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Abstract

Aquaporins (AQPs) are a family of small integral membrane proteins made up of 
6 hydrophobic, a-helical, membrane-spanning domains surrounding a highly selective 
aqueous pore. AQP3, AQP7, and AQP9, termed aqua-glyceroporins, are known to be 
involved in the transport of water, glycerol, and other small molecules. In this study, we 
investigated the expression and localization of aqua-glyceroporins in rat oral stratified 
squamous epithelia of the palate, the buccal mucosa, the inferior aspect of the tongue, 
and the oral floor by using RT-PCR, immunofluorescence, and immunogold electron 
microscopy. AQP3 and AQP9 mRNAs were expressed in whole oral epithelium. Immu-
nostaining for AQP3 was recognized in each type of epithelium. The results suggest that 
AQP3 synthesis begins predominantly in the cytoplasm of the basal cells. During the 
process of epithelial cell differentiation, AQP3 protein appears to accumulate and be 
transported to the plasma membrane, from where it is incorporated into the cornified 
or surface layers. The intracellular localization of AQP3 appears to correlate with the  
differentiation of keratinocytes, suggesting that it acts as an enhancer of the physiological  
permeability barrier together with membrane coating granules. The distribution pattern 
of AQP9 was limited to the marginal areas of the basal and suprabasal layers, which was 
different from that of AQP3. This difference in distribution between AQP3 and AQP9 
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Introduction

Due to their prominent physiological role 
in the cross-membrane channeling of water, 
the name aquaporin (AQP) was proposed for 
a group of integral membrane proteins first 
identified by Agre et al.4). More recently, the 
term aqua-glyceroporin has been applied to 
any AQP that functions as a water channel or 
glycerol facilitator. The AQP family of pro-
teins is made up of 6 hydrophobic, a-helical, 
membrane-spanning domains surrounding a 
highly selective aqueous pore. Cloning has 
been used to produce homologues of these 
proteins, and has led to the recognition of at 
least 13 mammalian AQPs3,20,25,36). Although all 
the members of this family contain structural  
motifs similar to those of AQP1, it is prob-
able that each one also possesses the unique 
features required for its specific function or 
regulation. Correlation of the sequences and 
functional properties of this family has led  
to the identification of 3 distinct sub-groups: 
water-selective homologues, termed aquapo-
rins, which include AQP0, AQP1, AQP2, 
AQP4, AQP5, AQP6 and AQP8; homologues, 
termed aqua-glyceroporins, that are perme-
ated by water, glycerol, and other small  
molecules, and which include AQP3, AQP7 
and AQP9;1,14,19,29) and AQP1017,18). However, 
AQP10 seems to be an incompletely spliced 
form of the protein, having no conserved  
sixth transmembrane domain, only poor water  
permeability, and none for glycerol or urea. 
Functionally, however, it is still characterized 
as an aqua-glyceroporin. Recently, two new 
members of the AQP family reported in 

humans, termed super-aquaporins (AQP11 
and AQP12), were reported to have unusual  
pore structures and functions21,27). These chan-
nels have been identified and shown to play 
an essential role in diverse physiologic pro-
cesses, including renal water re-absorption, 
exocrine gland secretion, and lacrimation. 
Furthermore, other studies have also shown  
evidence to support their role in cerebrospinal  
fluid secretion and re-absorption, generation  
of pulmonary secretion, and aqueous humour  
secretion2,10,22,23,26,28,37).

AQP3 has been reported to be expressed 
in the kidney, urinary tract, digestive tract, 
and skin2,10,22,23,26,28,31,37). It has been localized in 
the basal and intermediate cells of stratified 
squamous epithelia from the fauces to the 
forestomach and skin26), and has also been 
detected in the suprabasal layer of the oral 
epithelium during human and mouse tooth  
development11,40). Expression of AQP9 has  
been reported in a number of cell types, 
including leukocytes, osteoclasts, those of the 
ovaries and digestive tract, hepatocytes, and 
keratinocytes of the skin30,31), but not in the 
developing tooth in mouse11). In contrast, 
there is little evidence to support expression 
of AQP7 in the squamous epithelium of the 
skin, and it appears to be mainly expressed  
in the adipose tissue, muscle, and a variety  
of other tissues30). However, no information  
is available regarding the expression and 
localization of aqua-glyceroporins in oral  
epithelia.

