 6) were obtained from elective terminations. First-trimester placentae
collection and processing for immunohistochemical analyses were performed with the
approval of the University Hospital ethics committees at the University Hospital, Grenaoble,
France, and with the informed written consent of each patient.

2.1.4. Isolation of villous cytotrophoblast cells—Isolation and purification of
primary villous trophoblast cells was performed from placentae collected from
uncomplicated term pregnancies (n = 6). These cells were used for the quantitation of TPH
enzyme activity and also to determine the synthesis of 5-HT in vitro, as detailed below.
Placental villous cytotrophoblasts were isolated as previously described [28] by DNase/
trypsin digestion and purified by separation on a Percoll gradient. Briefly, placental villous
tissue (~25 g) was dissected and washed in saline and then digested three times in a HEPES-
buffered salt solution containing 0.25% trypsin and 0.2 mg/ml DNAse. The digested villous
tissue was shaken at 37 °C for 30 min. The cytotrophoblast cells were separated on a Percoll
gradient and resuspended in standard cell culture medium containing 5.5 mM glucose,
44.5% DMEM, 44.5% Ham’s-F12, supplemented with 10% fetal calf serum and antibiotics.
The cells were plated on 24-well plates at a density of 5 x 10° cells per well. The cells were
cultured at 37 °C in 8% O 2, 5% CO», atmosphere following treatment as described below
for activity assays. Trophoblast cell purity was confirmed by high protein expression of
cytokeratin-7 (epithelial cell marker), absence of vimentin (fibroblast cell marker)
expression, and secretion of hCG (measure of biochemical differentiation) (data not shown).

2.1.5. Quantitation of TPH activity—Placental tissues obtained from third trimester
FGR and control pregnancies (n = 6) were homogenised using the extraction buffer
composed of 0.05 M Tris (pH 7.5), containing 1 mM dithiothreitol and 1 mM EGTA and
then assayed for TPH1/2 activity as previously described [29]. For the isolated trophoblasts,
following 48 h of differentiation, villous trophoblasts were pre-treated with a serum-free
medium: the fetal bovine serum (FBS) was replaced by 1x SITE-3 (Sigma-Aldrich) to avoid
traces of exogenous 5-HT in the FBS. Cultured trophoblasts and the placental extracts (20 pl
of supernatant) were treated with 80 pl of reaction or control buffer to give a final
concentration of: 0.05 M Tris buffer (pH 7.5), 1 mM EGTA, 50 g/ml catalase, 200 M L-
tryptophan (TRP), 100 M ammonium iron (I1) sulphate, and 100 M tetrahydrobiopterin
(BH4; a cofactor required for TPH1 and TPH2 activity). Control buffers did not receive TRP
or BH4. Tubes were incubated for 30 min at 37 °C and reactions were terminated through
protein denaturation by adding 100 | of 0.2 M percholoric acid with 100 M EDTA. Samples
were stored on ice for 15 min to allow for complete protein denaturation and then
centrifuged for 15 min at 21,000 g at 4 °C. TRP metabolism was determined by measuring
the 5-HT concentration using an immunoassay as described below. Protein concentration of
the supernatants was determined using a detergent-compatible protein assay (Bio-Rad) and
enzymatic activity was quantified by the measurement of 5-HT and represented as nmol 5-
HT/ug of protein as described below.

2.1.6. Quantitation of 5-HT concentration—5-HT concentrations in term placental
tissues (n = 6) and villous trophoblast culture media (n = 6), prepared as described above,
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were measured using an enzyme-linked immunosorbent 5-HT assay (ENZO Life Sciences,
New York, USA) according to the manufacturer’s instructions and the absorbance was
recorded at 490 nm using an ELISA plate reader (SpectraMax i3) as previously described
[30]. Concentrations of 5-HT in the trophoblast culture media and in the placental tissues
obtained from FGR and uncomplicated control pregnancies are represented as nmol 5-HT/ug
protein.

