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PURPOSE. To spatially map aquaporin-5 (AQP5) expression in the bovine lens, molecu-
larly characterize cytoplasmic AQP5-containing vesicles in the outer cortex, and elucidate
AQP5 membrane trafficking mechanisms.

METHODS. Immunofluorescence was performed on bovine lens cryosections using AQP5,
TOMM20, COX IV, calnexin, LC3B, Sec22β, LIMP-2, and connexin 50 antibodies and the
membrane dye CM-DiI. AQP5 plasma membrane insertion was defined via line expres-
sion profile analysis. Transmission electron microscopy (TEM) was performed on bovine
lens sections to examine cytoplasmic organelle morphology and subcellular localization
in cortical fiber cells. Bovine lenses were treated with 10-nM bafilomycin A1 or 0.1%
dimethyl sulfoxide vehicle control for 24 hours in ex vivo culture to determine changes
in AQP5 plasma membrane expression.

RESULTS. Immunofluorescence analysis revealed cytoplasmic AQP5 expression in lens
epithelial cells and differentiating fiber cells. In the lens cortex, complete AQP5 plasma
membrane insertion occurs at r/a = 0.951 ± 0.005. AQP5-containing cytoplasmic vesi-
cles are spheroidal in morphology with linear extensions, express TOMM20, and contain
LC3B and LIMP-2, but not Sec22β, as fiber cells mature. TEM analysis revealed complex
vesicular assemblies with congruent subcellular localization to AQP5-containing cyto-
plasmic vesicles. AQP5-containing cytoplasmic vesicles appear to dock with the plasma
membrane. Bafilomycin A1 treatment reduced AQP5 plasma membrane expression by
27%.

CONCLUSIONS. AQP5 localizes to spheroidal, linear cytoplasmic vesicles in the differenti-
ating bovine lens fiber cells. During fiber cell differentiation, these vesicles incorporate
LC3B and presumably fuse with LIMP-2–positive lysosomes. Our data suggest that AQP5
to the plasma membrane through lysosome-associated unconventional protein secretion,
a novel mechanism of AQP5 trafficking.

Keywords: AQP5, trafficking, autophagosome, amphisome, lysosome, lens fiber cells,
mitochondria, autophagy

The ocular lens is a transparent, biconvex tissue in
the eye that adjustably refracts visible light onto the

retina, enabling high-acuity vision over a wide range of
distances.1–3 The optical properties of the lens are a function
of its specialized cellular organization, which is comprised
of an anterior monolayer of epithelial cells that overlay and
differentiate into lens fiber cells at the lens equator.4 Fiber
cells differentiate gradually through a process of protein
synthesis, cell migration, cell elongation, and programmed
organelle degradation to form a gradient of cellular differen-
tiation and spatiotemporal protein expression from the lens
periphery to the lens core.

Aquaporins (AQPs) are transmembrane water channels
that represent one group of spatiotemporally expressed
proteins in the lens. Mammalian lenses express AQP0,5–8

AQP1,8,9 and AQP5.8,10–12 Collectively, lens AQPs regulate
lens transparency and refractive index13 by controlling lens
osmotic balance. In lens epithelial cells, AQP1 is expressed
on the apical plasma membrane,14,15 and AQP5 is expressed

cytoplasmically.15–17 In lens fiber cells, AQP0 is expressed on
the apical and basolateral plasma membranes while AQP5 is
cytoplasmically expressed in the newly differentiating fiber
cells and is gradually inserted into the plasma membrane as
fiber cells mature.12,15–17

The important role of AQP5 in maintaining lens home-
ostasis is implied by its expression in all mammalian
lenses studied to date including human,12,18–20 bovine,12

mouse,11,12,16,17,19–21 rat,12,17,21 rabbit,8 and dog22 lenses.
Functional studies have demonstrated the relationship
between AQP5 expression and lens osmotic homeosta-
sis. For example, basal water content and volume are
increased by ∼22% and 12%, respectively, in AQP5 knock-
out (AQP5–/–) mouse lenses relative to wild-type (AQP5+/+)
lenses following osmotic perturbation in hyperglycemic
media.23,24 AQP5–/– mouse lenses develop cataract under
the same conditions but remain transparent14,23 following
normoglycemic culture, in contrast to AQP5+/+ and AQP0–/–

mice.25–29 AQP5–/– mice also develop age-related cataract
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around 6 months at a higher frequency than AQP5+/+ mice
through upregulation of vimentin expression via miR-124–
3p.1 expression.20 The same effect is achieved in mice
with a leucine to proline missense mutation at residue 51
in AQP5, AQP5L51P, which corresponds to a homologous
mutation in humans (hAQP5L51P) associated with congenital
cataract.20

