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PURPOSE. The lens uses circulating fluxes of ions and water that enter the lens at both
poles and exit at the equator to maintain its optical properties. We have mapped the
subcellular distribution of the lens aquaporins (AQP0, AQP1, and AQP5) in these water
influx and efflux zones and investigated how their membrane location is affected by
changes in tension applied to the lens by the zonules.

METHODS. Immunohistochemistry using AQP antibodies was performed on axial sections
obtained from rat lenses that had been removed from the eye and then fixed or were fixed
in situ to maintain zonular tension. Zonular tension was pharmacologically modulated
by applying either tropicamide (increased) or pilocarpine (decreased). AQP labeling was
visualized using confocal microscopy.

RESULTS. Modulation of zonular tension had no effect on AQP1 or AQP0 labeling in either
the water efflux or influx zones. In contrast, AQP5 labeling changed from membranous to
cytoplasmic in response to both mechanical and pharmacologically induced reductions
in zonular tension in both the efflux zone and anterior (but not posterior) influx zone
associated with the lens sutures.

CONCLUSIONS. Altering zonular tension dynamically regulates the membrane trafficking
of AQP5 in the efflux and anterior influx zones to potentially change the magnitude of
circulating water fluxes in the lens.

Keywords: lens, water transport, immunohistochemistry, AQP0, AQP1, AQP5, zonular
tension

The transparency and refractive properties of the lens
are established and maintained by its unique cellular

structure and function.1 Structurally, the lens is attached to
the ciliary body via the lens zonules and is bathed on its
anterior and posterior surfaces by the aqueous and vitre-
ous humors, from which it exchanges nutrients and waste
products. Underneath the capsule, the anterior surface of
the lens is covered by a single layer of epithelial cells that,
at the equatorial margins, divide and differentiate into lens
fiber cells that make up the bulk of the lens (Fig. 1A). These
fiber cells undergo a process of differentiation that involves
not only a change of the molecular profile of the newly
differentiated fiber cells but also a massive increase in cell
membranes as the fiber cells elongate toward both poles of
the lens. This process continues until either the apical or
basal membrane tips of the fibers meet with the membrane
tips of fiber cells from the adjacent hemisphere to form the
anterior and posterior sutures, respectively.2 As fiber cells
differentiate, they lose their light-scattering organelles and
internalize older fiber cells into the lens core or nucleus.
Since this process occurs throughout life, a gradient of fiber
cell age is established, with the oldest fiber cells in the lens
nucleus having been laid down during embryogenesis. Since

the lens lacks a blood supply, it instead operates an internal
microcirculation system (Fig. 1A) that acts to maintain the
transparency and refractive properties of the lens by deliver-
ing nutrients, removing waste products, and controlling the
volume of lens fiber cells.3 This internal microcirculation is
generated by circulating ionic and fluid fluxes that enter the
lens at both poles via an extracellular pathway, associated
with the lens sutures, which directs ions and water toward
the deeper regions of the lens (Fig. 1A). Ions and water
then cross fiber cell membranes before returning to the lens
surface via an intercellular outflow pathway mediated by
gap junctions. The gap junctions direct the outflow of ions
and water to the lens equator, where the Na+ pumps, which
generate the circulating flux of Na+ ions that drive the micro-
circulation system, and other ion and water channels are
localized, allowing ions and water to cross the membranes
of surface cells and leave the lens.

The intercellular outflow of water through the gap junc-
tion generates a substantial hydrostatic pressure gradient4

that is not only remarkably similar among different species
of lens5 but also highly regulated by a dual-feedback path-
way.6 This pathway uses the mechanosensitive nonselective
ion channels TRPV1 and TRPV4 to sense changes in lens
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FIGURE 1. Schematic diagrams illustrating lens structure and function and the distribution of AQPs in different regions of the lens. (A)
Three-dimensional diagram of the lens showing ion and water fluxes coming into the lens core (yellow) via an extracellular route located
at the anterior and posterior sutures (blue arrows). Ions and water cross fiber cell membranes before traveling via an intercellular pathway
mediated by gap junction channels (dark blue arrow) to exit the lens at the equator. (B) Diagram of an axial section of the lens showing
subcellular distributions of the lens water channels (AQP) in the different regions of the lens. AQP1 (red) is restricted to the membranes
of the lens epithelium. AQP0 (left) is found in the membranes of lens fiber cells across all areas of the lens, but in the core of the lens,
the C-terminal tail is cleaved. AQP5 (right) is also found throughout all regions of the lens, but in the epithelial (not shown) and peripheral
differentiating fiber (purple) cells, it is associated with the cytoplasm. In deeper regions of the outer cortex, AQP5 becomes associated with
the plasma membrane (blue), and this labeling extends into the lens core. In this study, we focused on the subcellular distributions of the
three lens AQPs at the equator, which is associated with water efflux (E1), and the anterior (IA1, IA2, IA3) and posterior (IP1, IP2, IP3)
poles, which mediate water influx. Adapted with permission from Shi Y, Barton K, De Maria A, Petrash JM, Shiels A, Bassnett S. The stratified
syncytium of the vertebrate lens. J Cell Sci. 2009;122:1607–1615.

pressure and to activate signaling pathways that reciprocally
modulate the activity of Na+ pumps at the lens equator to
ensure the pressure gradient is maintained constant. More
recently, Chen et al.7 have shown that altering the zonular
tension applied to the lens can alter this constant hydrostatic
pressure set point. Thus, while it is apparent that alterations
in ionic/osmotic gradients, via modulation of Na+ pump
activity, change the flow of water (pressure) through the
lens, whether the permeability of lens cells to water is also
modulated in parallel to changes in the osmotic gradient has
yet to be determined.

