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1  | INTRODUC TION

Periodontal disease is characterized by chronic inflammation in tis‐
sues surrounding teeth after attacks by microorganisms followed by 
host immune responses. The initial site of disease onset is consid‐
ered to be the junctional epithelium, which forms a unique epithelial 

attachment to teeth. The junctional epithelium has a higher turnover 
rate and wider intercellular spaces than other oral epithelia with con‐
tinuous gingival fluid flow and neutrophil infiltrates.1 Cell‐cell attach‐
ment in gingival epithelia is important for maintenance of physical 
and functional integrity and as a barrier to protect the mucosa against 
harmful stimuli in the oral cavity. Groeger and Meyle2 demonstrated 
that Porphyromonas gingivalis exposure to human gingival keratino‐
cytes caused downregulation of claudin expression with a reduction 
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Abstract
Background and Objective: As	the	interface	between	the	oral	cavity	and	the	teeth,	
the junctional epithelial barrier is critical for gingival defense. The junctional epithe‐
lium is subject to mechanical stresses from biting force or external insults such as bac‐
terial attacks, but little is known about the effects of mechanical stimuli on epithelial 
functions. Transient receptor potential vanilloid 4 (TRPV4) functions as a mechano‐
sensitive nonselective cation channel. In the present study, based on marked expres‐
sion of TRPV4 in the mouse junctional epithelium, we aimed to clarify the putative 
links between TRPV4 and junctional complexes in the junctional epithelium.
Methods and Results: Histological observations revealed that the junctional epithe‐
lium in TRPV4‐deficient (TRPV4−/−) mice had wider intercellular spaces than that in 
wild‐type (TRPV4+/+) mice. Exogenous tracer penetration in the junctional epithelium 
was greater in TRPV4−/− mice than in TRPV4+/+ mice, and immunoreactivity for ad‐
herens junction proteins was suppressed in TRPV4−/− mice compared with TRPV4+/+ 
mice.	Analysis	of	a	mouse	periodontitis	model	showed	greater	bone	volume	loss	in	
TRPV4−/− mice compared with TRPV4+/+ mice, indicating that an epithelial barrier 
deficiency in TRPV4−/− mice may be associated with periodontal complications.
Conclusion: The present findings identify a crucial role for TRPV4 in the formation of 
adherens junctions in the junctional epithelium, which could regulate its permeability. 
TRPV4 may be a candidate pharmacological target to combat periodontal diseases.
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in transepithelial electrical resistance. Meanwhile, Damek‐Poprawa 
et al3 showed that Aggregatibacter actinomycetemcomitans toxin ex‐
posure to human gingival epithelia altered the distribution of the 
adherens junction proteins E‐cadherin, β‐catenin, and filamentous 
actin. Based on this evidence, an understanding of cell‐cell contacts 
and associated cell‐cell junction complexes in the junctional epithe‐
lium is critical for the treatment of periodontal diseases.

Extracellular calcium is involved in the regulation of human ke‐
ratinocyte differentiation and stratification.4 The Ca2+ gradient 
plays an important role in epidermal differentiation5 to organize the 
stratified epithelium and withstand various stimuli in the oral cavity. 
Concurrently, extracellular Ca2+ is required to stiffen the extracel‐
lular domain of E‐cadherin and to form homophilic interactions that 
stabilize cell‐cell junctions.6

We previously reported that oral epithelia express thermosensitive 
transient receptor potential (TRP) channels.7‐10	Activation	of	TRP	chan‐
nels allows cation influx into cells, leading to a variety of physiological 
or pathological consequences mediated by Ca2+‐dependent processes. 
Among	the	thermosensitive	TRP	channels,	TRP	vanilloid	4	(TRPV4)	is	
highly expressed in epithelia and activated by moderately warm tem‐
perature (<27‐35°C), hypo‐osmolality, shear stress, mechanical stretch‐
ing, or anandamide metabolites including arachidonic acid.11,12 Sokabe 
et al13 demonstrated that TRPV4 contributes to cell‐cell junctions in 
skin keratinocytes by interacting with β‐catenin and E‐cadherin.

Recently, we showed that oral epithelia have thermosensitive 
properties mediated by TRPV3 and TRPV4 and wound‐healing pro‐
cesses regulated by TRPV3.10 In the present study, we reveal marked 
TRPV4 expression in the junctional epithelium in addition to oral ep‐
ithelia. We hypothesize that TRPV4 may provide a molecular basis 
for the observed characteristics of the junctional epithelium. We 
further explore whether TRPV4 contributes to periodontal disease 
in a mouse model. Finally, we propose a potential role for TRPV4 in 
the gingival epithelial barrier.