Functional studies have also demonstrated the rela-
tionship between AQP5 subcellular localization and fiber
cell plasma membrane water permeability (PH2O) in the
lens. Immunohistochemical studies have shown that AQP5
primarily localizes to the plasma membrane in the fiber cells
of the mouse lens cortex and to cytoplasmic vesicles in the
rat lens cortex, and the extent of fiber cell permeability
correlates to plasma membrane AQP5 abundance.17 Cyto-
plasmic AQP5 in rat lenses is dynamically inserted into fiber
cell plasma membranes in response to changes in zonular
tension and thereby increases fiber cell plasma membrane
water permeability (PH2O).17,21

Although the expression and functional regulation of
lenticular AQP5 are currently being investigated, the molec-
ular identity of lens AQP5-containing cytoplasmic vesi-
cles remains unclear. AQP5 has been shown to localize
to autophagosomes for degradation in both mouse and
rat submandibular glands.30,31 In this study, we spatially
mapped AQP5 in the bovine lens, defined the molecu-
lar identity of AQP5-containing cytoplasmic compartments,
and investigated mechanisms of AQP5 plasma membrane
insertion. In the bovine lens, we found that AQP5 is
expressed cytoplasmically in the lens epithelial and outer
cortical fiber cells and then is gradually inserted into fiber
cell plasma membranes in the inner cortex, similar to
other mammalian lenses. Based on our immunofluores-
cence analysis in the outer cortex, AQP5 appears to be
associated with and possibly incorporated into mitochon-
dria in the bovine lens. Thereafter, AQP5-containing cyto-
plasmic vesicles are identified as microtubule-associated
protein 1 light chain 3B (LC3B)-positive, lysosomal inte-
gral membrane protein 2 (LIMP-2)-positive vesicles in
which TOMM20-containing mitochondria appear to degrade,
possibly as a specialized method of normal lens mito-
chondrial autophagic degradation. These AQP5-containing
cytoplasmic vesicles appear to dock with the plasma
membrane with subsequent AQP5 plasma membrane inser-
tion. AQP5 plasma membrane expression is decreased by
bafilomycin A1 treatment, suggesting a novel type of AQP5
trafficking through lysosome secretion, a form of type
III unconventional protein secretion, in the mammalian
cells.

MATERIALS AND METHODS

Tissue

Fresh bovine lenses (1–2 years old) used for immunoflu-
orescence were obtained from Light Hill Meats (Lynnville,
TN, USA) and Cedar Hill Meat Processing (Cedar Hill, TN,
USA).

Reagents

All chemicals, unless otherwise stated, were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Bafilomycin A1 was
purchased from MilliporeSigma (Burlington, MA, USA).

Antibodies

Affinity-purified rabbit anti-AQP5 IgG antibody targeted
toward amino acid residues 249 to 265 of rat AQP5
(AB15858) and normal goat IgG antibody (NI02-100UG)
were obtained from MilliporeSigma. Normal rabbit IgG
antibodies (2729) were obtained from Cell Signaling
Technology (Danvers, MA, USA). Goat anti-calnexin IgG
(LS-B4403) was obtained from LifeSpan BioSciences (Dallas,
TX, USA). Rabbit anti-LC3B IgG (MBS9435173) was obtained
from MyBioSource (San Diego, CA, USA). Rabbit anti-LIMP-
2 IgG (NB400-129) was obtained from Novus Biologicals
(Centennial, CO, USA). Mouse anti-TOMM20 IgG (ab56783)
was obtained from Abcam (Waltham, MA, USA). Goat
anti-connexin 50 IgG (sc-20746) and normal mouse IgG
(sc-2025) antibody were obtained from Santa Cruz Biotech-
nology (Dallas, TX, USA). Secondary antibodies (goat anti-
rabbit Alexa Fluor 488, goat anti-rabbit Alexa Fluor 647,
donkey anti-rabbit Alexa Fluor 488, and donkey anti-goat
Alexa Fluor 647) were obtained from Thermo Fisher Scien-
tific (Waltham, MA, USA). Secondary antibody used for
western blotting (goat anti-rabbit DyLight 680, goat anti-
mouse DyLight 800, and donkey anti-goat DyLight 800) was
obtained from Thermo Fisher Scientific.

Other Biologics

Alexa Fluor 488- or Alexa Fluor 647-conjugated wheat
germ agglutinin (WGA) was used to label fiber cell plasma
membranes. Invitrogen Vybrant CM-DiI Cell-Labeling Solu-
tion (V22888; Thermo Fisher Scientific) was used to univer-
sally label lipid membranes in fiber cells.

