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Abstract

Aquaporins (AQPs), ordinarily regarded as water channels, have recently been shown to 

participate in other cellular functions such as cell-to-cell adhesion, cell migration, cell 

proliferation etc. The current investigation was undertaken to find out whether AQP5 water 

channel plays a role in corneal epithelial wound healing. Expression of AQP5 in mouse cornea and 

transfected Madin Darby canine kidney (MDCK) cells was detected using immunofluorescence or 

EGFP tag. Cell migration and proliferation, the two major events in wound healing, were studied 

in vitro using cell culture scratch-wound healing model and cell proliferation assay, in vivo by 

conducting wound healing experiments on corneas of wild-type and AQP5 knockout mouse model 

and ex vivo on corneal epithelial cells isolated from wild type and AQP5 knockout mice. MDCK 

cells stably expressing AQP5 showed significantly higher levels of cell migration and proliferation 

compared to control cells. Likewise, corneal epithelial cells of wild type mouse with innate AQP5 

exhibited faster wound healing than those of AQP5 knockout in vivo and under ex vivo culture 

conditions. In vitro, in vivo and ex vivo studies showed that presence of AQP5 improved cell 

migration, proliferation and wound healing. The data collected suggest that AQP5 plays a 

significant role in corneal epithelial wound healing.
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1. Introduction

Aquaporin (AQP) water channels are transmembrane proteins that play a significant role in 

maintaining cellular water homeostasis (Preston et al., 1992). Thirteen AQPs (AQP0-

AQP12) are expressed in mammals. The AQP superfamily consists of channels that allow 

diffusion of only water molecules (aquaporins), or water and certain solutes like glycerol 

and urea (aquaglyceroporins) across cell membranes (Agre and Kozono, 2003). Malfunction 

of AQPs is linked to several eye diseases, such as cataract (Varadaraj et al., 2008), glaucoma 

(Verkman, 2008), keratoconus (Garfias et al., 2008) and bullous keratopathy, and Fuchs’ 

dystrophy (Kenney et al., 2004).

Cornea, the outermost transparent tissue of the eye serves as a protective barrier and 

provides 65–75% of the refractive power needed for normal vision (Zhang et al., 2011). 

Corneal transparency is critical for normal refraction of the incident light which travels 

through the pupil and lens, and ultimately reaches the retina where visual input is transduced 

into neural signaling. Cornea has five layers (Wiley et al., 1991; DelMonte and Kim, 2011; 

Kumari et al., 2012). They are, from outer to inner: corneal epithelium, Bowman’s Layer, 

stroma, Descemets layer and endothelium. AQP1, AQP3 and AQP5 are present in the cornea 

(Patil et al., 1997; Funaki et al., 1998; Thiagarajah and Verkman, 2002). Among these, 

AQP5 is abundant in the epithelial layer (Funaki et al., 1998; Ren et al., 2017). AQP5 and 

AQP3 in epithelial cells and AQP1 in stroma and endothelial cells provide major routes for 

water movement across the epithelial and endothelial barriers of cornea (Thiagarajah and 

Verkman, 2002). Since corneal epithelium is directly exposed to the environment, it is prone 

to injuries. Epithelial injuries occur due to surgery, misuse and overuse of contact lenses, dry 

eye disease, infections, environmental and accidental exposures to chemicals, combat 

operations as well as aging. If corneal injuries do not heal fast, pathogenic invasion could 

ensue leading to corneal inflammation, opacification, ulceration and blindness.

Besides the channel function, several AQPs perform additional functions such as cell-to-cell 

adhesion (Hiroaki et al., 2006; Kumari and Varadaraj, 2009; Varadaraj et al., 2010, Kumari 

et al., 2011) cell migration, proliferation (Saadoun et al., 2005; Levin and Verkman, 2006; 

Hara-Chikuma and Verkman, 2008; Papadopoulos et al., 2008; Ruiz-Ederra and Verkman, 

2009; Saadoun et al., 2009), and differentiation (Watanabe et al., 2009). Jiang et al. (2012) 

found that when aquaporin-5 expression was downregulated, there was reduction in the 

migration of Ishikawa cells (derived from an adenocarcinoma cell line). Recent studies 

showed that up-regulation of AQP5 increased cell migration and proliferation in non-

cancerous cells and malignant cells (Zhang et al., 2010; Jung et al., 2011; Yan et al., 2014; 