2  | MATERIAL AND METHODS

2.1 | Animals

All	 animal	 protocols	 were	 reviewed	 and	 approved	 by	 the	 Animal	
Care and Use Committee of Kyushu University. We used 9‐11‐week‐
old	male	C57BL/6N	mice	(TRPV4+/+;	CLEA	Japan)	and	TRPV4‐defi‐
cient mice (TRPV4−/−)14	backcrossed	with	C57BL/6N	mice	for	more	
than	10	generations.	All	animals	were	housed	in	a	temperature‐con‐
trolled room with a 12‐h/12‐h light/dark cycle and free access to 
food	(CE‐2;	CLEA	Japan)	and	water.	Mice	were	anesthetized	with	a	
combination of medetomidine, butorphanol, and midazolam.

2.2 | Primary culture of mouse oral epithelial 
keratinocytes

Primary cultures of oral epithelial cells were performed as previously 
described.10 Briefly, the palatal mucosa of neonatal mice (n = 8 per 
group)	was	 incubated	 in	400	PU/mL	dispase	 I	 (Godoshusei	Ltd.)	at	

4°C	overnight.	After	subsequent	 incubation	of	 the	epithelial	sheet	
with 0.25% trypsin (Invitrogen) at 37°C for 10 minutes, the cells 
were	 resuspended	 in	 CnT‐Prime	 medium	 (CELLnTEC)	 containing	
1% fetal bovine serum (FBS; Thermo Fisher Scientific). The incuba‐
tion medium was replaced with FBS‐free CnT‐Prime medium after 
12‐18	 hours.	At	 3‐5	 days	 of	 culture,	 the	 cells	were	 fixed	with	 4%	
paraformaldehyde in phosphate buffer for 5 minutes, washed three 
times with phosphate‐buffered saline (PBS), and permeabilized with 
0.1% Triton X‐100 for 5 minutes. To explore the effect of TRPV4 on 
cell‐cell contacts, the cell culture medium was changed to differen‐
tiation	medium	by	adding	2	mmol/L	CaCl2 for 24 hours.

To compare the proliferative activity in the primary cultures from 
TRPV4+/+ and TRPV4−/− mice, we performed immunofluorescence 
staining of proliferation marker Ki67 with an anti‐Ki67 antibody 
(Abcam)	together	with	DAPI	staining	of	all	nuclei.	Photomicrographs	
of eight fields were analyzed using ImageJ software (National 
Institutes of Health) to quantify the rate of Ki67‐positive cells (%) 
among	all	cells	detected	by	DAPI	staining	of	the	nuclei.

2.3 | Antibody generation, histology, 
immunohistochemistry, and immunocytochemistry

Guinea pigs were immunized with a peptide corresponding to the 
mouse	TRPV4	C‐terminus	(CDGHQQGYAPKWRTDDAPL)	coupled	
with	hemocyanin	(Sucram).	Antibody	reactivity	and	specificity	were	
confirmed by immunoblotting, in which bands of the correct size 
were observed in protein extracts of TRPV4‐transfected HEK293 
cells,	but	not	pcDNA3.1‐transfected	cells.	 Immunohistochemistry	
was performed as described.8	Animals	(n	=	3	per	group)	were	per‐
fused transcardially with heparinized PBS followed by 4% para‐
formaldehyde in phosphate buffer. The maxilla was dissected out 
and	 decalcified	with	 10%	 EDTA	 for	 7	 days.	 For	 histology,	 paraf‐
fin sections were cut and stained with hematoxylin‐eosin. For im‐
munohistochemistry, 10‐µm‐thick frozen sections were incubated 
with	anti‐TRPV4	(2	µg/mL),	rat	anti‐E‐cadherin	(1:200;	Takara	Bio	
Inc, Shiga, Japan), and rabbit anti‐β‐catenin (1:400; Cell Signaling 
Technology) antibodies at 4°C overnight. The antibodies were visu‐
alized	with	fluorochrome‐conjugated	secondary	antibodies	(Alexa	
Fluor® 488 or 594 donkey anti‐guinea pig/rabbit or rat IgG; 1:400; 
Jackson	 ImmunoResearch).	 F‐actin	 was	 visualized	 with	 Alexa	
Fluor®	546	phalloidin	(Thermo	Fisher	Scientific).	All	sections	were	
observed	 and	 analyzed	 with	 an	 Axio	 Imager	 2	 microscope	 with	
ApoTome	or	an	LSM700	confocal	microscope	(Carl	Zeiss).

