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This is the first edition of the Special Issue dedicated to Frontiers of Serotonin; Beyond the 
Brain to be published in Pharmacological Research. Although serotonin extra-cerebral roles 
are more and more recognized, this first Keystone Meeting has already provided unbelievable 
insights into the role of serotonin in peripheral tissues, specifically in gut microbiota, in blood 
pressure regulation, in bone marrow hematopoiesis, in placenta, in cardiovascular system, in 
autism spectrum disorders, and in energy homeostasis and placental regulation. 
 
 
 
Long time before its identification as 5-hydroxytryptamine (5-HT), the first described effect of 
serotonin was a cardiovascular action. At the end of 19th century, a substance present in 
serum, (thrombosed blood fraction), was found to act on heart and blood vessels: in 1896, 
Weiss showed that intravenous injection of serum into an animal caused an increase in 
breathing and cardiac frequencies, followed by a rapid decrease in blood pressure leading 
eventually to death [1]. In 1918, it was reported that citrated serum or blood platelet extract 
was vasoconstrictor, while uncoagulated blood or citrated plasma did not have a 
vasoconstrictor action [2]. In 1930, a substance, called enteramine, which contracted smooth 
muscles was isolated from intestinal enterochromaffin cells [3]. Finally, in late 1940s, a 
vasoconstrictor substance called serotonin was identified as 5-hydroxytryptamine [4, 5]. 
 
Ablation of the peripheral tryptophan hydroxylase 1 (Tph1) gene in mice results in a significant 
reduction in peripheral, essentially blood 5-HT. Nevertheless, there still remains 3 to 15% of 
normal concentration originating from a synthesis by neurons of mesenteric plexuses via 
neuronal subtype of tryptophan hydroxylase gene (Tph2) [6]. Peripheral and non-neuronal 5-
HT is released by intestinal neuroendocrine cells to the portal venous system and is then 
actively uptake by blood platelets within the pulmonary vasculature. In fact, platelets rapidly 
translocate into lung upon stimulation of 5-HT2 receptors, uptake 5-HT by serotonin transporter 
(SERT), and then return to circulation. Hence, pulmonary platelet accumulation plays an 
important role in pulmonary 5-HT removal in mice [7]. In adult organism, 5-HT stored in dense 
granules of blood platelets is released during activation and/or aggregation phenomena, 
causing vasoconstrictive effects.  
 
The uptake of 5-HT from the plasma and into platelets occurs rapidly, by a saturable 
mechanism, which makes platelets the fundamental regulators of plasma 5-HT concentration. 
Platelet uptake of 5-HT from the plasma is dependent on SERT. After 5-HT is taken in platelet 
by SERT, it is either sequestered into dense granules by vesicular monoamine transporters 
(VMAT) [8] or degraded by monoamine oxidase. But prior to sequestration, the 5-HT is capable 
of activating intracellular signaling pathways linked to platelet activation and aggregation. 
Notably, plasma 5-HT is in the low nanomolar range, but the dense granules of resting platelets 
store millimolar concentrations of 5-HT [9, 10]. Thus, SERT on platelets tightly controls the 
intracellular/extracellular (plasma) ratio of 5-HT. Clinical and preclinical studies explored the 
biological role of 5-HT in cardiovascular diseases yet it is incompletely understood.  
 
The plasma 5-HT concentration is elevated in cardiovascular disorders [11] including 
hypertension [12], coronary artery disease [13-15], thrombosis [16, 17] and myocardial 
infarction [18]. For example, in an earlier study, we reported a 33% increase in plasma 5-HT 
concentration of the patients diagnosed with white-coat hypertension after an episodic incident 
[16]. Vikenes et al. noted a 10–fold elevation of plasma 5-HT concentration during angiography 
of the patients with myocardial infarction. In these patients, the elevated plasma 5-HT was 
associated with coronary artery disease and cardiac events [14]. Thus, a physiological in vivo 
interplay between circulating 5-HT and platelet function may be a ratio and myocardial 
infarction have been linked to elevated plasma 5-HT concentrations [18]. Indeed, TPH1 



knockout (KO) mice lacking 5-HT have a mild bleeding abnormality [19]. Notably, the deficit of 
anti-coagulant molecules may permit amplification of the opposing, pro-coagulant actions of 
5-HT [17]. 
 