The purpose of this study was to investigate  
the expression and intracellular localization 
of aqua-glyceroporins AQP3 and AQP9 in rat 
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suggests that AQP9 in rat oral epithelia acts as a channel by facilitating glycerol uptake 
from the blood through the endothelial cells of the capillary vessels to the oral stratified 
squamous epithelium. AQP3 and AQP9 facilitate both transcellular osmotic water flow 
and glycerol transport as pore-like passive transporters in the keratinocytes of oral 
epithelia, and may play a key role in not only hydration and the permeability barrier, 
but also cell proliferation, differentiation, migration, development, and wound healing 
by generating ATP.

Key words:	 AQP3 — AQP9 — Aqua-glyceroporin — Oral epithelium —  
Permeability barrier
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oral epithelia by using RT-PCR, immunofluo-
rescence, and high resolution immunogold  
electron microscopy of ultra-thin cryosections  
to characterize their involvement in the per-
meability barrier of oral keratinized squamous  
epithelium.

Materials and Methods

1. Isolation of oral epithelium
Oral mucosa was obtained from 30 male  

Sprague-Dawley rats (6 weeks old), each  
weighing approximately 200 g. Under anes-
thesia induced by intraperitoneal injection  
of sodium thiopental (Ravonal®, Mitsubishi 
Tanabe Pharma, Osaka, Japan), the whole  
oral mucosa was excised using surgical scissors.  
The epithelial layer was removed from the 
underlying connective tissues by digestion 
with dispase® I (25 U/ml: Roche, Mannheim,  
Germany) for 3 hrs at 37°C and then separated  
according to source (palate, buccal mucosa, 
tongue, or oral floor). The kidney medullae 
and liver were used as positive controls for 
AQP3 and AQP9, respectively.

All experiments were performed in accor-
dance with the Guidelines for Experimental 
Laboratory Animals at the Animal Facility of 
Tokyo Dental College (No.220501).

2.	Reverse transcription-polymerase chain 
reaction (RT-PCR) analysis
Each type of epithelial tissue was homoge-

nized in TRIZOL® Reagent (Invitrogen Corp.,  
Carlsbad, CA, USA) by using a Teflon-pestle 
homogenizer (As One, Tokyo, Japan) and 
total RNA extracted. The chloroform suspen-
sion was centrifuged at 16,000 g for 20 min  
at 4°C. Isopropyl alcohol was added to the  
supernatant, which was then frozen at 180°C  
overnight. Subsequently, each sample was  
centrifuged at 16,000 g for 20 min and the 
total RNA pellets washed with 70% ethanol. 
Finally, the total RNA pellets were dissolved 
in RNase-free water and total RNA concen
trations measured by absorbance using an 
ND-1000 spectrophotometer (LMS Co., Ltd., 
Tokyo, Japan). Oligo dT primer (0.5 ml), dNTP  

(1 ml), RNase inhibitor (0.25 ml), reverse 
transcriptase (0.5 ml), 102buffer (1 ml) and  
MgCl2 (2 ml) were added to total RNA (0.5 ml)  
and the volume adjusted to 10 ml with RNase-
free water. The mixture was used to synthesize  
cDNA by reverse transcription (42°C for 1 hr, 
94°C for 5 min, 5°C for 5 min). For PCR, the 
cDNA reaction mixtures were then diluted 
with 10 ml PCR buffer and mixed with 0.5 ml 
primers for:

AQP3 (sense primer; 58-ACCATCAACTTG 
GCTTTTGG-38, antisense primer; 58-AGGC 
CCAGATTGCATCATAG-38), 

AQP9 (sense primer; 58-TGGTAGTGAAGG 
CAGGGAAC-38, antisense primer; 58-CGCT 
TGGGCAATAGAGCTAC-38) or

b -actin (sense primer; 58-CCTGTATGCCTC 
TGGTCGTA-38, antisense primer; 58-CCAT 
CTCTTGCTCGAAGTCT-38).