2.4 | In situ hybridization

In situ hybridization was performed with an ISH Reagent Kit (Genostaff 
Co.	Ltd.)	according	to	the	manufacturer's	instructions.	The	maxilla	sec‐
tions	were	deparaffinized	with	G‐Nox	(Genostaff	Co.	Ltd.),	rehydrated	
through an ethanol series and PBS, fixed with 10% formalin in PBS for 
15 minutes at room temperature, washed in PBS, and treated with 
4	µg/mL	Proteinase	K	(Wako)	for	10	minutes	at	37°C.	Next,	the	sections	
were washed in PBS, refixed with 10% formalin in PBS for 15 minutes 
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at room temperature, washed in PBS, placed in 0.2 N HCl for 10 min‐
utes at room temperature, and washed in PBS. The sections were 
heat‐treated for 5 minutes at 80°C, cooled immediately, and placed 
in	a	Coplin	jar	containing	G‐Wash	(Genostaff	Co.	Ltd.).	Hybridization	
was performed with specific probes (Table S1) at a concentration of 
300	ng/mL	in	G‐Hybo	(Genostaff	Co.	Ltd.)	for	16	hours	at	60°C.	After	
hybridization, the sections were washed in G‐Wash for 10 minutes at 
60°C, 50% formamide in G‐Wash for 10 minutes at 60°C, twice in G‐
Wash for 10 minutes at 60°C, and twice in Tris‐buffered saline con‐
taining	0.1%	Tween‐20	(TBST)	at	room	temperature.	After	treatment	
with	G‐Block	(Genostaff	Co.	Ltd.)	for	15	minutes	at	room	temperature,	
the	sections	were	 incubated	with	anti‐DIG	AP	conjugate	 (Roche)	di‐
luted 1:2000 with G‐Block in TBST for 1 hour at room temperature. 
The	sections	were	washed	twice	in	TBST	and	incubated	in	100	mmol/L	
Tris‐HCl	pH	9.5	containing	100	mmol/L	NaCl,	50	mmol/L	MgCl2, and 
0.1% Tween‐20. Color reactions were performed with NBT/BCIP solu‐
tion	(Sigma‐Aldrich)	overnight,	following	by	washing	in	PBS.	The	sec‐
tions were counterstained with Kernechtrot stain solution (Muto Pure 
Chemicals)	and	mounted	with	G‐Mount	(Genostaff	Co.	Ltd.).

2.5 | Scanning electron microscopy

Maxillae from TRPV4+/+ and TRPV4−/− mice (n = 3 per group) were 
fixed	 with	 2.5%	 glutaraldehyde	 in	 0.1	 mol/L	 sodium	 cacodylate	
buffer	 overnight	 and	 decalcified	with	 10%	EDTA.	 The	 gingival	 tis‐
sues were carefully separated from the teeth and postfixed with 1% 
osmium tetroxide for 1 hour at 4°C. The tissues were dehydrated in 
a graded ethanol series, immersed in t‐butyl alcohol, freeze‐dried, 
sputter‐coated	with	platinum	using	an	ion	coater	(JEC‐550;	JEOL)	and	
examined	under	a	scanning	electron	microscope	(JSM‐5400;	JEOL).

2.6 | Western blot analysis

Palatal mucosae from TRPV4+/+ and TRPV4−/− mice (n = 3 per group) 
were	lysed	in	50	mmol/L	Tris‐HCl	(pH	7.4)	containing	150	mmol/L	
NaCl, 1% Triton X‐100, 0.5% NP‐40, Protease Inhibitor Cocktail 
(Nacalai Tesque), and PhosSTOP phosphatase inhibitor cocktail 
(Roche). The protein samples were separated by electrophoresis 
in TGX FastCast Gels (Bio‐Rad) and transferred onto PVDF mem‐
branes (GE Healthcare). The membranes were blocked with 5% bo‐
vine serum albumin for 1 hour at room temperature and incubated 
with	 an	 anti‐TRPV4	 antibody	 overnight	 at	 4°C.	 Antibody‐bound	
bands	were	visualized	with	ECL	Prime	Western	Blotting	Detection	
Reagent (GE Healthcare).

2.7 | Proliferation assay

Mice	 (n	=	4	per	group)	were	 injected	with	100	µg	of	5‐ethynyl‐2'‐
deoxyuridine	 (EdU).	 After	 19.5	 hours,	 the	mice	were	 fixed	 as	 de‐
scribed for the immunohistochemistry analysis. EdU was visualized 
with Click‐iT® reaction cocktail (C35002; Thermo Fisher Scientific) 
according	 to	 the	manufacturer's	 instructions.	EdU‐positive	 cells	 in	

every fifth gingival section around the first molar in all four animals 
from each group were analyzed morphometrically in a 190 × 250‐µm 
square under a 20 × objective lens.

2.8 | Permeability assay

Dextran‐Texas	 Red	 (1	 mg/mL;	MW:	 3000;	 lysine	 fixable;	 Thermo	
Fisher Scientific) was diluted with distilled water and used as a 
tracer.	 Under	 stereomicroscopic	 observation,	 2	 µL	 of	 tracer	 was	
applied by pipette into the mouth of anesthetized mice toward the 
gingival sulcus of the first molar every 5 minutes as described pre‐
viously.15	 After	 six	 applications	 of	 the	 tracer,	 the	maxilla	was	 dis‐
sected out, immersed in 4% paraformaldehyde in phosphate buffer, 
and	decalcified	with	10%	EDTA	for	3	days.	The	palatal	mucosa	was	
carefully removed from the maxilla, cut into 10‐µm frontal sections, 
and	observed	under	an	Axio	Imager	2	microscope	(Carl	Zeiss).	The	
fluorescence intensity and area with fluorescence in the junctional 
epithelium at the middle area of the first molar were quantified using 
analysis	software	(ZEN2012,	blue	edition;	Carl	Zeiss).