2.1.7. Total RNA extraction and cDNA preparation—Total RNA from third
trimester human placental tissues was extracted using the RNeasy Midi kit as previously
described [31]. Total placental RNA from surplus CVS tissues was extracted and purified
using the Macherey-Nagel NucleoSpin® RNA kit according to the manufacturer’s
instructions (Macherey-Nagel Inc. Bethlehem, USA). RNA purity was determined using
NanoDropTM spectrophotometer (ThermoScientific, USA). cDNA was prepared from 2 pg
total RNA reverse-transcribed using Superscript 11 ribonuclease H-reverse transcriptase
(Invitrogen, Australia) in a two-step reaction also as previously described [31].

2.1.8. Fluidigm Dynamic array—The mRNA expression of key metabolic components
of the placental 5-HT pathway was quantitated using the Fluidigm Dynamic array
(BioMark™ HD System) at the Monash Health Translation Precinct (MHTP) Medical
Genomics Facility, Clayton, Australia. Gene expression was determined using validated
assays that consisted of a TagMan® FAM™ labelled MGB probes (list gene names and their
catalogue # 18S rRNA Hs99999901 s1; YWHAZ (Hs01122445 g1); 7TBP(Hs00427620_
ml); SLC6A4 Hs00984349 m1l; TPHI Hs00188220 m1l; TPH2Hs00542783 ml; HTR5A
Hs04194553 s1; HTR5B Hs00168362_m1; HTR1D Hs00704742_s1 and HTRI1E
Hs00704779_s1, Thermo Fisher Scientific, USA). Gene expression relative to 7185 rRNA
was calculated according to the 272ACT method [32]. Further validation of gene expression
relative to geometric averaging of the three endogenous control genes 18S rRNA, YWHAZ
and 7BPas previously described [33].

2.1.9. Immunohistochemistry—Spatio-temporal distribution and localisation of
TPH1, SLC6A4 and HTR2A protein in first trimester and third trimester FGR and control
placental tissue sections was performed by immunohistochemistry as previously described
[34]. Briefly, 5 um thick, paraffin-embedded sections were dewaxed in xylene, rehydrated in
graded ethanol (100%-50% ethanol), and non-specific antibody binding was blocked with
1% bovine serum albumin (BSA) prepared in PBS. Tissue sections were then incubated
overnight at 4 °C with the primary antibody, either rabbit anti-human TPH1 (ab52954) or
anti-human SLCAG64 (ab181034) or anti-human HTR5A (ab61002), (Abcam, Cambridge,
MA, USA), at a concentration of 0.01 pg/uL in 1% BSA/PBS. Control sections were
incubated with 0.02 pg/uL non-immune rabbit IgG (Sigma-Aldrich, St Louis, MO, USA)
prepared in 1% BSA/PBS (DAKO, Copenhagen, Denmark). Chromogen detection was
performed using 0.05% (w/v) 3,3"-Diaminobenzidine (DAB) and 0.015% (v/v) hydrogen
peroxide (Sigma-Aldrich, St Louis, MO, USA) and colour development was monitored
under a light microscope. Slides were washed in distilled water, counterstained with
hematoxylin, rehydrated in alcohol and Histoclear, and mounted in DPX (Sigma-Aldrich, St
Louis, MO, USA) for imaging with a light microscope. All tissue sections were incubated
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with DAB for the same length of time so that comparisons could be made between
individual samples, and all slides were stained in a single run to eliminate between-run
variations in staining intensity.

2.1.10. Data analyses—Patient characteristics were compared using the unpaired #test
and chi-square test for continuous and categorical variables respectively. Levels of mMRNA
expression relative to the housekeeping gene 18S rRNA/geometrical average of three house-
keeping genes YWHAZ, 185 rRNA and TBPwere determined using the 272ACT method
[32,33]. All data analyses including 5-HT concentration and TPH activity assays were
performed using the Mann-Whitney Utest. Data is presented as mean = SEM unless
otherwise stated and P < 0.05 was accepted as statistically significant.

3. Results

Gestation, maternal age, mode of delivery and the sex of the newborn did not differ
significantly between the FGR and the un-complicated control groups. Mean birthweight (p
= 0.04) and mean placental weight (p = 0.03) were significantly lower in the FGR group
compared with the control.