As in other tissues, the water permeability (PH2O) of lens
cell membranes is determined by the profile of the different
aquaporin (AQP) proteins that are expressed in the differ-
ent regions of the lens.8 Three different water channels,
AQP0, AQP1, and AQP5 (Fig. 1B), all with very different PH2O

and regulatory properties, are differentially expressed in the
lens.9–11 AQP1, a constitutively active water channel with a
high PH2O, is found only in the epithelium.11,12 AQP0, the
most abundant membrane protein in the lens, is found only
in the fiber cells.13 AQP0 is actually a relative poor water
channel9,14,15 but has been shown to have additional roles
as an adhesion protein16–18 and a scaffolding protein,19,20

and it undergoes extensive posttranslational cleavage of its
C-terminal tail in mature fiber cells.15,21,22 AQP5, in other
tissues, has been shown to act as a regulated water chan-
nel with a relatively high PH2O, which, when inserted into
the membrane, increases the PH2O of epithelial cells.23–26 In
the lens, immunohistochemical mapping of the subcellular
distribution of AQP5 has shown it to be expressed in both
the epithelium and throughout the fiber cell mass.22,27 In
peripheral fiber cells, it is initially found as a cytoplasmic

pool of protein that undergoes a transition to the membrane
as fiber cells differentiate and become internalized. However,
unlike AQP0, AQP5 does not undergo extensive cleavage of
its C-terminus in the lens nucleus.22

In this study, we have mapped the subcellular distribution
of the three lens AQPs to determine whether changes in PH2O

contribute to the observed modulation of water transport.
We have focused on their relative distributions at the equa-
tor and both poles, the regions of the lens involved in water
efflux and influx, respectively. Furthermore, in an effort to
induce changes in PH2O, we have modified zonular tension,
which alters hydrostatic pressure,7 and have used immuno-
histochemistry to visualize induced changes in the subcellu-
lar location of the AQPs in the water efflux and influx zones.
Our results suggest that dynamic changes in the subcellular
location of AQP5 may differentially alter the PH2O of fiber
cell membranes in the efflux and influx zone and therefore
may contribute to the regulation of water transport in the
lens.

METHODS

Reagents

A polyclonal affinity purified anti-AQP0 antibody, directed
against the last 17 amino acids of the C-terminus of the
human protein, was obtained from Alpha Diagnostic Inter-
national (San Antonio, TX, USA, catalogue number AQP01-
A). An affinity purified polyclonal anti-AQP5 antibody,
directed against the last 17 amino acids of the C-terminus
of the rat protein, was obtained from Merck Millipore
(Darmstadt, Germany, catalogue number AB15858). A rabbit

C-terminus
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polyclonal antibody directed against the last 19 amino acids
of the C-terminus of the rat AQP1 protein was purchased
from Alpha Diagnostic International. Secondary antibod-
ies (goat anti-rabbit Alexa 488) and wheat germ agglutinin
(WGA) conjugated to a fluorophore (WGA–Alexa 594) for
labeling of the cell membrane were obtained from Thermo
Fisher Scientific (Waltham, MA, USA). For labeling of the
epithelial and fiber cell nuclei, DAPI was obtained from
Sigma-Aldrich (St Louis, MO, USA). Phosphate-buffered
saline (PBS) was prepared fresh from PBS tablets. Lenses
were organ cultured in artificial aqueous humor (AAH) that
consisted of (in mM) 125 NaCl, 0.5 MgCl2, 4.5 KCL, 10
NaHCO3, 2 CaCl2, 5 glucose, 10 sucrose, 10 HEPES (pH
7.4), and 300 mOsml/L. Tropicamide and pilocarpine were
used at 1:5 dilution prepared in AAH buffer from 1% w/v
eye drops. Unless otherwise stated, all other chemicals were
from Sigma-Aldrich.

Lens Organ Culture

All animal experiments were carried out in accordance with
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research and approved by the University of
Auckland Animal Ethics Committee (# 001893). Eyes were
enucleated from 21-day-old Wistar rats and subjected to
three different preparation protocols that yielded lenses that
were either separated from, or attached to, the ciliary muscle
by the zonules. In the first preparation, lenses were sepa-
rated from the ciliary body by completely removing the
lens from the eye. To achieve this, four radiating incisions
from the optic nerve head toward the limbus were first
made to expose the lens and ciliary body. To release the
lens, the zonules were cut with a pair of surgical scissors,
the lens was removed from the eye using a glass loop,
and the excised lens was organ cultured in AAH for up
to 120 minutes before immersing in 0.75% Paraformalde-
hyde (PFA) prepared in PBS (pH 7.4) and fixed overnight at
room temperature. In the second preparation, lenses were
prepared with the zonules attached by first cutting a small
(∼2 mm) hole into the cornea of the enucleated eye, to
provide a pathway to perfuse the lens with AAH in the
absence or presence of either tropicamide or pilocarpine.
Lenses were maintained in organ culture for up 120 minutes
at 37°C in a CO2 incubator (Heracell 150i; Thermo Fisher
Scientific). Tropicamide causes a relaxation of the ciliary
muscle and increases the tension applied to the lens via
the zonules, while pilocarpine, by inducing a contraction of
the ciliary muscle, reduces the tension applied to the lens
via the zonules. After organ culture, the preparation was
perfused with 0.75% PFA and maintained at room tempera-
ture overnight to fix the lens in situ. After fixation, lens was
dissected free from the surrounding tissue and processed for
immunohistochemistry.

