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Abstract

Aim: Serotonin is crucial for proper foetal development, and the placenta has been described as a 

‘donor’ of serotonin for the embryo/foetus. However, in later stages of gestation the foetus 

produces its own serotonin from maternally-derived tryptophan and placental supply is no longer 

needed. We propose a novel model of serotonin homeostasis in the term placenta with special 

focus on the protective role of organic cation transporter 3 (OCT3/SLC22A3).

Methods: Dually perfused rat term placenta was employed to quantify serotonin/tryptophan 

transport and metabolism. Placental membrane vesicles isolated from human term placenta were 

used to characterize serotonin transporters on both sides of the syncytiotrophoblast.

Results: We obtained the first evidence that serotonin is massively taken up from the foetal 

circulation by OCT3. This uptake is concentration-dependent and inhibitable by OCT3 blockers of 

endogenous (glucocorticoids) or exogenous (pharmaceuticals) origin. Population analyses in rat 
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placenta revealed that foetal sex influences placental extraction of serotonin from foetal 

circulation. Negligible foetal serotonin levels were detected in maternal-to-foetal serotonin/

tryptophan transport and metabolic studies.

Conclusion: We demonstrate that OCT3, localized on the foetus-facing membrane of 

syncytiotrophoblast, is an essential component of foeto-placental homeostasis of serotonin. 

Together with serotonin degrading enzyme, monoamine oxidase-A, this offers a protective 

mechanism against local vasoconstriction effects of serotonin in the placenta. However, this 

system may be compromised by OCT3 inhibitory molecules, such as glucocorticoids or 

antidepressants. Our findings open new avenues to explore previously unsuspected/unexplained 

complications during pregnancy including prenatal glucocorticoid excess and pharmacotherapeutic 

risks of treating pregnant women with OCT3 inhibitors.
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1 | INTRODUCTION

Serotonin (5-hydroxytryptamine, 5-HT) acts as a crucial monoamine neuromodulator in the 

central nervous system and a hormone in many other organs and tissues. It also exerts crucial 

trophic effects, hence adequate levels of 5-HT in the foetal circulation during pregnancy are 

essential for proper foetal development and programming.1 Placenta has been deemed an 

organ that, to a certain extent, controls embryo/foetal levels of 5-HT and, according to the 

latest studies, disruption of 5-HT pathways in the placenta may have profound and long-

lasting consequences for the developing foetus.2 However, research on the placental 

handling of 5-HT from the 1960s3,4 onwards5–9 has yielded strikingly inconsistent and often 

contradictory results. Several older studies presented the placenta as a barrier against 

maternal monoamines, including 5-HT,4,10 while other studies have suggested that maternal 

blood 5-HT can freely cross the placental barrier.5 More recent work suggests that during a 

precise time window of pregnancy the placenta acts as a barrier to maternal 5-HT but also a 

transient source of 5-HT for the foetus, which is crucial for normal brain development.6,7

Early in pregnancy, before the serotonergic system is fully functional in the developing brain 

and gut, the foetus depends on external (maternal and/or placental) sources.5,7 Localization 

of 5-HT transporter (SERT/SLC6A4) in the apical membrane of the placental 

syncytiotrophoblast11 and associations between maternal genotypes that alter 5-HT 

production with perturbed foetal development5,12 have suggested that maternal 5-HT is 

indispensable for the foetus. However, recent evidence shows that placenta can synthesize 5-

HT from maternal tryptophan (TRP) as early as E10.5 of mouse7 and 11 weeks of human 

gestation,6 via activity of placental tryptophan-hydroxylase 1 (TPH1) and subsequently 

provide placenta-derived 5-HT to the foetus.

Importantly, the placenta also expresses monoamine oxidase A (MAO-A), an enzyme that 

catalyses degradation of 5-HT to an inactive metabolite, 5-hydroxyindoleacetic acid (5-

HIAA).3,7 The presence and activity of the two counteracting enzymes, 5-HT-producing 

TPH and 5-HT-degrading MAO-A, in one organ likely offers a mechanism for fine-tuning 5-

Karahoda et al. Page 2

Acta Physiol (Oxf). Author manuscript; available in PMC 2021 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HT homeostasis in the foeto-placental unit, which may change during the course of 

pregnancy. Accordingly, dramatic increases in MAO-A activity reportedly occur in murine 7 

and rat placenta towards term,13,14 whereas TPH1 expression and 5-HT synthesis decreases.
7

It should be stressed that in later stages of gestation the foetus can synthesize its own 5-HT 

from maternally-derived TRP as observed in mice 15 and rats,16,17 so placental supply is no 

longer needed. Since 5-HT causes potent dose-dependent vasoconstriction in the placenta,18 

excessive 5-HT levels are toxic for both the foetus and placenta.19 In adults, plasma 5-HT is 

sequestrated by platelets via SERT-dependent uptake. However, such a mechanism has not 

been described in the foetal circulation; therefore, we cannot exclude that other mechanisms, 

including placental uptake, control foetal circulating levels of 5-HT.

To the best of our knowledge, no attempt has been made to investigate placental handling of 

5-HT (secretion/extraction) on the basal, foetus-facing membrane of the placenta. 5-HT is a 

substrate of several organic cation transporters (OCTs/SLC22As) 20 and plasma membrane 

monoamine transporter (PMAT/SLC29A4).21 While placental expression of OCT1 

(SLC22A1), OCT2 (SLC22A2) and PMAT is only negligible, OCT3 (SLC22A3) is 

abundant in the foetus-facing basal membrane of syncytiotrophoblast.22 In recent studies, we 

quantified expression and activity of OCT3 in rat placenta and observed massive extraction 

of neurotoxin MPP+, an OCT3 substrate, from the foetal circulation.23 Subsequently, we 

detected increasing OCT3 expression and activity in the rat placenta and foetal brain towards 

the end of gestation, indicating that this transporter’s importance increases throughout 

gestation.24 In this study we hypothesized that the placenta removes 5-HT from foetal 

circulation via OCT3-mediated transport.

Based on results obtained from a set of various experimental approaches in rat and human 

placenta, we provide the first evidence that placental OCT3 extracts 5-HT from the foetal 

circulation into trophoblast cells, where it is degraded by MAO-A. This transport is 

concentration-dependent and inhibitable by both endogenous (glucocorticoids) and 

exogenous (pharmaceuticals) agents. Furthermore, in the rat term placenta we observed 

pronounced effects of foetal sex on extraction of 5-HT from the foetal circulation. Our data 

suggest that OCT3 plays an important role in 5-HT homeostasis in the foeto-placental unit. 

Therefore, any genetic, endocrine or pharmacological disruption of OCT3 function may 

perturb placental handling of 5-HT and hence foetal development/programming.

