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1. ABSTRACT

Serotonin (5-Hydroxytryptamine, 5-HT) was 
discovered as a vasoconstrictor in 1937. Since its 
discovery, the involvement of serotonin in numerous 
physiological processes was described. It acts as 
an important neurotransmitter, regulates bowel 
movement, can be released as a tissue hormone 
and acts as a growth factor. Among the years, 
a link between serotonin and inflammation has 
been identified and further evidence suggests an 
important role of serotonergic components in immune 
responses. Peripheral serotonin is synthesized by the 
enzyme tryptophan hydroxylase (Tph), which exists 
in two different isoforms: Tph2 being responsible for 
serotonin synthesis in neurons and Tph1 for generation 
of serotonin in peripheral organs. After synthesis in 
intestinal enterochromaffin cells, serotonin is stored 
in platelets and released upon stimulation. Several 
immune cells express the serotonin transporter SERT 
and enzymes for serotonin metabolism (monoamine 
oxygenase, MAO). To be susceptible to changes in 
serotonin levels, serotonin receptors are required and 
almost all of the 15 receptor subtypes are represented 
on immune cells. In this review, we describe the 
distribution of serotonergic components in cells of the 
immune system and the impact of platelet-derived 
serotonin on these cells. In particular, we aim to 

understand the effect of serotonin on immune cell 
recruitment to sites of inflammation. 

2. INTRODUCTION

Serotonin, 5-Hydroxytryptamine (5-HT), 
was first discovered by Vittorio Erspamer in 1937. 
The Italian pharmacologist extracted an unknown 
bioactive substance from enterochromaffin gut 
cells, which showed vasoconstrictive features when 
applied to smooth muscle cells (1). He called this 
vasoconstrictor enteramine. In the following years, 
Irvine Page and his colleagues discovered a serum-
derived vasoconstrictor, which they called serotonin. 
In later years, serotonin and enteramine were found 
to be identical and serotonin was identified in the 
brain of various mammals (2). Serotonin plays a role 
in numerous physiological processes, especially as 
an important neurotransmitter in the central nervous 
system, but also in bowel movement, as a tissue 
hormone, growth factor and inflammatory modulator, 
among others (3–5). With the rise of molecular 
detection methods, the identification of various 
receptor types and –subtypes has begun and until 
today seven different serotonin receptors have been 
identified, resulting in 15 different subtypes in total (6).
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Peripheral serotonin is produced in the 
enterochromaffin cells in the gut and released into 
the bloodstream, where it is readily sequestered by 
platelets via the serotonin transporter SERT. After 
uptake, it is either stored in subcellular compartments, 
the dense granules or metabolized by the enzyme 
monoamine oxygenase MAO. 

The vast majority of peripheral serotonin 
is stored in circulating platelets (7). Platelets store 
serotonin in their dense granules at millimolar 
concentrations. These granules can be released 
upon platelet activation, thereby increasing levels of 
serotonin locally and systemically (7,8). These local 
regulations in serotonin levels not only contribute to 
vascular tone, haemostasis and clot formation (7), but 
are also thought to have a direct effect on immune 
functions. The effect of peripheral serotonin on immune 
cells has been investigated for the last two decades 
and increasing evidence suggests a direct effect of 
platelet-derived serotonin on various types of immune 
cells. In his comprehensive review, Gerard Ahern 
recapitulates effects and metabolism of serotonin in 
immune cells (9), considering uptake, synthesis and 
expression of receptors on immune cells. He describes 
various immune cells that produce serotonin, like mast 
cells, macrophages and T-cells (determined by Tph1 
expression in these cells), and cells that express the 
serotonin transporter SERT, like dendritic cells, B cells, 
and possibly NK cells. Almost every receptor subtype 
is represented on one or more types of immune cells, 
e.g. the 5-HT1A receptor on mast cells, which mediates 
chemotaxis and contributes to several inflammatory 
diseases, or the 5-HT4 receptor on dendritic cells 
(DCs), which induces chemokine release in mature DCs 
in a pro-inflammatory manner. Receptors of the 5-HT1 
class are expressed by mast cells, macrophages and 
DCs, 5-HT2 receptors were found on macrophages, 
DCs and eosinophils. The only 5-HT receptor of the 
ligand gated ion channel family, 5-HT3, was found in 
B cells, and the Gq-coupled serotonin receptors 5-HT4 
and 7 were shown to be expressed on T cells and 
DCs (9). This illustrates the variety and complexity of 
serotonergic components on immune cells. 

