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Abstract: Tonicity-responsive enhancer binding protein (TonEBP) is a signal transcription factor of transporters such as 
sodium-myo-inositol cotransporter (SMIT), aldose reductase. TonEBP has a variety of functions such as control of intracellular 
osmolytes and immunomodulating. It is known that TonEBP is abundant in the placenta, but location and function aren’t 
known. The aim of this study is to describe the localization of TonEBP in the placenta. We assayed the immunohistochemistry 
of TonEBP and performed in situ hybridization of SMIT in normal human full term placenta. In normal human full term 
placenta, TonEBP was in villous trophoblasts, extravillous trophoblasts and some endothelial cells. The result of the in situ 
hybridization of SMIT was similar to that of immunohistochemistry of TonEBP. Neither TonEBP nor SMIT was present in 
TonEBP knockout mouse placenta. This shows TonEBP is a key factor in SMIT transcription. TonEBP may play an important 
role in transporting of inositol to fetus in placenta.
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kidney, but the other varied functions of TonEBP are under 
investigation, for example the immunomodulating function 
in T cell [5]. TonEBP is expressed in a wide variety of cell and 
tissue types, but most abundantly in the placenta [6].

Ins is important in membrane signaling and plays a spe-
cial role in brain metabolism [7-10]. Ins transport from 
mother to fetus during fetal development is critical for 
brain development. In SMIT knockout mice, neonates die 
immediately after delivery due to central apnea [11]. Cen-
tral apnea is associated with defective brainstem control 
of breathing: the pre-Botzinger respiratory control center 
discharges an abnormal electrical rhythm [11]. But SMIT 
knock out mice are rescued by feeding 1% inositol solution 
during pregnancy [12]. Berry et al. [13] found that SMIT is 
abundant in the placenta. Since Ins transportation mother to 
fetus passes through the placenta, abundant TonEBP mRNA 
and SMIT mRNA in placenta may play an important role in 
transporting Ins. The localization and function of TonEBP 
and SMIT is unknown in the placenta. The aim of this study 
is to localize TonEBP and SMIT in the human placenta and 

Introduction

Tonicity-responsive enhancer binding protein/nuclear 
factor of activated T cell 5 (TonEBP/NFAT5) is a member of 
the Rel/NFkB/NFAT family of signal transcription factors [1]. 
It regulates transcription of transporters such as sodium-myo-
inositol cotransporter (SMIT) and aldose reductase [2]. These 
transporters accumulate organic osmolytes (myo-inositol 
[Ins], sorbitol) into cells and help to increase intracellular 
osmolarity so cells can survive in hyperosmolar condition [3]. 
Under hypertonic condition, TonEBP moves into a nucleus 
and transcript those transporters to increase intracellular 
osmolarity [4]. The function of TonEBP is well-known in the 
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suggestfunction.

Materials and Methods

Tissue preservation
Human placentas were collected from women in full-

term pregnancies who had been admitted for delivery at 
Ewha Womans University Hospital in Seoul, Korea, imme-
diately after normal spontaneous vaginal delivery. The exclu-
sion criteria in the study were: hypertension, diabetes, any 
complication of pregnancy in the pregnant women, premature 
and postterm babies, twins, and any developmental disease 
in the baby. Tissue sampling of placentas was obtained from 
selected 5 cases of normal term pregnancies. This study was 
approved by the Institutional Review Board of Ewha Womans 
University. Informed consent was obtained from all subjects.

A part of placenta was randomly selected and immediately 
fixed in 4% paraformaldehyde in 0.1 M phosphate buffered 
saline (PBS) for 12 hours, routinely processed and embedded 
in paraffin. Paraffin sections of 3 μm thickness were cut and 
deparaffinized in xylene and rehydrated with graded ethanol 
and water. 

For collecting TonEBP knockout mouse placenta, 2 preg-
nant animals from heterozygote crossing delivered embryos 
by cesarean section, isolated placentas and took a piece of tail 
for genotyping at fetus 18.5 days. We collected 4 placentas 
from homozygotes, 3 placentas from wild types, 5 placentas 
from heterozygotes. The mouse placentas were processed in 
the same way as the human placenta.