In periphery, 5-HT also contributes to hematopoiesis, immune regulation, embryonic 
development, placenta functions and gut to brain relationships. It may be surprising that a 
unique mediator possesses so many different functions. This diversity can be explained by the 
fact that 5-HT acts through numerous receptors. Gaddum and Picarelli [20], working on guinea 
pig ileum, proposed that 5-HT acts, on two pharmacologically different receptors, M (muscarin-
sensitive) and D (dibenzylin-sensitive) receptors located on smooth muscles and neurons 
respectively. During early 90s, identification of 5-HT receptor genes has progressed 
considerably with gene cloning and sequencing techniques. Except 5-HT3 receptors, which 
are 5-HT-gated ion channels, all others are G-protein coupled receptors (GPCRs). 5-HT 
receptors have the highly-conserved structure of seven transmembrane domains common to 
all GPCRS, including three extracellular loops involved in ligand recognition and three 
intracellular loops involved in intracellular signaling mainly through G-protein-mediated 
pathways. It now appears that there are 15 different receptor genes, divided into four subtypes: 
5-HT1/5, 5-HT2, 5-HT3, and 5-HT4/6/7 [21]. These receptors are grouped according to their 
intracellular coupling mode: Gi proteins for 5-HT1/5, Gs for 5-HT4/6/7 and finally Gq for 5-HT2.  
 
Starting from the observation that the Htr2b gene, coding for the 5-HT2B receptor is encoded 
within an intron of a large subunit of the proteasome Psmd1, in humans, mice and rats, 
Moutkine et al., summarizes existing data from genome sequencing supporting that 
association between these two genes appeared in pre-vertebrates [22]. Earlier work indicated 
that 5-HT and 5-HT2B receptors regulate many functions acquired during early differentiation 
of vertebrates, including neural crest cells, heart, and bone marrow stem cells differentiation 
and proliferation. In addition, these data revealed that during genome duplications, a strong 
selective pressure seems to keep a single copy of this genetic association to the proteasome 
Psmd1 gene. Together with its early appearance in pre-vertebrates and its persistence 
throughout evolution, this association may have functional consequences, and raised the 
possibility that the 5-HT2B receptor is the common ancestor of the 5-HT2A/2B/2C-receptor 
subfamily [22].  
 
Outside the central nervous system, 5-HT can be synthesized in gastrointestinal tract and 
enteric nerves, but also in hematopoietic stem cells, and some immune cells, in which 5-HT 
regulates inflammation and immunity by acting on 5-HT receptors that are differentially 
expressed on immune cells, both in rodents and humans.  
 
5-HT and hematopoiesis 
Previous studies have shown that 5-HT is a growth factor for hematopoietic stem/progenitor 
cells. A 5-HT2B receptor expression was identified in megakaryocytic cell lineage; 5-HT 
promoted the megakaryocytes proliferation, reduced apoptosis via the activation of the Akt 
pathway [23], and polymerized actin via ERK1/2 [24]. Mice deficient in peripheral 5-HT 
synthetizing enzyme, Tph1-/- mice, displayed morphological and cellular features of ineffective 
erythropoiesis; in the bone marrow, the absence of 5-HT limited the differentiation of erythroid 
precursors expressing 5-HT2A and 5-HT2B receptors [25]. In Tph2-/--deficient embryos, a 
decrease in 5-HT synthesized in the aorta-gonad-mesonephros leads to apoptosis of nascent 
hematopoietic stem cells; 5-HT inhibits the Akt-Foxo1 signaling cascade and protects 
hematopoietic stem cells from excessive apoptosis [26]. Furthermore, 5-HT significantly 
enhanced the amount of early stem/progenitors and multilineage committed progenitors (burst-
forming unit/colony-forming unit-erythroid, colony-forming unit-granulocyte macrophage, and 
colony-forming unit-megakaryocyte lineages) [27] during adult hematopoiesis. Independently, 



the 5-HT2B receptor expression was detected in precursors c-kit+ bone-marrow cells; the 5-
HT2B receptor selective antagonist RS127445 decreased colony-forming capacity with 
inhibition of myeloid lineage formation, endothelial precursor cells differentiation, and 
monocyte/macrophage release [28].  
 