3. SEROTONIN AND THE INNATE IMMUNE 
SYSTEM: IMMUNE CELL RECRUITMENT

3.1. Platelets release and respond to serotonin

Upon activation of platelets, dense granule 
contents are secreted via a number of intracellular 
signaling mechanisms. In addition to ADP, ATP, 
pyrophosphate and Ca2+, serotonin is thereby released 
into the plasma. Dense granule secretion is part of a 
positive feedback loop, activating passing platelets 
to enhance plug formation and vasoconstriction, 
for example at sites of vascular damage. Therefore, 
platelets themselves express corresponding receptors 

to the contents of dense granules, including the 
serotonin receptors 2A and 3. Activation of these 
receptors results in the activation of PLC-beta and 
subsequent intracellular Ca2+ release, thereby further 
stabilizing platelet activation. Thus, autocrine serotonin 
signaling contributes to the activation of the integrin 
alphaIIb/beta3 complex, which then in turn can bind its 
ligands, e.g. fibrinogen or vWF (10,11). Activation of 
platelets not only leads to integrin activation, but also 
increases surface levels of P-selectin, a membrane 
marker of platelet alpha-granules. In-vitro analysis 
of the effect of serotonin on platelet activation has 
shown that serotonin itself could not induce platelet 
aggregation or activation, but enhanced thrombin- and 
ADP-induced aggregation and surface expression of 
P-selectin (12).

Studies on Tph1-/- knockout mice however 
did not show increased levels of P-selectin on 
platelets in inflammatory settings, suggesting a co-
stimulatory role of platelet derived serotonin on 
platelet P-selectin expression (13). Thus, serotonin 
might play a modulatory role in platelet-leukocyte and 
platelet-endothelial interactions via P-selectin and its 
corresponding ligands on other cell types, and further 
investigation is needed. 

The first link between plasma serotonin, 
platelets and inflammation was found in 1960 (10, 14), 
but an increasing number of studies examines the link 
between the immune-modulatory effect of (platelet-
derived) serotonin and inflammation (3,9,15,16). Both, 
pro- and anti-inflammatory features of peripheral 
serotonin signaling have been described. Platelets 
are the main source of serotonin for immune cells 
following tissue damage and activation by other 
disease-mediated stimuli (7,17–19). 

Interestingly, recent findings show a 
connection between spore-forming gut bacteria and 
serotonin synthesis in the host individual. In their 
study, Yano and co-workers found that absence of 
spore-forming bacteria leads to decreased Tph1 levels 
in enterochromaffin cells in the gut, increased colonic 
SERT expression and decreased levels of serotonin 
in the serum of germ-free mice. Re-colonization with 
spore-forming bacteria could reverse these effects and 
restore normal serum serotonin levels. Experiments 
on platelet activation revealed decreased P-selectin 
expression and integrin activation in-vitro in platelets 
from germ-free mice with reduced serotonin levels 
(20). Not only does that suggest a pro-inflammatory 
effect of serotonin on platelets, it also links the gut 
microbiome to inflammatory diseases via a direct 
effect on circulating platelets.

Platelet transmigration has been suggested 
in different states of disease (21–24). Especially, 
transmigration of platelets in allergen-induced asthma, 
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rheumatoid arthritis (25) or multiple sclerosis has been 
described (26). Moreover, platelets act as mediators for 
the recruitment of leukocytes to sites of inflammation 
(13,27–29). These platelet-leukocyte interactions are 
mediated via P-selectin and integrin alpha2/beta3 on 
platelets and corresponding ligands on leukocytes; 
however, the role of serotonin on these interactions is 
not fully understood. 