Guo and Jin, 2015; Jensen et al., 2016, 2018; Direito et al., 2017; Yang et al., 2017). In 

cornea, AQP1 plays an important role in cell migration while AQP3 promotes both cell 

migration and proliferation during wound healing (Levin and Verkman, 2006; Ruiz-Ederra 

and Verkman, 2009; Verkman, 2011). However, research conducted on AQP5 yielded 

contradictory results (Shankardas et al., 2010; Chen et al., 2011). Besides, there is no in vivo 
experimental evidence, thus far, to show the involvement of AQP5 in corneal epithelial 

wound repair. We hypothesized that like AQP3, AQP5 could play an additional role in one or 

more phases of corneal epithelial regeneration. Using in vitro, in vivo and ex vivo 
experiments, we explored the possibility of a unique role for AQP5 in corneal epithelial 
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wound healing. Our results show that AQP5, indeed, facilitates both cell migration and 

proliferation and hastens the process of corneal re-epithelialization.

2. Materials and methods

2.1. Animals

Wild type (WT; C57BL/6J: Jackson Laboratory) and AQP5 knockout (AQP5-KO (Krane et 

al., 2001) mice were reared and bred in the Animal Care Facility of Stony Brook University, 

NY. All procedures followed were approved by the American Association for Accreditation 

of Laboratory Animal Care (AAALAC); the animals were treated in accordance with ‘The 

Association for Research in Vision and Ophthalmology Statement for the Use of Animals in 

Ophthalmic and Vision Research’.

2.2. Cloning, Cell Culture and Transfection

For experiments involving cell culture, the coding sequence of mouse AQP5 was amplified 

by Polymerase Chain Reaction (PCR) and cloned into a mammalian expression vector, 

pIRES2-EGFP in between the EcoR I and BamH I restriction sites. Cloning methods 

followed were as described (Varadaraj et al., 2008). A single colony positive for the cloned 

DNA was selected and grown in 2YT medium against Kanamycin antibiotic; plasmid DNA 

was isolated and purified using kits from Qiagen Inc. (Valencia, CA).

Cell culture and transfection were performed in Madin–Darby canine kidney epithelial cells 

(MDCK) that were purchased from American Type Culture Collection (ATCC, Manassas, 

VA). These cells were selected for experiments for the following reasons: MDCK cells are 

commonly used as an in vitro model to conduct epithelial cell studies; in situ corneal wound 

healing involves migration and proliferation of epithelial cells. Additionally, MDCK cells do 

not express AQP5 (endogenously). In a previous study (Kumari, et al., 2012), we observed 

that membrane localization of AQP5 in MDCK cells was similar to that in corneal epithelial 

cells. MDCK cells are cubical in shape and has apical and basolateral sides similar to those 

in corneal epithelial cells. Further, MDCK cells may lack the receptor-linked signal cascades 

that induce cellular carcinogenesis (Jensen et al., 2018).

For experiments, MDCK cells were grown in Minimum Essential Medium (Invitrogen) 

supplemented with 10% heat-inactivated fetal calf serum, 1% non-essential amino acids, 2 

mM L-glutamine, 100U/ml penicillin and 0.1 mg/ml streptomycin. Cell cultures were 

maintained at 37°C and 5% CO2 in a humidified atmosphere. Cells grown to 80–90% 

confluency on 60×15 mm dish were split and seeded in 35×10 mm plates. Transfection of 

the AQP5-pIRES2-EGFP construct was carried out using the Effectene reagent (Qiagen, 

CA), following the manufacturer’s protocol. The transfection mixture was added dropwise to 

70–80 % confluent cells, mixed gently and kept in a 37°C incubator under the culture 

conditions mentioned above. After 24–48 hrs, cells were viewed under a microscope for 

AQP5 protein expression. Using G418 antibiotic, stably expressing cells were selected; only 

cells with high degrees of transfected DNA integration survived the G418 treatment. Stable 

expression of AQP5 was further confirmed by immunostaining (Kumari et al., 2017). Stable 
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cell line expressing AQP5, and MDCK cells without AQP5 expression were investigated in 
vitro for the cell migration and proliferation stages of wound healing.