2.9 | Experimental periodontitis model and micro‐
CT analysis

An	experimental	periodontitis	model	was	induced	as	described	by	Abe	
and Hajishengallis.16 Under anesthesia, a sterilized 5‐0 silk ligature was 
tied around the maxillary left second molar and the right side was left 
unligated	 as	 a	 control.	 At	 10	 days	 after	 suturing,	 the	 animals	were	
anesthetized, euthanized, and fixed. Their maxillae were dissected 
and scanned by micro‐CT (SkyScan1076; Bruker). The bone volume 
change (Δbone volume [ΔBV]/tissue volume [TV]) was analyzed with 
CTAn	software	(Bruker).	A	standardized	three‐dimensional	region	of	
interest on the alveolar bone was defined according to the definition 
in Trombetta‐Esilva et al17: from the palatal root apex to the most cer‐
vical portion of the furcation of the first molar; in the coronal plane 
from the mesial aspect of the palatal root of the first molar to the distal 
aspect of the second molar distal root; and from the palatal end of the 
palatal root to the buccal end of the distal root of the first molar. The 
bone volume was calculated with exclusion of the dental root volume.

2.10 | Statistical analysis

Statistical	comparisons	were	performed	by	Student's	t	test	or	ANOVA	
followed by a Bonferroni‐type multiple t test. Values of P < .05 were 
considered statistically significant. Data are presented as mean ± SE.

3  | RESULTS

3.1 | Marked TRPV4 expression in the junctional 
epithelium

We generated specific antibodies against TRPV4 using a previ‐
ously confirmed epitope peptide.18 We selected an antibody that 
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recognized TRPV4 with low binding in TRPV4−/− mice. TRPV4‐specific 
immunofluorescence was present in the palatal and buccal gingival 
epithelia, and the staining was stronger in the junctional epithelium 
compared	 with	 the	 oral	 sulcular	 and	 oral	 epithelia	 (Figure	 1A,B).	
Immunofluorescence was heterogeneous in the epithelia, and 
greater TRPV4 immunoreactivity was observed in the basal cell layer 
of gingival epithelia compared with other layers. The immunoreactiv‐
ity delineated the plasma membrane of basal epithelial cells. Primary 
cultured TRPV4+/+ neonatal oral epithelial cells had clear TRPV4 im‐
munoreactivity compared with low levels observed in TRPV4−/− cells 
(Figure 1C). In situ hybridization revealed gingival epithelial labeling 
with the TRPV4 riboprobe (Figure 1D). Immunoblotting confirmed 
TRPV4 expression (100 kDa) in the gingival mucosal crude extract 
from TRPV4+/+ mice, but not that from TRPV4−/− mice (Figure 1E).

3.2 | Structural differences and enhanced 
permeability of exogenous substances in 
TRPV4−/− gingiva

No apparent gingival structural differences were found between 
TRPV4+/+ and TRPV4−/− mice by light microscopy. The thickness of the 

epithelial layer in the junctional epithelium appeared slightly thicker in 
TRPV4−/− mice compared with TRPV4+/+ mice, but the difference was 
not significant. Wider intercellular spaces in the junctional epithe‐
lium were observed in TRPV4−/− mice compared with TRPV4+/+ mice 
(Figure	2A,	Figure	S2A).	The	cell	sizes	in	the	junctional	epithelium	in	
TRPV4−/− mice were smaller than those in TRPV4+/+ mice (Figure S2B). 
The surface structure of the junctional epithelium facing the enamel 
in TRPV4+/+ mice was smooth, continuous, and flat with occasional 
irregular gaps among polygonal cell shapes, while it was covered by 
numerous individual polygonal cells with larger gaps in TRPV4−/− mice 
(Figure 2B). To clarify the differences in the junctional epithelium 
properties between TRPV4+/+ and TRPV4−/− mice, fluorescent dex‐
tran was topically applied to the gingival sulcus of the first molars. The 
tracer was observed in the top of the junctional epithelium, bottom 
of the gingival sulcus, and coronal portion of the junctional epithe‐
lium (Figure 2C). The amount of tracer and the area with fluorescence 
were significantly greater in TRPV4−/− tissues than in TRPV4+/+ tissues 
(Figure 2D). Intercellular and intracellular dextran labeling in the junc‐
tional epithelium was present in TRPV4−/−	tissues.	Little	labeling	was	
observed in the oral sulcular epithelium. These results showed that 
TRPV4 deficiency enhanced permeability in the junctional epithelium.

