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Abstract

Maintenance of proper biomechanics of the eye lens is important for its structural integrity and for 

the process of accommodation to focus near and far objects. Several studies have shown 

specialized cytoskeletal systems such as the beaded filament (BF) and spectrin-actin networks 

contribute to mammalian lens biomechanics; mutations or deletion in these proteins alters lens 

biomechanics. Aquaporin 0 (AQP0), which constitutes ~45% of the total membrane proteins of 

lens fiber cells, has been shown to function as a water channel and a structural cell-to-cell 

adhesion (CTCA) protein. Our recent ex vivo study on AQP0 knockout (AQP0 KO) mouse lenses 

showed the CTCA function of AQP0 could be crucial for establishing the refractive index 

gradient. However, biomechanical studies on the role of AQP0 are lacking. The present 

investigation used wild type (WT), AQP5 KO (AQP5−/−), AQP0 KO (heterozygous KO: 

AQP0+/−; homozygous KO: AQP0−/−; all in C57BL/6J) and WT-FVB/N mouse lenses to learn 

more about the role of fiber cell AQPs in lens biomechanics. Electron microscopic images 

exhibited decreases in lens fiber cell compaction and increases in extracellular space due to 

deletion of even one copy of AQP0. Biomechanical assay revealed that loss of one or both copies 

of AQP0 caused a significant reduction in compressive load-bearing capacity of the lenses 

compared to WT lenses. Conversely, loss of AQP5 did not alter the lens load-bearing ability. 

Compressive load-bearing at the suture area of AQP0+/− lenses showed easy separation while WT 

lens remained intact. These data from KO mouse lenses in conjunction with previous studies on 

lens-specific BF proteins (CP49 and filensin) suggest that AQP0 and BF proteins could act co-

operatively in establishing normal lens biomechanics. We hypothesize that AQP0, with its prolific 

expression at the fiber cell membrane, could provide anchorage for cytoskeletal structures like 

BFs and together they help to confer fiber cell shape, architecture and integrity. To our 
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knowledge, this is the first report identifying the involvement of an aquaporin in lens 

biomechanics. Since accommodation is required in human lenses for proper focusing, alteration in 

the adhesion and/or water channel functions of AQP0 could contribute to presbyopia.

Abstract

1. Introduction

The mammalian ocular lens consists of two types of cells, epithelial and fiber cells. 

Epithelial cells express Aquaporin 1 (AQP1) and AQP5, high permeability water channels, 

while fiber cells express AQP0, a much less efficient water channel, and AQP5.

AQP0 is the most abundant protein in the fiber cell membrane. Mutation and knockout of 

AQP0 causes lens cataract. It plays various roles in lens biology. First, AQP0 functions as a 

water channel [1,2]. AQP water channels, gap junction channels and solute transporters play 

significant roles in creating a microcirculation within the avascular lens. The circulation 

provides nourishment to central fiber cells and disposes of their metabolic wastes, thus 

helping to maintain transparency and homeostasis [3,4,5]. C-terminal phosphorylation 

affects calmodulin binding and regulation of AQP0 [6,7]. AQP0 also functions as a 

structural fiber cell-to-fiber cell adhesion (CTCA) protein [8,9,10,11,12]. A genetically-

engineered transgenic mouse model expressing AQP1 in fiber cells of AQP0 KO mice 

showed only partial recovery from cataract. In this model, AQP1 more than compensated for 

the reduced water permeability due to KO of AQP0, implying an additional unique function 

for AQP0 [11,12]. Ultrastructural studies revealed loss of integrity of the characteristic fiber 

cell hexagonal arrangement in AQP0 null or mutant lenses. This is consistent with a role for 

AQP0 in maintaining the cellular architecture of the fiber cells [12,13,14,15]. A role for 

AQP0 in establishing and maintaining the lens refractive index gradient has also been 

recently suggested [16].