PCR reactions were carried out in the PTC-
100™ programmable Thermal Controller (MJ  
Research, Inc., Watertown, MA, USA). The 
PCR conditions for AQP3 and β-actin were  
30 cycles (94°C for 30 sec, 60°C for 30 sec,  
and 72°C for 1 min); for AQP9 they were 30 
cycles (94°C for 30 sec, 63°C for 30 sec, and 
72°C for 1 min). The amplification product 
sizes of AQP3, AQP9, and b -actin were 217, 
210, and 260 base pairs, respectively. The  
PCR products were then electrophoresed on 
2% agarose gels and the bands visualized by 
ethidium bromide staining.

3. Immunofluorescence microscopy
Each type of epithelial tissue was quickly 

removed, immediately embedded in Tissue- 
Tek® OCT™ Compound (Sakura Finetechnical  
Co., Ltd., Tokyo, Japan) and rapidly frozen  
in liquid nitrogen. Frozen sections approxi-
mately 6mm in thickness were cut and, after  
washing with phosphate-buffered saline (PBS),  
incubated with rabbit polyclonal antibodies 
to AQP3 (1:100; Chemicon International, 
Inc., Temecula, CA, USA) and AQP9 (1:100; 
Chemicon International, Inc.) for 2 hrs at 
room temperature. After washing with PBS, 
the tissues were incubated with a secondary 
antibody, goat anti-rabbit IgG, conjugated 
with Alexa Fluor® 488 (Molecular Probes, 



4

Inc., Eugene, OR, USA) for 60 min at room 
temperature. As a control, specimens were 
treated with normal goat serum instead of 
each AQP antibody. Specimens were exam-
ined and photographed using a conventional 
fluorescence microscope (Axiophot 2: Carl  
Zeiss Co., Munchen-Hallbergmoos, Germany).

4. Immunoelectron microscopy
For ultra-thin immunogold labeling, the 

tissues were fixed with 4% paraformaldehyde 
and 0.2% glutaraldehyde in 0.1 M cacodylate 
buffer for 30 min by transcardial perfusion 
fixation. Epithelial tissues were removed and 
embedded in 2.3 M sucrose. Small pieces of 
each tissue were mounted and rapidly frozen 
with liquid nitrogen. Ultra-thin cryosections 
were cut using an ultra-cryo-microtome at  
1100°C (FC-4S, Reichert Ultracut-S; Reichert,  
Co., Heidelberg, Germany). The cryosections  
were mounted on carbon-coated formvar  
nickel grids and incubated with rabbit poly-
clonal antibodies to AQP3 and AQP9 (1:100; 
Chemicon) for 2 hrs at 37°C. After rinsing as 
described above, the sections were incubated 
with an anti-rabbit IgG secondary antibody  
conjugated with colloidal gold (10 nm: British  
BioCell International, Ltd., Cardiff, UK) for  
60 min at 37°C. The sections were fixed  
with 1% glutaraldehyde and then rinsed and 
post-fixed with 1% osmium tetraoxide. After 
dehydration with ethanol and embedding in 
LR-white resin (London Resin Co., London,  
UK) by heating at 60˚C for 12 hrs, the sections  
were post-stained with uranyl acetate and  
lead citrate. Specimens were examined and 
photographed using a transmission electron  
microscope (H7100: Hitachi, Co., Tokyo, Japan).

Results

1.	Expression of AQP3 and AQP9  
mRNA/protein in rat oral epithelia
Oral epithelia from rat palate, the buccal 

mucosa, the inferior aspect of the tongue, 
and the oral floor were isolated and RT-PCR 
performed to evaluate the expression and  
distribution of AQP3 and AQP9 mRNAs.  

Expression of AQP mRNAs was normalized 
using b -actin (260 base pairs) as a standard 
loading control. The results of RT-PCR and 
sequence verification are shown in Fig. 1. 
AQP3 (217 base pairs) and AQP9 (210 base  
pairs) were expressed in the palate, the buccal  
mucosa, the inferior aspect of the tongue, 
and the oral floor (Figs. 1a, 1b).