Albeit within an organ or a specific cell type, local TPH enzymatic activity, followed by 
endogenous production of 5-HT and the presence of serotonergic components (receptors, 
SERT) are of importance and support the view that 5-HT is a monoamine with a 
paracrine/autocrine function. Hence, a locally derived source of 5-HT acting directly on 5-HT 
receptors present on hematopoietic stem cells does not require an intermediate signal. One 
concern can be how to specifically increase 5-HT concentration locally, for instance in the bone 
marrow for the development of hematopoietic stem cells. Available molecules include 5-HT 
receptors specific agonists and antagonists, or SSRI, however whether these drugs could 
increase extracellular concentrations and signaling of 5-HT in the bone marrow remains 
unknown. Timing is also an important concern as it seems that 5-HT is critical at specific 
checkpoints, or after an injury. Altogether, the serotonergic system may be a promising 
therapeutic target with broad regenerative capacity to regulate stem cell maintenance and 
regeneration following various types of injury [29]. 
 
5-HT and immune system 
The defense against pathogens is mediated by innate and adaptive immune mechanisms. 5-
HT regulates inflammation and immunity by acting on 5-HT receptors that are differentially 
expressed on immune cells, both in rodents and humans. 5-HT acts as a potent 
chemoattractant, recruiting innate immune cells to sites of inflammation. 5-HT also alters the 
production and release of cytokines and cell activation/proliferation. Some immune cells, 
including mast cells and T-lymphocytes, have the capacity to synthesize and release 5-HT, 
expanding the range of tissues for 5-HT signaling. There is a growing body of evidence 
suggesting that many different types of immune cells express the machinery to generate, store, 
respond to and/or transport 5-HT, including T cells, macrophages, mast cells, dendritic cells 
and platelets.  
 
Monocytes are the largest type of leukocyte and can differentiate into macrophages and 
myeloid lineage dendritic cells. In human monocytes (CD14+), mRNA expression of 5-HT1E, 
5-HT2A, 5-HT3, 5-HT4 and 5-HT7 receptors is detectable [30]. In mature human macrophages, 
5-HT can inhibit LPS (lipopolysaccharide of the bacterial wall that mimics bacterial infection 
via toll-like receptor -TLR4 on immune cells)-induced release of proinflammatory cytokines, 
upregulate the expression of M2 polarization-associated genes, and reduce the expression of 
M1-associated genes. 5-HT instructs macrophages, reduces IFN type I-mediated signaling, 
and promotes an anti-inflammatory signature. In fact, blockade of 5-HT2B receptors during in-
vitro monocyte-to-macrophage differentiation preferentially modulated the acquisition of M2 
polarization markers. Htr2B mRNA was found to be preferentially expressed by anti-
inflammatory M2 (M-CSF) macrophages and was detected in-vivo in liver Kupffer cells and in 
tumor-associated macrophages [31]. The acquisition of this gene profile and upregulation of 
TGFβ1 production depend also on the 5-HT7 receptor and PKA-signaling [32]. Dendritic cells 
are potent antigen-presenting cells endowed with the unique ability to initiate adaptive immune 
responses upon inflammation. Immature dendritic cells preferentially express mRNA for 5-
HT1B, 5-HT1E and 5-HT2A/2B receptors [33]. Expression for 5-HT1B, 5-HT1F, 5-HT2A, 5-HT2B, 5-
HT6, and 5-HT7 receptor mRNAs was also detected in spleen, thymus, and peripheral blood 
lymphocytes [34]. In human umbilical cord blood, T helper cells differentiation was found to 
specifically express 5-HT2B receptors among Th2 differentially expressed genes [35]. In 
addition, during human CD41 T cell differentiation, 5-HT2B receptors were found to be SP4-
specific [36].  



 
The role of many of the 5-HT receptors expressed by immune cells is still only partially 
elucidated. An understanding of the role of 5-HT in T cells is of particular interest, as T cells 
play a critical role to direct the immune response and the extent of inflammation. The T cells 
can differentiate and specialize once activated in vivo and 5-HT may play a differential role 
depending on the subtype, particularly in effector T cell populations (Th1, Th17, CD8) and 
regulatory T cells (Treg). The presence of different receptor subtypes on a single immune cell, 
for example, raises the question of what the specific function of each receptor subtype might 
be. Overall, the influence of 5-HT on the peripheral immune system remains an open question. 
Furthermore, there is emerging evidence of a possible connection between T cells, 5-HT and 
mood disorders. Multiple studies suggest that patients with major depressive disorders have 
an elevated Th17:Treg ratio, with reduced numbers and percentages of Treg compared to 
healthy controls. How 5-HT interacts with the peripheral immune system and if this signaling 
is associated with behavioral phenotypes found in mood disorders like major depressive 
disorder is not well understood. Current evidence that peripheral immune system alterations 
and CNS function may be interrelated and the possible implications of these findings for drug 
discovery [37]. 
 
