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Unite ́ Mixte de Recherche 8147, Hôpital Universitaire Necker - Enfants Malades, 75015, Paris, France

Laboratoire d’excellence GR-Ex

ABSTRACT: Since its identification, 75 years ago, the monoamine
serotonin (5-HT) has attracted considerable attention toward its role as a
neurotransmitter in the central nervous system. Yet, increasing evidence,
from a growing number of research groups, substantiates the fact that 5-
HT regulates important nonneuronal functions. Peripheral 5-HT,
synthesized by the enzyme tryptophan hydroxyase (Tph) in intestinal
cells, was assumed to be distributed throughout the entire body by blood
platelets and to behave as a pleiotropic hormone. A decade ago,
generation of a mouse model devoid of peripheral 5-HT lead to the discovery of a second isoform of the enzyme Tph and also
suggested that 5-HT might act as a local regulator in various organs. The objective of this review is to highlight the newly
discovered functions played by the monoamine using the Tph1 KO murine model and to outline current findings that led to the
discovery of complete serotonergic systems in unexpected organs. Within an organ, both the presence of local Tph enzymatic
activity and serotonergic components are of particular importance as they support the view that 5-HT meets the criteria to be
qualified as a monoamine with a paracrine/autocrine function.
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■ DICHOTOMY OF 5-HT SYNTHESIS SYSTEMS

In 1937, Erspamer and Asero identified an amine from
enterochromaffin cells of the gastrointestinal (GI) epithelium
which made intestines contract and named it enteramine.1

Years later, in 1948, Rapport and colleagues discovered a
vasoconstrictor substance in blood, and, as it was a serum agent
affecting vascular tone, named it serotonin (5-hydroxytrypt-
amine, 5-HT).2 It took 4 more years to recognize that
enteramine and 5-HT were in fact the same molecule, and soon
after, Twarog and Page identified 5-HT in the brain of
mammals.1,3 This finding led to the recognition of 5-HT as an
important neurotransmitter and stimulated interest in the role
of the amine in regulating brain functions, even though only a
small percentage of the body’s 5-HT (∼5%) can be found in
the brain while most of its content (∼95%) is found in
peripheral tissues.4

5-HT is synthesized by a 2-step enzymatic pathway in which
tryptophan is first converted into 5-hydroxy-tryptophan (5-
HTP) by the enzyme tryptophan hydroxylase (Tph).5 The
intermediate product (5-HTP) is next converted to 5-HT by a
ubiquitous aromatic L-amino acid decarboxylase (AADC). Tph
catalyzes the rate-limiting step in the biosynthesis of 5-HT and,
until the discovery of the second isoform, Tph enzymatic
activity and 5-HT synthesis were reported to be mainly
expressed in enterochromaffin cells of the gut, neurons of the
raphe, the myenteric plexus of the gut, and pinealocytes of the
pineal gland.6−8 Furthermore, the classical view indicated that

circulating 5-HT synthesized by enterochromaffin cells of the
gut was actively incorporated into platelets and distributed
throughout the body like a hormone. It was also assumed that a
single gene encoded the Tph enzyme, albeit 5-HT was
implicated in a variety of physiological processes ranging
from cardiovascular regulation, thermoregulation, to the sleep-
wake cycle, appetite, aggression, sexual behavior, and learning.9

Yet, in 2003, Tph KO mice were generated and they expressed
normal levels of brain 5-HT, showed no significant differences
in 5-HT-related behaviors, but had nearly no peripheral 5-
HT.10,11 Once assumed to be a single gene product, Tph was
revealed to exist in two isoforms derived from two different
genes that share high homology in their amino acid content
both in mouse and human.10 Ten years later, a number of
studies have characterized the spatial and temporal distribution
of Tph1 and Tph2 in rodents and human using RT-PCR, in
situ hybridization, and immnohistochemistry with specific
mRNA probes and antibodies against both isoforms. The
newly discovered Tph2 is mostly restricted to neuronal cells
while Tph1 (formely known as Tph) is broadly expressed in
nonneuronal tissues. Throughout development, and in adult
life, there is no appreciable overlap in the expression of the two
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isoforms as well as no compensatory activation of Tph1 or
Tph2 expression.11−17