2.	Immunolocalization of AQP3 and AQP9 
in rat oral epithelia

1) Immunofluorescence microscopy
To characterize the immunolocalization of 

AQP3 and AQP9 in oral epithelia, immuno-
fluorescence staining was carried out with 
frozen sections. Conventional immunofluo-
rescence microscopy revealed a strong fluo-
rescence reaction for AQP3 in the epithelial 
layer of the oral epithelium, but not in the 
cornified or superficial layers. In the palatal  
epithelium, AQP3 reactivity was recognized in  
the cytoplasm of basal layer cells and on the 
periphery of spinous and granular layer cells, 
but not in cornified layer cells (Fig. 2a). In 
the buccal epithelium (Fig. 2c), the inferior 

Fig.  1	 RT-PCR analysis of AQP3 and AQP9 in oral 
epithelia

217- and 210-base pair bands corresponding to AQP3 
and AQP9 were expressed in all oral epithelia. Kidney 
medullae and liver epithelial cells were used as positive 
controls for AQP3 and AQP9, respectively (a, b).

a

b

Poveda M et al.
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aspect of the tongue (Fig. 2e) and the oral  
floor epithelium (Fig. 2g), positive AQP3  
staining was observed in the cytoplasm of  

the basal layer cells, and an intense positive 
reaction was recognized on the periphery of  
the spinous layer and intermediate layer cells;  

Fig.  2  Immunofluorescence staining of AQP3 and AQP9 in oral epithelia

In palate, AQP3 reactivity was recognized in cytoplasm of basal layer (BL) and on periphery of spinous (SL) and 
granular layers (GL), but not in cornified layer (CL)(a). In buccal mucosa (c), inferior aspect of tongue (e), and 
oral floor (g), AQP3 was observed in cytoplasm of BL and periphery of SL and intermediate layer (IL), but not in 
superficial layer (SfL). AQP9 was observed on periphery of basal and suprabasal cells in palate (b), buccal mucosa 
(d), tongue (f), and oral floor (h). (×260, Bar; 100µm)

AQP3 and AQP9 in Rat Oral Epithelia
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no reaction was observed in superficial layer 
cells, however.

In contrast, clear positive fluorescence indi-
cating AQP9 expression was observed on the 
periphery of the basal and suprabasal cells  
of palatal epithelium (Fig. 2b), buccal epi
thelium (Fig. 2d), the inferior aspect of the 
tongue (Fig. 2f), and the oral floor epithe-
lium (Fig. 2h). Furthermore, AQP9 staining 
was observed on the periphery of the upper 
spinous-to-granular layer cells of the palate 
and intermediate-to-superficial layer cells of 
the buccal mucosa, the inferior aspect of the 
tongue, and the oral floor epithelium.

2) Immunoelectron microscopy
To confirm the immunolocalization and 

subcellular distribution of AQP3 and AQP9 
in oral epithelial cells, morphological obser-
vations were carried out using colloidal gold 
immunoelectron microscopy with ultra-thin 
cryosections. Figure 3 shows the ultrastruc-
tural localization of AQP3 and AQP9 in the 
epithelium of the oral floor. In the spinous 
layer cells, 10-nm gold particles indicating  
localization of AQP3 accumulated in the  
peripheral area close to the plasma membrane,  
and gold particles were also recognized in the  
cytoplasm of those cells. Only a few particles 

Fig.  3	 Immunoelectron microscopic observation of AQP3 and AQP9 in oral floor epithelia

In spinous layer (SL), 10-nm gold particles indicating AQP3 (arrowheads) accumulated on 
periphery of plasma membrane and cytoplasm (a). Meanwhile, on upper side of intermediate 
layer (IL), gold particles were localized exclusively at cell surface, forming line on plasma 
membrane (b). AQP9 was localized in cytoplasm and plasma membrane of basal layer (BL) 
and SL (c), and was recognized exclusively on plasma membrane of IL (d). (×60,000, Bar; 
0.1µm)

Poveda M et al.
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were found in the nuclei and mitochondria 
as background, non-specific reactions (Fig. 
3a). Meanwhile, on the upper side of the 
intermediate layer cells, AQP3-reactive gold 
particles were localized predominantly at the 
cell surface, forming a line on the plasma  
membrane (Fig. 3b). Gold particles indicating  
AQP9 were localized in the cytoplasm and 
also on the plasma membrane of the basal 
and spinous layer cells (Fig. 3c), and were 
recognized exclusively on the plasma mem-
brane of intermediate layer cells (Fig. 3d; Des;  
desmosomes, ICS; intercellular space).