3.2. Monocytes and macrophages respond to 
5-HT in a complex manner

Monocytes and macrophages not only 
express SERT and Tph1, but also serotonin receptors 
and MAO. In 1986, Sternberg and coworkers performed 
pharmacological studies on murine macrophages, 
discovering the expression and specific targeting of 
5-HT2 receptor on those cells (30). Two years later, 
Jackson and colleagues found that macrophages are 
able to take up serotonin by a mechanism similar to 
platelet serotonin uptake (SERT) and metabolize 
it rapidly (31). In 2005, mRNA transcripts for the 
receptors 5-HT1E, 5-HT2A, 5-HT3, 5-HT4 and 5-HT7 
have been discovered on human monocytes. Specific 
activation of 5-HT4 and 5-HT7 decreased TNF alpha 
release under baseline condition as well as after LPS 
stimulation of monocytes (32). 

In 1993, a Swedish research group found 
a link between the activation of 5-HT1A receptor on 
human monocytes and their capability to suppress 
NK cell function, indicating that higher serotonin 
levels lead to an increase in NK cell activity mediated 
by the monocytic 5-HT1A receptor (33). In addition, 
treatment of mice with a Tph-inhibitor showed defects 
in macrophage-mediated T cell activation. These 
studies found a defect in the macrophage-CD4+-IL-2R 
alpha axis as well as defects in T cell proliferation in 
the spleen upon induction (34–36). 

Further studies from Sternberg and his 
colleagues on murine macrophages showed that 
serotonin could suppress IFN gamma-induced 
macrophage activation in vitro. This was shown to 
be dependent on the dose of IFN gamma used to 
stimulate these cells, resulting in a co-stimulatory effect 
of serotonin at physiological, but highly suppressant 
at increased levels of IFN gamma. However, if treated 
with serotonin, IFN gamma-induced antigen presenting 
capacity of macrophages was compromised in a dose-
independent manner (30,37). Other functions, such as 
superoxide production and cytokine release seem to 
be impacted by serotonin as well, and some studies 
indicate a 5-HT2 receptor-mediated suppression of 
TNF alpha release in human monocytes (38,39) as 
well as an increase in IL-1beta release (39). Other 
studies suggest a role of 5-HT3 in TNF alpha- and 
cytokine release (40), while basal levels of serotonin 
are needed for the production of IL-6 and TNF alpha. 

A study by Kubera and colleagues showed that 
increased extracellular serotonin levels could suppress 
pro-inflammatory cytokine release (41). 

In 2016, Tong and colleagues investigated 
the transmigration of donor monocytes to sites of LPS-
induced inflammation in the brain of mice. When they 
administered serotonin just before transfusion of the 
donor monocytes, transmigration to the inflammatory 
site could be increased about 1.7.-fold. However, a 
similar effect could be shown if other chemical agents 
like bradykinin or mannitol were used (42). 

In conclusion, although serotonin modulates 
monocyte and macrophage function and cytokine 
release in a complex manner, little is known about 
serotonin effects on monocyte/macrophage migration 
to sites of inflammation. 

3.3. Serotonin acts as a chemoattractant on 
 dendritic cells

Dendritic cells (DCs) play an important 
role in presenting antigens to naïve T cells, thereby 
contributing to T cell activation. A variety of serotonin 
receptors have been described on DCs and depending 
on the maturation state of the cells, serotonin receptors 
mediate distinct cellular responses: while immature 
DCs were shown to express 5-HT1B, 5-HT1E and 
5-HT2B receptors, all of which cause an increase of 
intracellular calcium upon activation, mature DCs 
express 5-HT4 and 5-HT7 receptors, leading to an 
increase in cAMP levels upon activation. The 5-HT3 
receptor was expressed at all maturation states, as 
analyzed by agonist stimulation (43). 

Other groups investigated the effect of gut 
serotonin on DC activation and cytokine release in a 
model of inflammatory bowel disease and showed that 
DCs isolated from Tph1-/- mice released significantly 
less IL-12p40, under baseline conditions as well as 
upon LPS stimulation of DCs, suggesting an pro-
inflammatory effect of serotonin on DCs (44). 