2 | RESULTS

2.1 | Placental uptake of 5-HT from foetal circulation in rat: Effect of concentration

The foetal side of the placenta was perfused with 5-HT at a range of concentrations (1 nM, 

100 nM, 1 μM or 100 μM) with [3H]5-HT as a tracer. Organ clearance concept was applied 

to quantify placental uptake of 5-HT from the foetal circulation and is expressed as Cluptake, 

calculated according to Equation 2 and normalized to placental weight (Figure 1). A strong 

effect of inflow concentration on 5-HT placental clearance was detected. At low, 

physiological 5-HT concentration (1 nM), the average placental clearance for female and 

male placentas was 0.46 ml min−1 g−1 and 0.69 ml min−1 g−1 respectively, while at the 
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highest supraphysiological concentration tested (100 μM), total clearance levels fell to 0.21 

ml min−1 g−1, regardless of foetal sex (Figure 1). These results clearly demonstrate 

involvement of a capacity-limited transport mechanism of 5-HT uptake from foetal 

circulation; furthermore, effect of foetal sex on 5-HT placental uptake was observed at 

physiological concentrations.

With Cluptake being modelled as a function of passive (Clpassive) and transporter-mediated 

uptake (Equation 3), data obtained from these perfusion experiments were pooled for 

population-based statistical analysis. Expected values of parameters for the entire population 

of subjects were estimated and used to draw a mean curve (Figure S1). The resulting 

variability in the dataset can be partitioned into interindividual or between-subject variability 

(the differences between individual subjects and the population means), and the unexplained 

residual or random variability. In the analysis, the interindividual and residual variability 

were described by additive and exponential error models respectively. This base model 

provided an acceptable fit of the data.

2.2 | Placental uptake of 5-HT from foetal circulation in rat: effects of foetal sex and 
placental weight

To improve understanding of sources of variability, we investigated the influence of several 

covariates on parameter estimates; we detected strong influence of placental weight on 

passive transport (Clpassive) (Figure 2A) as well as effect of foetal sex on transporter-

mediated uptake of 5-HT (Km and Vmax) (Figure 2B and C). For this, covariate models were 

constructed with foetal sex and placental weight as predictors of the interindividual 

variability in estimated parameters, and various choices of function types to model the 

dependence on covariates. Step-wise forward comparisons - based on the likelihood ratio 

test with corresponding objective function, Akaike information criterion (AIC) and Bayesian 

information criterion (BIC) (see Table S7) - of the models identified a covariate model with 

linear dependence and no intercept as best in terms of the goodness-of-fit criteria (Figure 

S2). The standard errors of the estimated slopes, which quantify the dependence on sex and 

placental weight, are below 100%, but not small enough to guarantee that they are 

statistically significantly different from zero. This may have been partly because the sample 

size was too small, but it is also possible that some variability was due to effects of other 

covariates that were not included in the analysis. On the other hand, direct comparison of the 

estimates for Vmax and Km evaluated using the non-parametric Mann-Whitney test revealed 

that these values were significantly higher for placentas of female offspring than for 

placentas of male offspring (Figure 2B and C).

2.3 | Placental uptake of 5-HT from foetal circulation in rat: effects of inhibitors

To characterize the mechanism of 5-HT uptake from foetal circulation, paroxetine (an 

inhibitor of both SERT and OCT3), cimetidine (an OCT3 inhibitor) and corticosterone (an 

OCT3 inhibitor) were co-administered with [3H]5-HT at physiological, non-saturating 

concentration (1 nM). All inhibitors tested significantly decreased placental extraction ratio 

(ER) (Figure 3), with paroxetine showing the highest inhibitory potential (ER = 5%).
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2.4 | Mother-to-foetus 5-HT transport and metabolism in rat term placenta

Mother-to-foetus 5-HT transport was tested in three concentrations, revealing low transport 

rate and high metabolism within the placenta (Figure 4). Specifically, perfusion of maternal 

circulation with 1 nM 5-HT for 20 minutes resulted in foetal steady-state 5-HT 

concentrations that were only 4% of maternal levels. Upon inhibition of MAO-A by 

phenelzine, foetal 5-HT concentrations increased to 33% of maternal levels, highlighting the 

crucial role of MAO-A in 5-HT metabolism. In contrast, maternal perfusion with 10 and 100 

nM 5-HT resulted in foetal steady state levels up to 2% of maternal levels before inhibition 

of MAO-A, increasing up to 10% following its inhibition. The reduction in transplacental 5-

HT transport with increasing substrate concentration could be due to increases in MAO-A 

activity and/or limitations in transport capacity of the basal membrane. In addition, at 100 

nM 5-HT we often experienced difficulties with perfusions such as increases in maternal 

pressure and oedema formation, indicating a vasoconstrictive effect of 5-HT on the maternal 

side of the placenta.

Co-administration of paroxetine, citalopram, venlafaxine, or reserpine with 5-HT in the 

mother-to-foetus direction resulted in no significant changes in 5-HT reaching the foetal 

circulation.

2.5 | Mother-to-foetus TRP transport and metabolism in rat term placenta

When infusing the maternal side of the placenta with 10 μM TRP, we observed its fast 

appearance in the foetal circulation, reaching 70%−80% of maternal concentrations within 

10 minutes and remaining at steady state thereafter during the perfusion (Figure 5A). At a 

higher inflow TRP concentration (100 μM) steady-state foetal concentrations stabilized at 

25% of maternal levels, indicative of transporter saturation (Figure 5A). No TRP metabolites 

were detected in the foetal circulation. However, upon addition of phenelzine we observed 

increasing 5-HT levels in the foetal circulation, likely due to a combination of residual 5-HT 

synthesizing pathway and inhibition of the 5-HT degrading pathway within the placenta 

(Figure 5B).

2.6 | Characterization of 5-HT uptake into human placental microvillous membrane (MVM) 
and basal membrane (BM) vesicles

Membrane vesicles isolated from human term placenta were used to investigate 5-HT uptake 

by the mother-facing (MVM) and foetus-facing (BM) sides of the syncytiotrophoblast. 

Analysis of time-dependent uptake into MVM vesicles revealed an “overshoot” 

phenomenon, with accumulation of 5-HT inside the vesicles being greater within short times 

than at equilibrium (Figure 6A). This feature has been previously described25 and is typical 

for systems involving Na+ gradient-dependent transporters such as SERT. In contrast to 

MVM vesicles, no such “overshoot” was recorded in BM vesicles (Figure 6B), suggesting 

there are different 5-HT uptake systems on opposite sides of the placenta. Based on these 

studies and the linearity of 5-HT uptake into MVM and BM vesicles, a 1-minute uptake time 

was applied in subsequent analysis.

[3H]5-HT uptake was measured with concentrations of unlabelled 5-HT ranging from 0.1 to 

1000 μM. The resulting isotope displacement kinetics exhibited concentration dependence in 
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both MVM and BM vesicles, but with different patterns (Figure 7). In the MVM vesicles we 

observed a rapid decrease in [3H]5-HT uptake with increasing 5-HT concentrations (uptake 

fell below 8% at 100 μM). Uptake by the BM vesicles was affected by increasing 5-HT 

concentrations less strongly, as uptake remained above 15% even at 1000 μM. These results 

confirm that OCT3 has higher capacity for taking up 5-HT on the foetus-facing human 

membrane than SERT on the opposite side, although contribution of non-transporter-

mediated transport in the BM, due to higher membrane fluidity,26 cannot be excluded.

