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serotonin (5-hydroxytryptamine; 5-HT) signaling through removal of extracellular 5-HT. Early
studies have shown that 5-HT regulates craniofacial morphogenesis through interaction with 5-HT
receptors or SERT. To determine the characteristics of 5-HT and SERT in palate development, we
examined their localization immunohistochemically during secondary palate formation in mice.
We also examined the immunolocalization of monoamine oxidase (MAO), a major metabolic
enzyme of 5-HT, and tryptophan hydroxylase (TPH), a synthetic enzyme of 5-HT, to clarify their
relationship with 5-HT in palatogenesis. Immunohistochemically, in the palatal shelves in the
vertical position, diffuse localization of 5-HT was observed in the palatal mesenchyme, whereas
SERT, MAO, and TPH immune reactivities were weak. When the palatal shelves were oriented
horizontally, similar immune reactivities of 5-HT, SERT, MAO, and TPH were observed in the
cells of the outer epithelial layer of the palatal shelf. In addition, 5-HT, SERT, MAO, and TPH
immunoreactivities were detected in the medial epithelial seam (MES) of fused palatal shelves,
and with the progression of palate formation, these immunoreactivities were subsequently
observed in the basal and middle layers of the palatal epithelium. These findings suggest that
serotonergic regulation via SERT is involved in palatogenesis, particularly in the development
of the palatal epithelium. Our findings imply that altered 5-HT metabolism increases the risk of
congenital craniofacial anomalies, such as clefting, in the children of women who are exposed

to selective serotonin reuptake inhibitors (SSRIs) during pregnancy

INTRODUCTION crest-derived tissues [11-16]. Additionally, previous studies
have demonstrated the presence of 5-HT in the palatal shelves
just prior to shelf elevation [17], and some serotonin receptor
(5-HTR) antagonists inhibited rotation of the palatal shelves in
embryo culture studies [18]. These reports suggest that 5-HT
is synthesized in the palatal shelves during mid-gestational
craniofacial morphogenesis and that rotation of the palatal
Serotonin (5-hydroxytryptamine; 5-HT) isaneurotransmitter ~ shelves is regulated through 5-HT-5-HTR signaling.
in the central and peripheral nervous systems. The functions of
5-HT in the central nervous system (CNS) are multifaceted with
its controlling appetite, sleep, memory and learning, temperature
regulation, mood, sexual and hallucinogenic behavior, and
endocrine regulation [7]. Peripherally, 5-HT is stored in platelets
and in the intestinal wall, and appears to play a certain role in
blood pressure regulation, cardiovascular function, motility
of the gastrointestinal tract, and carcinoid tumor pathology.
Interestingly, 5-HT and its receptors in early embryogenesis have
been suspected to regulate cranial neural crest cell proliferation
[8], migration [9,10] and the formation of craniofacial neural

Secondary palate morphogenesis is regulated in multiple
steps by several transcription factors and extracellular matrix [1-
5]. These signals mediate communication between epithelial and
mesenchymal cells. Thus, inappropriate epithelial-mesenchymal
interaction can cause cleft palate and/or lip [6].

The serotonin transporter (SERT) is one of the most critical
regulators of 5-HT signaling, as it removes extracellular 5-HT,
takingitbackinto SERT-expressing cells. It is well established that
SERT is localized in presynaptic membranes of 5-HT neurons in
the CNS [19]. It has also been reported that SERT is expressed in
osteoclasts [20], heart valves of the developing mouse heart [21],
and developing pulmonary artery smooth muscle cells (PASMC)
[22-24], suggesting that 5-HT and its regulation by SERT play
active roles in the development of some organs. Intriguingly,
transient expression of SERT during the period of craniofacial
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morphogenesis has been reported [25]. On the other hand,
metabolism of 5-HT is carried out by the enzyme monoamine
oxidase (MAO), which occurs as two molecular subtypes called
MAO-A and MAO-B. Both subtypes have widespread occurrence
in the brain and peripheral tissues, although they show some
differences, including species-related variations, with respect
to the extent of their presence in certain tissues and cell types
[26]. Moreover, the biochemical pathway for 5-HT synthesis is
performed through multistep enzyme reactions. Tryptophan
hydroxylase-1(TPH-1) and TPH-2 facilitate the first and rate-
limiting step in the biosynthesis of 5-HT, the conversion of
L-tryptophan to 5-hydroxy-L-tryptophan [27].