Besides antigen presentation, DCs can 
contribute to inflammation by the release of pro-
inflammatory cytokines, such as TNF alpha, IL-1 beta, 
IL-6 and IL-8 (43,45). In his comprehensive studies on 
the effect of serotonin on DC cytokine release, migration 
and the link between serotonergic DC activation and 
allergic asthma, Idzko and his coworkers found in 
2004, that serotonin promoted immature DC migration 
in-vitro, while this effect could not be seen after LPS-
induced DC maturation. Pharmacological blockage of 
the 5-HT1B and 5-HT2 receptors could attenuate the 
chemotactic effect of serotonin. In-vivo experiments 
showed that if mice were treated with serotonin, DC 
migration to mediastinal lymph nodes was significantly 
increased compared to vehicle-treated mice (43). 
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Other studies published in 2015 by Holst and 
her colleagues showed the expression of 5-HT7 on 
mature DCs and a strong link between 5-HT7 receptor 
activation, cell morphology and cell migration via the 
small Rho-GTPase Cdc42 and the chemokine receptor 
CCR7 (46), indicating that the serotonergic activation 
of DCs plays an important role in inflammatory settings. 
In conclusion, serotonin is a chemoattractant and 
activator of DCs in inflammatory settings and might be 
a target for therapeutic interventions in inflammatory 
diseases, such as inflammatory bowel syndrome or 
asthma. 

3.4. Serotonin promotes neutrophil recruitment in 
acute inflammation

Although neutrophils seem to be affected by 
serotonin levels in the plasma as suggested by several 
studies (47–50), it is not known whether neutrophils 
express serotonergic components or if secondary 
mechanisms impact neutrophil activation. Studies on 
the effect of serotonin on oxidative burst capacity in 
neutrophils mostly revealed an inhibitory effect for ROS 
production, if treated with serotonin (48). One of these 
studies however only showed decreased superoxide 
production if also stimulated with the chemotactic 
peptide fMLP (51).

Jancinová et al. observed a link between 
platelet-derived serotonin and decreased superoxide 
levels in polymorphonuclear cells (PMCs) (52). Other 
studies showed that serotonin inhibited ROS production 
in human phagocytes via the 5-HT2 receptor and linked 
this effect to inhibition of lysosomal myeloperoxidase 
in neutrophils. These studies also found that serotonin 
itself was able to scavenge ROS, a mechanism that 
had already been suggested by Schuff-Werner and 
coworkers in 1995 (47). While serotonin attenuated 
oxidative burst in total leukocyte populations, oxidative 
burst was not inhibited in isolated neutrophils alone (53). 

Another important physiological feature 
of neutrophils is phagocytosis and serotonin may 
impact phagocytic activity of neutrophils, although the 
evidence is not conclusive and partly contradicting. 
In 1992, Nannmark and colleagues described an 
inhibitory effect of serotonin on tumor cell phagocytosis 
of human neutrophils, suggesting a negative effect 
of serotonin on tumor growth (54). In contrast, 
other studies on bacterial phagocytosis showed an 
increase of phagocytic activity in neutrophils, if cells 
were previously treated with serotonin (55). Another 
study revealed dose-dependent effects of serotonin 
on neutrophil phagocytosis: When challenged with 
opsonized Staphylococcus aureus, cells treated with 
physiological concentrations of serotonin (1 - 10 µM), 
showed significantly improved antibacterial defense, 
whereas treatment with higher concentrations (1 - 10 
mM) strongly inhibited antibacterial activity (47,48). In 

summary, serotonin is thought to enhance phagocytosis, 
at least at lower concentrations, however these results 
are not conclusive and might depend on more complex 
variables than serotonin concentration alone. 

In 1996, a first link between serotonin and 
chemotaxis has been described by Simonenkov 
and coworkers, who found that addition of serotonin 
increased movement velocity in a chemotactic assay 
in-vitro (56). Other publications in contrast, found that 
serotonin could inhibit migration activity in mononuclear 
cells isolated by Ficoll-Paque, whereas PMCs did not 
seem to respond to this stimulus (57). While these 
studies investigated a direct effect on neutrophils, 
others looked at the interactions between neutrophils 
and endothelial cells and how these interactions could 
be modulated by serotonin. For example, Doukas et 
al discovered that if treated with serotonin, cultured 
calf endothelial cells increased intercellular contacts, 
whereas rolling velocity of neutrophils was decreased 
(50). Other studies investigated the impact of mast cell-
derived serotonin on neutrophil recruitment to sites of 
acute inflammation. In 1996, Kubes and colleagues 
found that degranulation of mast cells in inflamed tissue 
could induce leukocyte rolling and adhesion on the 
endothelium; however, they did not establish a direct 
link between mast cell-derived serotonin and neutrophil 
recruitment in particular. An increase in vascular 
permeability in mesenteric venules after superperfusion 
with serotonin however was evident (41). 