The third preparation was used to confirm the ability
of tropicamide and pilocarpine to alter zonular tension.
The drugs were diluted in AAH and applied to the corneal
surface of enucleated eyes, and the native three-dimensional
structure of the ciliary body, zonules, and lens was preserved
by fixing the eyes in 4% paraformaldehyde while main-
taining the intraocular pressure at 18 mmHg28 using the
method described by Bassnett.29 After fixation, the posterior
sclera and retina were removed, and the ciliary body and
lens were photographed using a stereo microscope (Leica
Microsystems, Wetzlar, Germany). The distance between the
two structures was measured using image analysis software

(Adobe Photoshop CC; Adobe Systems, Inc., San Jose, CA,
USA). For each lens, ∼25 measurements were taken to calcu-
late the mean circumferential space distance from at least
three different lenses incubated in the absence and presence
of either tropicamide or pilocarpine.

Immunohistochemistry

Fixed lenses were washed three times in PBS (pH 7.4) for 10
minutes and cryoprotected using three consecutive incuba-
tions in 10% and 20% sucrose for 1 hour at room tempera-
ture, followed by an overnight incubation in 30% sucrose at
4°C.30 Cryoprotected lenses were positioned on chucks in an
axial orientation, encased in optimal temperature medium
(OCT, Sakura Finetek Japan, Tokyo, Japan), and snap frozen
for 15 seconds in liquid nitrogen. Axial sections were cut
using a Leica CM3050S cryostat (Leica Biosystems), and
consecutive sections of ∼14 μm thickness were collected
from at least three lenses for each experimental condition
to ensure consistency of immunolabeling results. Sections
were washed three times for 5 minutes in PBS (pH 7.4) and
blocked for 1 hour in blocking solution (3% normal goat
serum, 3% BSA dissolved in PBS, pH 7.4). Excess blocking
solution first was removed using tissue paper before incubat-
ing sections in different anti-AQP primary antibodies diluted
1:100 in blocking solution overnight at 4°C. Sections were
washed three times for 5 minutes in PBS (pH 7.4) to remove
unbound antibody before incubating sections with a goat
anti-rabbit Alexa 488 secondary antibody for 3 hours at room
temperature. After washing the secondary antibody three
times in PBS (pH 7.4) for 5 minutes, sections were incubated
at room temperature for 1 hour in the membrane marker
WGA and the nucleus marker 4′,6-Diamidino-2-phenylindole
dihydrochloride (DAPI) (0.25 μg/mL), diluted 1:100 and
1:1000 in PBS (pH 7.4), respectively. After a final wash
in PBS (pH 7.4), sections were mounted with a cover slip
using an antifading agent (Vectashield; Vector Laboratories,
San Diego, CA, USA) and imaged using either an Olympus
FV1000 Fluoview (Olympus, Tokyo, Japan) confocal scan-
ning microscope or a Nikon LSM800 with Airyscan super-
resolution microscope (Nikon, Tokyo, Japan). The resultant
two-dimensional images were prepared using Adobe Photo-
shop CC software. Three-dimensional reconstruction of fiber
cells was performed using Fiji software (a distribution of
ImageJ; National Institutes of Health, Bethesda, MD, USA),
an open-source image-processing platform.

Statistical Analysis

Experimental means are given as ± standard error of the
mean (SE). Statistical significance was tested with the Mann-
Whitney U test, using GraphPad Prism (GraphPad Software,
La Jolla, CA, USA). Statistical significance was set at the
α = 0.05 level.

RESULTS

In previous studies, we have mapped the distribution of
AQP021 and AQP522 from the periphery to the center of the
lens using sections taken through the equator of the rodent
lenses, which were removed from the eye by cutting the
zonules that attach the lens to the ciliary body. In this study,
we have used axial sections to map the subcellular distri-
bution of AQPs in the rat lens as this orientation allows

polyclonal antibody
wheat germ agglutinin
epithelial and fiber
cell nuclei
DAPI
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FIGURE 2. Subcellular localization of lens AQPs in the efflux zone of rat lenses in the absence of zonular tension. (A) Image montage of
the water efflux zone taken from an axial section of a rat lens that had been removed from the eye by first cutting the zonules and was
then placed immediately into fixative. The section was labeled with the membrane marker WGA (red) and the nuclei marker DAPI (blue).
Boxes indicate the areas from which the higher resolution two-dimensional images (B, C, D, F) or three-dimensional airy scan images (E,
G) were taken from to investigate the subcellular distribution for each lens AQP (green). (B) AQP1 labeling is localized to the membranes
of the epithelial cells but disappears as the epithelial cells differentiate into fiber cells. (C) AQP0 labeling was absent from epithelial cells
but became apparently initially as diffuse punctate labeling as epithelial cell differentiated into fiber cells and in later stages of fiber cells
differentiation was found strongly associated with the membranes of these deeper localised secondary fiber cells. (D) AQP5 labeling was
initially associated with the cytoplasm in the epithelial cells and newly differentiated fiber cells being localized in cytoplasmic vesicles (E).
(F) In deeper differentiating fiber cells ∼150 μm in from the capsule, AQP5 labeling became membranous and the number of cytoplasmic
vesicles was dramatically reduced (G).

us to visualize, in the same section, the anterior and poste-
rior poles of the lens that mediate water influx, as well as
the lens equator where water efflux occurs (Fig. 1). Further-
more, to determine the effects of changes in zonular tension
on the subcellular distribution of AQPs, axial sections were
obtained from lenses that had been subjected to mechan-
ical and pharmacologic manipulations to alter the tension
applied to the lens via the zonules. The effects of altering
zonular tension on the subcellular localization of the three
major AQPs (APQ1, APQ0, and APQ5) in the water efflux
and influx pathways are presented in turn.