Immunofluorescence

Fresh or cultured bovine lenses were fixed in 2%
paraformaldehyde with or without 0.01% glutaraldehyde
in phosphate buffered saline (PBS) for 72 hours at room
temperature and then cryoprotected in 10% sucrose–PBS
for 2 days at 4°C; 20% sucrose–PBS for 1 hour at room
temperature; and 30% sucrose–PBS for ≥7 days at 4°C. They
were then snap frozen in liquid nitrogen, encased in Tissue-
Tek O.C.T. Compound (Sakura Finetek USA, Torrance, CA,
USA), and cryosectioned parallel (axially) to the optic axis at
20-μm thickness using a Leica CM3050 S Research Cryo-
stat (Leica Biosystems, Buffalo Grove, IL, USA). Finally, they
were transferred onto plain microscope slides. Next, lens
tissue cryosections (i.e., “sections”) were triply washed in
PBS, incubated in blocking solution (6% bovine serum albu-
min and 6% normal goat serum in PBS) for 2 to 3 hours to
reduce nonspecific labeling, and then immunolabeled with
rabbit anti-AQP5 (1:400), goat anti-calnexin (1:100), mouse
anti-TOMM20 (1:200), rabbit anti-LC3B (1:400), rabbit anti-
Sec22β (1:100), or rabbit anti-LIMP2 (1:250) primary anti-
body in blocking solution for 16 hours at 4°C, followed
by Alexa 488- or Alexa 647-conjugated goat or donkey
secondary antibodies in blocking solution for 2 hours at
room temperature.

Normal rabbit IgG, normal goat IgG, and normal mouse
IgG were used as host-specific negative controls for nonspe-
cific IgG binding. In certain cases, 0.1% Triton X-100 was
included in PBS washes or blocking solution prior to incu-
bation with secondary antibodies. Following immunola-
beling, sections underwent subsequent fluorescent label-
ing with 4′,6-diamidino-2-phenylindole (DAPI)–dilactate
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(1:100 in PBS) to label cellular nuclei singularly or DAPI–
dilactate in combination with Alexa 488- or Alexa 647-
conjugated WGA (1:100 in PBS) for 1 hour at room temper-
ature to label fiber cell plasma membranes or Vybrant CM-
DiI Cell-Labeling Solution Lipid (1:5000 in 50% ethanol–PBS)
to label cellular lipid membranes. Following immunolabel-
ing and labeling, sections were coverslipped in Invitrogen
ProLong Glass Antifade Mountant (Thermo Fisher Scientific)
and imaged using a Zeiss LSM 880 confocal laser scanning
microscope (Carl Zeiss, Inc., White Plains, NY, USA). Images
were postprocessed to improve resolution using Airyscan
processing (Zeiss). Background fluorescence (i.e., fluores-
cence from normal IgG-incubated, negative control tissue)
was subtracted using Photoshop CS6 (Adobe; San Jose, CA,
USA).

Ex Vivo Whole Lens Culture and Image
Segmentation Analysis

Fresh bovine lenses were cultured in complete medium at
37°C in 4% CO2 as outlined previously32 using a Thermo
Forma Model 370 Series Steri-Cycle CO2 Incubator (Thermo
Fisher Scientific). Briefly, complete M199 medium consisted
of M199 medium (11-150-059; Thermo Fisher Scientific), 10%
fetal bovine serum, 1% penicillin, and 1% streptomycin. After
2 hours of culture, lenses free of cataract were treated with
10-nM bafilomycin A1 or 0.1% dimethyl sulfoxide (DMSO),
the vehicle (negative) control, for 24 hours. Cultured bovine
lenses were cryosectioned for immunofluorescence analy-
sis and imaged as outlined above. NIS-Elements 5.3.0 soft-
ware (Nikon, Tokyo, Japan) was used to perform image
segmentation to quantify relative AQP5 expression changes
in the cortical fiber cell plasma membranes of cultured
bovine lenses due to bafilomycin A1 treatment. Relative
AQP5 expression was defined as the mean intensity of AQP5
immunofluorescence with bafilomycin A1 treatment normal-
ized to vehicle control.

Transmission Electron Microscopy

Fresh bovine lenses were placed in 1% glutaraldehyde in
0.1-M cacodylate buffer for 2 days at room temperature.
Thereafter, tissue chunks were excised from these lenses
near the lens equator and incubated in 2.5% glutaraldehyde–
0.1-M cacodylate for 2 days at room temperature, followed
by post-fixation in 1% OsO4 for 1 hour at room temper-
ature. The tissue was dehydrated using a graded ethanol
series and infiltrated with Epon-812 (RT 13940; Electron
Microscopy Sciences, Hatfield, PA, USA) using propylene
oxide as the transition solvent. The Epon-812 was polymer-
ized at 60°C for 48 hours, and the samples were sectioned
at 70 nm for transmission electron microscopy (TEM) using
a Leica UC7 Ultramicrotome (Leica Microsystems, Wetzlar,
Germany). TEM was performed on a Tecnai T12 electron
microscope (Thermo Fisher Scientific) at 100 kV using a
charge-coupled device camera (Advanced Microscopy Tech-
niques, Woburn, MA, USA).