Does AQP0 have a role in maintaining lens biomechanics? The lens has to maintain its 

biomechanical properties for sharp focusing on the retina. Presbyopia generally develops 
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with age as the ability of the lens to accommodate is compromised [17]. Two cytoskeletal 

structures, as the BFs and the actin-spectrin network, participate in maintaining lens 

biomechanics [18,19]. Lens BFs have been shown to interact and colocalize with AQP0 

[20], suggesting there could be a biomechanical role for AQP0.

The present investigation was undertaken to determine the role of AQP0 in establishing 

and/or maintaining the biomechanical properties of the lens. For these studies we compared 

lenses obtained from WT, AQP5 KO, and AQP0 KO mice. Our data strongly suggest that 

AQP0 may impart appropriate stiffness and elasticity in different parts of the lens, probably 

through its water channel and CTCA functions.

2. Materials and methods

2.1. Animals

Wild type (WT), AQP5 KO (AQP5−/−), AQP0 KO heterozygous (AQP0+/−) and 

homozygous KO (AQP0−/−) mouse in C57BL/6J background, and WT-FVB/N mouse were 

used. All procedures were performed according to the ARVO Statement for the Use of 

Animals in Ophthalmic and Vision Research, and were approved by Stony Brook University 

Animal Care and Use Committee.

2.2. Genotyping

Genotyping by PCR using primers described by Alizadeh et al.[21] and competitive PCR 

using primers described by Simirskii et al.[22] were performed to confirm the absence or 

presence of CP49 deletion mutation in the mouse strains.

2.3. Analysis of lens AQP0, CP49 and filensin protein expression

To analyze the expression of AQP0 in WT-C57BL/6J, AQP5−/−, AQP0+/− and WT-FVB/N 

mouse, whole lens proteins were extracted using NuPAGE LDS sample buffer (Invitrogen). 

Samples were resolved in 4–12% gradient NuPAGE gel (Invitrogen). Western blotting was 

done as described[3,5,21] using AQP0 antibody. Antibody binding was detected using 

alkaline phosphatase kit (Vector Laboratories, CA).

Lens outer cortex (OC) membrane preparations (4M urea-washed) of WT-C57BL/6J, 

AQP5−/−, AQP0+/− and WT-FVB/N mouse were done as described previously [16]. 

Membrane pellets were extracted using LDS sample buffer. Equal amounts were used for 

Western blotting using CP49 or filensin antibody as described above.

2.4. Light microscopic and ultrastructural analyses of lenses

Light microscopic analysis was performed as described [16]. Scanning electron microscopic 

studies of WT and AQP0+/− lenses were performed as in Kumari et al. [12] (see Supplement 

1).

2.5. Lens morphometric analysis

Lens was placed on a milled circular dimple (~50μm diameter) of a testing chamber filled 

with physiological saline. Sagittal images were captured and axial (ax) and equatorial (eq) 
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diameters were calculated using a micrometer and ImageJ software (http://imagej.nih.gov/

ij/). Lens volume (V) and aspect ratio (AR) were calculated: V = (4/3)πreq
2rax; AR = req/rax ; 

rax and req are corresponding axial and equatorial radii (see Supplement 1).

2.6. Compression stress test to evaluate lens biomechanics

Compression stress testing was conducted to study biomechanical stiffness of 1-month or 

2.5-month-old WT and experimental lenses as described previously[19,23], with slight 

modifications (Details given in Supplement 1). Each lens was subjected to gentle 

unrestricted compressive stress using weighed glass coverslips (18×9mm: 72mg or 

18×18mm: 144mg). Sagittal images of lens shape alterations were digitized. ImageJ 

software (NIH) was used to measure lens ax and eq diameters which were converted to 

compression-stress (T): T =((d-d0)/d0), where d is the ax or eq diameter at a given load, and 

d0 is the corresponding ax or eq diameter at zero load. ‘T’ was plotted against load (mg).

2.7. Effect of load on lens suture integrity

Anterior side of one-month-old WT-C57BL/6J or AQP0+/− lens showing ‘Y’ suture was 

oriented to face the objective of an inverted confocal microscope and imaged with or 

without coverslip load under low and high magnifications; images were analyzed using 

Photoshop 9.