2.7 | 5-HT uptake into human placental MVM and BM vesicles: effects of Na+ and 
inhibitors

To differentiate the 5-HT transporters in the mother-facing and foetus-facing membranes 

based on their Na+ dependence, we studied uptake in the presence and absence of Na+. 5-HT 

uptake into MVM vesicles was significantly lower in the absence of Na+ (Figure 8A), but 

presence and absence of Na+ had no significant effects on its uptake into the BM vesicles 

(Figure 8B), confirming that the mechanism responsible for 5-HT transport across the BM is 

independent of Na+.

Correspondingly, co-administration of SERT or OCT3 inhibitors had different effects on 5-

HT uptake into MVM and BM vesicles. Specifically, 5-HT uptake by the MVM vesicles was 

significantly decreased by 100 μM paroxetine (by 91%) (Figure 8A). In contrast, in the BM 

we observed inhibitory effect of 100 μM paroxetine (by 64%), 1 mM cimetidine (by 56%) 

and 100 μM cortisol (by 41%) (Figure 8B).

2.8 | 5-HT metabolism by MAO-A in rat and human placenta homogenates

5-HT metabolism in term placenta was probed by measuring amounts of 5-HT remaining in 

placental homogenates after 60 minutes of incubation with 5-HT, with and without MAO 

inhibitor (Figure 9). After this time, over 70% and 40% of 5-HT had been metabolized by 

human and rat placentas respectively. 5-HT metabolism was completely inhibited by 100 μM 

of the MAO inhibitor, phenelzine, indicating that 5-HT degradation was due to activity of 

this oxidase.

2.9 | Expression analysis of genes encoding selected enzymes/transporters in human 
and rat term placentas

Expression of SLC6A4/Slc6a4 (SERT), SLC22A3/Slc22a3 (OCT3), TPH1/Tph1, TPH2/
Tph2, MAO-A/Mao-a, MAO-B/Mao-b, SLC7A5/Slc7a5 (LAT1) and SLC7A8/Slc7a8 
(LAT2) genes in human and rat term placental tissues was evaluated by quantitative PCR 

analysis. We found that expression of TPH/Tph enzymes in both human and rat placenta was 

very low, in several cases below the detection limit, but all other tested genes were expressed 

in the examined samples (n = 45 and 32 for rat and human placentas respectively). 

Regarding 5-HT metabolizing enzymes, MAO-A/Mao-a was expressed more strongly than 

MAO-B/Mao-b in both species. Similarly, expression of both isoforms of LAT was 

observed, but SLC7A5/Slc7a5 was dominant.

Digital PCR technology was subsequently used to absolutely quantify numbers of SLC6A4/
Slc6a4, SLC22A3/Slc22a3, and MAO-A/Mao-a transcripts in both human and rat placentas 
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(Figure 10). The copy number of SLC22A3/Slc22a3 and MAO-A/Mao-a transcripts was also 

included in the population-based analysis to detect potential influence of genetic variation in 

placental extraction of 5-HT from the foetal circulation in rats.

3 | DISCUSSION

Tight regulation of 5-HT levels in the foeto-placental unit is crucial for normal placental 

function and foetal development. While low 5-HT levels are associated with poor foetal 

neurodevelopment,2 high 5-HT concentrations promote local vasoconstriction in the 

placental vasculature that may jeopardize placental circulation and lead to pregnancy 

complications including pre-eclampsia.27 The current literature suggests that the placenta 

supplies 5-HT during a limited time window of gestation which is required by the embryo/

foetus for proper development and programming.7 However, in later stages of gestation, 

when the foetus can synthesize its own 5-HT 17 in both brain 16 and enterochromaffin cells15 

from maternal TRP,16,17 placental delivery may become unnecessary. This study yielded the 

first evidence that human and rat term placenta extract 5-HT from foetal circulation via a 

high-capacity, saturable and inhibitable transport mediated by OCT3. Moreover, we show 

that rat term placenta no longer transfers maternal or placenta-synthesized 5-HT to the 

foetus.

Placental uptake of 5-HT from maternal blood across the MVM has been investigated 

before, and the importance of SERT for materno-placental handling of 5-HT has been 

clearly established.25 However, there have been no previous published attempts to elucidate 

5-HT transport through the foetus-facing basal membrane. Therefore, we perfused the foetal 

side of the rat placenta with 5-HT at various concentrations and discovered that during a 

single passage the placenta can extract up to 80% of 5-HT at physiological (nM) levels from 

the foetal compartment. With increasing concentrations, however, placental extraction of 5-

HT decreased (to 24% at 100 μM concentration), suggesting involvement of a saturable 

transporter-mediated uptake process. We hypothesized that OCT3 is the transporter 

responsible for 5-HT uptake for three reasons. First, 5-HT is a substrate of OCT3,20 which 

also provides a buffering mechanism that counters excessive accumulation of 5-HT in the 

brain.28–30 Second, of all the organic cation transport proteins subfamily 22, only OCT3/

SLC22A3 isoform is abundantly expressed in placenta, specifically on the basal side of the 

syncytiotrophoblast22,24 and both its expression and activity increase during pregnancy, 

indicating that it has growing importance throughout gestation.24 Third, in a recent 

evaluation of OCT3 function in the rat placenta we showed that it provides high-capacity for 

extraction of another substrate, the neurotoxin MPP+, from foetal circulation.23 Thus, 

placental OCT3 has an important foetal detoxification function.

During our rat placenta perfusion experiments, we noted that the foetal side of the placenta 

could withstand 5-HT concentrations up to 100 μM without noticeable vasoconstriction. In 

contrast, perfusing the maternal side of the placenta with a 1000-fold lower 5-HT 

concentration (100 nM) resulted in increased pressure, decreased flow and oedema 

formation due to 5-HT-induced vasoconstrictive effects. Since the hemochorial placenta 

lacks precapillary sphincters, but is responsive to systemic agents acting on vascular bed,31 

we believe that the different responses in the utero-placental and the foeto-placental 
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vasculature are due to different trophoblast clearance rates of 5-HT. Indeed SERT, 

exclusively located in the apical, mother-facing membrane of the placenta, is characterized 

as a high-affinity, but low-capacity 5-HT transport system.25 In contrast, OCT3 in the basal, 

foetus-facing, membrane is characterized as a low-affinity but high-capacity 5-HT 

transporter.32 Evidently, therefore, the rat placenta has higher capacity to clear 5-HT from 

blood on the foetal side, which reduces the foetal circulation’s vulnerability to 5-HT toxicity.