Subcellular Distribution of Lens AQPs in the
Equatorial Water Efflux Zone

As epithelial cells at the lens equator initiate the process
of differentiation into fiber cells in the water efflux zone,
they change their AQP expression profile (Fig. 2). As had
been shown previously in lenses removed from the eye by
cutting the zonules, AQP1 was expressed only in the epithe-
lial cells that cover the anterior surface of the lens,12 with
AQP1 labeling being strongly localized to the apical and

lateral membrane domains of the cells (Fig. 2B). However,
as the epithelial cells elongated into fiber cells, AQP1 label-
ing abruptly disappeared and was completely lacking in
secondary fiber cells (Fig. 2B). In contrast to AQP1, AQP0
protein was not detected in epithelial cells and initially only
observed in the newly derived elongating fiber cells as a
cytoplasmic punctate labeling pattern, with strong membra-
nous labeling only becoming apparent in fiber cells ∼20 to
25 cell layers in from the capsule (Fig. 2C). AQP5 labeling
was initially predominately cytoplasmic in both the epithe-
lial and newly differentiated fiber cells (Figs. 2D, 2E) before
becoming localized to the membranes of secondary fiber
cells ∼150 to 200 μm in from the capsule in an area just
past the bow region where cell nuclei disperse (Figs. 2F, 2G).
In summary, we see a change in expression from AQP1 to
AQP0 as epithelial cells differentiate into fiber cells, while
AQP5 is expressed in both cell types. In the efflux zone, both
AQP1 and AQP0 show an exclusive membrane localization
that suggests they both contribute to PH2O in this zone, while
the localization of AQP5 in the cytoplasm indicates AQP5 is
not actively contributing to the PH2O of epithelial cells and
peripheral fiber cells in the efflux zone. However, in deeper
differentiating fiber cells, the insert of AQP5 in the plasma
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FIGURE 3. Effects of mechanically altering zonular tension on the subcellular localization of AQP5 in the efflux zone of the rat lens. (A)
Image montage of the water efflux zone taken from a representative axial section of a rat lenses labeled with the membrane marker WGA
(red) and the nuclei marker DAPI (blue). The box indicates the area from which high-resolution images (B, C) were captured to monitor the
time course of changes to the subcellular distribution of AQP5 (green) over a period of up to 120 minutes, in lenses that had been removed
from the eye by cutting the zonules (B), or in lenses maintained in situ with their zonules intact (C). Top panels in B and C show nuclei,
membrane, and AQP5 labeling, while bottom panels show only nuclei and AQP5 labeling. In lenses maintained in organ culture with their
zonules cut (B), the subcellular localization of AQP5 changes from a cytoplasmic to a membranous labeling pattern over time. In lenses in
which the zonular tension is maintained (C), AQP5 labeling is associated with the membrane, and this labeling does not change over time
in organ culture.

membrane indicates that in these cells, it does contribute to
PH2O.27

To determine whether altering zonular tension changes
the subcellular distribution of the lens AQPs, we organ
cultured rat lenses either ex vivo (no zonules) or in situ
(with zonules) for different periods of time before fixing
the lenses for immunohistochemistry. The pattern of AQP1
(Fig. 2B) and AQP0 (Fig. 2C) labeling observed in lenses
organ cultured in lenses with no zonules attached was not
altered in lenses with zonules attached (data not shown).
However, the subcellular labeling patterns observed for
AQP5 were different in lenses maintained in ex vivo or in
situ organ culture (Fig. 3). Lenses, maintained in ex vivo
organ culture after having their zonules cut, showed an
initial predominantly cytoplasmic subcellular localization of
AQP5 in both epithelial and fiber cells for up to the first 45

minutes in culture. Then, over the next 60 to 120 minutes,
the labeling became increasingly associated with the plasma
membrane of peripheral fiber cells in the water efflux zone
(Fig. 3B). In contrast, lenses that were fixed in situ, with their
zonules intact, exhibited predominately membranous AQP5
labeling in fiber cells throughout the efflux zone that did
not change during the entire 120 minutes of organ culture
(Fig. 3C). Taken together, these results suggest that AQP5
in the water efflux zone is normally membranous and that
reducing zonular tension results in the rapid removal of
AQP5 from the membrane.