In the present study, using immunohistochemistry (IHC), we
determined SERT and 5-HT localization in the developing murine
palate during late-gestation. We also performed IHC for MAO and
TPH during palatogenesis and demonstrated their relationship
with palate development.

MATERIALS AND METHODS

The Institutional Animal Care and Use Committee of Osaka
Medical College approved all the following research protocols
(approval ID: 28037), including the histological procedures.

Tissue preparation for histology

Pregnant female C57BL/6By mice (n=6) that were purchased
from Japan SLC, Inc. (Shizuoka, Japan) were euthanized with
CO, and embryos were then harvested at embryonic day (E)
13.5, E14.5, and E15.5. The heads of 24 embryos and four
newborn mice (P0) were dissected and immersed in 4% para-
formaldehyde and 0.1% glutaraldehyde in 0.05M phosphate
buffer (pH 7.4) for 20h at 4°C, and were subsequently decalcified
in 5% ethylenediaminetetraacetic acid (EDTA) (pH 7.4) for 2
days at 4°C.

For light microscopy, specimens were dehydrated in a
graded ethanol series and embedded in paraffin. Sections (4
um) were prepared, dewaxed with xylene and then stained with
hematoxylin and eosin.

Immunohistochemistry

Specimens were dewaxed with xylene and agraded
ethanol series, and serial sections were prepared. For
immunohistochemical study, the sections were transferred
to 5 mM periodic acid for 10 min at room temperature (RT)
to block endogenous peroxidase, and were then immersed in
PBS containing 10% BSA for 30 min. After washing in PBS, the
sections were incubated with anti-5-HT (Nichirei Biosciences,
Inc,, Tokyo, Japan), anti-SERT(Sigma-Aldrich, Inc., St. Louis,
MO, USA; diluted 1:500), anti-MAO-A+B(Bioss, Inc, Woburn,
MA, USA; diluted 1:400) or anti-TPH-1+2 polyclonal antibodies
(Bioss; diluted 1:200) for 12h at 4°C. Sections were then
incubated with a secondary antibody: ChemMate EnVision (Dako
Cytomation, Glostrup, Denmark) for 1h at RT. Immunoreactivity
was visualized by incubation with 3,3’-diaminobenzidine (DAB)
(Nichirei Biosciences) for 10min at RT. Sections were then
counterstained with methyl green, dehydrated, and observed
under a light/fluorescence microscope (BZ-X700;Keyence,
Osaka, Japan) with BZ Analyzer Software (BZ-X700; Keyence).

For the immunofluorescence study, sections were incubated
with each primary antibody for 12h at 4°C. Sections were then
incubated with Alexa Fluor 488 goat anti-rabbit IgG (Molecular
Probes) diluted 1:200 for 1h at RT. Sections were then examined
using a BZ-X700 with BZ Analyzer Software.

Control sections were incubated with rabbit preimmune
serum or without primary antibody. These immunohistochemical
staining procedures were performed in a total of 100 serial
sections from each animal. Positive staining was not observed in
any of this control sections.

RESULTS

Palate formation

The palatal shelves were located vertically along the sides
of the tongue at E13.5 (Figure 1A). At E14.5, the shelves were
oriented horizontally (Figure 1B). By E15.5, the bilateral palatal
shelves had fused with each other and the medial epithelial
seam (MES) was observed at the midline (Figure 1C). At PO,
palatogenesis had progressed: the oral and nasal surfaces of the
palate were covered with mucosa, and the palatal and maxillary
bones were observed in the palate (Figure 1D).