Since we noticed considerable interindividual variability in extraction of foetal 5-HT by rat 

placenta, we employed population-based analysis to evaluate the effects of multiple factors 

(foetal sex, placental weight, number of foetuses in the litter, Slc22a3/Mao-a transcripts) as 

potential covariates. We identified foetal sex as a factor influencing the transporter-mediated 

kinetics, obtaining higher Vmax and Km values for placentas of female foetuses than male 

foetuses (Figure 2B and C). Incorporating foetal sex as a covariate then helped to reduce the 

unexplained interindividual variability and provided a better description of the base model 

(Figure S2). These results, if verified in other species and experimental models, might at 

least partly explain sex-dependent effects observed in behavioural studies of prenatal 

exposure to OCT3 inhibitors, such as metformin33 or antidepressants.34

To investigate maternal-to-foetal transport and/or synthesis of 5-HT in rat term placenta, we 

infused the maternal side with either 5-HT or TRP and quantified the appearance of TRP, 5-

HT and its metabolites in the foetal circulation. The in situ perfusion of rat term placenta 

shows that in basal conditions, when placental MAO-A is fully functional, there is negligible 

dose-dependent maternal-to-foetal transport of 5-HT (from 4% at 1 nM to 2% at 100 nM 

inflow concentrations). This is consistent with data in mice showing negligible (0.3%) 

transport in ex vivo perfusions in early pregnancy 7 and with human term placenta perfusion 

data revealing < 1% transfer rate (S. Gil and A. Bonnin, personal communication). Similarly, 

we show insignificant placental 5-HT neosynthesis from maternal TRP and release into the 

foetal circulation. This observation is in a good agreement with studies in mouse term 

placenta showing very limited 5-HT synthesis.7 Interestingly, when placental MAO-A is 

inhibited, release of placental 5-HT into the foetal circulation becomes apparent, suggesting 

that there is residual neosynthetic capacity in term placentas. Significant placental 

metabolism of 5-HT was subsequently confirmed by analyses of both rat and human 

placenta homogenates, at rates corresponding to those observed elsewhere.13,27 This 

suggests that under normal conditions and in contrast to early pregnancy, rat and human 

term placenta metabolize 5-HT and only minimal amounts of 5-HT reach the foetal 

bloodstream at term. This is true for 5-HT of both origins, i.e. taken up from maternal 

circulation by SERT or produced within the trophoblast from maternal TRP via TPH 

activity.

Based on our findings and previously published research, we hypothesize that placental 

handling of 5-HT changes during gestation. While the embryo/early foetus requires a 

placental supply of 5-HT, term placenta takes up 5-HT from both maternal and foetal 

circulations and deactivates it by MAO, specifically MAO-A as the main isoform present in 

the placenta 35 (Figure 11C). This hypothesis is supported by the following observations. 

First, the co-localization and high expression of SERT, OCT3 and MAO-A in trophoblast 

cells.36,37 Second, the increases in expression and activity of OCT3 throughout gestation in 
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rat,24 murine and human placenta.21 Third, the increases in MAO-A activity throughout 

gestation observed in rat13,14 and murine7 placentas.

To investigate placental handling of 5-HT in human placenta, we performed uptake studies 

in mother-facing (MVM) and foetus-facing (BM) membrane vesicles isolated from human 

term placenta. While 5-HT uptake by MVM has been previously described,25 our study 

provides the first characterization of 5-HT uptake by BM. Concentration-dependent uptake 

of 5-HT by both MVM and BM vesicles was detected, confirming that it is a transporter-

mediated and saturable process. However, time- and Na+-dependent studies showed that in 

the BM, 5-HT uptake increased with time regardless of the Na+ gradient, indicating that it 

hosts a different transport system from MVM. Similarly, isotope displacement kinetics in the 

presence of increasing concentrations of unlabelled 5-HT confirmed the presence of a high-

capacity 5-HT transport system in the BM. Finally, the MVM and BM vesicles’ responses to 

inhibitors differed. Specifically, cortisol inhibited 5-HT uptake by the BM but not MVM 

vesicles, supporting the involvement of OCT3 in the former, as OCT3 is known to be a 

glucocorticoid-sensitive transporter.20 Collectively, the findings from the experiments with 

human placenta vesicles are consistent with our rat placenta data and confirm that different 

5-HT uptake transporters, SERT and OCT3, act on maternal and foetal sides of the placenta 

respectively.

Our data thus indicate that term placenta does not provide 5-HT to the foetus. In contrast, it 

actively takes it up from both maternal and foetal circulations, via SERT and OCT3 

respectively, and degrades it by MAO-A (Figure 11C). This joint action of uptake 

transporters and a degradation enzyme provides a protective mechanism against local 

vasoconstriction effects of 5-HT in the placenta on both maternal and foetal sides in late 

gestation. We observed sex-dependent differences in placental uptake of 5-HT from the 

foetal circulation, which were not attributable to differences in transcript-levels of OCT3 or 

MAO-A expression but could potentially be due to post-transcriptional/translational 

modifications or other alterations at the functional level of the enzyme or transporter. For 

example, putative effectors such as 5-HT2A receptor known to control the activity of SERT 
38 may affect OCT3 function. This and other possible mechanisms regulating OCT3 activity 

require further investigation in future studies.

Importantly, OCT3 is known as a polyspecific transporter that can be inhibited by a wide 

spectrum of compounds.39 Here we report that OCT3-mediated uptake of 5-HT by the 

placenta may be compromised by both endogenous and exogenous (pharmacological) OCT3 

inhibitors. Glucocorticoids were selected in our studies as endogenous molecules with 

crucial role in foetal growth and programming1 and recognized OCT3 inhibitors.20 

Transplacental supply of glucocorticoids from mother to foetus is tightly regulated by 

placental 11β-hydroxysteroid dehydrogenase which deactivates cortisol to cortisone.40 This 

enzyme is prone to alteration by various factors such as polymorphisms, stress, hypoxia, diet 

and inflammation 1; thus, it seems reasonable to speculate that any defect in placental 

handling of glucocorticoids may result in their suboptimal levels in the foetal circulation, 

which may subsequently affect placental homeostasis of 5-HT. Various mechanisms of 

glucocorticoid-5-HT interaction have been described in the CNS41,42 and other organs.43 
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Our results strongly indicate a mechanism involving close interaction between 

glucocorticoids and 5-HT in the foeto-placental unit.

In addition, various pharmaceuticals are used during pregnancy despite a lack of safety data. 

For example, an estimated 13% of pregnant women are prescribed antidepressants during 

some or all stages of pregnancy – a rate that doubled between 1999 and 2003, and continues 

to increase.44 Since many antidepressants are potent inhibitors of not only SERT but also 

OCT3,45 paroxetine, a model antidepressant, was used in our studies to demonstrate that 

these drugs can affect placental homeostasis of 5-HT through inhibition of OCT3, a 

phenomenon that has not been reported before. Blocking this protective mechanism could 

potentially expose the foeto-placental unit to elevated blood concentrations of 5-HT and 

jeopardize 5-HT-dependent neurogenic and other developmental processes, although it 

remains to be fully demonstrated. Similarly, pharmacotherapy of pregnant women with other 

OCT3 inhibitors, such as metformin for gestational diabetes mellitus33 or antiretrovirals for 

HIV positive pregnant women46 might also dysregulate placental handling of 5-HT and 

contribute to poor pregnancy outcomes. Taken together, these results indicate that our 

“physiological” findings have also “pharmacological” relevance; however, additional studies 

including dose-dependent inhibition experiments and using diverse experimental approaches 

are necessary to assess clinical importance of our findings.