To further test this notion, we incubated enucleated eyes
in the absence or presence of either tropicamide or pilo-
carpine to pharmacologically manipulate iris and ciliary
muscle contractility, in order to alter the tension applied to
the lens in situ via the zonules (Fig. 4). As expected, tropi-
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FIGURE 4. Pharmacologic modulation of zonular tension of the rat lens. (A–C) Images looking down on the anterior surface of enucleated
rat eyes showing the pupil diameter in untreated eyes (A) and the increase and decrease following treatment with either tropicamide (B)
or pilocarpine (C), respectively, for 60 minutes. (D–G) Eyes were then fixed and the posterior sclera and retina removed to visualize the
circumlental space (D, E) and how it increased and decreased following treatment with either tropicamide (F) or pilocarpine (G). (H)
Summary of measurements taken from high-power images showed that in control eyes (E), the distance between ciliary processes and the
lens was 151.51 ± 2.3 μm (mean ± SE). In eyes treated with 0.2% tropicamide (J), the circumlental space was increased to 167.67 ± 1.4 μm
(mean ± SE). In eyes treated with 0.2% pilocarpine (I), the circumlental space was reduced to 129.03 ± 2.5 μm (mean ± SE). These differences
were statistically significant (P < 0.05). Statistical analysis was performed with a Mann-Whitney U test, P < 0.05 for each tested group.

camide (Fig. 4B) and pilocarpine (Fig. 4C) evoked dilation
and constriction, respectively, of the pupil of the enucleated
rat eye, confirming the functionality of drugs on the muscles
of the iris. To assess the functionality of the drugs on the
ciliary muscle, we first fixed the entire globe before remov-
ing the posterior tissues of the eye to reveal the ciliary body
and lens in order to allow the distance between the ciliary
process and lens, the circumlental space, to be measured.
Under control conditions, the circumlental space was 151.51
± 2.3 μm (n = 5), which was significantly increased in the
presence of tropicamide by 11% to 167.67 ± 1.4 μm (n = 3),
and significantly decreased by 14% to 129.03 ± 2.5 μm after
incubation in pilocarpine (n = 3) (Fig. 4H). Having demon-
strated that we could pharmacologically modulate ciliary
muscle contractility to alter the distance between the ciliary
processes and the lens, we used these pharmacological tools
to alter the tension applied to the lens via the zonules.

If the assumption that ciliary muscle contractility alters
zonular tension in our experimental model is true, we would
expect that narrowing of the circumlental space induced by
pilocarpine should have a similar effect on the subcellular
distribution of AQP5 as that seen in lenses fixed immedi-
ately after having their zonules mechanically cut to release
the tension applied to the lens. To test this hypothesis,
immunohistochemistry for AQP5 was performed on lenses
fixed in situ following incubation in the absence or presence

of either tropicamide or pilocarpine (Fig. 5). We found that
increasing the tension applied to the lens via the zonules
by the application of tropicamide had no effect on the
membrane location of AQP5 (Fig. 5C) compared to control
lenses with intact zonules (Fig. 5B). In contrast, eyes incu-
bated in pilocarpine that reduces the tension applied to the
lens exhibited AQP5 labeling that was predominately asso-
ciated with the cytoplasm of fiber cells in the water efflux
zone (Fig. 5D). In summary, it appears that both mechani-
cally and pharmacologically reducing the tension applied to
the lens switches AQP5 labeling from the membrane to cyto-
plasm, which suggests AQP5 functionality can be dynami-
cally regulated to alter water efflux at the lens equator. In the
next sections, we investigate whether similar changes in the
subcellular distribution of lens AQPs occurred in the water
influx zones located at the anterior and posterior poles.

Subcellular Distribution of Lens AQPs in the
Water Influx Zone

Experiments that have used Ussing chambers31 and magnetic
resonance imaging measurements of heavy water penetra-
tion into the lens32 have shown that water preferentially
enters the lens at its anterior and posterior poles. At the
poles, fiber cells from adjacent hemispheres meet to form the
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FIGURE 5. Effects of pharmacologically altering zonular tension on the subcellular localization of AQP5 in the efflux zone of the rat lens.
(A) Image montage of the water efflux zone taken from a representative axial section of a rat lens labeled with the membrane marker WGA
(red) and the nuclei marker DAPI (blue). The box indicates the area from which high-resolution images (B–D) were captured in lenses
maintained in situ with their zonules intact. (B–D) Top panels show nuclei, membrane, and AQP5 labeling, while bottom panels show only
nuclei and AQP5 labeling from control lenses (B) and lenses incubated in tropicamide (C) or pilocarpine (D) for 60 minutes. Note the shift
from membranous labeling to cytoplasmic labeling following incubation on pilocarpine.

lens sutures,2 which in the rat lens form a Y-shaped struc-
ture. The sutures form an extracellular pathway that links the
mature fiber cells in the center of the lens to the aqueous and
vitreous humors that bathe the anterior and posterior poles
of the lens, respectively. As such, the sutures represent a
pathway to direct ion and fluid movement toward the inter-
nalized mature fiber cells.33 In axial sections, it is possible to
visualize the sutures as a line extending from the surface to
the core of the lens, but it is difficult to observe the anterior
and posterior sutures in the same section as they are offset
from each other by 60°.34 In this study, we have investigated
the distribution of the AQPs in anterior (IA) and posterior
(IP) influx zones by mapping the subcellular distribution of
the three AQPs along the two suture lines that extend from
the anterior and posterior poles to the lens core. To facilitate
this comparison, we have designated three spatial regions in
the outer cortex (IA1; IP1), inner cortex (IA2; IP2), and core
(IA3; IP3) from which higher-resolution images have been

taken to enable comparison between the labeling obtained
from lenses exposed to different degrees of zonular tension
(Fig. 1B). Results from the anterior and posterior poles are
presented in turn.