F I G U R E  1   TRPV4 expression in 
oral	epithelia.	A,	Immunofluorescence	
photomicrograph of the frontal section 
of a mouse palatal gingiva. Marked 
TRPV4 immunoreactivity is present 
in the gingival epithelium in TRPV4+/+ 
mice especially in the JE (arrowhead) 
and basal layers of the OSE and OE. 
The inset shows a higher magnification 
image of the JE. Heterogeneous TRPV4 
immunoreactivity is observed in the 
JE. B, Higher magnification of TRPV4 
immunohistochemistry of the palatal 
epithelium in TRPV4+/+ and TRPV4−/− 
mice. Basal cell immunoreactivity is 
present in the TRPV4+/+ mice, but low in 
TRPV4−/− mice. C, Immunocytochemistry 
of primary oral epithelial cells. TRPV4+/+ 
cells show cytoplasmic filamentous 
and plasma membrane (arrow) 
immunoreactivity	for	TRPV4.	Low	
immunoreactivity is present in TRPV4−/− 
cells. D, In situ hybridization of mouse 
gingiva in the maxilla. Trpv4	mRNA	is	
present in the JE, OSE, and OE. No 
staining is observed for the sense probe. 
E, Immunoblotting analysis. Detection of 
TRPV4 protein in the palatal mucosa from 
TRPV4+/+ mice. No bands are observed 
in the tissues from TRPV4−/− mice. ES, 
enamel space; JE, junctional epithelium; 
OE, oral epithelium; OSE, oral sulcular 
epithelium.	Scale	bars:	20	µm	(A	and	D)	
and 10 µm (B and C)
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3.3 | TRPV4 deficiency alters adherens junction 
proteins in the epithelium

Epithelial permeability is dependent on intercellular junctions, such as 
adherens junctions. We performed immunohistochemistry to observe 
the expression of the adherens junction proteins actin, β‐catenin, and 
E‐cadherin. E‐cadherin immunoreactivity delineated the cell membra‐
nous structures as a mesh‐like arrangement in the oral epithelia, oral 
sulcular	epithelium,	and	junctional	epithelium	(Figure	3A).	In	the	oral	
epithelia, the mesh‐like arrangement of E‐cadherin was intense from 
the spinous layer to the granular layer, while the basal layer showed 
rather weak labeling (Figure S3). The labeling in the granular layer ap‐
peared as a thin straight line depicting a polygonal cell shape, while 
the labeling in the spinous layer appeared as a bold line with notches.

In the junctional epithelium, weak E‐cadherin immunofluores‐
cence was observed at the bottom adjacent to the cement‐enamel 

junction and the coronal portion of the junctional epithelium, and 
strong labeling was observed in the middle portion. Gingival E‐
cadherin epithelial labeling was more intense in TRPV4+/+ mice 
compared with TRPV4−/−	mice	 (Figure	3A),	 although	no	 significant	
differences in the amounts of E‐cadherin proteins in mucosal crude 
extracts were observed between TRPV4+/+ and TRPV4−/− mice by 
immunoblotting	(Figure	S4A).	Meanwhile,	the	amounts	of	β‐catenin 
in TRPV4−/− mice were significantly lower than those in TRPV4+/+ 
mice (Figure S4B,C).

The formation of cadherin‐mediated cell‐cell junctions was 
accompanied by intense reorganization of the actin cytoskele‐
ton, which controls cell mobility during differentiation and strat‐
ification.19,20 In TRPV4+/+ gingiva, F‐actin was present in the 
coronal portion of the junctional epithelial cell periphery, while in 
TRPV4−/− gingiva, F‐actin labeling was weak and faint (Figure 3B). 
To investigate the function of TRPV4 in cell‐cell contacts, we 

F I G U R E  2   Morphological 
characteristics and permeability of the 
JE.	A,	Light	micrographs	of	hematoxylin	
and eosin staining of the JE. No 
apparent structural differences in the 
JE are observed between TRPV4+/+ 
and TRPV4−/− mice. Note the wider 
intercellular spaces (arrowheads) in 
TRPV4−/− mice compared with TRPV4+/+ 
mice. B, Scanning electron micrographs 
of the junctional epithelial surface in 
TRPV4+/+ and TRPV4−/− mice. Rough 
epithelial arrangement of the junctional 
epithelial surface is observed in TRPV4−/− 
mice compared with TRPV4+/+	mice.	An	
apparent polygonal cell shape is seen in 
TRPV4−/− mice. C, Permeability assay of 
the JE. The coronal JE was labeled with 
fluorescent dextran. Dextran is observed 
at higher levels in the intercellular 
spaces of the coronal JE in TRPV4−/− 
mice compared with TRPV4+/+ mice. 
D, The intensity in the JE and ratio of 
labeled area are significantly higher in 
TRPV4−/− mice than in TRPV4+/+	mice.	All	
data are expressed as mean ± SE (n = 4). 
**P < .01. ES, enamel space; JE, junctional 
epithelium; OE, oral epithelium; OSE, oral 
sulcular epithelium. Scale bars: 10 µm
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performed immunocytochemistry of primary cultured oral epi‐
thelial cells after high‐calcium medium treatment. The cells from 
TRPV4+/+ mice showed intimate cell‐cell junctions depicted as a 
line of E‐cadherin staining, while gaps were present between the 
cells from TRPV4−/− mice (Figure 3C).