Localization of 5-HT, SERT, MAO, and TPH during
Palatogenesis

At E13.5, immunohistochemical analysis detected intense
5-HT immunoreactivity in the palatal mesenchyme located at the
bottom of the palatal shelf (Figure 2A), whereas only weak SERT
labeling was observed in the palatal shelf (Figure 2B). Moderate
MAO immunoreactivity localized diffusely in the palatal shelf,
while that of TPH was weak (Figures 2C,2D). At E14.5, both 5-HT
and SERT labeling were detected in the epithelial cells at the tip of
the palatal shelf (Figures 3A,3B). Moreover, the epithelial cells at
the edge of the palatal shelf were labeled with both MAO and TPH
(Figures 3C,3D). At E15.5, the cells of the MES and the epithelial
triangle were labeled with both 5-HT and SERT (Figures 4A,4B).
Positive immunoreactivities of MAO and TPH were observed in
the cells of the MES and the epithelial triangle (Figures 4C,4D). In
the oral epithelium of the palate at PO, strong immunoreactivity
for both 5-HT and SERT was detected in the cells of the palatal
epithelium (Figures 5A,5B). In addition, both MAO and TPH were
detected in the cells of the oral epithelium and in osteoblasts
on the palatal bone surface (Figures 5C, 5D). In the higher
magnification of the oral epithelium, intense immunofluorescent
reactivity of 5-HT, SERT, MAO, and TPH were clearly detected
in the cells of the middle and basal layer of the oral epithelium
(Figures 5E-5H).

DISCUSSION

In this study, we demonstrated the immunohistochemical
localization of 5-HT, SERT, MAO, and TPH during palate
formation in mice. At the initial stage of palate formation, 5-HT
was diffusely localized in the palatal mesenchyme. 5-HT has
been shown to stimulate palatal shelf rotation in embryo culture
[18] and to facilitate palatal mesenchymal cell movement in
cell culture [28]. Our results are consistent with the report by
Zimmerman et al. [17], indicating that 5-HT was present in the
palatal shelf and the highest level of 5-HT was observed just
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Figure 1 Light micrographs of the murine palate at the palate forming stage stained with hematoxylin and eosin.

(A) The bilateral palatal shelves are positioned vertically at the sides of the tongue at E13.5

(B)The shelves are oriented horizontally at E14.5

(C) The medial epithelial seam (MES) is observed at the middle of the fused palatal shelves at E15.5

(D) The oral and nasal mucosa are seen on the surface of the palate and the palatal and maxillary bones are observed in the palate at P0.PS, palatal
shelf; T, tongue; MES, medial epithelial seam; P, palate; MB, maxillary bone; PB, palatal bone. Insets in A, B, C, and D are as shown in Figures 2, 3, 4,
and 5, respectively. Bars =100pum.

Figure 2 Immunohistochemical localization of 5-HT, SERT, MAO and TPH in the murine palate at E13.5

(A) Intense 5-HT immunoreactivity is observed in the palatal mesenchyme located at the bottom of the palatal shelf. 5-HT immunoreactivity is also
seen in the palatal nerve (arrowheads)

(B) Weak SERT labeling is seen in the palatal shelf

(C) Diffuse MAO immunoreactivity is also observed in the palatal shelf. MAO immunoreactivity is seen in the palatal nerve (arrowheads)

(D) Weak TPH labeling is seen in the palatal shelf. PS, palatal shelf. Bars =100pm.

JSM Dent 6(3): 1115 (2018) 3/6
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Figure 3 Light micrographs showing the immunohistochemical localization of 5-HT, SERT, MAO, and TPH in the murine palate at E14.5
(A) 5-HT-positive cells are observed at the tip of the palatal epithelium (arrowheads)

(B) SERT-positive cells are observed at the tip of the palatal epithelium (arrowheads)

(C) MAO-positive cells are observed at the tip of the palatal epithelium (arrowheads)

(D) TPH-positive cells are observed at the tip of the palatal epithelium (arrowheads). PS, palatal shelf. Bars=25 pm.

Figure 4 Imunohistochemical localization of 5-HT, SERT, MAO, and TPH in the murine palate at E15.5

(A) The cells of the MES and the epithelium of the fused palate show 5-HT immunoreactivity (arrowheads)

(B) The cells of the MES and the epithelial triangle (arrowheads) show SERT reactivity

(C)The cells of the MES and the epithelial triangle show MAO reactivity (arrowheads)

(D) The cells of the MES and the epithelium of the fused palate show TPH reactivity (arrowheads). P, palate; MES medial epithelial seam. Bars =25

pm.