AQP Distributions Along the Posterior Suture. Since
AQP1 is not present in the fiber cells below the germina-
tive zone, we examined only the distribution of AQP0 and
AQP5 in the posterior influx zone. We found that in lenses
with their zonules cut, AQP0 was localized to the lateral
membranes of fiber cells and was concentrated in the basal
tips of fibers that interact to form the sutures in the outer
cortex of the lens (Fig. 6B, IP1). In contrast, AQP5 was cyto-
plasmic with intermittently sparse clusters of puncta on the
lateral membranes of fiber cells, but no localization of AQP5
was observed at the basal tips of fiber cells that interface
to form the posterior suture (Fig. 6C, IP1). In the inner
cortex, AQP0 remained membranous and associated with
the suture, while AQP5 was predominately associated with
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FIGURE 6. Subcellular localization of lens AQP0 and AQP5 in the influx zone of rat lenses—results from the posterior pole. (A) Image
montage of the posterior water influx zone taken from an axial section of a rat lens that was labeled with the membrane marker WGA
(red) to highlight suture line (arrowheads). Boxes indicate the areas (IP1, IP2, and IP3) from which the higher-resolution images shown in
B–D were taken to investigate the subcellular distribution of AQP0 and AQP5 (green). (B) In lenses with cut zonules, AQP0 labeling was
membranous and strongly labeled the suture in regions IP1 and IP2, but no labeling was observed from region IP3 in the lens core where
AQP0 the C-terminus of the AQP0 protein is cleaved. (C) In lenses with zonules cut, AQP5 labeling was missing from the suture in regions
IP1 and IP2, but labeling was present in the deeper IP3 region. (D) Fixing lenses in situ with their zonules attached had no effect on AQP0
(data not shown) or AQP5 labeling in the posterior influx zone.

lateral membranes but not the posterior suture (Figs. 6B and
2C, IP2). In mature fiber cells located in the lens core, AQP0
labeling was abolished, as expected by the C-terminal cleav-
age of the AQP0 protein as AQP0 protein undergoes a cleav-
age of its cytoplasmic C-terminus tail, which removes the
epitope detected by the AQP0 antibody used in this study.21

In contrast, strong AQP5 labeling was associated with both
the lateral membranes and the sutures in the lens nucleus
(Figs. 6B and 2C, IP3). Repeating these experiments using
lenses fixed in situ to maintain zonular tension had no effect
on the subcellular distribution of AQP0 (data not shown)
or AQP5 (Fig. 6D) in all regions of interest in the poste-
rior water influx zone. Similarly, pharmacologic modulation
of zonular tension using tropicamide or pilocarpine had no
effect on the distribution of AQP5 in the posterior influx
zone (data not shown).

AQP Distributions Along the Anterior Suture. As
shown previously for the efflux zone, AQP1 was expressed
only in the epithelial cells that cover the anterior surface of
the lens, and hence it was not associated with the anterior
suture (Fig. 7B, IA1) or expressed in the deeper regions of
the lens (Fig. 7B, IA2 and IA3). AQP0 labeling around the
anterior suture was essentially similar to that seen in the
posterior suture. In the outer cortex of lenses with zonules
cut (Fig. 7C), AQP0 was not present in the epithelial cells,

was localized to the lateral membranes of fiber cells, and was
present in the sutures formed from the apical membrane
domains (Fig. 7C, IA1). AQP0 labeling remained membra-
nous in the fiber cells and strongly localized to the suture
in the inner cortex (Fig. 7C, IA2). However, as expected,
AQP0 labeling was not detected in the lens core due to the
loss of the antibody epitope (Fig. 7C, IA3). AQP5 labeling
in the anterior influx zone of lenses with their zonules cut
was essentially similar to that seen in the posterior influx
zone. AQP5 labeling was strongly cytoplasmic in the epithe-
lial cells, with a mixed cytoplasmic and membranous local-
ization in the lateral membranes of fiber cells in the outer
cortex, and no labeling of the apical membranes associated
with the sutures in this region of the lens (Fig. 7D, IA1).
In the inner cortex, AQP5 labeling was associated with the
lateral membranes but was absent from the apical tips at
the sutures (Fig. 7, IA2), while in the core, AQP5 remained
membranous in the lateral domains and was found strongly
associated with the sutures (Fig. 7D, IA3). However, changes
in zonular tension did differentially alter the AQP5 distribu-
tion in the anterior influx zone. While no changes in AQP5
labeling were seen in regions IA1 and IA3, of lenses fixed
in situ with their zonules attached, an increased associa-
tion of AQP5 with the sutures was observed in region IA2
(Fig. 7E). To confirm that a change in zonular tension is the
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FIGURE 7. Subcellular localization of lens AQPs in the influx zone of rat lenses—results from the anterior pole. (A) Image montage of the
anterior water influx zone taken from an axial section of a rat lens that was labeled with the membrane marker WGA (red) to highlight
suture line (arrowheads). Boxes indicate the areas (IA1, IA2, and IA3) from which the higher-resolution images shown in B–E were taken
to investigate the subcellular distribution for each lens AQP (green). (B) In lenses with cut zonules, AQP1 labeling was present only in the
epithelial cells of IA1 and was absent from IA2 and IA3. (C) In lenses with cut zonules, AQP0 labeling was membranous and strongly labeled
the suture in regions IA1 and IA2, but no labeling was observed from region IA3 in the lens core where the C-terminus of AQP0 protein is
cleaved. (D) In lenses with zonules cut, AQP5 labeling was missing from the suture in regions IA1 and IA2, but labeling was present in the
deeper IA3 region. (E) In lenses that were fixed in situ with their zonules attached, AQP5 labeling was still absent from the suture in the
peripheral region IA1 but was present in regions IA2 and IA3.

underlying mechanism regulating this observed change in
AQP5 labeling in this region of the anterior influx zone,
we treated eyes with tropicamide or pilocarpine (Fig. 8).
We found that in lenses with their zonules attached, tropi-
camide had no effect on AQP5 labeling in the anterior suture
(Fig. 8B, IA2). However, reducing zonular tension via the
application of pilocarpine abolished AQP5 labeling associ-
ated with the suture in the inner cortical region of the ante-
rior influx zone (Fig. 8C, IA2). In summary, it appears that
AQP5 is differentially associated with the apical and basal
membrane domains that form anterior and posterior sutures,
respectively, in the water influx zone, and in the anterior
pole, this association with the apical membrane domain can
be modified by changes in zonular tension.