2.8. Statistical Analysis

SigmaPlot 10 was used for Student’s t-tests. P values ≤0.05 was considered significant.

3. Results and Discussion

Except where otherwise indicated, lenses from mice of C57BL/6J genetic background were 

used in these studies. The exception is some control studies of WT lenses in FVB/N 

background. Initially AQP0 KO was developed in a mixed background of 129S5 and 

C57BL/6J-albino[2]. Mouse strains 129/SvJ [21] and FVB/N [22] do not express CP49 

protein, a member of lens-specific BFs, due to a deletion mutation. CP49 participates in 

establishing lens biomechanics [18,19]. To study the involvement of AQP0 in lens 

biomechanics, the mixed strain AQP0 KO was first backcrossed with C57BL/6J for 20 

generations. To ensure the data we collected on biomechanics would reflect the loss of 

AQP0 and not the absence of CP49 (BFs), pups were genotyped (Fig. 1A). PCR using the 

primers described by Alizadeh et al.[21] or Simirskii et al.[22] (competitive PCR) showed a 

320-bp (Fig. 1A, top panel) or 205-bp product (Fig. 1A, bottom panel), respectively, in WT, 

AQP5−/−, AQP0+/− and AQP0−/− mice indicating the presence of WT CP49 allele, and a 

386-bp or 347-bp product in FVB-N indicating presence of the mutant CP49 allele.

Western blotting of lens total proteins extracted from lenses of WT, AQP5−/−, and AQP0+/− 

mice or FVB/N mice using AQP0 antibody recognized a band of 28kDa corresponding to 

AQP0 (Fig. 1Ba). AQP0+/− expressed about half the quantity of AQP0. Western blotting of 

lens cortex membrane proteins using protein-specific antibodies for CP49 and filensin 

showed the presence of CP49 (~49kDa (arrow); Fig. 1Bb), and filensin (~95kDa; Fig. 1Bc) 

in WT, AQP5−/−, AQP0+/− mouse lenses. Similarly tested FVB/N proteins showed lack of 
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immunoreaction with anti CP49 due to the absence of CP49 or weak binding to anti-filensin 

due to poor expression of filensin in the absence of CP49. CP49 and filensin are stable as 

BFs; loss of CP49 protein in 129/SvJ [21,24] and FVB/N [22] mice causes loss of BFs even 

though they express filensin transcripts.

After ensuring we were using the desired genotypes, 2.5 month-old lenses were imaged for 

transparency. WT, and AQP5−/− lenses (Fig. 2Aa,b) were relatively transparent, but 

AQP0+/− lens (Fig. 2Ac) had significant opacities. Lens transparency quantification graph 

below each respective lens showed pixel brightness intensity values of WT at base line ~0 

(Fig. 2Aa) due to near zero light scatter. Pixel brightness data indicating light scatter 

fluctuated at different regions of AQP0+/− lens (Fig. 2Ac) probably reflecting alterations in 

cellular architecture due to fiber cell swelling, reduced CTCA and lack of compact packing.

When compared to outer cortical (OC) fiber cells of WT lenses (Fig. 2Ba), AQP0+/− lenses 

(Fig. 2Bb) had significantly disrupted fiber cell architecture, packing and CTCA, which 

caused increases in extracellular spaces. Lens OC expresses intact AQP0 [14,16] and lack of 

AQP0 significantly alters fiber cell architecture [12]. Intact AQP0 promotes CTCA 

[12,14,26] and compact arrangement of fiber cells [12,13]; it helps to reduce extracellular 

space and possibly, water content also from extracellular space and cytosol [12,14,16]. All 

these functions of AQP0 probably help to establish the required optical quality and 

biomechanics of the normal lens.