Patient characteristics of first trimester SGA and control pregnancies used in this study are
shown in Table 2. There were no statistically significant differences between both groups for
maternal age, gravidity, parity and newborn gender. However, there was a statistically
significant difference in birth weight (p < 0.0001), with SGA newborns having a lower mean
birth weight (2575 g) than control newborns (3534 g).

Gene expression of the components of the 5-HT synthetic pathway in third trimester
placental tissue is shown in Fig. 1. As shown in Fig. 1A, although there was no significant
difference in placental 7PHZ mRNA relative to 185 rRNA, a significant decrease in 7TPHZ2
mRNA (Fig. 1B) as well as in SLC6A4 mRNA (Fig. 1C) was observed in FGR compared
with gestation-matched control pregnancies. Furthermore, gene expression analyses of the 5-
HT receptors demonstrated a significantly increased mRNA expression of H7TR5A (Fig.
1D), HTR1D (Fig. 1E) and HTR1E (Fig. 1F) in FGR placentae compared with control
placentae (p < 0.005).

Fig. 2 illustrates mRNA expression of TPHI (Fig. 2A), SLC6A4 (Fig. 2B), HTR5A (Fig.
2C), HTR5B (Fig. 2D) and HTR1D (Fig. 2E) relative to Z8S rRNA in first trimester CVS
samples. As depicted, there were no statistically significant differences observed between
first trimester SGA and matched control CVS tissues. TPH2and HTR1E mRNA were
undetectable in both SGA and control CVS tissues.

To further correlate the mMRNA levels of TPH1/2, the activity of the enzymes TPH1/2 was
measured in cultured trophoblasts derived from FGR and control placental tissues. A shown
in Fig. 3A, significantly increased TPH1/2 activity was observed in the placental tissues and
in the cultured trophoblasts obtained from third trimester FGR pregnancies compared with
gestation-matched control pregnancies (Fig. 3B). This increase in TPH1/2 activity was
further substantiated by the concomittant increase in total placental 5-HT content in
placental tissues from FGR pregnancies compared with gestation-matched control (Fig. 3C).
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Immunohistochemical localisation of components of the 5-HT synthetic pathway, including
TPH1, HTR5A and SERT protein (SLC6A4), was performed in placental tissues obtained
from first trimester control placentae and in third-trimester FGR and gestation-matched
control pregnancies. In the first trimester placental tissues, immunoreactivity for TPH1 (Fig.
4A) was localized to the villous cytotrophoblasts (VCT), syncytiotrophaoblast (ST) and
extravillous cytotrophoblasts (EVCT), and immunoreactivity for SLC6A4 (Fig. 4B) and
HTR5A (Fig. 4C) was localised to VCT, ST and in some stromal cells. Absence of
immunoreactivity was observed in the 1gG negative control sections (Fig. 4D).

In the third trimester placental tissues (Fig. 5), immunoreactivity for TPH1 (Fig. 5A-
Control; Fig. 5B-FGR); SLCA64 (Fig. 5C-Control; Fig. 5DFGR) and HTR5A (Fig. 5E-
Control; Fig. 5F-FGR) was present in the syncytiotrophaoblast (ST), endothelial cells (EC)
and in some stromal cells (Str). No specific immunoreactivity was observed in the 1gG
negative control (Fig. 5G).

4. Discussion

This study demonstrated the presence of genes associated with 5-HT synthesis in CVS
samples collected in the first trimester from pregnancies that went on to develop either SGA
or uncomplicated pregnancy outcome at delivery. Our data, showing expression of 7PH,
SLC6A4 and 5-HT receptors in first trimester placentae, strengthens the hypothesis that 5-
HT could be involved in the early stages of pregnancy, including placentation. Previous
studies have reported that the placental synthesis of 5-HT may be particularly important for
successful blastocyst implantation as well as overall placental development [35]. Indeed,
animal model studies have demonstrated the significant role of 5-HT in implantation,
placentation and also in decidualisation [36,37]. In a recent study, Laurent et al. (2018)
described that components of the 5-HT synthetic pathway, particularly the rate limiting
enzymes TPH1 and TPH2, are co-expressed in the VCT, ST, EC lining the fetal capillaries,
EVCT, and decidual cells in first trimester placental tissues. In the same study, the authors
reported that mRNA and protein levels of both TPHs were detected in human primary
trophoblasts isolated from first trimester and term placental tissues, and demonstrated the de
novo synthesis of 5-HT in cultured VCT [38]. Although there were no significant differences
in MRNA expression between first-trimester SGA and uncomplicated control CVS samples,
our study further substantiates the crucial role that placental production of 5-HT may have in
successful fetal development and pregnancy outcome.