3.4 | Elevated junctional epithelial proliferation in 
TRPV4−/− mice

The junctional epithelium has a high turnover rate and E‐cadherin 
can inhibit cell cycle progression.21 To determine whether TRPV4 
deficiency affects gingival proliferation, we compared the numbers 
of EdU‐labeled cells in TRPV4+/+ and TRPV4−/− mice. EdU‐positive 
cells were found in the basal layers of the gingiva, especially in the 
oral sulcular and junctional epithelia. In TRPV4+/+ mice, EdU‐labeled 
cells in the basal layer of the oral epithelia were singular or had a 

scattered distribution, while in TRPV4−/− mice, a larger number of la‐
beled cells lined the basal layers and some were present in and above 
the	basal	cell	 layers	 (Figure	4A).	The	numbers	of	EdU‐labeled	cells	
were significantly greater in TRPV4−/− gingival epithelia compared 
with TRPV4+/+ gingival epithelia (Figure 4B). Enhancement of prolif‐
eration was confirmed in primary cultures of oral epithelial cells. The 
rate	of	Ki67‐positive	cells	among	all	cells	with	DAPI‐stained	nuclei	
was significantly higher in primary cultures of oral epithelial cells 
from TRPV4−/− mice than in those from TRPV4+/+ mice (Figure 4C,D).

3.5 | Effect of TRPV4 deficiency on a ligature‐
induced periodontitis model

It is widely believed that disruption of the junctional epithelial bar‐
rier leads to the onset of periodontal diseases. To evaluate whether 
TRPV4 is involved in periodontal destruction, we tied a silk ligature 

F I G U R E  3   Effects of TRPV4 on 
the distribution of adherens junction 
proteins.	A,	E‐cadherin	immunostaining	
in the JE has a mesh‐like pattern 
depicting an intercellular arrangement. 
TRPV4−/− mice show weaker E‐cadherin 
immunoreactivity in the JE compared with 
TRPV4+/+ mice. B, Rhodamine‐phalloidin 
staining of the JE in TRPV4+/+ and 
TRPV4−/− mice. Peripheral actin delineates 
the cell surface in TRPV4+/+ mice, but 
is rough and weak in TRPV4−/− mice. C, 
Immunofluorescence photomicrographs 
of primary cultured oral epithelial cells 
from TRPV4+/+ and TRPV4−/− mice after 
high‐calcium medium treatment for 
24 h. Representative data from one of 
five experiments are shown. Cells from 
TRPV4+/+ mice form cell‐cell contacts 
showing E‐cadherin immunoreactivity 
(green) with a linear appearance 
(arrows). Cells from TRPV4−/− mice have 
intercellular gaps with weaker wavy lines 
(arrows) of E‐cadherin immunoreactivity 
compared with cells from TRPV4+/+ mice. 
Punctate E‐cadherin and F‐actin staining 
is present in the cells from TRPV4−/− mice. 
Rhodamine‐phalloidin:	red;	DAPI:	blue.	
BV, blood vessels; ES, enamel space; JE, 
junctional epithelium. Scale bars: 10 µm
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around the second maxillary molars of TRPV4+/+ and TRPV4−/− mice 
(Figure	5A).	Of	note,	it	was	easier	to	insert	silk	ligatures	around	the	
molars of TRPV4−/− mice compared with TRPV4+/+ mice. There was 
no apparent difference in the health status between non‐ligatured 
and ligatured animals. Consistent with a previous study,16 placement 
of	ligatures	decreased	the	bone	volume	in	both	groups.	At	10	days	
after the ligature placement, the alveolar ΔBV/TV was markedly 
larger in TRPV4−/− mice compared with TRPV4+/+ mice (Figure 5B,C).

4  | DISCUSSION

The junctional epithelium forms a seal around teeth to retain me‐
chanical strength between the tooth and the connecting mucosa 
and protect against compression or stretching.22 Here, we found 
that oral epithelia, especially the junctional epithelium, had intense 

TRPV4 expression. TRPV4 is activated by a variety of physical and 
chemical stimuli, including heat, mechanical force, hypo‐osmolar‐
ity, and endogenous substances such as arachidonic acid and en‐
docannabinoids (for a review, see Everaerts et al23). We previously 
reported that the junctional epithelium shows extensive expression 
of TRPV2,8 a mechanosensitive24 and thermosensitive25 channel. 
As	the	junctional	epithelium	has	a	prominent	nerve	supply	from	the	
trigeminal sensory ganglion26 compared with the oral sulcular and 
oral epithelia, we propose that the junctional epithelium may play a 
role in sensing environmental changes around teeth via TRPV4 and 
TRPV2, and relaying messages to nerves to maintain the epithelial 
integrity and periodontal tissues.