Discussion

It is well known that AQP3 and AQP9 play 
a major role as aqua-glyceroporins not only 
in the transport of water, but also of glycerol 
and other small molecules1,14,19,29). Previous 
studies have shown that AQP3 is expressed in 
a wide variety of organs, such as the kidney 
and the urinary tract, digestive tract, respira-
tory tract, eye, brain, and skin2,10,22,23,26,28,37). In 
renal collecting ducts, AQP3 is localized at  
the basolateral membrane, where epithelial 
cells would encounter possible osmotic water 
loss due to the difference in tonicity between  
luminal urine and intracellular fluid7,8). AQP3  
is also present in the squamous epithelium  
of skin, where it serves as a barrier against 
water loss and improves hydration below the  
cornified layer12,26,32). AQP9 expression has been  
reported in several tissues, including those  
of the digestive tract, liver, and skin. In the 
skin, it was localized at the outermost part of 
the granular layer30,31).

The results of the present study using RT- 
PCR, immunofluorescence, and immunoelec-
tron microscopy revealed expression of AQP3 
and AQP9 water channels in rat oral stratified  
squamous epithelia of the palate, the buccal 
mucosa, the inferior aspect of the tongue, 
and the oral floor.

AQP3 was localized in the cytoplasm of  
the basal cells and cell membranes of all the 
epithelial layers investigated, apart from the  
cornified or superficial layers. Positive staining  

for AQP9 was observed in the basal layers of 
all the tissues investigated, where it appeared  
to be concentrated in the cellular membrane  
of the basal layer, in contrast to AQP3 staining,  
which was apparent in the cytoplasm of the 
basal layers. Although this study was not 
designed to elucidate the physiological role 
of AQP channels in oral epithelia, the dif
ferences found in their localization indicate 
that they play at least a contributing role in 
the regulation of cell volume and osmolality 
during the process of cell differentiation,  
which may vary depending on the underlying  
submucosal layer involved. This suggests that 
AQPs facilitate water flow by osmosis across 
the plasma membrane via the transcellular 
pathway; that they play a role in paracellular 
fluid transport (the major pathway across  
stratified epithelium for large molecules); and  
that they are involved in the physiological 
permeability barrier.

In stratified squamous epithelium, during 
the process of differentiation, lipids are accu-
mulated and packaged into small vesicular  
organelles known as membrane coating gran-
ules (MCG) that become evident by electron 
microscopy in the upper part of the spinous  
layer33,34). At the boundary between the granu-
lar and cornified layers, MCGs are transported  
to the surface of keratinocytes, where their 
membranes fuse with the plasma membrane, 
after which the lipid lamellae are released 
into the extracellular spaces24,35). Thus, MCGs  
are thought to be responsible for the physio-
logical permeability barrier in stratified squa-
mous epithelia, and AQP seems to be involved,  
acting as an enhancer for this function.

Immunoelectron microscopy using immuno-
gold-labeling of ultra-thin cryosections revealed  
an accumulation of gold particles indicating 
the localization of AQP3 and AQP9 in the 
peripheral areas of basal and spinous cells, 
and they were aligned on the surface of  
the plasma membrane in intermediate cells. 
AQP9, in particular, was also localized on the 
plasma membrane of basal and spinous cells.  
Furthermore, no AQP3 or AQP9 reactivity was  
observed in the cornified layer of keratinized 
palatal epithelium, the superficial layer of 

AQP3 and AQP9 in Rat Oral Epithelia
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non-keratinized buccal mucosa, the inferior  
aspect of the tongue, or the oral floor  
epithelium.

This pattern of localization indicates that 
not only the cornified layer of keratinized  
epithelium, but also the superficial layer  
of non-keratinized epithelium comprises a  
principal component of the permeability  
barrier that protects against environmental 
influences such as physical damage, bacterial  
infection, desiccation, and heat loss, and plays  
a role in the maintenance of homeostasis.  
Vielhaber et al.39) have demonstrated that cer-
amide is localized in MCGs at the cornified 
envelope and within the intercellular spaces  
of the stratum corneum by immunogold  
electron microscopy. In contrast, only small 
amounts of ceramide were observed in the 
superficial layer of oral non-keratinized epi-
thelium9,41). Non-keratinized epithelium also  
contains small amounts of neutral polar lipids,  
mainly cholesterol sulfate and glucosylcer-
amide. This type of epithelium is considerably 
more permeable to water than is keratinized 
epithelium33).