We describe below some unexpected roles played by 5-HT in
peripheral tissues that were discovered using the Tph1 KO
mouse model. We also illustrate how the model helped to
better understand previously recognized peripheral functions of
5-HT. Thorough analysis of this model led to the discovery of
complete serotonergic systems in unexpected locations. Within
an organ, the presence of such a complete network is of
particular importance because it emphasizes the link between
local 5-HT synthesis and a precise function within the organ,
rather than considering 5-HT as a pleiotropic hormone
synthesized in the gut and distributed throughout the entire
organism. We will not present the data concerning the
cardiovascular system, as an excellent review was published
recently.18

■ EARLY SOURCE OF 5-HT: MATERNAL,
EMBRYONIC, PLACENTAL ORIGINS?

Presence of 5-HT, its receptors, and the serotonin transporter
(SERT) in preimplantation embryos and the ability of 5-HT-
specific pharmacological agents to interfere with development
suggested that 5-HT functions at the earliest stages of
development.19−22 However, the source of 5-HT acting on
those targets has eluded identification until very recently. In
1999, before the discovery of a second Tph isoform, a report
showed that 5-HT was present in embryonic stem cells and that
a Tph protein was detected in mouse zygotes soon after
fertilization, suggesting that the embryo itself has the capacity
to synthesize 5-HT.23 Still, in 2005, another report showed that
Tph1 was not expressed by the embryo and concluded that
embryonic 5-HT is not synthesized by the embryo itself, but
captured from the surrounding milieu by SERT, expressed and
functional throughout preimplantation development.20 The
apparent discrepancy in these results was reconciled when Basu
and colleagues demonstrated that a Tph2 mRNA is present in
oocytes and 2-cell embryos, indicating that the Tph protein
detected by Walther and Bader was the Tph2 isoform.24

Unpublished results form our lab (Amireault et al., submitted)
confirm the emergence of a growing Tph2 enzymatic activity
from the two-cell embryo to the blastocyst stage, showing that a
nonneuronal cell type, the totipotent blastomere, can synthesize
5-HT. However, local levels of 5-HT in the reproductive tract
of the mother originate from Tph1 since very low levels of 5-
HT are detected in the oviduct and uterus of Tph1 KO
mothers in the 3 days following fertilization (Figure 1A).
Interestingly, the Tph1-derived 5-HT level rises shortly after
fertilization in both these tissues implying that preimplantation
embryos not only synthesize 5-HT, but also bathe in maternal
5-HT (Figure 1A). Yet, the source of this 5-HT remains to be
identified since no Tph enzymatic activity was detected in
oviduct or uterus (Figure 1B). Taken together, these results
reveal a complex interplay and possible redundancy of
mechanisms between the Tph2-derived embryonic source and
the Tph1-derived maternal source of 5-HT, to ensure early
embryonic development. It is likely that Tph1-derived 5-HT
from maternal tissues combines with Tph2-derived 5-HT from
the embryo to regulate cleavage divisions and may be involved
in implantation as proposed recently.25

In comparison, during postimplantation stages of develop-
ment, Tph1-derived 5-HT was rather hypothesized to function
in the regulation of morphogenesis. Yavaronne et al
hypothesized that a maternal source of 5-HT was critical for

normal murine development during the postimplantation stages
that precede appearance of serotonergic neurons.26 Using the
Tph1 KO mouse, Côte ́ et al. showed that 5-HT-deficient
mothers give birth to pups that are significantly smaller in size
than the offspring of heterozygous or wild-type (WT) mice.27