MDCK cell epithelial monolayers form dome-shaped structures when confluent; the cells lift 

up and transport solutes from the monolayer to the plastic surface below. Before conducting 

experiments, the untransfected and transfected clones were tested and verified for MDCK 

cell characteristic of ‘forming domes’ at 100% confluence on conventional cell culture 

plastic dishes.

2.3. AQP5 protein expression and localization in mouse cornea and in MDCK cells stably 
expressing AQP5

Fluorescence method: Eyeballs were dissected out from mice and placed in physiological 

saline solution, pH 7.0. Corneas were separated under a dissection microscope. Cornea, and 

MDCK cells stably expressing mouse AQP5 (plated on coverslips) were fixed in 4% 

paraformaldehyde for 24 hrs at 4°C. Corneas were cryosectioned at 14 μm thickness using a 

cryomicrotome (Leica) and stored at −20°C until use. Corneal tissue sections were thawed 

and incubated in 0.15% (v/v) Triton X-100 for 15 min. at room temperature to perforate the 

membranes, washed in PBS, blocked with normal goat serum and exposed to rabbit anti-

Aquaporin 5 affinity purified antibody raised against rat AQP5 (Chemicon/Millipore, 

Billerica, MA), at 1:100 dilution in 5% (w/v) bovine serum albumin in 1×PBS, overnight. 

After washing, the corneal sections were incubated in fluorescein 5′-isothiocyanate (FITC) 

conjugated goat anti-rabbit IgG in PBS with 5% bovine serum albumin, washed with PBS, 

mounted using anti-fade Vectamount (Vector Labs, Burlingame, CA) containing the nuclear 

stain DAPI and viewed. Optimized Z-sectional digital images were acquired with a Zeiss 

Axiovert 200 inverted epifluorescent confocal microscope equipped with AxioCam and 

Zeiss AxioVision 4.8.2 software (Carl Zeiss Inc.), and processed using Adobe Photoshop 7.0 

version. Coverslips containing AQP5-EGFP (AQP5-pIRES2-EGFP) transfected MDCK 

cells fixed in paraformaldehyde were observed directly under the epifluorescent confocal 

microscope and imaged as described previously.

2.4. Wound Healing Assays

2.4.1. In vitro Cell Migration Assay—Control MDCK cells and those stably expressing 

AQP5 were seeded into six well plates and incubated at 37°C until they reached 80–90% 

confluence as a monolayer. Cells were starved in MEM with 0.1% fetal bovine serum 

overnight at 37°C. A scratch wound (width ~300 μm) was made as a marked line in the 

cultures using a sterile 10-μl pipette tip. Wells were washed three times with culture medium 

to remove loose or dead cells, and photographed under the 10X objective of a Zeiss Axiovert 

200 inverted microscope equipped with AxioCam and Zeiss AxioVision 4.8.2 software (0 h). 

Cells were incubated at 37°C and those migrated into the marked reference area to repair the 

wound were photographed. The images were analyzed by digitally drawing lines using 

SigmaScan software. Wound healing was assessed from the ratio of the difference between 

the original wound area at time 0 and the remaining wound area at 2, 4, 6 and 8 hr time 

points and compared with those of controls.
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2.4.2. In vitro Cell Proliferation Assay—MDCK cells stably expressing AQP5 and 

control cells without endogenous expression were cultured in 35×10 mm culture dishes in 

the medium containing 2% bovine calf serum but without phenol red, which would 

otherwise interfere with the spectrophotometric measurements followed in the procedure. 

Cell proliferation was quantified using CytoSelect™ MTT Cell Proliferation Assay (Cell 

Biolabs) according to the manufacturer’s instruction. In brief, control or experimental 

MDCK cells were plated in 96-well culture plates at 5×103 cells (100 μl/well). Cells were 

incubated at 37°C in 5% CO2 in a humidified incubator for 72 hrs. Twenty microliter of 5% 

MTT Cell Proliferation Assay Reagent was added to each well and incubated for 3 hrs and 

then carefully medium and MTT reagents were aspirated. Cells were incubated with 100 μl 

of detergent solution (DMSO) for 2 hrs on the rotary shaker. Optical density was measured 

at 540 nm using a Thermo Scientific™ NanoDrop 2000.