Lens morphometric parameters such as axial diameter, equatorial diameter, lens volume, and 

aspect ratio were determined as shown in Figure 3a. Lenses were imaged and the respective 

parameters were calculated. Comparison of one-month-old and 2.5-month-old WT and 

AQP0+/− (Fig. 3) lenses showed that loss of 50% of AQP0 in the AQP0+/− lens did not cause 

any significant (P>0.05) alterations in the axial or equatorial diameter, lens volume or aspect 

ratio. However, these values were significantly (P<0.001) affected in 1-month old AQP0−/− 

lenses (Fig. 3b–e). For the present study, we did not include 2.5 month-old AQP0−/− since 

the lenses develop severe cataract. As in Figure 2A, data gathered for AQP5−/− were similar 

to the WT (data not shown) suggesting AQP5 may not have a significant role in lens growth 

and morphology. AQP5 appears to act as an osmoregulator under hyperglycemic conditions 

[27]. Overall, the data suggest that AQP0 is critical for fiber cell structural integrity; at early 

stages (1 and 2.5 month-old), lens growth was not affected by 50% loss of AQP0 (AQP0+/−) 

protein in contrast to AQP0−/− lenses. Therefore, we selected mainly AQP0+/− lenses along 

with WT and AQP5−/− for testing lens biomechanics.

To investigate the role of AQP0 in lens biomechanics, the axial and equatorial stress 

techniques utilizing glass coverslip-based lens compression were conducted [19,23], with 

slight modifications (Fig. 4A). Lenses were imaged (as in Fig. 3a) and initial axial and 

equatorial diameters of one-month-old (young) and 2.5 month-old (adult) lenses of WT, 

AQP5−/−, AQP0+/− and AQP0−/− (only used 1 month-old lenses) mice were calculated. 

Biomechanical stiffness was assessed from the axial compression or equatorial expansion of 

the lenses due to the stress/strain exerted by the coverslip load (Fig. 4Aa). As the strain 

increases the stiffness decreases. Data suggest that loss of one copy of AQP0 or both 

significantly affects the load-bearing ability of lens, presumably, due to impairment of 
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biomechanical stiffness (Fig. 4Aa-e). Similar observations were previously made on lenses 

that lacked cytoskeletal network proteins, CP49 [18] or tropomodulin 1 [19]. One month-old 

AQP0+/− and AQP0−/− lenses showed significant (P<0.001) loss of axial and equatorial 

stiffness compared to those of WT (Fig. 4Ab,d). A similar trend was observed for 2.5 

month-old adult AQP0+/− lenses (Fig. 4Ac,e). Comparison of the axial (Fig. 4Ab) and 

equatorial (Fig. 4Ad) strains between AQP0+/− and AQP0−/− lenses showed significantly 

greater stiffness (or resistance to the applied load; P<0.001) in AQP0+/− than AQP0−/− 

suggesting the amount of AQP0 protein in the fiber cell membrane could influence the load-

bearing capacity of the lens. Comparing axial (Fig. 4Ab,c) and equatorial strain (Fig. 4Ad,e) 

as a function of age (excluding AQP0−/−) revealed that 2.5-month-old adult lenses have 

significantly (P <0.001) more tolerance than one-month-old lenses, suggesting that the 

number of fiber cells and total amount of AQP0 protein could influence load-bearing 

capacity of the lens. Comparison of the effect of coverslip load (576 mg) on lens fiber cell 

anterior suture morphology (Fig. 4Af) showed that the suture region of AQP0+/− lens was 

unable to resist the load and began to separate while similar region in the WT lens remained 

intact. These data suggest that loss of 50% of intact AQP0 protein and reduction in CTCA 

[12] in the outermost cortex could severely affect lens biomechanics.

Data presented in this report show that AQP0 could be an important component in 

establishing and/or maintaining the overall lens biomechanics. Mouse lens fiber cells 

express AQP0 which constitutes ~45% of the total fiber cell plasma membrane proteins. 

AQP0 performs water channel and CTCA functions [12,14]. It has been demonstrated both 

in vitro [10,11,14] and in vivo [12] that both intact and cleaved forms of AQP0 conduct 

water and provide CTCA in the lens.