Our recent data demonstrate a reduction in the number of

Figure 1. (A) Presence of 5-HT but absence of Tph activity in the
reproductive tract of female mice. The 5-HT content of the oviduct
(upper panel) and the uterus (lower panel) was evaluated by HPLC in
superovulated WT(blue bar; n = 5) or Tph1 KO mice (red bar; n = 5).
The 5-HT content of both the oviduct and the uterus increases after
ovulation (8 h postovulation), when compared to tissues harvested
before ovulation (8 h preovulation), and is greatly reduced in the
reproductive tract of Tph1 KO mice. (B) Tph activity is not detected
in the oviduct and uterus of superovulated mice at any stage tested.
Tph activity was determined by a radioenzymatic assay. Briefly, tissue
homogenate was added to a reaction mixture containing 0.05 mM
tryptophan, 50 mM Hepes (pH 7.6), 5 mM DTT, 0.01 mM
Fe(NH4)2(SO4)2, 0.5 mM 6-MPH4, 0.1 mg/mL catalase, and [3H]-
tryptophan (1 mCi/reaction). Unreacted tryptophan and the product
5-HTP were adsorbed with charcoal in 1 M HCl at the end of the
incubation. The samples were then centrifuged, the supernatant added
to scintillation fluid, and the radioactivity was measured by a liquid
scintillation counter. (C) Genetic crosses were performed in which
WT males were mated with WT (+/+; n = 12), heterozygous (+/−; n
= 9), or Tph1 KO (−/−; n = 13) females and revealed a reduction in
the number of pups per litter born from Tph1 KO mothers. In (A)
and (C), the letters denote values that are statistically different using a
one-way ANOVA followed by a Tukey’s multiple comparison test. P <
0.05 was considered significant.
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neonates from Tph1 KO mothers implying that embryos are
lost in utero (Figure 1C). From these results, Côte ́ and co-
workers hypothesized that the defective development was due
to a lack of circulating maternal 5-HT in the blood.27 Bonnin
and colleagues recently challenged this result. Using Pet1-null
mice, in which most dorsal raphe neurons lack 5-HT, and
SERT-null mice, lacking 5-HT in the blood, they demonstrated
that the exogenous source of 5-HT in the hindbrain is not of
maternal origin but originates from the placenta.28 They also
showed that maternal tryptophan was the source of placental 5-
HT and both mouse and human placenta express Tph1 in the
trophoblastic cell layer. Lastly, Bonnin and co-workers argue
that 5-HT synthesized by Tph1 in the murine placenta behaves
like a hormone, and is critical in fetal brain development to
influence behavior later in life.28,29 Aside from this proposal, it
is also likely that placental 5-HT has a local role during
pregnancy as different groups reported the presence of 5-HT,
SERT, and 5-HT receptors in the placenta and trophoblast cell
lines, showing that a complete serotonergic network is
present.26,30−35 In particular, 5-HT may well play a local role
in the placenta through the involvement of SERT and the 5-
HT2A receptor in the villous trophoblast and the fetal capillary
endothelium of normal term placental tissue.31

■ SEROTONIN NETWORK IN THE MAMMARY
GLAND: ROLE IN HOMEOSTASIS AND
INVOLUTION

Matsuda et al. found that mouse mammary glands stimulated
by prolactin express Tph1 mRNA, which is elevated during
pregnancy and lactation.36 Local 5-HT production in the
mammary gland is involved in a negative feedback loop limiting
milk production and modulating epithelial homeostasis.37,38

Experiments using the Tph1 KO mouse model confirmed these
results since 5-HT-deficient mice are hyperesponsive to
prolactin and are resistant to milk-stasis involution.36−39

Accordingly, 5-HT is detected in the mammary epithelium,
accumulates in the interstitial fluid surrounding it, and activates
5-HT7 receptors to induce a rise in cAMP, leading to a
downregulation of a number of milk proteins and opening of
tight junctions.37,40 SERT is also expressed in the tissue and
modulates 5-HT signaling since its inhibition leads to an
involution-like state.37,39,40 Taken together, these results reveal
a complete serotonergic network in the mammary gland and
this local paracrine/autocrine system does not depend on an
indirect source of 5-HT such as circulating platelets.

■ Tph1-DERIVED SEROTONIN IN THE GUT: WHAT
DOES IT REALLY DO?

Enterochromaffin cells are the most well characterized subset of
GI endocrine cells, are dispersed throughout the GI mucosa
and are the main source of 5-HT in the gut.41 As most of the
body’s 5-HT is synthesized and stored in the intestine, along
with the presence of many different 5-HT receptors within the
intestinal wall, it has been widely accepted that 5-HT has a
major role in regulating GI function (reviewed in 41). But,
within the gut, presence of both neuronal (Tph2) and
nonneuronal (Tph1) sources of 5-HT along with the
overlapping distribution of specific 5-HT receptor subtypes
have made difficult to identify its precise function. Li and
colleagues studied Tph1−/−, Tph2−/− or double KOs to
identify the role of neuronal vs nonneuronal 5-HT in the gut.42