2.4.3. In vivo wound healing studies—Wound healing was explored in vivo using the 

Epithelial Debridement method, as described previously (Yang et al., 2013), in age-matched 

(2.5 months young) wild type (AQP5+/+) and AQP5 knockout (Krane et al., 2001) mice; 

both heterozygous (AQP5+/−) and knockout (AQP5−/−) mice were tested. Male mice (25 g) 

were anesthetized with an intraperitoneal injection of ketamine/xylazine (45 mg/kg and 4.5 

mg/kg, respectively); a topical anesthetic (proparacaine ophthalmic solution) was applied to 

the ocular surfaces until the blink sensation was lost. In the right cornea, a 2.5-mm diameter 

epithelial wound was made using a battery-powered mechanical device Algerbrush II (Alger 

Co., Inc. Lago Vista, TX), without disturbing the Bowman’s membrane, and was stained 

green by topical application of sodium fluorescein dye. Photographs of the cornea were 

taken immediately following wounding and every 12 hrs subsequently, after anesthetizing 

the mice. The size of the injured area remaining was measured on the images using a 

SigmaScan Software. Data at each time point were analyzed. Three eyes for control and 

AQP5 knockout mice separately were used and the experiment was repeated twice.

2.4.4. Ex-vivo wound healing studies—Eyes from wild type or AQP5 knockout mice 

were dissected out; the sheet of corneal epithelial cells was peeled off from each eye using 

Algerbrush II and dissociated into single cells using 0.25% trypsin-EDTA (Invitrogen, Life 

Technologies). The dissociated control and knockout cells were cultured separately in 

fibronectin-coated culture dishes in serum-free DMEM/F12 medium that contained growth 

supplements. Wound healing assay was performed as described above for ‘In Vitro Cell 

Migration Assay’. Mouse corneal epithelial cell migration rate was quantified from the 

values measured for the initial wound area and the healed area.

2.5. Statistical analysis

Statistical analysis was performed using SigmaPlot 2000 version 6.10. Values shown 

represent the mean ± standard deviation. Data at each time point were statistically analyzed 

using the t-test (P < 0.05).
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3. Results

3.1. Expression of AQP5

To find out whether there is noticeable difference in the expression pattern of AQP5 under in 
vivo, and in vitro experimental conditions, mouse corneal tissue sections were 

immunostained with anti-AQP5 antibody (Figure 1A), and MDCK cells were transfected 

with AQP5-EGFP plasmid DNA (Figure 1B). Both images showed membrane localization 

of AQP5 (green). After protein extraction, Western blotting was performed. Anti-AQP5 

antibody bound to two bands from each sample (Fig. 1C); a ~28 kDa lower band 

corresponding to the unmodified AQP5, and a ~34 kDa band corresponding to post-

translationally modified AQP5, possibly in the phosphorylated state. Results from both 

immunostaining and Western blotting showed that AQP5 expression under in vivo and in 
vitro conditions were comparable. There was no detectable morphological difference 

between control and AQP5-expressing MDCK cells. Therefore, we proceeded with in vitro, 
in vivo and ex vivo studies to test the efficacy of AQP5 on corneal epithelial wound healing.

3.2. Wound healing in an in vitro model

To test whether AQP5 promotes wound healing in vitro, MDCK cells expressing AQP5-

EGFP and untransfected (control) cells were cultured separately, scratch-wounded and 

monitored for wound healing. The first major step in wound healing is cell migration. 

Control and experimental culture dishes were observed under a microscope and 

photographed just after and at regular intervals of 2 hours, until completion of the wound 

repair process. MDCK cells transfected with AQP5 expression showed more cells migrating 

toward the wound area compared to the control cells. Six hours post-wounding, control 

dishes revealed considerable unrepaired area whereas the AQP5 transfected dishes showed 

~80% restoration (Figure 2A). The average percentage of wound area remaining at different 

time points was calculated and plotted (Figure 2B). At 2, 4, 6 and 8 hours after wounding, 

MDCK cells expressing AQP5 showed 22, 44, 79 and 88% wound closure, respectively. 