The lipid content of each type of squa-
mous epithelium determines its permeability 
to water, and the intracellular distribution of 
AQP3 and AQP9 appear to correlate with 
MCG localization and lipid secretion in the 
intercellular spaces of the stratum corneum.

Glycerol is a small degradation product of 
glucose, proteins, and other triacylglycerols. 
It is an important intermediary in energy 
metabolism and a substrate for the biosyn
thesis of various lipids6). In addition, glycerol  
can control osmotic activity in the cytoplasm6).  
A recent study on expression of AQP3 in  
skin has shown that AQP3-facilitated water 
transport is involved in cell migration and  
accelerating wound healing; furthermore,  
AQP3-facilitated glycerol transport is involved  
in generating ATP and facilitates epithelial  
cell proliferation and differentiation, and  
also tumorigenesis13,15,16,38). On the other hand,  
immunohistological studies have detected 
strong expression of AQP9 in perivenous  
hepatocytes, suggesting a possible function  
in glycerol uptake from sinusoidal capillaries 

during gluconeogenesis in the liver30,31).
In the present study, RT-PCR revealed clear  

expression of AQP9 in rat oral epithelium of 
the palate, the buccal mucosa, the inferior 
aspect of the tongue, and the oral floor. The 
distribution pattern of AQP9 was limited to  
the marginal areas of the basal and suprabasal  
layers, a pattern which differed from that of  
AQP3. This difference in distribution between  
AQP3 and AQP9 suggests that AQP9 in rat 
oral epithelia acts as a channel by facilitating 
glycerol uptake from the blood through the  
endothelial cells of the capillary vessels to the  
oral stratified squamous epithelium. Earlier 
studies using AQP9-knockout mice indicated 
that AQP9 played a central role in glycerol 
metabolism and maintaining skin hydration. 
No defects in wound healing were observed, 
however5,31).

AQP3 and AQP9 facilitate both transcellular  
osmotic water flow and glycerol transport as 
pore-like passive transporters in the kerati
nocytes of oral epithelia, and may also play 
key roles in not only hydration and the per-
meability barrier, but also cell proliferation, 
differentiation, migration, development, and 
wound healing by generating ATP. Further 
study is needed, however, to fully determine 
the role of AQP3 and AQP9 in oral epithelial 
cells.

Acknowledgements

We are grateful to Dr. Takashi Muramatsu 
for his valuable suggestions, and Mr. Katsumi 
Tadokoro and Dr. Takayasu Masaoka for their 
technical assistance. This research was sup-
ported by an Oral Health Science Center 
Grant HRC7 from the Tokyo Dental College, 
by a “High-Tech Research Center” Project  
for Private Universities, by a matching fund 
subsidy from MEXT (Ministry of Education, 
Culture, Sports, Science and Technology) of  
Japan, 2006–2010, and was partly supported by 
the MEXT of Japan, Grant-in-Aid for Scientific  
Research (C)(KAKENHI: No.23592713).

Poveda M et al.



9

References

	 1)	 Agre P, Bonhivers M, Borgnia MJ (1998) The 
aquaporins, blueprints for cellular plumbing 
systems. J Biol Chem 273:14659–14662.

	 2)	 Agre P, Brown D, Nielsen S (1995) Aquaporin 
water channels: unanswered questions and 
unresolved controversies. Curr Opin Cell Biol 
7:472–483.

	 3)	 Agre P, King LS, Yasui M, Guggino WB,  
Ottersen OP, Fujiyoshi Y, Engel A, Nielsen S  
(2002) Aquaporin water channels from atomic  
structure to clinical medicine. J Physiol 542: 
3–16.

	 4)	 Agre P, Preston GM, Smith BL, Jung JS, Raina 
S, Moon C, Guggino WB, Nielsen S (1993) 
Aquaporin CHIP: the archetypal molecular 
water channel. Am J Physiol Renal Physiol  
265:F463–F476.

	 5)	 Boury-Jamot M, Daraspe J, Bonté F, Perrier E, 
Schnebert S, Dumas M, Verbavatz JM (2009)  
Skin aquaporins: Function in hydration, wound  
healing, and skin epidermis homeostasis. Handb  
Exp Pharmacol 190:205–217.

	 6)	 Brisson D, Vohl MC, St-Pierre J, Hudson TH,  
Gaudet D (2001) Glycerol: a neglected variable  
in metabolic processes? Bioessays 23:534–542.