Biomechanical properties of fiber cells are probably maintained by the cytoskeletal proteins 

which anchor to fiber cell membrane proteins. The specialized intermediate BF cytoskeletal 

network is tethered to the fiber cell plasma membranes [28]. Targeted deletion of BF protein 

CP49 or filensin caused a dramatic loss of the highly ordered architecture of the lens [29–

32]. Despite this loss of structural order, the lenses remained remarkably transparent, 

showing only mild light scatter [29–32]. In addition, these lenses also showed reduced load-

bearing ability [18,19]. The BF networks may interact with fiber cell membranes through 

AQP0 [20,25], and other transmembrane proteins. CP49-KO lenses showed haphazard fiber 

cell arrangement, some light scatter, decreased stiffness and increased resilience compared 

to those of WT lenses [18,19]. Tropomodulin 1 null lenses showed reduced stiffness and 

load-bearing ability compared to WT lenses [19] indicating the involvement of spectrin-

actin membrane skeleton in regulating lens fiber cell architecture and biomechanical 

properties [19].

AQP0 and BF proteins colocalize at the fiber cell membrane [20,25]. BFs (CP49 and 

filensin) are present primarily at the cortex; post-translationally cleaved forms are present in 

the cytoplasm of differentiated fiber cells in the inner cortex (IC) and absent in the nucleus 

[33]. The majority of AQP0 proteins become post-translationally modified by N- and/or C-

terminal end cleavages. These events and the unique structural properties of AQP0 promote 

lens transparency and reduce light scatter, and may aid in establishing a refractive index 

gradient [14,16]. The lens fiber cells in the OC contain membrane protrusions with ball-and-
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socket conformations. During fiber cell maturation in the IC, the membranes are remodeled 

to large paddle-like structures. Mature fiber cell plasma membranes in the lens nucleus are 

remodeled to a smoother contour [12,13]. These events of fiber cell differentiation and 

membrane remodeling from outer to inner, at varying depths in the lens, could be critical for 

developing the biomechanical properties required for lens focusing and accommodation. 

Mutations and knockout of one or both copies AQP0 result in mild to severe cataract in an 

age-dependent manner. AQP0 may therefore play a significant role in biomechanics, 

transparency and homeostasis during lens development and aging.

Considering our data and the information available from the literature we have sketched a 

model to illustrate how AQP0 could be involved in biomechanical stability (Fig. 4Ba,b) and 

allow accommodation of the lens (Fig. 4Bc,d). In WT OC, BFs and other cytoskeletal 

proteins (actin, spectrin etc.) may be anchored by the abundantly expressed AQP0 (Fig. 

4Ba). Lens accommodation may be facilitated in the cortex by CTCA of AQP0, by small 

patches of thin junctions and by the presence of cytoskeletal protein networks (Fig. 4Ba). 

With loss of AQP0 in the fiber cells of knockout animals, there is loss of CTCA and loss of 

tethering of cytoskeletal network proteins. Consequently, extracellular spaces widen and 

fiber cells become loose, lose their architecture, biomechanics, and structural integrity (Fig. 

4Bb). Figure 4Bc,d illustrates lens accommodation by a normal eye. The cortex changes 

shape to accommodate while the lens nucleus does not. Normally, fiber cells undergo 

compaction in the IC and nucleus [34,35] to adjust the refractive index gradient to avoid 

spherical aberration while focusing [14,16]. Compaction, is probably achieved through 

dehydration which causes the fiber cells to become stiffer in a gradient-dependent manner, 

possibly due to gradual loss of water from the cytosol and extracellular spaces of IC fibers, 

and due to the absence of cytoskeletal proteins [14,16,33–36]. In addition, CTCA is favored 

by the formation of large patches of AQP0 thin junctions [14,16,35–37].

Why does the eye lens need a sturdy nucleus and an elastic cortex? In a biomechanical 

sense, stiffness at the IC and nucleus makes the inner core less flexible which probably 

serves as a scaffold for allowing increased flexibility for the OC during accommodation. 