Comparatively, control MDCK cells at the recorded time points of 2, 4, 6 and 8 hours after 

wounding, exhibited only 10, 24, 44, and 63% wound closure, respectively. The rate of 

wound closure in AQP5 expressing cells was statistically significant compared to control 

cells that are without AQP5 expression (P<0.001). Control and AQP5 expressing MDCK 

cells were tested for cell proliferation, the second major stage in wound healing using 

CytoSelect™ MTT Cell Proliferation Assay kit (Figure 3). The rate of cell proliferation in 

AQP5 expressing MDCK cells was statistically significant compared to the control cells 

which do not express AQP5 (P<0.001).

3.3. Wound Healing studies in an in vivo model

3.3.1. Corneal Epithelial Debridement—Results of in vitro experiments indicated 

involvement of AQP5 in cell migration and proliferation and prompted us to extend the 

studies to in vivo and ex vivo models.

Figure 4A is a schematic representation of corneal epithelial debridement method and shows 

a marked area from which the epithelial cells were scraped off without harming the 

underlying Bowman’s membrane and stroma. Using Algerbrush II, debridement of mouse 
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corneal epithelium was performed manually; the corneal tissue was sectioned, and stained 

with DAPI (Figure 4B). Complete removal of the corneal epithelium without disturbing the 

Bowman’s membrane and stroma is demarcated in yellow. As labeled on the left, all three 

major layers including the unscraped epithelium are seen at the normal area of the cornea.

To test whether AQP5 promotes wound healing in vivo, as observed in in vitro cell culture 

models, rate of wound healing was tested in the wild type (AQP5+/+) and AQP5 knockout 

(AQP5−/−) mice using the corneal debridement method. AQP5 heterozygous (AQP5+/−) and 

knockout mice were tested. Photographs of the wound areas stained with sodium fluorescein 

(green) clearly show the appearance of the wounds at 0 hr (just after wounding) and 12 and 

24 hrs thereafter (Figure 5A). Re-epithelialization and wound healing were the fastest in 

wild type which expresses both copies of AQP5 (AQP5+/+). AQP5−/− showed impaired re-

epithelialization with very slow wound closure. AQP5+/− showed a better rate of wound 

healing compared to the knockout but a slower rate compared to the wild type. These data 

support the notion that presence of AQP5 influences wound healing in a positive manner. 

Rate of wound healing was quantified after tracing the initial fluorescein stained wound area 

vs. the stained area remaining at each time point (on the images taken at different time 

points), expressed as percentage, and plotted (Figure 5B). Compared to the cornea of 

AQP5−/− mice (28%), that of AQP5+/+ (wild type, 60%) showed about 2-fold increase in re-

epithelialization at 12 hours, and 1.5-fold increase at 24 hours. AQP5+/− mice with one copy 

of AQP5 showed a decrease in re-epithelialization compared to the wild type, and an 

increase in re-epithelialization compared to the knockout (AQP5−/−), indicating the dose-

dependent effect of AQP5 in wound healing.

Tissue sections of the cornea immediately after corneal epithelial debridement and 10 hours 

into the repair process were immunostained with anti-AQP5 antibody to observe the 

expression level and pattern of AQP5 (Figure 6A,B). In the central cornea, compared to the 

epithelial cells at 0 hr (Figure 6A), those after 10 hrs (Figure 6B) of epithelial debridement 

showed several fold increase in the expression of AQP5 (green). Increased level of AQP5 

expression in the corneal epithelial cells suggests involvement of AQP5 in epithelial wound 

repair.

3.3.2. Ex-vivo Studies on Corneal Epithelial Wound Healing—Epithelial cells 

isolated from the corneas of AQP5+/+ and AQP5−/− mice were cultured separately and 

scratch-wounded. Monitoring of wound healing in the two groups revealed that more cells in 

wild type (AQP5+/+) were migrating toward the wound site (Figure 7A). Rate of cell 

migration was calculated and plotted. AQP5 expressing wild type mouse corneal epithelial 

cells showed significantly (P<0.01) higher rate of cell migration to the wound area (4.0 ± 0.5 

μm/hr) compared to AQP5 knockout (AQP5−/−) corneal epithelial cells (2.8 ±0.2 μm/hr; 

Figure 7B), suggesting the involvement of AQP5 in wound healing by enhancing cell 

migration.