	 7)	 Ecelbarger CA, Terris J, Frindt G, Echevarria 
M, Marples D, Nielsen S, Knepper MA (1995) 
Aquaporin-3 water channel localization and 
regulation in rat kidney. Am J Physiol 269: 
F663–F672.

	 8)	 Echevarria M, Windhager EE, Tate SS, Frindt 
G (1994) Cloning and expression of AQP3, a 
water channel from the medullary collecting 
duct of rat kidney. Proc Natl Acad Sci U S A 
91:10997–11001.

	 9)	 Elias PM, Friend DS (1975) The permeability 
barrier in mammalian epidermis. J Cell Biol 
65:180–191.

	10)	 Elkjaer M, Vajda Z, Nejsum LN, Kwon T, 
Jensen UB, Amiry-Moghaddam M, Frokiaer  
J, Nielsen S (2000) Immunolocalization of 
AQP9 in liver, epididymis, testis, spleen, and 
brain. Biochem Biophys Res Commun 276: 
1118–1128.

	11)	 Felszeghy S, Modis L, Nemeth P, Nagy G, 
Zelles T, Agre P, Laurikkala J, Fejerskov O, 
Thesleff I, Nielsen S (2004) Expression of  
aquaporin isoforms during human and mouse  
tooth development. Arch Oral Biol 49:247–257.

	12)	 Hara M, Ma T, Verkman AS (2002) Selectively  
reduced glycerol in skin of aquaporin-3- 
deficient mice may account for impaired skin 
hydration, elasticity, and barrier recovery. J 
Biol Chem 277:46616–46621.

	13)	 Hara-Chikuma M, Verkman AS (2008) Aqua-
porin-3 facilitates epidermal cell migration 

and proliferation during wound healing. J  
Mol Med (Berl) 86:221–231.

	14)	 Hara-Chikuma M, Verkman AS (2006) Physi-
ological roles of glycerol-transporting aqua
porins: the aquaglyceroporins. Cell Mol Life 
Sci 63:1386–1392.

	15)	 Hara-Chikuma M, Verkman AS (2008) Preven-
tion of skin tumorigenesis and impairment  
of epidermal cell proliferation by targeted 
aquaporin-3 gene disruption. Mol Cell Biol 
28:326–332.

	16)	 Hara-Chikuma M, Verkman AS (2008) Roles  
of aquaporin-3 in the epidermis. J Invest  
Dermatol 128:2145–2151.

	17)	 Hatakeyama S, Yoshida Y, Tani T, Koyama  
Y, Nihei K, Ohshiro K, Kamiie JI, Yaoita E, 
Suda T, Hatakeyama K, Yamamoto T (2001) 
Cloning of a new aquaporin (AQP10) abun-
dantly expressed in duodenum and jejunum.  
Biochem Biophys Res Commun 287:814–819.

	18)	 Ishibashi K, Morinaga T, Kuwahara M, Sasaki 
S, Imai M (2002) Cloning and identification 
of a new member of water channel (AQP10)  
as an aquaglyceroporin. Biochim Biophys Acta  
1576:335–340.

	19)	 Ishibashi K, Sasaki S (1998) The dichotomy of  
MIP family suggests two separate origins of 
water channels. News Physiol Sci 13:137–142.

	20)	 Ishikawa Y, Cho G, Yuan Z, Skowronski  
MT, Pan Y, Ishida H (2006) Water channels 
and zymogen granules in salivary glands. J 
Pharmacol Sci 100:495–512.

	21)	 Itoh T, Rai T, Kuwahara M, Ko SB, Uchida  
S, Sasaki S, Ishibashi K (2005) Identification 
of a novel aquaporin, AQP12, expressed in 
pancreatic acinar cells. Biochem Biophys Res 
Commun 330:832–838.

	22)	 King LS, Yasui M, Agre P (2000) Aquaporins in  
health and disease. Mol Med Today 6:60–65.

	23)	 Knepper MA (1994) The aquaporin family of 
molecular water channels. Proc Natl Acad Sci 
U S A 91:6255–6258.

	24)	 Landmann L (1988) The epidermal permea-
bility barrier. Anat Embryol (Berl) 178:1–13.