Lens Homogenization and Liquid
Chromatography With Tandem Mass
Spectrometry for Identifying LIMP-2 Peptides

Frozen bovine lens anterior and posterior poles were shaved
off to yield a center section approximately 3 mm thick.

The cortex was removed by trephine center-punch at 7/16
inch and homogenized in homogenizing buffer (25-mM
Tris, 5-mM EDTA, 1-mM dithiothreitol, 150-mM NaCl, 1-mM
phenylmethylsulfonyl fluoride, pH 8.0), then centrifuged
at 100,000g for 30 minutes to pellet the membrane frac-
tion. The membrane fraction was subsequently washed in
homogenizing buffer once, homogenizing buffer with 8-M
urea twice, then cold 0.1-M NaOH. Urea-insoluble/NaOH-
insoluble membrane fraction proteins were taken up in
50-mM triethylammonium bicarbonate (TEAB) and 5% SDS,
and 75 μg protein was isolated. The protein isolate was
reduced and alkylated with addition of 10-mM dithiothre-
itol and 20-mM iodoacetamide. Alkylated proteins were
acidified with phosphoric acid to 2.5% and precipitated
with 100-mM TEAB in methanol. Precipitate was loaded
on an S-Trap micro kit (ProtiFi, Farmingdale, NY, USA),
washed four times with 100-mM TEAB in methanol, and
digested in 0.25-μg/μL trypsin in 50-mM TEAB for 2 hours
at 46°C.

Peptides were eluted from the S-Trap with 66-mM TEAB,
0.2% formic acid, and then 66-mM TEAB and 50% acetonitrile
(ACN). Eluted peptides were dried by a SpeedVac vacuum
concentrator (Thermo Fisher Scientific) and rehydrated in
0.1 % triethylamine (TEA). Peptides were basic reverse phase
separated on an in-house fabricated STAGE tip. Briefly, two
1.0-mm Empore C18 filter plugs were added to a pipette tip,
and 2 mg 5-μm C18 resin (Phenomenex, Torrance, CA, USA)
was added to the top of the C18 filter plug. Peptides were
loaded to the stage tip after equilibration and washed twice
in 0.1% TEA. Peptides were eluted from the STAGE tip in
progressive fractions of ACN (5%, 7.5%, 10%, 12.5%, 15%,
20%, 30%, 50% in 0.1% TEA). Dried fractions were recon-
stituted in 0.1% formic acid. Approximately 400 ng of each
basic reverse-phase fraction was separately loaded onto a
trap column before separation along a 95-minute gradient
from 5% to 37% ACN.

Peptides were measured on a Velos Pro Linear Ion Trap
Mass Spectrometer (Thermo Fisher Scientific) operating in
Top15 data-dependent tandem mass spectrometry acquisi-
tion mode. RAW files were searched with FragPipe 17.0 and
modified to accommodate the low-resolution mass analyzer
used in this study. Briefly, each sample was selected as
part of a single experiment and searched with MSFrag-
ger 3.4 with precursor mass tolerance of ±500 ppm and
fragment mass tolerance of ±0.7 Da. Peptides of length
7 to 50 in mass range 500 to 5000 with charge 1 to
4 were included in a database of reviewed and unre-
viewed proteins (downloaded December 8, 2016; length
32,167). Cysteine carbamidomethylation was included as a
default modification. Up to two variable modifications of
methionine oxidation and N-terminal excision were allowed
per peptide. Protein level results were filtered at a 5%
false discovery rate (FDR), and peptides, peptide spec-
trum matches, and ions were filtered at a 1% FDR. Frag-
Pipe outputs were used for protein-level data interpreta-
tion in R (R Foundation for Statistical Computing, Vienna,
Austria).

Statistical Analysis

All assays were conducted in at least triplicate, and experi-
mental results are represented as the data mean ± standard
error of the mean. The statistical significance of the experi-
mental results was determined with Student’s t-test. P ≤ 0.05
was considered statistically significant.
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RESULTS

AQP5 has been spatially mapped in human,12 mouse,12,15,16

rat,12,21 and rabbit8 lenses. AQP5 spatial expression is
broadly consistent across these species. AQP5 is cytoplas-
mic in lens epithelial cells and in young, differentiating fiber
cells of the lens cortex; as fiber cells mature, it is gradually
inserted into fiber cell plasma membranes. AQP5 expression
remains localized to the plasma membrane in mature fiber
cells to the lens core.