Their results were quite surprising and revealed that peripheral

5-HT (Tph1-derived 5-HT: ∼95% of gut 5-HT content) has
only a very minor role in regulation of GI motility in the mouse,
while neuronal (Tph2 derived 5-HT: ∼5% of gut 5-HT
content) has a much more considerable role than previously
believed. Tph1 KO mice did not differ from controls in GI
functions measured (gastric emptying, total intestinal transit,
and colonic motility.42 In comparison, Tph2 KO animals had
major changes in each function and the double KOs were
indistinguishable from Tph2-null mice. The results of Li et al.
indicate that Tph1-derived 5-HT is trivial for normal GI
motility. However, since Tph1 is responsible for more than
90% of 5-HT synthesis in the gut, this result was clearly
unexpected and as presented below, Tph1-derived 5-HT may
be necessary following a pathophysiological insult such as
inflammation.
Abundant studies suggest a role for Tph1-derived 5-HT in

the pathogenesis of GI diseases by influencing pro-inflamma-
tory mediator production and immune modulation (reviewed
in ref 43). First, serotonergenic receptors have been identified
on various immune cells such as type B and T lymphocytes,
monocytes, macrophage, and dentritic cells.44,45 Second, Leoń-
Ponte and colleagues proposed that Tph1-derived 5-HT
synthesized by T cells may act as an autocrine factor and
demonstrated a fundamental role for 5-HT as an intrinsic
cofactor in T-cell activation and function.46 To address the role
of 5-HT in immune activation and regulation of gut
inflammation, Ghia et al. studied Tph1 KO mice and
hypothesized that 5-HT activates and promotes survival of
immune cells.47 Using different models of colitis, they observed
a delayed onset and decreased severity of clinical disease
together with lower macroscopic and histological damage
scores in Tph1−/− mice and mice treated with para-
chlorophenylalanine (PCPA; an inhibitor of Tph activity), as
compared to WT mice after induction of colitis. Along with a
down-regulation of macrophage infiltration, they observed a
decreased production of pro-inflammatory cytokines. Addi-
tional studies by Margolis et al., have shown that inhibition of
5-HT synthesis using the specific inhibitor of Tph1 (LP-
533401), reduces the severity of trinitrobenzene sulfonic acid-
induced colitis in mice.48 This finding further supports the
previous observation made using Tph1 KO mice that 5-HT is a
critical molecule in the pathogenesis of colitis.
Altogether, the analysis of Tph1−/− mutant mice provided

crucial information for the understanding of the GI dual
serotonergic system and revealed a precise role for Tph1-
derived 5-HT in the pathogenesis of GI disease while the
motility of the GI tract depends on Tph2-derived 5-HT. Yet
again, based on the fact that most of the body’s 5-HT is
produced by Tph1, secreted in the intestine, stored in platelets
and is the source of all circulating 5-HT, one can propose that
Tph1-derived 5-HT has other remaining functions yet to be
described.

■ EMERGING ROLE FOR 5-HT IN THE PANCREAS
AND ITS IMPLICATION IN DIABETES

Pancreatic β-cells produce and release insulin and make up the
majority of cells found in islets of Langerhans of the pancreas.
Colocalization of 5-HT and insulin in secretory β-granules of
pancreatic β-cells, along with the fact that they are coreleased
when pancreatic islets are stimulated,49 led scientists to design
experiments to define the role played by 5-HT in the pancreas.
In 2009, in an attempt to elucidate physiological factors

important for driving β-cell-specific expansion during preg-
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nancy, Rieck et al. identified nearly 2000 genes that were
differentially expressed in mice islets on E14.5 of gestation
when compared with non pregnant controls and, surprisingly,
Tph1 mRNA was increased by almost 20-fold.50 In mammals,
the onset of pregnancy causes a female to double the number of
insulin-producing islet cells in her pancreas as more insulin is
needed to support growth and energy homeostasis of the
mother.51 Thus, this increase in the level of Tph1 mRNA at this
crucial stage of pancreatic development suggested a role for 5-
HT in the expansion of β-cells.
In line with the previous results, two independent research