In contrast, pharmacological receptor 
blockade of the 5-HT2 receptor implicated an 
important role of serotonin for the early phase (60 
min) leukocyte and neutrophil recruitment after LPS 
injection in rats (58). Our group also conducted studies 
with mice deficient of Tph1, the rate limiting enzyme for 
peripheral serotonin synthesis. Interestingly we found 
that the absence of peripheral serotonin decreased 
neutrophil recruitment to sites of acute inflammation, 
e.g. in a model of LPS-induced pneumonia and a 
model of sterile peritonitis. Intra-vital microscopy 
showed increased neutrophil rolling velocity in 
Tph1-/- mice, indicating fewer neutrophil-endothelial 
interactions, known to mediate slow rolling involving 
integrins and selectins (13). Serotonin deficiency in 
myocardial ischemia/reperfusion was associated with 
a significant decrease in transmigrated neutrophils 
into the affected myocardium after 24 hours, whereas 
other leukocyte subsets showed no alterations in 
transmigration (not published). Similar results were 
found after pharmacological depletion of peripheral 
serotonin depots by long term fluoxetine treatment, 
a potent SERT inhibitor used as an antidepressant. 
While long-term treatment with serotonin reuptake 
inhibitors depletes serotonin stores in platelets, acute 
fluoxetine treatment increased plasma serotonin 
levels, which could ameliorate the pro-inflammatory 
phenotype of WT mice in disease models of acute 
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inflammation (13). Receptor transcripts for 5-HT4 
and 7 were found in murine neutrophils. Interestingly, 
both human and murine neutrophils in inflammatory 
diseases show decreased signs for degranulation, 
if serotonin levels were decreased or abolished (not 
published). The possible interaction of platelet-derived 
serotonin and neutrophils is displayed in Figure 1. 

Taken together, there is strong evidence 
suggesting that serotonin promotes neutrophil 
recruitment in a 5-HT receptor-mediated manner, 
possibly by direct serotonin-induced degranulation. 

3.5. Eosinophil trafficking is enhanced by 
 serotonin

Eosinophils are mostly known for their role 
in parasitic infections as well as allergies and are 
associated with inflammatory diseases. Eosinophils 

express the 5-HT receptors 1A, 1B, 1E, 2A, 2B and 
6, of which 5-HT2B seems to be most important for 
eosinophils (59). 

Numerous studies have investigated 
serotonin and eosinophil recruitment. Boehme 
and colleagues showed that serotonin is a strong 
chemoattractant for eosinophils and that 5-HT2 
receptor activation on these cells contributes to 
the development and severity of allergy-induced 
asthma (60). Other groups investigated the effect of 
serotonin on eosinophil migration and intracellular 
signaling and found that serotonin as well as 5-HT2A 
activation induced eosinophil transmigration in-vitro. 
In addition to increased migratory behavior, activation 
of 5-HT receptors induced morphology changes and 
intracellular signaling pathways linked to cellular 
shape change, cytoskeletal reorganization and 
polarization, ultimately promoting eosinophil trafficking 

Figure 1. Simplified scheme of the influence of platelet-derived serotonin on neutrophil degranulation and extravasation. 
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and transmigration in a model of allergic asthma 
(59). Supporting the work of Boehme et al, other 
studies have found that blockade of 5-HT2 receptors 
could significantly reduce ovalbumin-induced allergic 
asthma in mice, notably eosinophilia in lungs of these 
animals (17). Therefore, strong evidence suggests 
that serotonin enhances eosinophil transmigration in 
a 5-HT2A-dependent manner, thereby contributing 
to the development and severity of allergy-induced 
asthma and possibly in other inflammatory diseases.

3.6. Basophils/Mast Cells

Murine and human mast cells express Tph1 
and SERT and storage of serotonin in mast cell 
granules have been shown, and - at least in rodents - 
are believed to be an important source of peripheral 
serotonin (61).