4. Discussion

AQP5 is an efficient water channel expressed in a wide range of cells (Raina et al., 1995). 

Water permeability is generally higher in secretory cells than in non-secretory cells. 
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Knockout of AQP5 resulted in reduced transcorneal water permeability in mice (Levin and 

Verkman, 2004). However, other possible role(s) of AQP5 in cornea remains to be identified. 

Through the current investigation, we provide evidence that apart from being an efficient 

water transporter (Raina et al., 1995), AQP5 is a promoter of cell migration and cell 

proliferation during the process of corneal epithelial wound repair.

The corneal epithelium in mouse is stratified with five to six layers of cells and has a single 

layer of mitotically active columnar basal cells seated on a basement membrane. The basal 

cells are covered by one to three layers of wing cells which in turn are covered by two to 

three layers of flattened squamous cells. Maintenance of the epithelial layer as well as its 

continual regeneration is crucial for microbial barrier function, for replacing any damaged 

corneal surface and for corneal transparency. In the event of an injury and corneal epithelial 

damage, the damaged cells are replaced in three continuous stages; latent phase, cell 

migration and adhesion, and cell proliferation. Our experiments show that corneal epithelial 

cell migration and proliferation increased significantly during wound healing in the presence 

of AQP5.

Reports indicate the involvement of several AQPs in wound healing, in different tissues. 

AQP1, AQP3 and AQP5 play important roles in the maintenance of corneal transparency 

and homeostasis (Verkman, 2011). Under pathophysiological conditions, AQP1 (Kenney et 

al., 2004) and AQP5 (Rabinowitz et al., 2005) showed alterations in expression and 

localization. AQP1 is involved in the migration of different cell types, such as renal (Hara-

Chikuma and Verkman, 2006) and gastric epithelial cells (Hayashi et al., 2009), keratocytes 

(Ruiz-Ederra and Verkman, 2009), endothelial and melanoma cells (Monzani et al., 2009), 

glioma cells (McCoy and Sontheimer, 2007), and corneal endothelial cells (Shankardas et 

al., 2010). Involvement of AQP5 in promoting cell migration in lung adenocarcinoma cells 

(SPC A-1 (Chen et al., 2011) and non small cell lung cancer cells (Chae et al., 2008) or cell 

proliferation in colon (Kang et al., 2008), lung (Zhang et al., 2010) and ovarian cancer cells 

(Yan et al., 2011) has been reported. However, Simian Virus-40 transformed corneal 

epithelial cell line (CEPI17) showed an increase in cell migration and proliferation, when 

AQP5 expression was down-regulated using short interfering RNA (Shankardas et al., 2010).

In the present study, we used cell culture and animal models to test whether AQP5 promotes 

wound healing. The results obtained using the MDCK cell culture model demonstrating 

faster wound closure, which was also reinforced by the corneal debridement studies on live 

mice, and the wound healing studies on ex-vivo mouse corneal epithelial cell models, 

strongly suggest the involvement of AQP5 in corneal re-epithelialization and wound healing. 

While the exact mechanism by which AQP5 promotes wound healing remains unknown, it is 

possible that the effect observed was exerted through its water conducting ability. In in vitro 
cell culture studies, control MDCK cells showed delayed healing of the scrape-wound 

compared to the cells transfected with AQP5 (Figure 2A). We noticed that in AQP5 

transfected culture dishes, the marginal cells at the leading edge of the wound formed more 

lamellipodial and filipodial extensions as part of the cell migration process. Presence of 

similar extensions during corneal wound repair and a reduction of these structures in 

aquaporin-deficient cells had been reported (Hara-Chikuma and Verkman, 2006; Saadoun et 

al., 2005). The impaired wound healing in AQP5 knockout mice could be due to defective 
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cell migration and proliferation, as reported for AQP3 knockout mice by Levin and Verkman 

(2006).