groups demonstrated that, during pregnancy, lactogenic
signaling promotes Tph1 expression in β-cells and an increase
in 5-HT synthesis and storage in islets.52,53 In β-cells and in
pregnant mice, the expression of the 5-HT2B increased
significantly from E6 through E15 to stimulate β-cell
proliferation while 5-HT1D expression increased at the end of
gestation and postpartum to generate an inhibitory signal
capable of reducing β-cell proliferation and β-cell mass.53 In
their study, the authors provided evidence for a paracrine/
autocrine role played by 5-HT (secreted by islet cells) that
primarily impact local 5-HT concentrations. Further support
for this local 5-HT synthesis in β-cells of the pancreas came
from the work of Paulmann and colleagues. They studied
Tph1-deficient mice to demonstrate that inhibition of 5-HT
production causes the β-cells to stop proliferating and lead to
diabetes in adult mice.54 The authors showed that, under
normal conditions, 5-HT controls insulin release through the
hormone prolactin which activates mRNA for tph1 in β-cells.54

Next, 5-HT stimulates serotonergic receptors (5-HT1A) on β-
cells and induces their proliferation, generating the increase in
insulin. In addition to the receptor signaling pathway, the
authors proposed serotonylation as the underlying molecular
mechanism that regulates secretion of storage granules from β-
cells.

■ THE ROLE OF SEROTONIN IN BONE BIOLOGY
Bone remodeling is a delicate balance between bone resorption
by osteoclasts and bone formation by osteoblasts. Close
cooperation between these two cell types along with the action
of several molecules and cytokines are needed to achieve
proper rates of growth and differentiation required for
physiological processes.55 5-HT might be such a molecule as
both in mouse and human, alterations in 5-HT levels and
signaling have been shown to regulate bone remodelling.56,57 In
addition, in vitro studies also reported the existence of 5-HT
receptors and a functional SERT in primary bone cells or in
bone cell lines.56,58−62

Results from Gerard Karsenty’s group using loss- and gain-of-
function mutations in mouse (Tph1, 5-HT1B, LRP5) argue that
“gut-derived serotonin” is a powerful inhibitor of osteoblast
proliferation and bone formation without any effect on bone
resorption.63−65 More precisely, circulating 5-HT stored in
platelets reduced osteoblast proliferation through the activation
of 5-HT1B receptors present on osteoblasts. They showed that
5-HT synthesized in the gut by Tph1 is regulated by the LDL
receptor-related protein 5 (LRP5) gene. Lrp5 encodes a cell-
surface molecule assumed to be a coreceptor for Wnt
proteins.66 Individuals with the Osteoporosis-Pseudoglioma
syndrome, a low bone mass disorder, have loss-of-function
mutations in the LRP5 gene while heterozygous missense
mutations in the gene have been observed in individuals with
dominantly inherited high bone mass.67 The authors

hypothesized that the role of LRP5 in bone is not owed to
the expression of this gene in cells of the osteoblast lineage but
is dependent on 5-HT synthesis by the gut, which is regulated
by LRP5. In comparison, Cui et al. inactivated the LRP5 gene
specifically in the intestine, and observed no significant effect
on bone mass and thereby concluded that, in mice, LRP5
functions via the canonical Wnt pathway in osteocytes to
regulate bone mass rather than regulating bone mass indirectly
via the gut as proposed by Karsenty and colleagues. Cui and co-
workers also used mice with a global Tph1 knockout and
observed no change in bone density at 4 months of age.
Recently, Chabbi-Achengli et al., using mice with a constitutive
Tph1 gene inactivation, provided evidence that a local
serotoninergic system expressed in osteoclasts regulates bone
remodeling.68 The authors observed an elevated bone density
in young Tph1−/− animals that returns to normal at
maturity68 in agreement with the above-mentioned report of
Cui et al. studying mice with a global Tph1 KO. They also
showed that Tph1-derived 5-HT produced by osteoclasts in the
bone could act locally on both osteoclasts and osteoblasts.68 In
vivo experiments demonstrated that WT bone marrow cells
transplanted in Tph1−/− mice retard the deficit in bone
resorption, suggesting that an intrinsic osteoclast defect is
responsible for the abnormal bone phenotype.
The issue of 5-HT and bone biology is still controversial.