Kushnir-Sukhov and colleagues discovered 
that serotonin did not induce mast cell degranulation or 
cytokine release, but it induced adhesion to fibronectin 
in vitro, which could be directly linked to the 5-HT1A 
receptor. They also showed serotonin-mediated mast 

cell accumulation, if 5-HT was injected into the skin of 
mice, suggesting that serotonin can induce mast cell 
adhesion and transmigration (62). There is a lack of 
studies examining the effect of serotonin on basophil 
recruitment or activation. 

4. SEROTONIN AND THE RECRUITMENT OF 
ADAPTIVE IMMUNE CELLS

4.1. T lymphocytes 

T cells express the serotonergic components 
Tph1, SERT and MAO as well as a variety of 5-HT 
receptors. Comprehensive studies on T cells and 
serotonin revealed the expression of 5-HT7 receptor 
in naïve and activated T cells, which also showed 
additional expression of 5-HT1B and 5-HT2A receptors. 
T cell proliferation depends on serotonin as shown in a 
model of impaired serotonin synthesis, where regular 
T cell proliferation could be restored by addition of a 
selective 5-HT7 receptor agonist (63). Other studies 
investigating 5-HT receptors on T cells suggest a role 
of 5-HT1B and 5-HT2A in T helper cell proliferation 
whereas blocking of the 5-HT2A receptor resulted in 

Table 1. Summary of serotonergic components on immune cells and the effect on recruitment or migration 
behavior

Cell Type 5-HT receptors SERT Tph1 MAO Effect of 5-HT on 
recruitment

Cytokine response to 5-HT References

Platelets 2A, 3 +  +  7

Monocytes 
and 
Macrophages

1A, 1E, 2A, 3, 4, 7 + + + Enhanced - possibly through 
vascular permeability

↑ IL-1 beta, IL-6, IL-8/
CXCL8; IL-12p40
↓ TNF alpha

30 - 42

Dendritic 
Cells

1B#, 1E#, 2B#, 3, 
4*, 7*

+ + + Enhanced - acts a 
chemoattractant and 
activator, promotes 
proliferation

↑ IL-1 beta, IL-6, IL-8/
CXCL8; IL-12p40
↓ TNF alpha

43, 44, 46

Neutrophils (1A, 1B, 2) 4, 7    Enhanced - promotes 
recruitment to sites of acute 
inflammation

- 13, 41, 50, 58

Eosinophils 1A, 1B, 1E, 2A, 
2B, 6

+   Enhanced - promotes 
transmigration via 5-HT2A

Not affected 17, 59, 60

Basophils      Not affected 61, 62

Mast Cells 1A + +  Enhanced - induction of 
adhesion in-vitro, might 
contribute to mast cell 
accumulation in tissues

Not affected

T Cells 1B, 2A, 3, 7 + + + Enhanced - proliferation, 
possibly enhances migration

↑ IFN gamma, IL-2, IL-16 63, 64

B Cells 1A, 3A +    - 65 - 69

NK Cells     Enhanced - possibly 
enhances adhesion/
migration

↑ pro-inflammatory 33, 71

Endothelial 
Cells 

1B, 2B, 4 + +   ↑ eNOS 72, 77 - 80

VSMCs 5-HT2A    Regulation of IL-6, ICAM-1 
and VCAM-1 

↑ IL-6? 72 - 77

Reproduced with permission from Herr et al. 2017 (81).
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decrease of pro-inflammatory cytokine release from T 
cells. A study from Magrini and co-workers found, that 
if treated with serotonin, human primary T cells show 
decreased responsiveness to CXCL12 in a 5-HT3 
receptor-mediated manner, suggesting an inhibitory 
role of serotonin on T cell migration (64). However, 
this effect was only seen in activated T cells towards a 
gradient of CXCL12 but not CCL2 or CCL5 respectively. 
Thus, it is not fully understood, if serotonin modulates 
T cell migration into inflamed tissues and if so, which 
mechanisms are involved. 

4.2. B lymphocytes

Two studies have suggested that serotonin 
has an anti-apoptotic effect on malignant B cells, which 
depends on serotonin uptake into these cells. This 
effect could be reversed by pharmacological inhibition 
of SERT (65,66). On the contrary, another study 
conducted by Meredith and colleagues in 2005 found 
the opposite effect: If malignant B cells were treated 
with drugs targeting SERT, a pro-apoptotic effect could 
be observed. They also stated that SERT expression 
was most predominant on malignant B cells whereas 
non-malignant B cells seem to express SERT to a 
much lesser extent (67). More evidence is needed to 
understand the role of serotonin in B cell proliferation, 
especially in the state of disease. 