DISCUSSION

Cells move water by actively transporting ions and solutes to
establish osmotic gradients that drive the passive diffusion
of water through water channels formed from the aquaporin
family of proteins.35,36 The lens expresses at least three AQPs
with very different PH2O and regulation that show spatially
distinct patterns of expression and posttranslational modifi-
cations. In this study, we have used immunohistochemistry
to visualize the subcellular distribution of the lens AQPs in
two spatially discrete areas of the lens that have been shown
to be associated water influx and efflux.31,32 Our results
have confirmed the restriction of AQP1 labeling to the lens

epithelium (Figs. 2B, 7B), the ubiquitous labeling of AQP0 in
the membranes of lens fiber cells (Figs. 2C, 6B, 7B), and the
loss of AQP0 labeling in the lens nucleus due to the cleavage
of the C-terminus of the AQP0 protein (Figs. 6B, 7B). In
addition, we have shown that these labeling patterns for
both AQP1 and AQP0 are unaffected by either mechanical or
pharmacologic modulation of zonular tension. We have also
confirmed the cytoplasmic labeling for AQP5 in epithelial
and peripheral fiber cells (Figs. 2D, 2E) and membrane label-
ing in deeper fiber cells (Figs. 2F, 2G), originally observed
in equatorial sections obtained from lenses removed from
the eye by cutting the zonules.22 However, in addition, we
have shown that this labeling pattern is altered by fixing
lenses in situ to maintain the zonular tension applied to the
lens (Fig. 3C). In the influx zone, we have shown that AQP5
is preferentially localized at the tips of fiber cells that form
the anterior (Figs. 7D, 7E) but not the posterior sutures
(Figs. 6C, 6D). Furthermore, the membrane localization of
AQP5 to the anterior suture was decreased by either the
mechanical (Fig. 7E, region A2) or pharmacological (Fig. 8D,
region A2) reductions in zonular tension applied to the
lens. These changes in the subcellular location of AQP5
in response to change in zonular tension are summarized
in Figure 9. Taken together, our findings suggest AQP5
acts as a regulated water channel that can dynamically
regulate the PH2O of lens fiber cells in the anterior influx
and equatorial efflux zones to potentially modulate lens
water transport in response to changes in zonular tension.
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FIGURE 8. Subcellular distribution of AQP5 in lenses with pharmacologically modulated zonular tension at the anterior suture. (A) Image
montage of the anterior water influx zone taken from an axial section of a rat lens that was labeled with the membrane marker WGA (red)
to highlight suture line (arrowheads). Boxes indicate the areas (IA1, IA2, and IA3) from which the higher-resolution images shown in B
and C were taken to investigate the subcellular distribution of AQP5 (green) following the application of tropicamide (B) or pilocarpine
for 60 minutes. (B) Application of tropicamide did not change AQP5 labeling in the suture (compare to Fig. 6E). (C) In lenses treated with
pilocarpine, AQP5 labeling was absent from the sutures of regions IA1 and IA2 but was still present at IA3.

The existence of a pool of cytoplasmic membrane
proteins that translocate to the plasma membrane of fiber
cells, either as a function of fiber cell differentiation or
dynamically in response to applied stimuli, to confer a
specific function required by lens fiber cells, appears to be a
recurring theme in the lens.37,38 In this study, we have shown
that in lenses fixed in situ, the default subcellular location for
AQP5 is the membrane, and that upon reducing the zonular
tension AQP5 is removed from the membrane, presumably
to reduce the PH2O of fiber cell membranes in the anterior
and equatorial zones of water influx and efflux, respectively.
Interestingly, this removal of AQP5 from the membrane is
only transient in lenses organ cultured without their zonules
attached (Fig. 3B). In an earlier study, we showed a simi-
lar increase in AQP5 membrane labeling in the equato-
rial efflux zone and, in addition, showed that this increase
in membrane labeling was associated with an increase in
the Hg+-sensitive PH2O measured in fiber membrane vesi-

cles derived from organ-cultured rat lenses.27 This earlier
study indicates that the changes in the subcellular location
of AQP5 labeling observed using immunohistochemistry in
the current study are associated with changes in PH2O and
support the suggestion that AQP5 functions as a regulated
water channel in the anterior influx and equatorial efflux
zones of the rat lens.