AQP5 Localization and Membrane Insertion

Based on these findings, we hypothesized that this
general AQP5 spatial expression pattern is characteris-
tic of mammalian lenses and would also be observed in
bovine lenses. Confocal microscopy analysis of bovine lens
cryosections immunolabeled for AQP5 shows that AQP5 is
expressed throughout the bovine lens in both lens epithe-
lial cells and lens fiber cells (Figs. 1A, 1B). AQP5 expres-
sion is cytoplasmic in bovine lens epithelial cells and in
the incipient fiber cells of the lens modiolus (Figs. 1C, 1D).
Interestingly, nuclear AQP5 expression consistently becomes
detectable in the peripheral outer cortex immediately after
fiber cells exit the lens modiolus and undergo substan-
tial elongation (Figs. 1C, 1D, closed arrows). AQP5 plasma
membrane insertion, defined as colocalization between
AQP5 immunolabeling and WGA labeling, is detectable
alongside cytoplasmic AQP5 expression as differentiating
cortical fiber cells mature (Figs. 1E, 1F, arrowheads). AQP5
expression is completely localized to the plasma membrane
in the inner cortex and remains integral to the membrane
through to the lens core. AQP5 nuclear expression disap-
pears as AQP5 is inserted into the plasma membrane in
the inner cortex (Figs. 1E, 1F, open arrows). AQP5 nuclear
expression in the bovine lens appears to coincide with a
reduction in cortical fiber cell nuclear size and change in
morphology from smooth and elliptical in the outer cortex
to irregular and elliptical in the inner cortex (Figs. 1C–1F).

AQP5 plasma membrane insertion was quantified based
on the normalized radial distance r/a, where r is the radial
distance to the lens center, and a is the lens radius,33

as was done for previous mammalian lenses.12 The fluo-
rescence intensities of AQP5 and WGA in Figure 1 were
converted to gray values (Figs. 2A, 2B), and collinear surface
plots of these gray values as a function of r/a quantita-
tively depict the spatial relationship between AQP5 expres-
sion and the plasma membrane across the lens bow region
(Figs. 2C–2E). AQP5 plasma membrane insertion is defined
as r/a values with overlap between AQP5 and WGA gray
values. AQP5 immunolabeling intensity peaks in the lens
modiolus and decreases significantly with r/a in the outer
cortical fiber cells. The surface plot data for cytoplasmic
AQP5 immunolabeling is nonuniform, which reflects cyto-
plasmic AQP5 expression. Decreased AQP5 immunofluores-
cence intensity in the medial outer cortex may be a result
of (1) reduced AQP5 local concentration due to fiber cell
volumetric expansion during cellular elongation, (2) AQP5
C-terminal epitope masking, or (3) reduced AQP5 expres-
sion in this region, although this observation remains to be
further studied. Initial AQP5 plasma membrane insertion is
detectable from r/a = 0.979 (Figs. 2C, 2D, black star) to r/a
= 0.958 (Figs. 2C, 2E, blue star). Cytoplasmic AQP5 immuno-
labeling is detected between these r/a values, as well. Full
AQP5 membrane insertion occurs at r/a = 0.958 (blue star),

which is in the outer cortex–inner cortex transitional region.
AQP5 remains localized to the plasma membrane for 0.958
≥ r/a ≥ 0.000 (data not shown).

Identification of AQP5 Cytoplasmic Structures

Previous studies revealed variability in the morphology of
AQP5-containing cytoplasmic vesicles in mouse,12,16 rat,12

and human12 lens cortical fiber cells. To more accu-
rately characterize AQP5-containing cytoplasmic vesicles in
the bovine lens, we conducted high-resolution confocal
microscopy imaging of AQP5 expression in bovine lens
cortical fiber cells (Fig. 3). Cytoplasmic AQP5 expression in
bovine lens fiber cells is localized to spheroidal cytoplasmic
vesicles with linear components in the outer cortex (Fig. 3,
arrowheads). As fiber cells begin to differentiate at the lens
equator, AQP5-containing cytoplasmic vesicles are less than
1 μm in diameter, up to 20 μm in length, and predominantly
linear in morphology (Fig. 3B, open arrowheads). As fiber
cells mature and exit the lens modiolus, AQP5-containing
cytoplasmic vesicles become predominantly spheroidal and
spheroidal, linear (Fig. 3, closed arrowheads), with spheroid
regions varying up to approximately 3.5 μm in diameter
(Figs. 3C, 3D).

To test whether AQP5-containing cytoplasmic vesicles
are morphologically distinct structures among cytoplasmic
vesicles in bovine lens cortical fiber cells, we analyzed
DiI-labeled, AQP5-immunolabeled bovine lens cryosections
(Fig. 4). DiI is a lipophilic dye that labels all cytoplasmic
cellular lipid membranes and the plasma membrane. In
the lens modiolus, linear DiI-labeled cytoplasmic compart-
ments overlap with linear, AQP5-containing cytoplasmic
vesicles, indicating that these structures are morphologi-
cally unique (Fig. 4A, open arrowheads). In this region, DiI-
labeled spheroidal, linear cytoplasmic compartments and
AQP5-containing, cytoplasmic vesicles typically overlap, but
such compartments lacking AQP5 expression are readily
observable in this region (Fig. 4A, striped arrowheads). In
outer cortical fiber cells, with the exception of the lens modi-
olus, spheroidal, linear DiI-labeled cytoplasmic compart-
ments are identical to AQP5-containing, cytoplasmic vesi-
cles with rare exceptions, indicating that large, spheroidal,
linear cytoplasmic structures in the outer cortex are uniquely
AQP5-containing cytoplasmic vesicles (Fig. 4, closed white
arrowheads).