Cardiovascular functions of 5-HT 
In periphery, 5-HT contributes to control many cardiovascular functions: in addition to effects 
on platelet aggregation and hematopoietic stem cells differentiation, 5-HT can modulate blood 
pressure, heart rate and respiration. Cardiac functions of animals born from Tph1-/- mice are 
strongly affected with contractile abnormalities thus demonstrating critical functions of 
maternal 5-HT on embryonic development [38]. The acute cardiovascular response to 5-HT, 
named the Bezold-Jarish reflex, leads to intense bradycardia associated with atrioventricular 
block, and involves 5-HT3, 5-HT1B, 5-HT7 and 5-HT2A/2B receptors. 5-HT and its receptors (5-
HT4 and 5-HT2A/2B) participates in cardiac development [39], and in cardiovascular tissue 
remodeling [40]. In particular, 5-HT regulates cardiac hypertrophy  and fibrosis [40]. The 
cardiovascular functions of 5-HT, often unrecognized, have recently been re-evaluated in 
particular in cerebral and pulmonary circulatory beds with development of "serotonergic" drugs 
for treatment of migraines and likely in a near future in primary pulmonary arterial hypertension. 
5-HT, its transporter, 5-HT1B, and 5-HT2B receptors participate in pulmonary hypertension and 
pulmonary vascular remodeling [41, 42]. Bone marrow derived endothelial progenitors 
contribute to the pathogenesis of pulmonary hypertension [28] and involve bone 
morphogenetic protein type 2 receptor signaling. 
 
5-HT participates in heart valve diseases. Some valve degenerative processes such as the 
carcinoid heart disease, drug-induced valvulopathy and degenerative mitral valve disease in 
inbreed dogs are clearly linked to 5-HT. Fenfluramine or ergot derivatives were linked to mitral 
and aortic valve dysfunction and share in common the pharmacological property of being 5-
HT2B receptor agonists. This heart valve degeneration has been linked to high serum serotonin, 
5-HT2B receptor overexpression and SERT downregulation. Using mice models and bone-
marrow transplantation experiments, early heart valve degeneration was shown to involve the 
mobilization of endothelial progenitor cells after 5-HT2B receptor stimulation. The identification 
of endothelial progenitors sharing this receptor in human mitral valve prolapse tissues reveals 
the relevance of this mechanism in human heart valve remodelling [43]. Many other proposed 
molecular mechanisms for heart valve degeneration are also probabaly implicated and involve 
(i) a 5-HT-mediated activation of G-protein receptor signal transduction that results in a local 
mitogenic effect; (ii) the 5-HT-induced TGF-β1 expression regulates the remodeling of the 
extracellular matrix via endothelial to mesenchymal transition; (iii) finally, serotonylation and 
intracellular interaction with cytoskeletal components, such as Rac1 [44], Rab4 [45] and 
Filamin-A [46].  
 



The participation of 5-HT1B, 5-HT7 and 5-HT2A/2B receptors in vasomotor tone regulation and 
the interaction between endothelial and smooth muscle cells are also be discussed. In arterial 
wall, endothelial cells express 5-HT1B, 5-HT2B and 5-HT4 receptors, whereas smooth muscle 
cells express 5-HT1B, 5-HT2A, 5-HT7 receptors and in some cases 5-HT2B. This expression 
pattern suggests that 5-HT plays a complex role in regulating vasomotor tone [47]. Indeed, 
receptors expressed on endothelial cells can induce vasodilation while stimulation by 5-HT of 
smooth muscle cells elicits vasoconstriction. The contribution of serotonergic receptors in 
blood pressure regulation is well studied [48]. 5-HT2A receptors are mainly responsible for 
contraction of large arteries as opposed to veins that contract following 5-HT1B-receptor 
stimulation [49]. By contrast, not all blood vessels can relax to 5-HT; in jugular vein and 
pulmonary artery and coronary arteries, 5-HT causes relaxation through activation of 5-HT2B 
and 5-HT7 receptors [48]. Recent work confirmed that the superior mesenteric vein possesses 
a highly sensitive 5-HT7 receptor that mediates venous relaxation without requiring blockade 
of contractile receptors, not excluding the potential involvement of the 5-HT2B receptor [50]. 
Furthermore, perivascular adipose tissue (PVAT) modulates vascular tone and altered PVAT 
function is observed in vascular diseases such as hypertension and atherosclerosis. The PVAT 
surrounding rat thoracic aorta and the superior mesenteric artery contain significant amounts 
of 5-HT. interestingly, fenfluramine, a compound believed to react preferentially with 
serotonergic system, primarily stimulates norepinephrine release (better than 5-HT) in a 
norepinephrine transporter-dependent manner, leading to vasoconstriction. This adds 
additional support to PVAT as being an important reservoir of amines [51]. 
 