In the present study, we confirmed TRPV4 protein expression 
by in situ hybridization, Western blotting, immunohistochemistry, 
and immunocytochemistry, in accord with our previous reports on 
TRPV4	mRNA	 expression	 in	 rats9 and mice.10	 Antibody	 specificity	

F I G U R E  4   Effect of TRPV4 on gingival 
proliferation.	A,	Representative	images	
of EdU staining of the gingiva from 
TRPV4+/+ and TRPV4−/− mice. EdU‐labeled 
nuclei are observed in the basal layer in 
TRPV4+/+ mice and in and above the basal 
cell layer in TRPV4−/− mice. B, Summary 
of the numbers of EdU‐positive cells in 
the gingival epithelia. The cell numbers 
are significantly higher in TRPV4−/− mice 
compared with TRPV4+/+ mice. Data 
are expressed as mean ± SE (n = 4). 
**P < .01. C, Representative images of 
immunofluorescence staining for Ki67 
in primary cultures of oral epithelial cells 
from TRPV4+/+ and TRPV4−/− mice. D, 
Summary of Ki67‐positive cell rates in oral 
epithelial cell cultures. Data are expressed 
as mean ± SE (n = 8). *P < .05. ES, enamel 
space; JE, junctional epithelium; OE, oral 
epithelium; OSE, oral sulcular epithelium. 
Scale bars: 50 µm
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against TRP channels has challenged many researchers, including us. 
We generated an antibody against the C‐terminal peptide of TRPV4 
that had negligible reactivity with TRPV4−/− tissues. Our data are con‐
sistent with previous reports on the skin27 and urinary bladder18,28 
using an antibody against the same epitope peptide. In addition to its 
oral epithelial expression, TRPV4 was predominantly expressed in the 
junctional epithelium. In the oral and oral sulcular epithelia, TRPV4 
immunoreactivity was stronger in the basal cell layers than in other 
layers. In the junctional epithelium, the staining intensity and distri‐
bution were heterogeneous and noticeably stronger toward the cor‐
onal side. Subcellular TRPV4 immunoreactivity was observed at the 
plasma membrane in oral epithelia, suggesting a role as a receptor for 
external stimuli. To the best of our knowledge, no detailed morpho‐
logical analyses of the TRPV4 spatial localization in the oral mucosa in 
vivo have been reported. Further experiments are needed to clarify 
the TRPV4 subcellular localization in response to stimuli or functional 
adaptations such as migration or proliferation of oral epithelia.

Gross structural differences in the junctional epithelium be‐
tween TRPV4+/+ and TRPV4−/− mice were not apparent under 
microscopic observation. The junctional epithelium is a non‐ke‐
ratinized squamous epithelium characterized by wide intercellular 
spaces and thin epithelial cytoplasmic processes. Ordinary light 
microscopic observation revealed wider intercellular spaces in the 
TRPV4−/− junctional epithelium. By electron microscopy, the sur‐
face of the junctional epithelium facing the enamel in TRPV4−/− 
mice was rough and individual cells were distinct compared with 
those in TRPV4+/+ mice. Because TRPV4 is activated by hypo‐os‐
molarity11,12 and plays a role in regulatory volume decreases,29 
the smaller cell sizes and wider intercellular spaces may arise from 
impaired function of TRPV4. Constant renewal and repair of the 
epithelium are critically important to maintain the epithelial barrier. 
At	the	same	time,	as	epithelial	cells	differentiate	and	stratify,	they	
may form specific intercellular junctions via TRPV4 to maintain the 
internal environment.

As	 light	 microscopic	 observation	 indicated	 wider	 intercellu‐
lar spaces in the junctional epithelium, we expected the exoge‐
nous tracer dextran to penetrate easily into the TRPV4−/− gingiva. 
However, the tracer was restricted to the coronal portion of the 
junctional epithelium, and rarely found in the oral sulcular or oral 
epithelia.	Labeling	in	the	junctional	epithelium	was	in	accord	with	
a previous study involving topical application of horseradish per‐
oxidase to the rat gingiva to label the coronal portion of the junc‐
tional epithelium.30 The dextran‐labeled area was wider in the 
junctional epithelium of TRPV4−/− mice compared with TRPV4+/+ 
mice, suggesting that TRPV4 deficiency affects the permeability 
in the junctional epithelium. Dextran fluorescence clearly labeled 
the intercellular spaces in both TRPV4+/+ and TRPV4−/− mice. 
Furthermore, dextran was present in epithelial cells, suggesting 
that TRPV4 regulates paracellular and transcellular transport in the 
epithelium. It remains controversial whether activation or inacti‐
vation of TRPV4 strengthens the epithelial barrier, based on cell 
culture experiments using TRPV4 agonists or antagonists.13,31 Our 
in vivo study demonstrated that TRPV4 deficiency enhanced junc‐
tional epithelial permeability.