Whether osteoporosis could be prevented in mice with a drug
that blocks production of “gut-derived serotonin” or whether
“gut-derived serotonin” has no effect on bone or whether
osteoclasts are able to synthetize 5-HT that acts locally to
induce osteoclast precursors differentiation awaits further
studies. Possible explanations for the contradicting results
include the mouse model used and the age of the animal in the
different experimental setups. For instance, the work by
Karsenty and colleagues could not and did not observe the
same results as the one published by Chabbi-Achengli and
colleagues as the former analyzed only specific invalidation of
Tph1 in the gut. However, part of the results described in the
study by Cui et al., showing that mice with a global Tph1 KO
had no change in bone density at 4 months of age, are in
agreement with the data of Chabbi-Achengli et al., that
observed, in Tph1 mutant mice, an increase in bone mass
that is resolved at maturity.

■ ROLE OF SEROTONIN IN LIVER REGENERATION
Partial hepatectomy has been widely used as an experimental
model in order to gain a deeper understanding of the
mechanisms underlying liver regeneration. The number of
platelets (filled with 5-HT) strongly correlates with hepatocyte
proliferative capacity.69 It has also been demonstrated that 5-
HT, through activation of a 5-HT2 receptor subtype, could act
as a potent hepatocyte mitogen and induce DNA synthesis in
primary cultures of rat hepatocytes.70,71

Lesurtel et al. showed in mice that, 2 days after hepatectomy,
a 3- to 4-fold up-regulation of 2A and 2B receptor expression is
observed.72 Also, hepatocyte proliferation is reduced when a 5-
HT2 receptor antagonist is used, suggesting that both receptor
subtypes mediate 5-HT-dependent regeneration. To test
directly the function of 5-HT in liver regeneration, partial
hepatectomy was performed on Tph1−/− and WT control
mice. In hepatectomized Tph1−/− mice, all markers of
hepatocyte proliferation were reduced suggesting that a
molecular action of 5-HT is involved in the induction of
hepatoctye proliferation after a major loss of hepatic tissue.69,72
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In contrast, studies in SERT-deficient rats revealed that the
regenerative process is not influenced when the platelet 5-HT
level is greatly reduced.73 The authors proposed that liver
regeneration is not dependent on the release of 5-HT from
platelets but rather on residual levels of 5-HT (1−5%) in blood
serum. These results demand cautious interpretation and, even
though they clearly demonstrate the implication of 5-HT in
liver regeneration, they leave open the question of the source of
5-HT responsible for liver regeneration. For example, plasma-
derived 5-HT might play a role in liver regeneration that is
overshadowed by abundant platelets-derived 5-HT. On the
other hand, part of the 5-HT required for liver regeneration
could originate from local 5-HT synthesis in hepatocytes that
would have been inactivated in the study using the Tph1 KO,72

but not in the one using the SERT KO.73 In any event,
additional studies will be needed to identify the source(s) of 5-
HT synthesis involved in this important physiological function.

■ SEROTONIN AND RED BLOOD CELL PRODUCTION
AND SURVIVAL

Little is known regarding the mechanism of action of 5-HT
during hematopoiesis. 5-HT was hypothesized long ago to have
a strong erythropoietic effect in mice through the stimulation of
the 5-HT2 receptor.74,75 Published data also suggested that a
serotonergic network exists in murine hematopoietic organs
and a number of reports argue in favor of a possible effect of 5-
HT on hematopoiesis. For example, 5-HT has been shown to
stimulate megakaryocyte colony formation whereas 5-HT2

receptor antagonists block the mitogenic effect of 5-HT on
megakaryocytopoiesis.76 More recently, it has been reported
that in early stages of megakaryopoiesis, 5-HT binds to 5-HT2B

receptors on megakaryocytes to promote their proliferation and
differentiation.77 A more detailed study demonstrated that 5-
HT significantly enhance the expansion of CD34+ cells to early
stem/progenitors and multilineage committed progenitors.78 5-
HT alone or in addition to fibroblast growth factor, platelet-
derived growth factor, or vascular endothelial growth factor
stimulated bone marrow colony-forming unit fibroblast
formation.78

We revealed a pivotal role for 5-HT in erythropoiesis and red
blood cell survival using the Tph1−/− KO mouse.79 Our data
established that 5-HT regulates in vivo erythropoiesis as 5-
HT−deficient animals present a phenotype of macrocytic
anemia due to an ineffective erythropoiesis. In the bone
marrow, absence of 5-HT down-regulates the rate of red blood
cell production since erythroid precursors progression toward
terminal differentiation is hampered. In vitro experiments with
isolated Tph1−/− erythroid precursors showed they have a
decreased proliferative capacity, that is restored by addition of
5-HT, suggesting they possess the capacity to synthesize 5-
HT.79 Further evidence to support a direct role for 5-HT in
erythroid cells came from binding experiments demonstrating
the presence of 5-HT2A and 5-HT2B receptors and SERT on
erythroid precursors. On the basis of our data, although the
definitive presence of Tph1 has yet to be proven, we propose
that a local paracrine/autocrine serotonergic network exists in
erythroid cells. Contribution of this potential local source of 5-
HT and identification of other cell types expressing Tph1 in
other hemapoietic lineages should be an intense field of
research in the coming years.