Papadopoulos et al., (2008) stated that AQPs could facilitate cell migration by increasing the 

membrane water flux at the leading edge of migrating cells causing accelerated formation of 

lamellipodial projections in response to actin depolymerization and intake of ions. This 

mechanism of cell migration has been observed in different AQP expressing cells. The same 

events could be responsible for the faster cell migration in AQP5 expressing cells during 

wound healing in the experiments conducted in our laboratory. Water-selective AQPs, 

namely, AQP1 and AQP4 facilitate cell migration (Saadoun et al., 2005a, 2005b). However, 

AQP3, an aquaglyceroporin, promotes wound healing by exerting its water as well as 

glycerol permeability properties in a distinct manner; while cell migration is facilitated by 

the water permeability function, cell proliferation is facilitated by the glycerol permeability 

(Levin and Verkman, 2006; Verkman, 2011). It is interesting to note that AQP5, a water-

selective AQP, facilitates both cell migration and cell proliferation. Sidhaye et al. (2012) 

reported the involvement of AQP5 in microtubule assembly and stability. The increased cell 

proliferation observed in our in vitro studies could be due to the interaction of AQP5 with 

microtubules, which might have enhanced microtubule stability and hastened the cell cycle 

progression. Changes in morphology have been reported in cancer cells due to AQP5 

overexpression (Chae et al., 2008; Watanabe et al., 2009). However, there was no noticeable 

morphological changes in MDCK cells or cultured corneal epithelial cells due to the 

expression or upregulation of AQP5, indicating the non-carcinogenic status of these cells.

Overexpression of AQP5 in non-cancerous MDCK cells did not induce epithelial-to-

mesenchymal transition (Jensen et al., 2018) which is a common characteristic found in 

epithelial cell cancer (Chae et al., 2008; Watanabe et al., 2009; Zhang et al., 2010). However, 

overexpression of AQP5 in non-cancerous human bronchial cells (BEAS-2B) showed one 

clone maintaining epithelial morphology while another expressing low levels of epithelial 

markers and increased levels of mesenchymal markers indicating epithelial-to-mesenchymal 

transition suggesting that cellular environment and signaling pathways are critical for AQP5-

induced cell behavior (Jensen et al. (2018). These studies and the present investigation 

suggest that AQP5 expression in both non-cancerous and malignant cellular environments 

can induce increased cell migration and proliferation. In the current study, upregulation of 

AQP5 found in wild type mouse corneal epithelial wound site (Fig. 6B) did not result in 

cancerous growth in the cornea. It caused normal but faster wound healing by promoting 

enhanced cell migration and proliferation, suggesting that these immune-privileged corneal 

cells may not have cancerous environment and associated oncogenic signaling pathways to 

become invasive.

The difference between our study and cancerous cell studies is, in the former, cell migration 

is towards a wound to repair the damaged area. In this non-cancerous environment, the cells 

could be controlled by signaling pathways that limit further cell migration and proliferation 

once the wounded area is repaired. Events such as contact inhibition could be responsible to 

stop further progression of these events. In cancerous cells, the signal is to multiply, become 

invasive and metastasize. Therefore, the molecular mechanisms underlying the two 

processes, one of controlled cell migration and proliferation and the other of uncontrolled 
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cell migration and proliferation, though considered a consequence of AQP5 upregulation, 

must be quite distinct depending upon the cellular environment. The molecular mechanism 

behind AQP5-induced cell migration and proliferation in the wound healing process will be 

investigated in future.

5. Conclusions

The in vitro, in vivo and ex vivo studies conducted demonstrate, to our knowledge, for the 

first time, that AQP5 takes part in corneal wound healing. Besides having the role of being a 

water channel, AQP5 performs a unique function of facilitating corneal wound healing by 

enhancing cell migration and proliferation, which are very complex processes. The wound 

healing property of AQP5 could be exploited for designing therapeutic strategies.
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Highlights

1. AQP5 promotes wound healing in the cornea

2. AQP5 facilitates cell migration

3. AQP5 promotes cell proliferation
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Figure 1. 
AQP5 expression (green). A. Mouse corneal tissue section immunostained with anti-AQP5 

antibody. B. MDCK cells transfected with AQP5-EGFP plasmid DNA showing AQP5-

EGFP fluorescence. Arrows indicate antibody binding or AQP5-EGFP fluorescence. Epi- 

Epithelial cells; Str- Stroma. Nucleus (N) stained with nuclear stain DAPI (Blue). C. 
Western blot. Membrane proteins extracted from mouse corneal tissue (lane 1) and MDCK 

cells transfected with AQP5-EGFP (lane 2) were subjected to Western blotting using anti-

AQP5 antibody. Arrow – 28 kDa, unmodified AQP5, Arrowhead – 34 kDa, 

posttranslationally modified AQP5.
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Figure 2. 
In vitro wound healing model. A. Sample micrographs of wound healing in confluent 

MDCK cell monolayers without (control) or with AQP5 expression. Monolayers were 

scratch-wounded, and repair was monitored at regular intervals, under a light microscope. 