Finally, apart from 5-HT, other monoamine neurotransmitters such as norepinephrine and 

dopamine are also substrates of OCT3, although of different affinity when compared to 5-

HT.39,47 Therefore, we presume that OCT3 may modulate placental homeostasis of these 

physiological monoamines, too. This hypothesis, however, needs to be experimentally 

confirmed in future studies.

In conclusion, our results demonstrate that OCT3 is an important component regulating feto-

placental homeostasis of 5-HT. Since this polyspecific transporter can be blocked by a 

variety of endogenous molecules as well as pharmaceuticals, our findings provide a new 

mechanistic understanding of unforeseen complications during pregnancy, including (inter 
alia) prenatal glucocorticoid excess and/or pharmacotherapeutic risks for pregnant women.

4 | MATERIALS AND METHODS

4.1 | Chemicals and reagents

[3H]5-hydroxytryptamine ([3H]5-HT), 80 Ci mmol−1 and [3H]dihydroalprenolol, levo-

[propyl-1,2,3–3H] hydrochloride, 80 Ci mmol−1 were purchased from American 

Radiolabeled Chemicals, Inc. Unlabeled serotonin hydrochloride, L-tryptophan, paroxetine 

hydrochloride, citalopram hydrobromide, venlafaxine hydrochloride, cimetidine 

hydrochloride, reserpine, corticosterone, cortisol and phenelzine were purchased from 

Sigma-Aldrich. All other chemicals were of analytical grade. Bicinchoninic acid assay 

(BCA assay) reagents were purchased from Thermo Fisher Scientific. Tri Reagent solution 

was obtained from the Molecular Research Centre.
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4.2 | In situ dual perfusion of rat term placenta

Placental transfer of 5-HT or TRP was evaluated using dually perfused rat term placenta in 

an open setup (Figure 11A), as previously described.48 The experiments were performed in 

female Wistar rats purchased from Velaz, Ltd. (Czech Republic). All experiments were 

approved by the Ethical Committee of the Faculty of Pharmacy in Hradec Kralove (approval 

no. MSMT-4312/2015–8; Charles University, Czech Republic). Descriptive statistics of the 

rats used in the study are shown in Table S1.

Briefly, the uterine artery proximal to the blood vessel supplying a selected placenta was 

cannulated with a catheter and the uterine vein, including anastomoses to other foetuses, was 

ligated behind the perfused placenta and cut so that maternal solution could leave the 

perfused placenta. The umbilical artery of the selected foetus was catheterized and 

connected to the foetal reservoir. The umbilical vein was similarly cannulated to collect the 

foetal effluent. The selected placenta was perfused from the maternal and foetal sides at flow 

rates of 1 and 0.5 ml min−1 respectively. Foetal effluent was sampled at 5 minutes intervals 

and steady-state levels of analytes were averaged and used for statistical analysis. To 

investigate placental extraction of [3H]5-HT from the foetal circulation, only umbilical 

artery and vein were cannulated and maternal circulation was left intact.

During any perfusion experiment, we monitored the physical condition of the rat (maternal 

and foetal perfusion pressures, breath, pulse and limb swelling) and selected placenta 

(swelling, gelling and colouring). If bulk fluid leakage or deviation from normal physical 

condition was detected the experiment was terminated and obtained data were omitted from 

analysis. Each experimental perfusion was preceded by a 10–15 minutes wash-out with 

Krebs buffer containing 1% dextran, to avoid contamination by blood components (proteins, 

platelets). After experiments with [3H]5-HT, the placenta was perfused with radioactivity-

free Krebs buffer for a further 10 minutes and dissolved in Solvable tissue solubilizer 

(PerkinElmer Life and Analytical Sciences) to detect remaining radioactivity in the placental 

tissue.

4.3 | Uptake of 5-HT from foetal circulation: effect of concentration

5-HT with [3H]5-HT as a tracer was added to the foetal reservoir in four concentrations (1 

nM, 100 nM, 1 μM or 100 μM) and placental venous effluent was collected for 40 minutes. 

To quantify placental capacity to take up 5-HT from foetal circulation, the ER was 

calculated as follows:

ER = Cfa − Cfv
Cfa

(1)

where Cfa is the 5-HT concentration in the foetal reservoir entering the perfused placenta via 

the umbilical artery and Cfv is the drug concentration in the umbilical vein effluent.

Total placenta uptake clearance from the foetal circulation (Cluptake) was calculated as 

follows:
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Cluptake = ER × Qf (2)

where Qf is the umbilical flow rate (0.5 ml min−1).

Assuming that Cluptake is a function of passive (Clpassive) and transporter-mediated uptake, 

the following equation was used to fit our data:

Cluptake = Clpassive + V max
Km + Cfa

(3)

where Vmax is the maximal velocity of the transporter and Km is the concentration at which 

the velocity is half-maximal. Since we observed high interindividual variability in 5-HT 

placenta uptake, we used population-based maximum likelihood estimation of mean values 

of the parameters Clpassive, Vmax and Km for the entire population of subjects, and calculated 

individual subjects’ deviations from the means. Effects of covariates on the estimated 

parameters were also assessed.

4.4 | Uptake of 5-HT from foetal circulation: effects of inhibitors

The potency of effects of three OCT3 inhibitors — paroxetine (100 μM),45 cimetidine (1 

mM) 20 and corticosterone (100 μM) 20— on foetal uptake of 5-HT was tested by adding 

them (separately) to foetal circulation and after a stabilization period of 5–10 minutes adding 

1 nM [3H]5-HT to the foetal reservoir and sampling foetal effluent for 40 minutes. The ER 

was calculated using Equation 1.

4.5 | Uptake of 5-HT from foetal circulation: effect of foetal sex

One of the aims of the study was to investigate possible effects of foetal sex on 5-HT uptake. 

Thus, before cannulation of umbilical vessels, the sex of the foetus was assessed by 

measuring the anogenital distance, and subsequently confirmed by genotyping (see below). 

Perfusion studies were carried out as described above and the foetal sex was incorporated 

into the population analysis (see below).

4.6 | Maternal-to-foetal 5-HT transport and metabolism: effects of concentration and 
inhibitors

The concentration-dependence of the transport and subsequent metabolism of unlabelled 5-

HT were studied by perfusing maternal side of the placenta with 5-HT at final 

concentrations of 1 nM, 10 nM or 100 nM. After 20 minutes of perfusion, 100 μM 

phenelzine (a MAO inhibitor) was added to the maternal and foetal compartments. 

Concentrations of 5-HT and its metabolites, 5-hydroxyindoleacetic acid (5-HIAA) and 

melatonin (MEL), in foetal circulation were analysed by HPLC, as described below. 

Transport of 5-HT in the maternal-to-foetal direction was quantified as the ratio between 

foetal and maternal concentrations at steady-state.

The SERT inhibitors paroxetine (100 μM), venlafaxine (1 mM), citalopram (150 μM) and 

vesicular monoamine transporter inhibitor reserpine (1 μM) were added, separately, to the 
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maternal and foetal reservoirs to test the potency of their effects on maternal-to-foetal 

transport of 1 nM 5-HT.