Despite its potential contributions to the regulation of
lens water transport, it was surprising to see that the dele-
tion of the AQP5 gene did not induce a cataract in AQP5-
Knockout (KO) lenses.39 However, it does appear that when
AQP5-KO lenses are organ cultured under hyperglycemic
conditions, they are more susceptible to the development
of cataract than wild-type lenses.39 This is most probably
due to the inability of the AQP5-KO lens to alter its PH2O

in response to the osmotic stress induced by the hyper-
glycemia, supporting the suggestion that AQP5 plays a role
in regulating water fluxes under both steady-state condi-
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FIGURE 9. Schematic representation of the subcellular localization of AQP5 in the efflux and influx zones of the rat lens in the presence
and absence of zonular tension. (A) Epithelial cells (dark blue) that differentiate into fiber cells (blue) in the equatorial efflux zone (E1) are
initially attached by their apical membrane domains to form the modiolus. As fiber cells detach from the modiolus, their apical and basal tips
migrate along the epithelium and capsule, respectively, and their lateral membranes undergo massive elongation. This process of elongation
continues until the apical and basal tips of fiber cells (light blue) from the opposing lens hemisphere meet to form the anterior and posterior
sutures, respectively. As this process continues throughout life, newly differentiated secondary fiber cells internalize older mature fiber cells,
which in turn internalize the primary fiber cells (yellow) laid down during embryonic development. Boxes represent the regions in the efflux
and influx zones where the subcellular localization of AQP5 was measured. (B) Schematic representation of a fiber cell depicting its three
specific membrane domains consisting of the apical tip, lateral membranes, and basal tip. (C) Table summarizing the regional differences of
AQP5 subcellular localization observed in the efflux and influx zones in the presence and absence of zonular tension.

tions and conditions of stress. Consistent with this idea, an
increased expression of AQP5 was observed in epithelial
cells removed from patients undergoing cataract surgery.40

In these patients, not only were the expression levels of
both AQP5 and AQP1 increased, but AQP5 was found to
be more strongly localized to the membranes of lens epithe-
lial cells obtained from cataract patients relative to epithe-
lial cells obtained from age-matched noncataractic lenses.
Thus, it appears that as a regulated water channel AQP5 can
respond to imposed stresses to modulate water transport in
an effort to maintain fluid homeostasis and preserve lens
transparency.

In other epithelial tissues, AQP5 has been also shown
to act as a regulated water channel that inserts into the
apical plasma membrane following phosphorylation of the
channel through the cAMP-dependent PKA pathway.23 In
addition, exposure to hypertonic challenge was shown to
upregulate AQP5 protein expression through an extracel-
lular signal–regulated kinase–dependent pathway in mouse
lung epithelial (MLE-15) cells.25 From the current study, we
can add the tension applied to the lens via the zonules as
a stimulus capable of regulating the trafficking of AQP5 to
the membrane. The observation of this phenomenon raises
questions about how changes in zonular tension are sensed
and translated to alterations in AQP5 membrane traffick-
ing. Again, in other tissues, a synergistic association between
the mechanosensitive Transient receptor potential vanilloid
isoform 4 (TRPV4) and aquaporin water channels has been
shown to effect changes in fluid transport to preserve cell

volume.41–43 In the lens, TRPV4 and TRPV1 channels have
been shown to not only reciprocally regulate the hydro-
static pressure generated by water flow through gap junction
channels6 but also transduce changes to the magnitude of
this pressure gradient induced by pharmacologically modu-
lating the zonular tension applied to the lens.7 Furthermore,
changes in zonular tension induced either mechanically by
cutting the zonules44 or pharmacologically via application of
tropicamide or pilocarpine also altered the subcellular loca-
tion of TRPV1 and TRPV4 (data presented at the Sixth Inter-
national Conference on the Lens by Nakazawa et al., unpub-
lished data). Taken together, these observations suggest that
in addition to the modulation of the osmotic gradients that
drive the transport of water,6,45 changes to PH2O are also
required to maintain the gradient in hydrostatic pressure that
has been measured in all lenses studied to date.5 Finding a
link between TRPV1/4-mediated signaling pathways and the
membrane trafficking of AQP5 in lens fiber cells will be a
focus of ongoing work.

While similar effects on the membrane localization of
AQP5, and presumably the PH2O, were evident in the ante-
rior influx and equatorial efflux zones following changes in
zonular tension, AQP5 labeling in the posterior influx zone
was unaffected, suggesting that changes in zonular tension
may differentially affect water influx at the anterior and
posterior poles. Structurally, the differences in AQP5 local-
ization at the anterior and posterior sutures can be explained
by the maintenance of the apical-basal membrane polarity
of lens epithelial cells as they differentiate and elongate into
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fiber cells that then become internalized (Fig. 9). The ante-
rior suture is formed by the apical domains of fiber cells that
originate from opposing sides of the lens, while the basal
domains form the posterior suture.46 From the current study,
it would appear that in the outer and inner cortical regions
of the lens, the apical domains contain AQP5, but the basal
domains do not (Figs. 6 and 7). Interestingly, in the oldest
fiber cells in the lens nucleus, this apical-basal polarity is
lost and AQP5 is associated with the posterior suture in the
nucleus (Fig. 7, IP3). This change could be associated with
the loss of components of the lens cytoskeleton in the lens
nucleus that mediate the anchoring of membrane proteins
to specific membrane domains.47–51

In summary, using a series of simple immunohistochemi-
cal labeling experiments, guided by our knowledge of water
transport in the lens, we have shown that a decrease in
zonular tension removes AQP5 from the membranes of fiber
cells in the equatorial water efflux zone and the anterior
water influx zones. Studying how these observations affect
the regulation of lens water transport, which is emerging
as being essential to the maintenance of the transparent and
refractive properties of the lens, has the potential to increase
our understand of not only the normal function of the lens
but also how dysfunction of lens water transport can result
in lens cataract.
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