Although we report the presence of 7PHI1, TPHZ, SLC6A4 and 5-HTR receptor mMRNA
expression in third trimester uncomplicated control and FGR pregnancies, our study
demonstrated no significant difference in 7PHZ mRNA expression in placentae from FGR
compared with control pregnancies. However, placental 7PH2 mRNA was significantly
decreased in FGR compared with control. Furthermore, 7PH2 mRNA was expressed at a
much lower level compared to 7PHZ in both term un-complicated and in FGR placentae.
The examination of enzyme activity is vital, considering the complex regulatory
mechanisms for gene expression that occur at both post-transcriptional and post-translational
levels. Therefore, in this study we further measured the activity of the TPH1/2 enzymes in
third trimester placental tissues obtained from FGR and gestation-matched control
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pregnancies. Our study reported significantly enhanced activity of the enzyme TPH1/2
present in the FGR placentae compared with control placentae. This is consistent with
previous reports by Correa et al. (2009) of increased expression of TPH protein in human
placental tissues from pregnancies complicated by intrauterine stress [39].

This is the first study to report on increased activity of the rate limiting enzymes TPH1/2 in
placentae from FGR compared to un-complicated control pregnancies. Theoretically, TPH
activity directly corresponds de novo 5-HT synthesis [40]. Maternal 5-HT levels have been
thought notto significantly contribute to placental and fetal 5-HT levels, with most maternal
5-HT expected to be degraded in the placenta [21-23,41]. However, recent evidence using a
knockout mouse model has found that variations in the maternal SLC6A4 genotype affect
placental 5-HT levels and fetal neurodevelopment [42].

Placental insufficiency in FGR-affected pregnancies is associated with the altered placental
transport of many substances [43]. In this context, down-regulation of placental transporters
in FGR may correspond to a primary event or cause in the onset of this pathology, and up-
regulation may be secondary or compensatory for growth restriction [44]. Our results
demonstrated that SLC6A4 was detectable in placental tissues collected from first trimester;
and its expression was unchanged in first trimester SGA and matched uncomplicated control
pregnancies. However, in third trimester placental tissues, its expression at both mRNA and
protein levels was significantly decreased in the placentae from FGR-affected pregnancies
compared with that of the un-complicated control pregnancies. The presence of SERT
protein in VCTs of human term placenta [45,46], and also in the brush-border membrane
vesicles of VCTs isolated from human term placentae, is shown to control 5-HT
concentrations in the maternal bloodstream, maintaining stable transplacental blood flow
and nourishing the developing embryo [47-49]. Although, reduced placental SLC6A4
expression has been implicated in the aetiology of gestational-diabetes affected pregnancies
[20], /n vitro studies on the functional consequences of reduced SLC6A4 on trophoblast-
derived cell lines have linked it with placental fibrosis, necrosis and increased trophoblast
cell death [50], which are characteristic of the placental pathogenesis of FGR pregnancies.