4.7 | Maternal-to-foetal TRP transport and metabolism

To investigate transport and metabolism of TRP in rat placenta, TRP (100 μM) was added to 

the maternal reservoir and after five minutes of stabilization foetal effluent samples were 

collected in pre-weighed vials. After 40 minutes, 100 μM phenelzine was added to both 

maternal and foetal circulations and sample collection continued for an additional 20 

minutes. Concentrations of TRP, 5-HT, 5-HIAA and MEL in the foetal compartment were 

analysed by HPLC, as described below.

4.8 | Human placenta sample collection

Human term placentas (n = 26) were obtained from uncomplicated pregnancies at term (38–

40 weeks of gestation) immediately after delivery at the University Hospital in Hradec 

Kralove, after obtaining the women’s written informed consent and approval of the 

University Hospital Research Ethics Committee (approval no. 201006 S15P). Subjects’ 

characteristics are shown in Table S2. Only placentas from non-medicated and non-smoking 

mothers were recruited in the study.

4.9 | Preparation of microvillous and basal membrane vesicles from human term placenta

Microvillous (MVM) and basal membrane (BM) vesicles were prepared simultaneously, 

using a previously described differential centrifugation method.49 All procedures were 

performed at 4 °C. Briefly, the maternal decidua and chorionic plate were removed, 

placental villous tissue (80–100 g) was cut into small pieces and washed with 0.9% NaCl to 

remove blood. The tissue was homogenized for 2 minutes in a solution (at 3 ml g−1) 

containing 250 mM sucrose, 10 mM Tris-Hepes (pH 7.2), 5 mM EGTA, 5 mM EDTA and 1 

mM phenylmethylsulfonyl fluoride (PMSF). MVM was separated by precipitation of non-

microvillous membranes with Mg2+, and BM was purified on a sucrose gradient.

MVM and BM membranes were resuspended in intravesicular buffer (290 mM sucrose, 5 

mM Hepes, 5 mM Tris; pH 7.4), vesiculated by 15 passages through a 25-gauge needle, 

stored at 4 °C and used for uptake experiments within 3 days of isolation or frozen at −80 °C 

and equilibrated to room temperature on the day of the experiments. Before initiation of 

uptake experiments, the comparability of uptake rates of fresh and thawed vesicles was 

verified. Protein concentrations in the placental homogenate and MVM and BM vesicles 

were determined using the BCA assay. The purity and enrichment of the membrane fractions 

were determined by assaying activities of alkaline phosphatase,50 an apical membrane 

marker, and β-adrenergic receptor (by measuring [3H]dihydroalprenolol, levo-[propyl-1,2,3–

3H] hydrochloride binding),51 a basal membrane marker. The right-side out orientation of 

the vesicles was checked by measuring alkaline phosphatase (for MVM) 50 and Na+/K+-

ATPase (for BM) activities 49 before and after vesicles’ lysis by SDS treatment. Purity and 

orientation results are presented in Table S3.
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4.10 | 5-HT uptake by MVM and BM vesicles

Uptake of [3H]5-HT into MVM or BM vesicles was measured at room temperature using the 

rapid vacuum filtration technique.50 10 μl suspensions of MVM or BM vesicles (10–20 mg 

ml−1) were incubated for 1 minute or selected times indicated in the figures (in time 

dependency studies), in the absence and presence of Na+, and/or selected concentrations of 

unlabelled 5-HT (in concentration-dependence studies) or inhibitors (paroxetine, cimetidine 

or cortisol).

Uptake of 125 nM [3H]5-HT was initiated by adding it in extravesicular buffer (145 mM 

NaCl, 5mM Hepes and 5 mM Tris; pH 7.4) to the pre-incubated vesicles. Uptake was halted 

after 1 minute or pre-defined time points, by adding 2 ml ice-cold stopping buffer (130 mM 

NaCl, 10 mM Na2HPO4, 4.2 mM KCl, 1.2 mM MgSO4, 0.75 mM CaCl2; pH 7.4) and 

filtration through a 0.45 μM mixed cellulose ester filter (MF-Millipore, HAWP00010) under 

vacuum. Filters were washed with 15 ml stopping solution and the filter-associated 

radioactivity was determined by liquid scintillation counting, using a Tri-Carb 2910 TR 

instrument (Perkin Elmer). Nonspecific tracer binding to the filter and/or plasma membranes 

was determined by measuring protein-free controls and uptake at time zero respectively, 

which were subtracted from the total vesicle uptake measurements.

4.11 | 5-HT metabolism by MAO-A in rat and human placenta homogenates

Human and rat term placentas were washed with 0.9% NaCl at 4°C. After weighing and 

cleaning, the amniochorion and chorionic plate were removed from each sample, then the 

placentas were cut into small pieces and homogenized at 4°C in a buffer containing 50 mM 

Tris-Hepes (pH 7.2), 5 mM EGTA, 5 mM EDTA, 1 mM PMSF and 250 mM sucrose. The 

homogenates were filtered through gauze and centrifuged at 15 000 g (human placenta) or 

800 g (rat placenta) for 10 minutes. Supernatants were collected and stored at −80°C until 

use.

MAO-A activity was determined by a previously published method.27 Briefly, 180 μl of 

placenta homogenate (1.5–2 mg ml−1) was preincubated for 5 minutes at 37°C, with or 

without phenelzine (100 μM), and the reaction was initiated by incubation with 20 μl of 5-

HT (0.5 mM) for periods indicated in the figures. The reaction was stopped by adding 40 μl 

of HClO4 (3.4 M) and placed on ice. Samples were centrifuged at 5 000 g for 10 minutes, 

and 5-HT in the supernatant was measured by HPLC, as described below.

4.12 | DNA isolation and foetal sex determination by endpoint PCR analysis

Genomic DNA was isolated from weighed rat placental tissues using Tri Reagent solution, 

according to the manufacturer’s instructions. The purity of the isolated DNA was checked 

by measuring the A260/A280 ratio and the total DNA concentration was calculated from the 

A260 measurement.

A single-step PCR method 52 was used to determine foetal sex from the rat placental tissue. 

Briefly, two unique forward primers for the X chromosome (5’-

TTTGTACGACTAGGCCCCAC-3’) and Y chromosome (5’-

TTGGTGAGATGGCTGATTCC-3’); and one common reverse primer (3’-

Karahoda et al. Page 14

Acta Physiol (Oxf). Author manuscript; available in PMC 2021 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



GGTTTCTTAAACCGTCGCC-5’) were used for amplifications, yielding amplicons of 692 

and 250 bp respectively. Endpoint PCR analysis was carried out in a 25 μl reaction volume 

using a T100TM Thermal Cycler (Bio-Rad). 10 ng of genomic DNA was amplified with the 

final concentration of 0.2 μM of forward and reverse primers and 0.625 units of MyTaq™ 

Red DNA Polymerase (Bioline) according to the manufacturer’s instructions. As positive 

controls, samples of genomic DNA isolated from male and female rat kidney were used. The 

PCR amplification conditions were as follows: 95°C for 1 minute followed by 30 cycles at 

95°C for 15 s, 52°C for 15 s and 72°C for 30 s. Amplicons were separated on a 1.5% 

agarose gel with the HyperLadder™ 100 bp length marker (Bioline) and imaged for analysis 

using a ChemiDoc MP detection system (Bio-Rad).