The gut, 5-HT, immune to brain relationships 
Remarkably, the absence of microbiome in germ-free mice impacts both prenatal and 
postnatal microglia. Antibiotic treatment of adult mice can also trigger modified microglial 
responses revealing both acute and long-term effects of microbiota depletion [52]. The enteric 
nervous system interacts tightly with the immune system in order to protect the organism from 
ingested environmental pathogens. 5-HT-producing cells in the gut (enterochromaffin cells) 
are synthetizing most of the 5-HT produced in periphery via TPH1 enzyme. Cross-talks 
between the enteric nervous and immune systems maintain homeostatic regulation of the gut 
activity. In response to microbial stimuli, neuroendocrine cells can release 5-HT, whereas 
activated immune cells including mucosal macrophages and mast cells can release various 
cytokines, see for review [53]. The innate immune system is, thus, crucial in the gastrointestinal 
tract, being the first line of defense against pathogens. The immune system can detect and 
recognize microbial-associated molecular patterns through pattern recognition receptors such 
as TLRs and nucleotide oligomerization domain (NOD)-like receptors that trigger different 
responses to maintain intestinal homeostasis. Recent work showed that NOD1 activation 
inhibits SERT activity and expression in intestinal epithelial cells, and can be regulated by 
TLR2 and TLR4 activation [54]. This study gave the first molecular partners involved in putative 
relation between intestinal serotonergic and innate immune system, and their implications in 
inflammation.  
 
Pioneering work by Clarke et al., [55] showed that germ-free animals have a significant 
increase in 5-HT concentration in the hippocampus that cannot be reversed in post weaning 
animals by microbiota colonization. The CNS serotonergic neurotransmission can thus be 
profoundly modified by the gut microbiota. Various diets have also been shown to regulate the 
expression of many genes in the brain; changes in gene expression related to neuroplasticity 
including 5-HT1A receptors are associated to place memory in the hippocampus, and particular 
microbiota; object memory performance is correlated with perirhinal 5-HT2C-receptor 
expression and other type of microbiota [56]. Furthermore, modifying microbiota can be 
beneficial in some pathological situations with memory deficits but not in healthy subjects. Gut 
microbiota can communicate with the brain through several different mechanisms. This 
includes production of immune factors (e.g. cytokines), innervation via the vagus nerve, or 



activation of the HPA axis. Reciprocally input from the CNS can regulate enteric physiology 
[53].  
 
Autism-spectrum disorder (ASD) is a neurodevelopmental disorder characterized by persistent 
deficits in social communication and repetitive patterns of behavior. A variety of human and 
animal studies support the hypothesis that 5-HT system dysfunction is a contributing factor to 
the development of autism in some patients. During pregnancy, fetal 5-HT synthesis requires 
TRP from maternal circulation throughout gestation. Early in gestation, TPH1 converts 
tryptophan (TRP) to 5-HT in the placenta, whereas late in gestation, TPH2 converts TRP to 5-
HT in fetal hindbrain. Thus, numerous factors that influence this pathway have the potential, 
both alone and in combination, to influence 5-HT system function and development. For 
example, pharmacologic inactivation (e.g., SSRI) and/or genetic (functional polymorphisms) 
modulation of SERT function, within the mother, fetus, or both, can have cascading effects on 
TRP demand and 5-HT signaling capabilities. These disruptions, during the critical 
neurodevelopmental period, can cause permanent deficits in serotonergic system tone. 
Because 5-HT serves as a neurotrophic factor during brain development, such perturbations 
can also profoundly affect non-serotonergic neurons and pathways. As a result, excessive or 
insufficient 5-HT tone can facilitate neurophysiological and behavioral outcomes relevant to 
autism, such as social behavior deficits and repetitive stereotypies [57]. A deeper 
understanding of the many mechanisms by which 5-HT signaling can be disrupted, alone and 
in concert, may contribute to an improved understanding of the etiologies and heterogeneous 
nature of this disorder.  
 