Immunohistochemical studies of mitochondria34 in chick
lens fiber cells revealed structures similar in morphology
to AQP5-containing cytoplasmic vesicles. To determine the
molecular composition of bovine lens fiber cell AQP5-
containing cytoplasmic vesicles, we tested AQP5-containing
cytoplasmic vesicles for the presence of mitochondrial
import receptor subunit TOM20 homolog (TOMM20)
(Fig. 5). TOMM20 is ubiquitously expressed in all linear
(Fig. 5, open arrowheads) and spheroidal, linear (Fig. 5,
closed arrowheads) AQP5-containing cytoplasmic vesicles
observed. Colocalization between AQP5 and TOMM20
expression in these vesicles is high but not uniform through-
out the entirety of structures. TOMM20 expression dissi-
pates during full AQP5 plasma membrane insertion in the
bovine lens fiber cells of the outer cortex–inner cortex tran-
sition zone (Fig. 5C). TOMM20 expression is not detected
on the plasma membrane. The co-expression of AQP5
and TOMM20 in bovine lens cortical fiber cells indicates
that TOMM20 is a molecular marker of AQP5-containing
cytoplasmic vesicles. We also tested AQP5-containing
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FIGURE 1. AQP5 spatial expression in the bovine lens. (A) A low-magnification, high-resolution image of AQP5 immunolabeling (green) in
the bovine lens with WGA labeling of plasma membranes (red) and DAPI labeling of cell nuclei (blue). The closed arrowhead denotes the
lens modiolus. (B) A replicate image of A with only AQP5 immunolabeling displayed. (C) A medium-magnification, high-resolution image of
the lens modiolus and nearby outer cortical fiber cells. The closed arrow indicates the nucleus of an outer cortical fiber cell. (D) A replicate
image of C with only AQP5 immunolabeling displayed. The filled arrow indicates AQP5 immunolabeling in the same cell nucleus shown in
B and marks the appearance of AQP5 immunolabeling in outer cortical lens fiber cell nuclei. (E) A medium-magnification, high-resolution
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image of the lens cortex. The open arrowhead indicates the appearance of AQP5 plasma membrane insertion. The open arrow indicates
the nucleus of a differentiating cortical fiber cell. (F) A replicate image of E with only AQP5 immunolabeling displayed. Scale bars: 500 μm
(A, B) and 100 μm (C–F). The open arrow indicates AQP5 immunolabeling in the same cell nucleus shown in E and marks the disappearance
of AQP5 immunolabeling in inner cortical lens fiber cell nuclei.

FIGURE 2. Cytoplasmic AQP5 is progressively inserted into cortical fiber plasma membranes during fiber cell differentiation in the bovine
lens. (A) A grayscale image of Figure 1E with only WGA labeling displayed. Distinct points in space on a lens cryosection (n = 1) are
represented by the quotient r/a, where r is the distance from any point to the center of the lens perpendicular to the optical axis, and a is
the radius of the lens, which is 8000 μm for this section. Circled point 1 in C corresponds to r/a = 1.000, and circled point 5 corresponds to
r/a = 0.950. The horizontal yellow line in C connects circled points 1 and 5. (B) A replicate, grayscale image of Figure 1E with only AQP5
immunolabeling displayed. The horizontal yellow line is collinear to the line in B and connects circled points 2, 3, and 4, which correspond
to r/a = 0.985, r/a = 0.970, and r/a = 0.955, respectively. (C) Two-dimensional surface plots of the fluorescence-intensity gray values of
WGA in B (red line) and AQP5 in D (green line) across the yellow line from circled points 1 to 5. (D) Two-dimensional surface plots of the
fluorescence-intensity gray values of WGA in B (red line) and AQP5 in D (green line) across the yellow line from circled points 2 to 3. (E)
Two-dimensional surface plots of the fluorescence intensity gray values of WGA in B (red line) and AQP5 in D (green line) across the yellow
line from circled points 3 to 4. AQP5 fluorescence intensity maximizes at r/a = 0.998 then decreases rapidly to nearly undetectable levels at
r/a = 0.989. AQP5 fluorescence intensity increases inversely with r/a and is partially overlapped in space by the fluorescence intensity of
WGA from 0.979 (black star) ≥ r/a ≥ 0.958 (blue star) (D, E) AQP5 fluorescence intensity is entirely overlapped by that of WGA in space
at r/a = 0.958 (blue star) (D). This trend continues to the lens center (0.958 ≥ r/a ≥ 0.000; data not shown). Scale bars: 100 μm (A, B).