4.13 | RNA isolation, reverse transcription and quantitative PCR analysis

Total RNA was isolated from weighed tissue samples using Tri Reagent solution following 

the manufacturer’s instructions. The purity of the isolated RNA was checked by measuring 

the A260/A280 ratio, and the A260/230 ratio was measured to evaluate contamination by 

organic solvents. The integrity of the RNA samples was confirmed by electrophoresis on a 

1.5% agarose gel, and total RNA concentrations were calculated from A260 measurements. 

Reverse transcription (RT) was performed by two-step reactions using a T100™ Thermal 

Cycler (Bio Rad) with the following settings. In the first step, a mixture containing 1 μl 

oligo(dT) solution (0.1 mM), 2 μl mRNA solution (500 ng μl−1) and API to 12.5 μl was 

incubated for 5 minutes at 65 °C. In the second step, 4 μl of ProtoScript II Buffer (5x), 2 μl 

10 × DTT, 1 μl dNTP mix (10 mM) and 0.5 μl Protoscript II RT (200 U μl−1) were added to 

the above mixture and incubated for 50 minutes at 42°C and 20 minutes at 65°C. All 

chemicals used for RT were purchased from New England Biolabs. The expression of genes 

encoding six proteins - SERT (SLC6A4/Slc6a4), OCT3 (SLC22A3/Slc22a3), TPH1 (TPH1/
Tph1), TPH2 (TPH2/Tph2), MAO-A (MAO-A/Mao-a), MAO-B (MAO-B/Mao-b), LAT1 

(L-type amino acid transporter 1; SLC7A5/Slc7a5) and LAT2 (SLC7A8/Slc7a8) - in human 

and rat term placentas was analyzed by quantitative PCR using a QuantStudio™ 6 

instrument (Thermo Fisher Scientific).

Obtained cDNA (25 ng μl−1) was amplified in a 384-well plate, with total reaction volumes 

of 5 μl per well. PCR was performed using the TaqMan® Universal Master Mix II without 

UNG (Thermo Fisher Scientific) and predesigned TaqMan® Real Time Expression PCR 

assays (listed in Table S4). Each sample was amplified in triplicate, using the following PCR 

cycling profile: 95°C for 10 minutes, followed by 40 cycles at 95°C for 15 seconds and 60°C 

for 60 seconds. Before the beginning of quantitative analysis, stable expression of the 

reference gene was verified and gene expression was normalized against the pre-selected 

reference gene: Ywhaz in the rat placenta and B2M in human placenta.

4.14 | Droplet digital PCR assay

Absolute numbers of SLC6A4/Slc6a4, SLC22A3/Slc22a3, MAO-A/Mao-a transcripts in 

human and rat placenta were quantified by duplex Droplet Digital PCR (ddPCR) analysis, as 

previously described.50 Using two different probes (FAM and HEX) we simultaneously 

analysed the expression of target and housekeeping gene. Briefly, each duplex reaction 

mixture consisted of 10 μl of ddPCR™ Supermix for Probes, 1 μl of each of predesigned 
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probes (listed in Table S5) and 1 μl of cDNA (50 ng μl−1), in a total volume of 20 μl. After 

loading the sample mixtures and droplet generation oil into DG8 Cartridges, the cartridges 

were placed in a QX200 Droplet Generator. The obtained droplets were subsequently 

amplified to end-point using a T100™ Thermal Cycler and the following amplification 

conditions: 95°C for 10 minutes, followed by 40 cycles of 94°C for 30 seconds and 60°C for 

1 minute, and finally 98°C for 10 minutes. The plate was then placed on a QX200™ Droplet 

Reader and the concentration of the target gene was calculated from the number of positive 

droplets using QuantaSoft™ Software. For final data evaluation, only wells in which the 

number of droplets obtained exceeded 13 000 were used. Expression levels are reported in 

numbers of transcripts ng−1 of transcribed RNA. The QX200™ Droplet Digital™ PCR 

System, T100™ Thermal Cycler and all consumables and reagents were obtained from 

BioRad unless otherwise stated.

4.15 | HPLC analysis of TRP, 5-HT, 5-HIAA and MEL in placental perfusate and 
homogenates

The HPLC analyses were performed using a Shimadzu LC20 Performance HPLC 

chromatograph equipped with two pumps enabling generation of high-pressure gradients 

and both UV and fluorescence detectors.

For simultaneous chromatographic separation of all tested compounds, a Kinetex EVO C18 

100 A 150 × 3 mm, particle size 5 μm column (Phenomenex) with a guard column was used. 

Analytes were eluted with a biphasic mobile phase consisting of A - 3:97 (v/v) 

methanol:acetic acid (0.1 M, pH 4.5, adjusted with NaOH) and B - methanol. The proportion 

of B was 0% for 0–8.4 minutes, then linearly increased to 20% at minute 9.6, held at 20% 

until minute 22.6, linearly decreased to 0% after minute 23.2 then held at 0% until minute 

30.

Excitation and emission wavelengths of the fluorescence detector were set for individual 

compounds: 280/334 nm for 5-HT and TRP from 0–6.5 minutes, 276/333 nm for 5-HIAA 

from 6.5–18 minutes, and 307/375 nm for MEL from minute 18. The UV detector was set to 

300 nm for TRP if its concentration was higher than 250 ng ml−1. Validation parameters are 

summarized in Table S6.

4.16 | Radioisotope analysis

Concentrations of [3H]5-HT (80 Ci mmol−1) and [3H]dihydroalprenolol, levo-[propyl-1,2,3–

3H] hydrochloride (80 Ci mmol−1) in experimental samples were measured by liquid 

scintillation counting using a Tri-Carb 2910 TR instrument.

4.17 | Statistical analysis

Concentration-dependent uptake rates of 5-HT in the rat placenta were analysed by 

nonlinear mixed-effect modelling computed using the ADAPT5 software system, Version 

5.0.59 (Biomedical Simulations Resource, University of Southern California). Placental 

uptake clearance was used to construct a base structural model incorporating Michaelis-

Menten kinetics and passive diffusion (Equation 3). Model selection was based on goodness-

of-fit criteria (Table S7) in combination with likelihood ratio tests, the Akaike information 
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criterion (AIC) and Bayesian information criterion (BIC). For covariate model building, 

mechanistically plausible covariates — foetal sex, placental weight and expression of both 

Slc22a3 and Mao-a genes (quantified absolute numbers of transcripts) — were incorporated 

to explain the interindividual variability of the parameters estimated in the pharmacokinetic 

model. Descriptive statistics of the population used in the analysis are shown in Table S1.