ASD is often associated with medical comorbidities and gastrointestinal (GI) dysfunction is 
among the most common. Studies have demonstrated a correlation between GI dysfunction 
and the degree of social impairment in ASD. After being synthesized in the intestinal epithelium 
by TPH1 enzyme expressed by enterochromaffin (EC) cells, luminal distention of the gut 
results in the basal release of 5-HT into the interstitial space of the lamina propria, leading to 
local activation of 5-HT receptors on intrinsic primary afferent neurons in both the submucosal 
and myenteric plexuses. 5-HT is inactivated through the actions of the SERT, which is 
expressed by intestinal epithelial cells. Once intracellular, 5-HT is stored back in secretory 
vesicles or degraded by monoamine oxidase (MAO) into 5-hydroxyindoleacetic acid (5-HIAA). 
The enteric nervous system contains 5-HT-synthesizing neurons. Enteric neurons utilize 
TPH2, to synthesize 5-HT, which is then stored in synaptic vesicles. Secreted 5-HT activates 
postsynaptic receptors and is then inactivated through pre-synaptic reuptake by SERT, where 
it can be packaged into vesicles once again for release or degraded by MAO into 5-HIAA. The 
gut phenotype in the SERT Ala56 mice can be rescued by pharmacological modulation of the 
5-HT4 receptor. Although microbiome studies thus far demonstrate a bidirectional relationship 
between 5-HT and the enteric microbiota, the precise nature of the in vivo mechanisms 
governing this relationship have yet to be determined [58]. As a critical modulator of enteric 
and central nervous system development and function, 5-HT may be a nexus for the gut-brain 
axis in ASD.  
 
Placenta and diabetes 
Trophoblast cells express many components of the 5-HT system such as SERT [59-61], 
receptors, 5-HT1A and 5-HT2A [60, 62] and monoamine oxidase, MAO [63] which catabolizes 
5-HT. On the plasma membrane of the trophoblast cells, SERT regulates extracellular 5-HT 
levels and prevents the vasoconstriction of placental vascular bed and thereby secures a 
stable blood flow to the embryo. In different tissues, 5-HT promotes cell division and mitosis 
and lead acts as a developmental signal early in embryogenesis [38] but continuous 5-HT 
signaling is involved in cell death mechanisms via activation of phosphatidylinositol-3 kinase 
(PI3K)/AKT and extracellular signal-regulated kinase (ERK) 1/2 signaling pathways [64, 65].  



 
SERT has an important role which is supported by many clinical studies (but not all) report 
increased rates of congenital prematurity and malformations, including defects in fetal 
forebrain development, induced by SSRI during pregnancy [66-68]. Reducing 5-HT uptake 
rates of SERT by SSRI alters the plasma vs platelet 5-HT ratio; as reported using SSRI in the 
first trimester had approximately a 2-fold increased risk for cardiac and a 1.8-fold increased 
risk for other congenital malformations compared to the entire national registry population 
(http://www.ncbi.nlm.nih.gov/pubmed/22052679) [69]. Furthermore, studies with preclinical 
models report that mice lacking the gene for SERT (SERT-KO) [59, 70] or the gene for TPH1 
(TPH1-KO) [19, 38, 71] exhibit insulin resistance and glucose intolerance, and progressively 
develop obesity and hepatic steatosis [72]. These studies clearly throw additional role to 5-HT 
and emphasize the importance of SERT in trophoblast more than functioning as a transporter, 
protecting the trophoblast cells against continuous 5-HT signaling. The findings from TUNEL 
and proliferation assays demonstrated that the cells death rates in SERT-KO placentas were 
several-fold elevated at the maternal side as compared to the placentas of TPH1-KO and WT 
mice. Further analysis of the placentas from SERT-KO mice for Caspase3 staining suggested 
that the placental damage in the absence of SERT, at elevated 5-HT signaling, occurs in 
caspase3-independent pathway [59]. 
Molecular cloning of SERT cDNA from human and rat brain in the 1980s [73-75] opened a new 
era in our understanding of the structure, function and important regulatory features of SERT. 
SERT is an oligomeric N-glycan [76, 77] and contains disulfide bonds between cysteine 
residues [78, 79] on the second extracellular domains. Post-translational modifications 
regulate the uptake kinetics and membrane trafficking of SERT, in part by regulating the proper 
folding and assembly of SERT in a host-dependent manner [80]. As a result, these 
modifications have important effects on 5-HT roles in the central nervous system and in the 
periphery [44, 59, 81, 82]. Thus, identification of the pathways and factors associated with 
post-translational modification of SERT is important to understand SERT function in various 
biological processes.  
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