Flexibility at the OC could also be due to high water content in the fiber cells, presence of 

cytoskeletal proteins in the cytosol, fewer and smaller patches of AQP0 thin junctions (~11–

13 nm) and greater numbers of thick junctions formed by N-cadherin (~20–40 nm) 

[14,35,36]. Therefore, AQP0-aided differential biomechanics at the cortex and nucleus of 

the lens could be playing an important role in accommodation. Alterations in the functions 

of AQP0 due to natural mutations or age-onset oxidative modifications could affect lens 

biomechanics and manifest as presbyopia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• AQP0 aids in lens biomechanics

• AQP0 provides lens stiffness

• AQP0 is critical for lens transparency

• AQP0 could play a significant role in lens accommodation in human

• Alteration in the function(s) of lens AQP0 could lead to presbyopia
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Fig. 1. 
(A) Genotyping. Top panel: PCR using primers as in Alizadeh et al [21]; 320 bp, indicates 

presence of intact CP49 allele; 386 bp, indicates presence of mutant CP49 allele. M-Marker 

(50-bp Ladder). Bottom panel: Competitive PCR [22]. 205-bp indicates presence of intact 

CP49 allele; 347-bp indicates presence of mutant CP49 allele. (B) Western blotting of lens 

total membrane proteins using (a) AQP0 antibody (arrow, AQP0 : 28 kDa) and cortex total 

membrane proteins using (b) CP49 antibody (arrow, CP49 : ~49 kDa) or (c) filensin 

antibody (arrow, filensin : ~95 kDa). Arrowheads: lower immunoreactive bands to anti-

CP49.
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Fig. 2. 
(A) Lens Transparency. (a) WT, (b) AQP5 KO (AQP5−/−). (c) AQP0 KO (heterozygous; 

AQP0+/−). Graph - quantification of lens transparency. Pixel brightness increases as light 

scatter increases due to opacity/cataract. (B) Scanning electron microscopy of 2.5-month-old 

(a) WT and (b) AQP0+/− lenses sectioned along polar axis.
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Fig. 3. 
(a). Schematic of experimental set-up; a mouse lens is placed in the testing chamber with 

lens physiological saline and imaged. (b) Axial diameter, (c) equatorial diameter, (d) lens 

volume, (e) aspect ratio.
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Fig. 4. 
(A) (a) Compression stress test. Images of mouse lenses compressed by coverslips. Red 

line on WT - equatorial plane; green line - axial plane. Axial strain-load curves of: (b) 1-

month-old WT, AQP0+/− and AQP0−/− mice and (c) 2.5 month-old lenses of WT and 

AQP0+/− mice. Equatorial strain-load curves of: (d) 1-month old WT, AQP0+/− and 

AQP0−/− mice and (e) 2.5 month-old lenses of WT and AQP0+/− mice. (f) Confocal imaging 

of lens suture morphology of WT and AQP0+/− mouse without (0 mg) or with (576 mg) 

coverslip squeezing. Small square areas denoted in the lenses are magnified to the right to 
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show splitted suture area in AQP0+/− (bottom) and intact suture in WT (top). B. (a) 
Schematic model illustrating the role of AQP0 in lens biomechanics. Packed closer, 

outer cortical fiber cells of WT show characteristic hexagonal architecture with least 

extracellular space. Cytoskeletal proteins are tethered to AQP0 at the membrane. (b) Loss of 

fiber cell AQP0 causes loss of cellular architecture possibly due to loss of fiber to fiber 

adhesion and interaction with cytoskeletal networks. (c,d). Schematic of the possible 
mechanism of mammalian lens accommodation. While focusing near objects, ciliary 

muscles contract, the suspensory ligaments relax and the lens appears round (4Bc). While 

focusing far objects, the opposite events happen (4Bd). Note, the shape of the lens nucleus 

does not change. AQP0 may facilitate lens accommodation by establishing appropriate 

spatial biomechanics at the cortex and nucleus.
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