Effects of tested inhibitors in situ and ex vivo were assessed using non-parametric Kruskal-

Wallis followed by Dunn’s multiple comparisons test implemented in GraphPad Prism 8.3.1 

software (GraphPad Software, Inc.). Statistical analysis of foetal sex effect on concentration-

dependent uptake and parameter estimates (Vmax and Km) was evaluated using non-

parametric Mann-Whitney test. Unless otherwise stated, data are presented as median + 

interquartile range (IQR). Asterisks in the figures indicate significance levels: * (P ≤ .05), † 

(P ≤ .01), and ‡ (P ≤ .001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Concentration-dependent 5-HT uptake clearance by the rat placenta from foetal circulation 

normalized to placental weight. Decreased clearance with increasing 5-HT concentration 

indicates the involvement of a saturable, transporter-mediated mechanism. Moreover at 1 

and 10 nM 5-HT concentrations, we observe statistically significant differences in placental 

clearance between male and female placentas. Data presented are median + IQR (n > 3) for 

each sex/concentration. Statistical analysis was evaluated using non-parametric Mann-

Whitney test: * (P ≤ .05)
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FIGURE 2. 
Identification of covariates affecting total Cluptake as a function of Clpassive and transporter-

mediated uptake (see Equation 3). While a linear correlation between placental weight and 

Clpassive was found (A), foetal sex influences the kinetic parameters Km (B) and Vmax (C). 

Specifically, male placentas show statistically significant lower Km and Vmax compared to 

female placentas. Data are presented as Tukey boxplots (1.5-times IQR). Statistical analysis 

was performed using non-parametric Mann-Whitney test: ‡ (P ≤ .001)

Karahoda et al. Page 22

Acta Physiol (Oxf). Author manuscript; available in PMC 2021 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. 
Rat term placenta extracted on average 66% of 5-HT (supplied at 1 nM concentration) from 

the foetal circulation during a single pass. This extraction was significantly inhibited by two 

tested pharmacological agents (paroxetine and cimetidine: PRX and CIM respectively) and 

the endogenous compound corticosterone (CS). Data presented are median + IQR (n > 3) for 

each test condition. Statistical analysis was evaluated using non-parametric Kruskal-Wallis 

test followed by Dunn’s multiple comparisons test: * (P ≤ .05), † (P ≤ .01)

Karahoda et al. Page 23

Acta Physiol (Oxf). Author manuscript; available in PMC 2021 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 4. 
Materno-foetal transport and metabolism of 5-HT in the rat term placenta. Analysis of 

concentration-dependent 5-HT transport in the materno-foetal direction before and after 

addition of phenelzine revealed a high degree of metabolism by MAO-A within the placenta 

and negligible transport across the trophoblast. Data are median + IQR of foetal/maternal 

concentration ratios with the insert displaying average foetal 5-HT concentrations at steady 

state just before and after addition of phenelzine (at minutes 20 and 50 respectively)
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FIGURE 5. 
Materno-foetal transport and metabolism of TRP in rat term placenta. (A) Maternal TRP 

rapidly crossed the placenta and reached the foetal circulation to a high extent, but 

concentration-dependently. (B) Release of placental 5-HT, synthesized from maternal TRP, 

into the foetal circulation was evident only after inhibition of MAO-A by phenelzine (100 

μM) at 40 min of perfusion. Data are median + IQR (n> 3) for each test condition
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FIGURE 6. 
Time-dependent 5-HT uptake into MVM and BM vesicles isolated from human term 

placentas. 5-HT uptake in the MVM vesicles increased for 15 min, then gradually declined, 

presumably due to Na+ gradient loss (A). No such effect was detected in the BM vesicles, 

indicating a Na+-independent mechanism (B). Data are median + IQR (n = 5 donors) for 

each membrane
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FIGURE 7. 
Concentration-dependent 5-HT uptake into MVM and BM vesicles from term human 

placentas. Increases in substrate concentration affected uptake of [3H]5-HT more strongly in 

MVM than in BM vesicles. Data are median + IQR (n> 4 donors) for each test condition
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FIGURE 8. 
Effects of Na+-gradient and endo/exogenous compounds on 5-HT uptake by the human 

placental MVM and BM vesicles. (A) Na+ depletion significantly reduced uptake into the 

MVM vesicles, confirming that the main transporter in the MVM is the Na+-dependent 

SERT, but not in the BM vesicles (B), suggesting involvement of a different transporter, 

likely OCT3. In addition, patterns of inhibitory actions of paroxetine (PRX), cimetidine 

(CIM) and cortisol differed between the membranes. 5-HT uptake by the MVM vesicles was 

highly inhibited by PRX (A), while its transport across the BM was inhibited by all 

compounds tested (B). Data are presented as median + IQR (n ≥ 5 donors) for each test 

condition. The significance of differences between raw values was evaluated by non-

parametric Kruskal-Wallis test followed by Dunn’s multiple comparisons test: * (P ≤ .05), †

(P ≤ .01), ‡ (P ≤ .001)
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FIGURE 9. 
Time courses of 5-HT metabolism in rat (A) and human (B) placental homogenates. 

Incubation in the presence (+) and absence (−) of phenelzine revealed that activity of 

placental MAO accounted for most of the loss of 5-HT over time. Values are median + IQR 

of 5-HT levels at indicated time points relative to levels at time 0
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FIGURE 10. 
Digital droplet PCR analysis of the expression of MAO-A/Mao-a, SLC6A4/Slc6a4 and 

SLC22A3/Slc22a3 genes in the rat (A) and human (B) placenta. Large inter-individual 

variability was observed in the expression of all tested genes, but this phenomenon was 

independent of foetal sex. The results are reported as Tukey boxplots (1.5-times IQR) of 

number of transcripts ng−1 RNA; n = 13F/16M and n = 11F/15M for rat and human 

placentas respectively
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FIGURE 11. 
Schematic illustration of 5-HT and TRP homeostasis in human and rat placenta at term. (A) 

The study was performed in rat term placenta (in situ dual perfusion system) and human 

term placenta (ex vivo uptake studies by isolated placental membranes). (B) Hemochorial 

placenta is characterized by a trophoblast layer (in green) providing materno-foetal 

interdigitation of labyrinthine-type in rats (upper panel) and villous-type in humans (lower 

panel). The trophoblast layer is composed of cytotrophoblast cells and terminally 

differentiated syncytiotrophoblasts (cellular layers not shown). The syncytiotrophoblast 

compartment constitutes the main placental barrier with polarized plasma membranes: 

apical, maternal-facing and basal, foetal-facing (materno-foetal interface depicted as black 

squares). (C) Condensed three-compartment depiction of the rat and human materno-foetal 

interface summarizing the main findings of the study. Mother-to-foetus transport of 5-HT 

does not occur in the term placenta; only very limited supply of placental-derived 5-HT 

occurs at term when MAO-A is inhibited (dotted blue arrow). In contrast, 5-HT is taken up 

from the maternal and foetal circulations by SERT and OCT3 respectively, and subsequently 

deactivated inside syncytiotrophoblast by MAO-A. This interplay of uptake transporters and 

degradation enzyme offers a protective mechanism against local vasoconstriction of 

placental vasculature produced by 5-HT. Importantly, both uptake mechanisms may be 

inhibited by endogenous and/or pharmacological agents, thereby compromising the 

placenta’s protective activity against 5-HT. JZ, junctional zone; FV, fetal vasulature
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