Blue solid lines: wound margin immediately after making the scratch wound. Red dashed 

lines: cell migration after 6hrs. B. Histogram showing the rate of wound healing. MDCK 

cells expressing AQP5 showed significantly (P<0.001) faster cell migration than control 

MDCK cells.
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Figure 3. 
Role of AQP5 in cell proliferation. In vitro cell proliferation assay was performed to study 

the role of AQP5 in cell proliferation in control MDCK cells and those stably expressing 

transfected AQP5. Absorbance increased as a function of time due to increase in the number 

of cells (cell proliferation) and the resultant hike in the quantity of lactate dehydrogenase 

release in the culture medium. Statistically significant (P < 0.01) increase in cell 

proliferation was seen in cells expressing AQP5.
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Figure 4. 
Corneal debridement. A. Schematic model of the anterior eye showing corneal epithelial 

debridement method. B. Manual debridement of mouse corneal epithelium. Using 

Algerbrush II corneal epithelium was carefully scraped off from the cornea. Tissue sections 

were stained with nuclear stain DAPI (blue). The area demarcated in yellow shows complete 

removal of the corneal epithelium. The unmarked area shows corneal epithelium and other 

major layers as labeled. Epi – Epithelium; Str - Stroma; En – Endothelium.

Kumari et al. Page 18

Exp Eye Res. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Kumari et al. Page 19

Exp Eye Res. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
AQP5-dependent in vivo re-epithelialization after manual corneal epithelial debridement. A. 
At the center of the cornea, an epithelial debridement of about 2.5 mm diameter was created 

using Algerbrush II, stained with sodium fluorescein and imaged. Corneal resurfacing was 

monitored by imaging at regular intervals. Percent of remaining corneal epithelial defects in 

the wound area was determined by the sodium fluorescein stain remaining at 12 and 24 hrs 

after wounding. The images are representative of 3 corneas per condition from two 

independent experiments. Scale bar, 6 mm. AQP5+/+ (wild type); AQP5+/− (heterozygous); 

AQP5−/− (knockout). B. Rate of wound healing due to corneal re-epithelialization. Wild type 

(AQP5+/+) expressing AQP5 protein showed higher rate of wound healing (P<0.01) than 

heterozygous (AQP5+/−) or AQP5 knockout (AQP5−/−).
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Figure 6. 
Immunostaining to show AQP5 expression after corneal epithelial debridement in the 

epithelial cells and stromal keratocytes from different areas of the cornea of wild type 

mouse. A. AQP5 expression and localization 0 hr after corneal epithelial debridement, B. 
AQP5 expression and localization 10 hrs after corneal epithelial debridement. The area 

marked in yellow on A and B indicates the wound area of the central cornea showing 

regenerating epithelial cells.
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Figure 7. 
Ex vivo wound healing model to study mouse corneal epithelial cell migration. A. Corneal 

epithelial cells were isolated, cultured as monolayers on fibronectin-coated cell culture 

dishes, scratch-wounded, and repair monitored at regular intervals under a light microscope. 

Wild type (AQP5+/+) showed faster wound closure than AQP5 knockout (AQP5−/−) 16 hours 

after wounding. Blue dashed lines: wound margin immediately after wounding. Red dashed 

lines: cell migration after 16 hours. B. Speed of cell migration of the wound edges of 

isolated corneal epithelial cells of wild type (AQP5+/+) and AQP5 knockout (AQP5−/−). 

Wild type (AQP5+/+) showed significantly (P<0.01) faster cell migration than AQP5 

knockout (AQP5−/−). Five random sample areas were selected for quantification. Scale bar = 

75μm.
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