■ SEROTONYLATION
5-HT is abundant in the blood and particularly in the dense
granules of the platelets. It was believed that 5-HT helps in the
coagulation process by activating 5-HT receptors expressed by
platelets. However, Walther et al., using the Tph1 KO mouse,
revealed a receptor-independent signaling pathway by post-
translational modification of intracellular proteins.80 This
process was named serotonylation and is proposed to be
mediated by the enzyme transglutaminase that creates
glutamyl-amide bonds by covalently attaching 5-HT to
glutamine residues of intracellular proteins. Such serotonylation
of small GTPases mediates exocytosis of platelet alpha
granules,80 insulin release from pancreatic beta cells,54

proliferation and migration of pulmonary artery smooth muscle
cells81 and contraction of vascular smooth muscle cells.82

■ CONCLUSION
A hormone is defined as a chemical released by a cell in one
part of the body that contains chemical signals that affect
distant cells in other parts of the organism. Given the classical
view that circulating 5-HT synthesized by the intestinal cells
was actively incorporated and stored into platelets and then
distributed throughout the entire body, 5-HT was regarded as a
pleiotropic hormone. The discovery, 10 years ago, of a second
isoform of the enzyme Tph and the generation of mice
devoided of peripheral 5-HT challenged that view. Table 1

presents the current findings uncovered by the analysis of the
Tph1 KO mouse model. Perhaps one of the most interesting
findings is the presence of 5-HT production in new cell types
with paracrine/autocrine effects within the organ that does not
depend on an indirect source of 5-HT such as circulating
platelets. In addition, as outlined in this review, analysis of the
Tph1 KO mouse model provided a better understanding of

Table 1. Hormonal and/or Paracrine/Autocrine Nature of
Tph1-Derived 5-HT through Analysis of the Tph1 KO
Mouse Model Lead to the Discovery of Complete
Serotonergic Systems (synthesis, uptake, and receptors) in
Unexpected Locationsa

source of 5-HT

organ/tissue
local

synthesis
gut-

derived suggested function

embryo Tph2 survival factor24

placenta Tph1 hindbrain development28

mammary gland Tph1 involution and homeostasis36,37

bone marrow Tph1 erythroblast differentiation/
proliferation79

gut
(enterochromaffin
cells)

Tph1 immune modulation46,47

gut (myenteric
neurons)

Tph2 intestinal motility42

pancreas Tph1 β-cells proliferation52−54

bone Tph1 osteoclasts differentiation68

Tph1 osteoblasts differentiation63,64

liver Tph1 hepatocytes proliferation72

heart/blood vessels Tph1 Tph1 vessels contractility, cardiac
myocytes proliferation18

aWithin an organ, the presence of such a complete network highlights
the link between local 5-HT synthesis and a precise function. We did
not present the data concerning the cardiovascular system, as an
excellent review was published recently.18
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previously recognized functions and helped in the identification
of novel roles of peripheral 5-HT. With regard to the newly
identified sources and functions of Tph1-derived 5-HT, one
important aspect to be considered is a potential interplay of
superimposed actions of 5-HT. For instance, during pregnancy
and embryonic development, one should not overlook the fact
that the overall state of the Tph1−/− female (anemia, diabetes,
bone remodeling defect, etc.) and any kind of growth
restriction or gestational phenotypes might well be responsible
for the embryonic phenotype. In summary, the presence of a
number of serotonergic systems disseminated throughout the
body makes the study of 5-HT-related physiological functions
complex. The testing of new hypotheses and analysis of
additional animal models should extend our comprehension of
5-HT-related roles and lead to a better uderstanding of the
hormonal and/or autocrine/paracrine nature of Tph1-derived
5-HT.
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