Although	epithelial	permeability	is	dependent	on	cell‐cell	junc‐
tional complexes, the detailed mechanisms of cell‐cell junctions 
in the junctional epithelium remain to be elucidated. Infection of 
immortalized human gingival keratinocytes with the periodontitis 
pathogen Porphyromonas gingivalis reduced transepithelial elec‐
trical resistance,2 suggesting a crucial role of the epithelial barrier 
in periodontal destruction. We found disorganization and weak 
labeling of E‐cadherin, β‐catenin, and F‐actin in TRPV4−/− mice. 
Furthermore, there was greater dextran invasion in TRPV4−/− 
mice compared with TRPV4+/+ mice, possibly because of the im‐
paired epithelial adherens junctions in TRPV4−/− mice. We found 
that high‐calcium treatment induced cell‐cell contacts in primary 
cultures of oral epithelial cells from TRPV4+/+ mice, while inter‐
cellular gaps were apparent between the oral epithelial cells from 

F I G U R E  5  TRPV4	effect	on	a	mouse	periodontitis	model.	A,	Representative	intraoral	image	demonstrating	a	ligature	placement	around	
the second maxillary molar. B, Reconstructed micro‐CT images of the maxilla. The upper panels show no suture placement and the lower 
panels	show	suture	placement.	Arrows	indicate	areas	of	bone	loss	with	increased	root	structure	visible	above	the	alveolar	bone	crest.	C,	
Summary of the changes in bone volume per tissue volume (ΔBV/TV) at 10 d after ligature placement. Significantly larger changes are 
observed in TRPV4−/− mice compared with TRPV4+/+	mice.	All	data	are	expressed	as	mean	±	SE	(n	=	10).	*P < .05
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TRPV4−/− mice. These findings are reasonable because TRPV4 di‐
rectly interacts with the adherens junction molecules actin,29,32 β‐
catenin, and E‐cadherin.13

The junctional epithelium is a unique free‐end epithelium facing 
hard tissue enamel and has a continuous high turnover rate com‐
pared with other oral epithelia. In the present study, TRPV4−/− mice 
exhibited a larger number of proliferating cells and wider intercellu‐
lar spaces than TRPV4+/+ mice. Expression of E‐cadherin has been 
implicated in cell growth arrest, termed “contact inhibition of pro‐
liferation,” in epithelial cells.33 Several constituent molecules of ad‐
herens junctions are known to arrest proliferation signals when they 
form junctional complexes at contact sites. Thus, we speculate that 
impaired junctions with E‐cadherin may attenuate contact inhibition, 
resulting in the higher turnover rate in TRPV4−/− mice. Furthermore, 
Stockinger et al21 demonstrated that β‐catenin transcriptional ac‐
tivity affected cell proliferation by interacting with E‐cadherin in 
the cytoplasm of epithelial cells. In the junctional epithelium, sup‐
pressed interactions between TRPV4 and β‐catenin or E‐cadherin 
may enhance proliferation followed by reduced cell‐cell adhesion. 
Upregulation of epithelial proliferation in TRPV4−/− mice would be 
implicated in pathological growth of oral epithelial cells in periodon‐
tal diseases.

We hypothesized that impaired barrier function via cell‐cell 
contacts at the junctional epithelium may contribute to periodontal 
dysfunction. In our mouse periodontitis model, there was a mark‐
edly larger bone volume decrease in TRPV4−/− mice compared with 
TRPV4+/+ mice. Junctional complexes including E‐cadherin, actin fi‐
bers, and TRPV4 in the junctional epithelium are suggested to play 
a role against exogenous insults from the gingival sulcus. Recently, 
epithelial barrier dysfunction in the skin or mucosa was found to be 
associated with pathogenesis in gut or pulmonary diseases.34	 As	
TRPV4 agonists or antagonists can regulate inflammation in pulmo‐
nary or bowel disease models, TRPV4 has been implicated as a po‐
tential target for the management of lung injury35 or inflammatory 
bowel diseases.36 In addition, we recently revealed an impairment 
of the epithelial cell‐cell contact structure with an irregular pattern 
of adherens junctional proteins and TRPV4 in the labial mucosal 
epithelium of Sjögren syndrome patients.37 Impaired epithelia with 
weaker TRPV4 expression than normal epithelia were observed to‐
gether with a larger number of inflammatory cells in Sjögren syn‐
drome patients. Thus, TRPV4‐associated epithelial cell‐cell junctions 
appear to play an important role in human oral mucosal epithelia. It 
is well known that bacteria and their components can intrude into 
the junctional epithelium, which increase neutrophil penetration and 
enhance periodontal inflammation.38,39 Impaired epithelial cell‐cell 
contact via TRPV4 may lead to more serious vulnerability of peri‐
odontal tissues to bacteria or mechanical stresses and aggravate 
periodontal inflammation. Taking the present findings together, we 
suggest that TRPV4 is a potential therapeutic target for restoration 
of the junctional epithelium barrier. Further studies on TRPV4 func‐
tions in periodontal tissues are needed, because this protein is con‐
sidered to be ubiquitously expressed in endothelial cells, bone cells, 
and immune cells.
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