cytoplasmic vesicles for the presence of cytochrome c
oxidase subunit IV (COX IV) (Supplementary Fig. S1), an

inner mitochondrial membrane protein, and resident endo-
plasmic reticulum protein calnexin (Supplementary Fig. S2).
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FIGURE 3. Cytoplasmic AQP5 immunolabeling in cortical fiber cells is localized to spheroidal, linear structures in the bovine lens bow
region. (A) A low-magnification representative image of AQP5 immunolabeling (green) in the bovine lens bow region. Plasma membranes
(red) and cellular nuclei (blue) are labeled by WGA and DAPI, respectively. The peripheral outer cortex (i.e., includes lens modiolus), medial
outer cortex, and outer cortex–inner cortex transitional region are indicated by the B, C, and D boxes, respectively, and correspond spatially
with the images in B to D. (B-1–D-1) High-magnification images of AQP5 immunolabeling (green) in the cortical fiber cell regions shown in
A. AQP5-containing cytoplasmic vesicles were primarily linear in morphology in the incipient fiber cells of the lens modiolus (open arrow-
heads) and spheroidal, linear in the cells outside of the lens modiolus (closed arrowheads). AQP5-containing cytoplasmic vesicles became
slightly irregular in the outer cortex–inner cortex transitional region. (B-2–D-2) Replicate images of B-1 to D-1 depicting AQP5 immuno-
labeling and DAPI labeling only. (B-3–D-3) Enlarged images of AQP5-containing cytoplasmic vesicles are indicated by the arrowheads in
B-1 to D-1. The spheroidal and linear domains within AQP5-containing cytoplasmic vesicles vary in size up to a maximum width and length
of approximately 3 μm and 20 μm, respectively. (B-4–D-4) Replicate images of B-3 to D-3 depicting AQP5 immunolabeling and DAPI labeling
only. Scale bars: 100 μm (A), 10 μm (B-1, B-2, C-1, C-2, D-1, D-2), and 5 μm (B-3, B-4, C-3, C-4, D-3, D-4).

COX IV expression was similar to that of TOMM20, but we
observed minimal calnexin expression in AQP5-containing
cytoplasmic vesicles.

Despite AQP5 plasma membrane insertion in the bovine
lens cortex, mitochondrial degradation occurs universally
within the vertebrate ocular lens32,35–38 and occurs through

mitophagy in the mouse lens as BNIP3L/NIX expression, a
mitophagy protein, is required for mitochondrial elimina-
tion to create the organelle-free zone.39 In the chick lens,
autophagosomes are TOMM20 positive and LC3B positive.35

Thus, we hypothesized that AQP5- and TOMM20-containing
cytoplasmic vesicles in bovine lens fiber cells might become
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FIGURE 4. AQP5-containing, cytoplasmic vesicles represent a morphologically, distinct cluster of cytoplasmic vesicles in bovine lens cortical
fiber cells outside the lens modiolus. (A-1–C-1) High-magnification confocal images of AQP5 immunolabeling (red) and DiI fluorescent
labeling (green) in the peripheral outer cortex (A-1), medial outer cortex (B-1), and outer cortex–inner cortex transitional region (C-1) of the
bovine lens as indicated in Figure 3A. In the lens modiolus (A), linear DiI-labeled cytoplasmic compartments (open arrowheads) overlap with
linear, AQP5-containing cytoplasmic vesicles. In these cells, both AQP5-negative (striped arrowheads) and AQP5-containing (closed white
arrowheads) DiI-labeled cytoplasmic structures are readily observable. In the peripheral outer cortical fiber cells outside of the lens modiolus,
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medial outer cortex (B), and outer cortex–inner cortex transitional region (C), the spheroidal, linear DiI-labeled cytoplasmic compartments
(closed white arrowheads) overlap with AQP5-containing, cytoplasmic vesicles with rare exceptions. (A-2–C-2) Replicate images of A-1 to
C-1 with only AQP5 immunolabeling and DAPI labeling are displayed. (A-3–C-3) Enlarged images of DiI-labeled cytoplasmic structures are
indicated by arrowheads in A-1, B-1, and C-1. Red puncta that do not colocalize with DiI represent nonspecific immunofluorescence based
on normal IgG immunolabeling negative controls. (A-4–C-4) Replicate images of A-3, B-3, and C-3 with only AQP5 immunolabeling and
DAPI labeling displayed. Scale bars: 10 μm (A-1, A-2, B-1, B-2, C-1, C-2) and 5 μm (A-3, A-4, B-3, B-4, C-3, C-4).