Although our study did not quantitate immunoreactive TPH1 protein in the VCT and ST
using immunohistochemistry, Laurent et al. (2017) reported a decrease in the level of TPH2
protein seen in ST compared to VCT, and no difference in TPH1 level [38], suggesting that
differentiation into term ST may reduce the level of TPH2. High levels of free tryptophan in
third trimester placenta, as reported by Badawy (2014) (reviewed [51]), may stabilize TPH1
protein by decreasing its turnover, as reported in /n vitro studies [52,53]. The results of our
study further confirm the presence of HTR5B and HTR1E in both first and third trimester
placentae. Interestingly, although HTR5A and HTR1D were expressed at low levels in first
trimester SGA and control CVS tissues, immunohistochemical analysis localized the
presence of HTR5A in VCT and ST in first trimester placental tissues, compared to
additional localisation of HTR5A in the endothelial cells lining fetal capillaries in third
trimester placental tissues. The increase in 5-HT concentrations observed in FGR placental
tissues, together with the increased expression of HTR5A in the endothelium of third
trimester tissues, suggests a potential role of 5-HT in the regulation of arterial contraction
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linked to hypertension [54] and placental dysfunction [55]. These are important research
questions for future investigation.

5. Strengths and limitations

The primary strength of this study is the use of a highly sensitive assay with a dynamic
range of at least 67 logs for gene expression analysis on a microfluidic real-time PCR [56].
Another significant strength is the use of a well-defined cohort of third trimester FGR
pregnancies that were clinically characterised for placental insufficiency. We have also made
use of a unique resource of first trimester tissues obtained via chorionic villus sampling
during the first trimester, to investigate the relationship between altered gene expression in
the 5-HT synthetic pathway and any subsequent development of SGA. Although SGA has
been used as a proxy for FGR in several gene expression studies [26,57], the lack of Doppler
velocimetry measurements in CVS sample pregnancies was a major limitation to our study,
as the sample set may have included fetuses and neonates who were constitutionally small
and at low risk for adverse outcomes [58]. Additionally, a proportion of SGA CVS samples
was from mothers who smoked cigarettes (32.14%), had mild pre-eclampsia (3.57%) or mild
hypertension (14.29%). There were also mothers who had smoked cigarettes up until
conception or first antenatal visit in the third trimester FGR and uncomplicated control
pregnancies. The effect of this, if any, on our results is unclear, as these factors may
contribute to different phenotypes of FGR.

6. Conclusion

This study demonstrates significant associations between FGR pregnancies in the third
trimester and altered mRNA expression of various components of the placental 5-HT
pathway and an enhanced TPH enzyme activity with an increased placental 5-HT content.
Further studies are required to elucidate the functional consequences of increased placental
5-HT in contributing to the placental pathogenesis in FGR pregnancies.
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Fig. 1.

nge expression of the components of the 5-HT synthetic pathway in third trimester FGR
placentae compared with gestation-matched control placentae. Placental mRNA of 7PH1
(Fig. 1A); TPHZ (Fig. 1B); SLC6A4 (Fig. 1C); and 5-HT receptors HTR5A (Fig. 1D),
HTRID (Fig. 1E) and HTR1E (Fig. 1F) relative to the geometrical averaging of the three
housekeeping genes 18S rRNA, YWHAZ and TBP were determined using the 2-AACT
method [32,33] and analysed using the Mann-Whitney U'test.
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Gene expression of the components of the 5-HT synthetic pathway in first trimester SGA
and matched control villus tissues. Placental mRNA of 7PHI (Fig. 2A), SLC6A4 (Fig. 2B),
HTR5A (2C), HTR5B (2D) and HTR1D (2E) relative to the housekeeping gene 18S rRNA
were determined using the 2722CT method [32] and analysed using the Mann-Whitney U

test.
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Fig. 3.
Quantitation of TPH1/2 enzyme activity. As described in the methods section, the rate

limiting enzyme, TPH (1 and 2) activity was measured in the placental tissues (Fig. 3A) and
in the cultured trophoblasts (Fig. 3B) obtained from third trimester FGR pregnancies
compared with gestation-matched control pregnancies. Fig. 3C depicts the total placental 5-
HT content in FGR pregnancies compared with gestation-matched control. Concentrations
of 5-HT are represented as nmol 5-HT/ug protein.
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Fig. 4.
Immunohistochemical localisation of TPH1, SERT (SLC6A4) and HTR5A protein in first