Immunohistochemistry 
An immunohistochemical study was performed to inve-

stigate localization of TonEBP expression. 
TonEBP expression was detected by using the rabbit 

polyclonal antibodyagainst TonEBP. The antibody was raised 
in rabbits by using a commercial service (Covance, PA, USA) 
[1]. A mouse monoclonal antibody against cytokeratin 7 
(Dako, Carpinteria, CA, USA) and a mouse monoclonal 
anti body against vimentin (Novocastra, Newcastle, UK) 
were used as a marker for the trophoblasts and the decidual 
cell, respectively [14]. Negative controls were performed by 
replacing the primary antibodies with an IgG1-negative con-
trol antibody (Dako).

The tissue sections were rinsed in 0.1 M PBS for 20 mi-
nutes and blocked in protein block (Dako) for one hour at 
room temperature after quenching endogenous peroxidase 

activity by exposing slides to 3% H2O2 and 10% methanol 
for 20 minutes. They were then incubated with anti-TonEBP 
antibody diluted 1 : 5,000 in 0.1 M PBS for 12 hours at 4°C. 
The slides were washed in 0.1 M PBS and incubated for 1 
hour with anti-rabbit antibodies conjugated to horseradish 
peroxidase (Southern Biotech, Birmingham, AL, USA) in 
0.1 M PBS. The slides were colored with DAB/H2O2 solution 
(Sigma-Aldrich, St. Louis, MO, USA). Subsequently, each 
slide was incubated in a similar way by using anti-cytokeratin 
7 antibody and anti-vimentin antibody as a primary antibody 
(diluted 1 : 5,000, 1 : 1,000). The slides were washed in 0.1 M 
PBS and incubated for 1 hour with anti-mouse antibodies 
conjugated to horseradish peroxidase (Southern Biotech) in 
0.1 M PBS. The slides were colored with vector SG substrate 
kit (Vector Laboratories, Burlingame, CA, USA). Sections 
were viewed and photographed under a light microscope 
(Zeiss Axioskop 2; Carl Zeiss, Jena, Germany). 

In situ hybridization
The 4% paraformaldehyde-fixed mouse placentas were 

embedded in paraffin and 4-µm sections were prepared. 
Digoxigenin-labeled antisense SMIT riboprobe and sense 
SMIT riboprobe were prepared with using DIG RNA labeling 
kit (Boehringer Mannheim, Indianapolis, IN, USA) using rat 
TonEBP cDNA corresponding to nucleotides 4,026 to 4,319 
of the human TonEBP cDNA. After deparaffinization and 
rehydration, the sections were treated in 0.02 N HCl for 20 
minutes and 0.01 N HCl with 0.4% pepsin for 10 minutes 
at room temperature. The sections were rinsed with diethyl 
pyrocarbonate treated PBS and dehydrated with graded 
ethanol series and dried. Prehybridization was performed 
for 3 hours at 53oC in 50% formamide, 4× SSC, 10% dextran 
sulfate, 1× Denhardt’s solution, and 1 mg/ml salmon sperm 
DNA. Hybridization was followed for 15 hours in the same 
solution with digoxigenin-labeled SMIT antisense riboprobe 
(400 ng/ml) instead of salmon sperm DNA. Same procedure 
with SMIT sense riboprobe (400 ng/ml) was performed for 
a negative control. The sections were washed and incubated 
with anti-digoxigenin antibody conjugated with alkaline 
phosphatase, and histochemical detection was then performed 
using nitrobluetetrazolium and 5-bromo-4-chloro-3-indolyl 
phosphate (Boehringer Mannheim).
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Results 

Localization of TonEBP protein in human placenta
TonEBP mRNA is most abundant in placenta [6]. We 

per formed immunohistochemistry for TonEBP in normal 
hu man full term placenta and confirmed expression of 
TonEBP. TonEBP staining was strong in the nucleus of villous 
trophoblasts. Some endothelial cells and other connective 
cells were weakly stained (Table 1, Fig. 1A). TonEBP was 
also detectable in a cell mass of basal plate (Fig. 1B). Locali-
zation of TonEBP was confirmed with various cell markers, 
cytokeratin 7 and vimentin in serial section (3 μm) of 
paraffin block. The TonEBP positive cell mass in basal plate 
colocalized with cytokeratin 7 but not with vimentin (Fig. 1C, 
D). Cytokeratin 7 is a marker for extravillous trophoblasts 

[14]. TonEBP immunoreactivity was mainly in villous and 
extravillous trophoblasts. The placenta stained with prei m-
mune serum did not produce significant staining (Fig. 1E). 