Other than SERT, B cells were shown 
to express the 5-HT receptors 1A and 3A, as 
demonstrated by Iken and Rinaldi, respectively 
(68,69). These receptors however are mostly linked to 
B cell proliferation and little is known about the effect of 
serotonin on B cell migration or tissue infiltration. 

4.3. NK Cells

Serotonin suppresses interactions between 
monocytes and NK cells, leading to increased cytotoxic 
activity and release of pro-inflammatory mediators 
(33). When patients with depressive disorder were 
treated with SSRIs, increased numbers of NK cells 
were found in the blood of these patients (70). In 
addition, Zimmer et al performed a small study on a 
NK cell line, in which serotonin increased migratory 
behavior of NK cells in-vitro (71). However, since 
there is no evidence for 5-HT receptor expression on 
NK cells and a direct effect of serotonin has not been 
shown so far, more studies are needed to understand 
interactions of serotonin and NK cells. 

5. SEROTONIN ON ENDOTHELIAL AND 
SMOOTH MUSCLE CELLS

Recruitment of immune cells to sites of 
inflammation directly depends on interactions between 
leukocytes and the vascular cell compartment. To 
understand these mechanisms, it is important to 

also consider the effects of serotonin on endothelial 
cells (ECs) as well as vascular smooth muscle 
cells (VSMCs), both of which are described to be 
susceptible to local changes in serotonin levels. 
Receptor transcripts of 5-HT1, 2, 4 and 7 have been 
found on ECs and VSMCs (72) and recent studies 
by Ni and colleagues showed the presence of Tph1, 
SERT and MAO in rat endothelial and smooth muscle 
cells (73,74).

Vascular smooth muscle cells are susceptible 
to serotonin via 5-HT2A receptors: Upon activation 
by serotonin or a selective 5-HT2A receptor agonist, 
VSMCs can increase IL-6 production in humans 
(75), whereas IL-6 production, ICAM-1 and VCAM-1 
expression and NOS activity was reduced in rats (76). 
Since contradictory effects of serotonin on VSMCs 
have been published, it is not clear how serotonin 
affects VSMCs in-vivo. However, it was shown that 
5-HT2A receptor activation has an impact on multiple 
intracellular signaling pathways in VSMCs, thereby 
modulating immune cell adhesion and vascular 
reactivity in a complex manner (77). 

Endothelial cells respond to platelet-derived 
serotonin by activation of endothelial nitric oxide 
synthase (eNOS), an important vasodilator. Serotonin 
was shown to modulate EC migration and proliferation, 
therefore playing a role in angiogenesis (77). In relation 
to immune cell recruitment, serotonin was shown 
to impact vascular integrity in the context of acute 
inflammation: Kubes et al. showed that increased 
serotonin levels mediated vascular leakage in rat 
mesenteric vessels, underlining the role of serotonin 
in early edema formation, even though leukocyte 
adhesion was not altered (78). 

In 1994, Katz and coworkers found that 
serotonin induced EC-mediated adhesion of T cells 
(79). We found evidence, that EC activation was 
attenuated in mice lacking peripheral serotonin, and 
higher in mice with increased plasma serotonin levels, 
but are unsure, whether these are direct serotonin 
effects or mediated by leukocytes (80). More scientific 
evidence is needed to fully understand the complex 
mechanisms of serotonin-mediated interactions 
between circulating blood cells and ECs. 

6. CONCLUSION

Serotonin plays an important role in immune 
cell activation and regulation. This is reflected by the 
variety of serotonergic components that are expressed 
by immune cells of the innate and adaptive immune 
system. Serotonin released by activated platelets 
at sites of inflammation, basal plasma serotonin - or 
tissue serotonin released by other cells can modulate 
immune cells. Mostly, serotonin is considered a pro-
inflammatory modulator that promotes the invasion 
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of neutrophils and other cells in acute inflammation. 
More evidence is needed, however, to fully understand 
the complex effects of serotonin in inflammation and 
immune cell recruitment.
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