Figure 5 Light (A-D) and fluorescent (E-H) micrographs showing the immunohistochemical localization of 5-HT (A, E), SERT (B, F), MAO(C, G),
and TPH (D, H)in the murine palate at P0O. Each immunolocalization is observed in the palatal epithelium. Osteoblasts (OB) also show MAO (C) and
TPH (D) immunoreactivity. (E-H) Higher magnifications of the rectangles in A-D respectively. (E) 5-HT immunoreactivity is observed in the middle
and basal layer of the palatal epithelium. (F)SERT is observed around the cells of the middle and basal layers of the palatal epithelium.(G)MAO is
observed in the middle and basal layers of the palatal epithelium. (H)TPH immunolocalization is observed in the middle and basal layers of the

palatal epithelium. PB, palatal bone; OB, osteoblasts. Bars=25 pum.

prior to palate elevation. Our data also suggested that, at this
same stage, MAO was diffusely localized in palatal mesenchymal
cells, although only faint SERT and TPH immunoreactivities
were detected in the palatal shelf. These findings suggest that
5-HT plays an important role in palatogenesis, particularly
in palate rotation, and that serotonergic metabolism by MAO

maybe involved in the proliferation of the mesenchymal cells
of the palatal shelves. Recent studies have demonstrated that
MAO-B is strongly expressed in neural crest derivatives, such as
cranial mesenchyme, dental mesenchyme, and several soft palate
derivatives [29], moreover, maternal TPH-1-dependent 5-HT is
involved in the control of morphogenesis during developmental
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stage and 5-HT is critical for normal murine development [30].

Just prior to fusion of the palatal shelves, the epithelium
covering the medial edge of the palatal shelves is known to
comprise two layers [31]. It has been proposed that these two
epithelial layers have different fates during palatal fusion [32,33].
After the shelves have elevated, some cells of the outer layer
appear to gradually peel off from the epithelial surface. Some of
the remaining cells appear to be trapped between the opposing
shelves, and subsequently, they either die by apoptosis [32,34],
migrate to the oral and nasal side of the palate [34,35], or become
a part of the medial epithelial seam (MES) with the cells of the
basal layer during the process of palatal fusion. In the present
study, as the palatal shelves progressed to elevation at E14.5,
5-HT, SERT, MAO, and TPH immunoreactivities were observed in
the epithelial cells located at the tip of the palatal shelf. At E15.5,
after the bilateral palatal shelves were connected, the cells of
the MES and epithelial triangle showed immunoreactivitiesfor5-
HT, SERT, MAO, and TPH. In contrast, mesenchymal cells in the
palatal shelves diffusely expressed 5-HT, SERT, MAO and TPH at
E14.5 and E15.5, although their expression was weak at these
time points, whereas 5-HT expression was strong at E15.5. Thus,
these results suggested that 5-HT, SERT, MAO, and TPH are
concerned with the processes of palatal shelves growth: elevation,
contact, fusion, elongation, and mesenchymal proliferation and
differentiation. Moreover, 5-HT may participate in apoptosis,
migration, and/or epithelial-mesenchymal transformation,
which are the mechanisms by which the MES disappears [1].

We found that, at PO, 5-HT, SERT, and MAO were localized
mostly in the basal and middle layer of the oral epithelium, and
their labeling patterns resembled one another. This is supported
by a previous study showing that the oral cavity displays a very
intense SERT expression that lines the endothelium of the tongue
and palate [36]. Recent studies have demonstrated that 5-HT
regulates epithelial cell turnover through three specific events;
i.e., cell shedding, tight junction breakdown, and intra-epithelial
apoptosis [37]. Based on our study, it is highly probable that
5-HT regulates turnover, differentiation, proliferation, and the
fate of palatal epithelial cells during palate formation. We also
demonstrated that, as palate formation progressed, intense
immunoreactivities of MAO and TPH were observed in osteoblasts
around palatal bone at PO, suggesting that osteoblasts express
a functional serotonergic regulation by direct and/or indirect
mechanisms [38-40].

In conclusion, we provided evidence that 5-HT, SERT, MAO,
and TPH are expressed in the epithelial cells of palatal shelves,
MES cells, and in the oral epithelial cells of the palate with the
progression of palate formation. We also demonstrated that
5-HT, SERT, MAO, and TPH immunoreactivities were observed in
the palatal shelves during palate formation. These results suggest
that serotonergic regulation contributes to palate development.
Moreover, our results suggest that the children of another who
had taken selective serotonergic reuptake inhibitors (SSRIs)
during pregnancy would be at a higher risk for craniofacial
malformations [41]. SSRIs administered during pregnancy are
likely to influence the 5-HT-mediated events during palate
development. Further research on the precise function of 5-HT
and SERT in conjunction with the synthesis and metabolism of

5-HTduring palate formation is required.
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