 
Localization of SMIT mRNA in human placenta

Expression of SMIT mRNA was examined by in situ 
hybridization of the antisense riboprobe. The sense riboprobe 
did not produce significant hybridization (Fig. 2C). SMIT 
mRNA was strongly detected in the cytoplasm of trophoblasts 
and weakly in endothelial cells (Table 1, Fig. 2A, B). The 
localization of SMIT was similar to that of TonEBP. 

Expression of TonEBP and SMIT in TonEBP (Δ/Δ) 
mouse placenta

To make clear the relation between TonEBP and SMIT, 
immunohistochemistry of TonEBP and in situ hybridization 
of SMIT was carried out in TonEBP knockout mouse pla-
centa. Both TonEBP and SMIT were showed positive signal 
in labyrinthine trophoblasts of wild type mouse (Fig. 3A, C). 
As expected, TonEBP expression was not detected in TonEBP 
knockout mouse and SMIT mRNA was also absent in the 
TonEBP knockout mouse (Fig. 3B, D).

Table 1. Summary of TonEBP and SMIT expression in human placenta
TonEBP SMIT

Villous trophoblast +++ +++
Extravillous trophoblast +++ ++
Endothelial cell ± ±
Decidual cell - ±

TonEBP, tonicity-responsive enhancer binding protein; SMIT, sodium-
myoinositol cotransporter.

Fig. 1. Immunohistochemical localization of tonicityresponsive enhancer binding protein (TonEBP) in human placenta. (A) Nuclear staining of 
TonEBP was mainly in the villous trophoblasts (arrows). Some endothelial cells and connective cells were weakly stained. (B) TonEBP stained cell 
mass was showed in the basal plate (arrows). (C) Nuclear TonEBP stained cells (brown) were colocalized with cytokeratin 7 (blue). (D) Nuclear 
TonEBP stained cells (brown) were not colocalized with vimentin (blue). Serial 3 μm section of (C). (E) Negative control showed no labeling. Scale 
bars=50 μm (AE).
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Discussion

This is the first study describing localization of TonEBP 
and SMIT in the placenta. We can assume that antibody and 
riboprobe worked specifically because the negative control 
didn’t show any signal. TonEBP is present mainly in villous 
and extravillous trophoblasts, weakly in endothelial cell. 
The distribution of SMIT is similar to TonEBP expression, 
and absence of TonEBP leads to deficiency of SMIT. The 
con clusion of these findings is that TonEBP regulates tran-
scription of SMIT in placenta. What is their function in 
placenta?

In the central nervous system, the trapping of ~2-15 
mM levels of Ins within a neuron through active transport, 
restricted efflux, and relatively high extracellular Ins levels 
may be essential to its homeostasis [10]. Highly expressed 
SMIT in central nervous system plays an important role in 
maintenance of concentration gradient of Ins [13, 15]. Berry 
et al. [11] found that SMIT knockout mouse dies immediately 
after birth due to central apnea. The cause of death is defective 
brainstem control of breathing: the pre-Botzinger respiratory 
control center discharges abnormal electrical rhythm [11]. 
But SMIT knockout mice are rescued by feeding 1% inositol 
solution during pregnancy [12]. The TonEBP knockout mice 
apparently display the same phenotype as SMIT knockout 
mice (data not shown).

To transport nutrition from mother to fetus, it passes 

through trophoblasts and endothelial cells in placenta. 
TonEBP and SMIT are abundant in placenta, and their loca-
tion is mainly trophoblasts and endothelial cells. TonEBP 
in these cells regulate transcription of SMIT, and SMIT may 
play an important role in transporting Ins from maternal 
blood to fetal blood vessels. In conclusion, TonEBP and 
SMIT transport Ins to fetus in placenta. Further studies will 
be needed to clarify the function of TonEBP and SMIT in 
placenta.
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