trimester control placental tissues was performed as described in the methods section.
Representative images are depicted in Fig. 5. Arrows indicate immunoreactivity for TPH1
(Fig. 4A) in the villous cytotrophoblasts (VCT), syncytiotrophoblast (ST) and in the
extravillous cytotrophoblasts (EVCT), while immunoreactivity for SERT (Fig. 4B) and
HTR5A (Fig. 4C) localisaed in ST, endothelial cells (EC) and in some stromal cells (Str).
Immunoreactivity to IgG was used as a negative control (Fig. 4D).
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Fig. 5.
Immunolocalisation for the components of 5-HT synthetic pathway was performed in the

third trimester FGR and in gestation-matched control placentae as described in the methods
section. Representative images are depicted in Fig. 5. Arrows indicate immunoreactivity for
TPH1 (Fig. 5A-Control; Fig. 5B-FGR); SLCA64 (Fig. 5C-Control; Fig. 5D-FGR) and
HTR5A (Fig. 5E-Control; Fig. 5SF-FGR) in the syncytiotrophoblast (ST), endothelial cells
(EC) and in some stromal cells (Str). Immunoreactivity to 1gG was used as a negative
control (Fig. 5G).
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Table 1

Clinical characteristics of third trimester pregnancies used in this study.

Controln=42 FGRn=23 (S;)t::]\r/\zia]‘ilj:gnce
Maternal Age (years) 32.37 +5.85 3253+6.33  p=0.9305
Gravidity: n (%) 5 (20.00%) 7 (35.00%) p =0.2582
=1 20 (80.00%) 13 (65.00%)
>1
Parity: n (%)
<1 12 (28.57%) 12 (52.17%)  p=0.0594
>1 30 (71.43%) 11 (47.83%)
Gestation (weeks) (Mean + SD) 35.48 +3.92 35.83+355 p=0.7284
Mode of delivery: (%)
VD 12 (28.57%) 9 (39.13%) p = 0.6547
CSIL 3 (7.14%) 1 (4.35%)
CSNIL 27 (64.29%) 13 (56.52%)
Birth weight (g) (Mean + SD) 2731+ 8705 1921+7089 p= 0.0003*
Birth weight percentile: n (%)
< &d 10 (47.62%)  N/A
Zd-4h 6 (28.57%)
&th-2th 5 (23.81%)
>10th 42 (100%)
Additional FGR parameters: n (%)
Asymmetry 14 (66.67%) N/A
AFI<7 14 (66.67%)
Abnormal Doppler 13 (59.09%)
Placental

*
weight(Mean = SD) 540.3 +£147.4 3885+121.9 p=0.0001

Newborn gender: n (%)
Male 23 (54.76%) 10 (47.83%) p =0.5924
Female 19 (45.24%) 12 (52.17%)

*
Statistically significant difference in characteristic between two groups.
For continuous non-parametric data, the unpaired independent #test was used to calculate p-values.

For discrete data, the chi-square test was used to calculate p-values.
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Table 2

Clinical Characteristics of first trimester SGA and control pregnancies.

Controln=52 SGAnNn=28 Significance (p-value)

Maternal Age (years) (Mean + SD) 38.35+3.14 37.96+4.25 p=0.6363
Gravidity: n (%)

=1 7 (13.46%) 6 (21.43%) p = 0.3569
>1 45 (86.54%) 22 (78.57%)
Parity: n (%) p=0.9812
<1 28 (53.85%) 15 (53.57%)
>1 24 (46.15%) 13 (46.43%)
Gestation (weeks) (Mean + SD) 39.32+244 p=0.0999
Birth weight (g) (Mean + SD) 2575+548.2 p <0.0001*
Birth weight percentile: N/A
< 3d 9 (32.14%)
3d-4h 11 (39.29%)
Sth-gh 8 (28.57%)
10th-49h 31 (59.62%)
2501 21 (40.38%)
Additional pathology: n (%)
Mild PE 1 (3.57%) N/A
Mild HTN 4(14.29%)
Newborn gender:
n (%)
Male 31 (59.62%) 15 (53.57%)  p =0.6020
Female 21 (40.38%) 13 (46.43%)
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