	25)	 Magni F, Sarto C, Ticozzi D, Soldi M, Bosso  
N, Mocarelli P, Kienle MG (2006) Proteomic 
knowledge of human aquaporins. Proteomics 
6:5637–5649.

	26)	 Matsuzaki T, Suzuki T, Koyama H, Tanaka S, 
Takata K (1999) Water channel protein AQP3 
is present in epithelia exposed to the envi
ronment of possible water loss. J Histochem 
Cytochem 47:1275–1286.

	27)	 Morishita Y, Sakube Y, Sasaki S, Ishibashi  
K (2004) Molecular mechanisms and drug 
development in aquaporin water channel dis-
eases: aquaporin superfamily (superaquapo-
rins): expansion of aquaporins restricted to 

AQP3 and AQP9 in Rat Oral Epithelia



10

multicellular organisms. J Pharmacol Sci 96: 
276–279.

	28)	 Nielsen S, Frokiaer J, Marples D, Kwon TH,  
Agre P, Knepper MA (2002) Aquaporins in the  
kidney: from molecules to medicine. Physiol 
Rev 82:205–244.

	29)	 Park JH, Saier MH Jr. (1996) Phylogenetic 
characterization of the MIP family of trans-
membrane channel proteins. J Membr Biol 
153:171–180.

	30)	 Rojek A, Praetorius J, Frøkiaer J, Nielsen S,  
Fenton RA (2008) A current view of the mam-
malian aquaglyceroporins. Annu Rev Physiol 
70:301–327.

	31)	 Rojek AM, Skowronski MT, Füchtbauer EM, 
Füchtbauer AC, Fenton RA, Agre P, Frøkiaer 
J, Nielsen S (2007) Defective glycerol metabo-
lism in aquaporin 9 (AQP9) knockout mice. 
Proc Natl Acad Sci U S A 104:3609–3614.

	32)	 Sougrat R, Morand M, Gondran C, Barre P, 
Gobin R, Bonte F, Dumas M, Verbavatz JM  
(2002) Functional expression of AQP3 in  
human skin epidermis and reconstructed epi-
dermis. J Invest Dermatol 118:678–685.

	33)	 Squier CA (1991) The permeability of oral 
mucosa. Crit Rev Oral Biol Med 2:13–32.

	34)	 Squier CA, Cox P, Wertz PW (1991) Lipid 
content and water permeability of skin and 
oral mucosa. J Invest Dermatol 96:123–126.

	35)	 Squier CA, Kremer MJ (2001) Biology of oral 
mucosa and esophagus. J Natl Cancer Inst 
Monogr 29:7–15.

	36)	 Takata K, Matsuzaki T, Tajika Y (2004) Aqua-
porins: water channel proteins of the cell 
membrane. Histochem Cytochem 39:1–83.

	37)	 Van Os CH, Deen PM, Dempster JA (1994) 
Aquaporins: water selective channels in bio-
logical membranes. Molecular structure and  
tissue distribution. Biochim Biophys Acta 1197: 
291–309.

	38)	 Verkman AS (2009) Aquaporins: translating 
bench research to human disease. J Exp Biol 
212:1707–1715.

	39)	 Vielhaber G, Pfeiffer S, Brade L, Lindner B, 
Goldmann T, Vollmer E, Hintze U, Wittern 
KP, Wepf R (2001) Localization of ceramide  
and glucosylceramide in human epidermis  
by immunogold electron microscopy. J Invest 
Dermatol 117:1126–1136.

	40)	 Wang W, Hart PS, Piesco NP, Lu X, Gorry  
MC, Hart TC (2003) Aquaporin expression  
in developing human teeth and selected oro-
facial tissues. Calcif Tissue Int 72:222–227.

	41)	 Zhang H, Robinson JR (1996) Routes of drug 
transport across oral mucosa, Oral Mucosal  
Drug Delivery; Drugs and pharmaceutical  
sciences Vol.74, Rathbone MJ ed., pp.51–63, 
Marcel Dekker, New York.

Reprint requests to: 
Dr. Sadamitsu Hashimoto 
Department of Biology,  
Tokyo Dental College,  
2-9-7 Kanda-Surugadai, Chiyoda-ku,  
Tokyo 101-0062, Japan 
Tel: +81-3-6380-9320 
Fax: +81-3-6380-9605 
E-mail: sada@tdc.ac.jp

Poveda M et al.