FIGURE 5. TOMM20 and AQP5 are co-expressed molecular markers for the same cluster of cytoplasmic vesicles in the bovine lens cortex.
(A-1–C-1) High-magnification confocal images of AQP5 immunolabeling (green) and TOMM20 immunolabeling (red) in the peripheral outer
cortex (A), medial outer cortex (B), and outer cortex–inner cortex transitional region (C) of the bovine lens as shown in Figure 3A. Linear
(A, open arrowheads) and spheroidal, linear (B, C, closed arrowheads) AQP5-containing cytoplasmic vesicles and TOMM20-containing
cytoplasmic vesicles colocalize in the outer cortex of bovine lenses. TOMM20-containing and AQP5-containing cytoplasmic vesicles are
frequently apposed to fiber cell nuclei (B, arrow; C, closed arrowhead). (A-2–C-2) Enlarged images of AQP5-containing cytoplasmic vesicles
indicated by arrowheads in A-1, B-1, and C-1. (A-3–C-3) Replicate images of A-2, B-2, and C-2 with only TOMM20 immunolabeling and
DAPI labeling displayed. Scale bars: 10 μm (A-1, B-1, C-1) and 5 μm (A-2, A-3, B-2, B-3, C-2, C-3).

autophagic vesicles and also express LC3B, an autophagy-
specific molecular marker and peripheral membrane protein
within autophagosomes, amphisomes, and autolysosomes.
We analyzed TOMM20-containing cytoplasmic vesicles
in the bovine lens for LC3B expression in bovine lens

fiber cells (Fig. 6). In the lens modiolus, linear TOMM20-
containing cytoplasmic vesicles are readily observable as
in Figure 5 (Fig. 6A, open arrowheads), but LC3B expression
in these structures is virtually undetectable. In peripheral
outer cortical fiber cells outside of the lens modiolus, LC3B
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FIGURE 6. TOMM20-containing cytoplasmic vesicles express LC3B prior to complete AQP5 plasma membrane insertion in bovine lens
cortical fiber cells. (A-1–C-1) High-magnification confocal images of TOMM20 immunolabeling (red) and LC3B immunolabeling (green) in
the peripheral outer cortex (A), medial outer cortex (B), and outer cortex–inner cortex transitional region (C) of the bovine lens (Fig. 3A). In
the peripheral outer cortex, LC3B is faintly expressed (A) in punctate, cytoplasmic vesicles (A–C, striped arrowheads). TOMM20-containing
cytoplasmic vesicles (closed arrowheads) in the peripheral outer cortex colocalize minimally with LC3B. As outer cortical fiber cells mature,
LC3B expression is upregulated; thus, LC3B-containing cytoplasmic vesicles are significantly larger and more abundant in the medial outer
cortex (B) and outer cortex–inner cortex transitional region (C) relative to the peripheral outer cortex. LC3B colocalizes with the TOMM20-
containing cytoplasmic vesicles in the medial outer cortex and the outer cortex–inner cortex transitional region (B, C). (A-2–C-2) Enlarged
images of the TOMM20-containing cytoplasmic vesicles indicated by the arrowheads in A-1, B-1, and C-1. (A-3–C-3) Replicate images of
A-2, B-2, and C-2 with only LC3B immunolabeling and DAPI labeling displayed. Scale bars: 10 μm (A-1, B-1, C-1) and 5 μm (A-2, A-3,
B-2, B-3, C-2, C-3).

expression (Fig. 6A, striped arrowheads) is sparse and
sporadically localized to spheroidal, linear TOMM20-
containing cytoplasmic vesicles (Fig. 6A, closed arrow-
heads). LC3B expression and colocalization within
TOMM20-containing cytoplasmic vesicles increase as a
function of fiber cell differentiation, suggesting that mito-
chondria, and thereby AQP5-containing cytoplasmic vesi-
cles, are incorporated into autophagosomes and potentially

into amphisomes and autolysosomes, as well. By the outer
cortex–inner cortex transitional region, TOMM20-containing
cytoplasmic vesicles appear to ubiquitously express LC3B
(Figs. 6B, 6C). The morphology of LC3B-positive structures
in the bovine lens outer cortex is interesting to note, as
autophagosomes are typically globular or spherical rather
than linear. There are special cases of autophagosomes with
distinct morphology in the literature,40,41 but the association
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FIGURE 7. TOMM20-containing cytoplasmic vesicles express LIMP-2 prior to full AQP5 plasma membrane insertion in bovine lens cortical
fiber cells. (A-1–C-1) High-magnification confocal images of TOMM20 immunolabeling (red) and LIMP-2 immunolabeling (green) in the
peripheral outer cortex (A), medial outer cortex (B), and outer cortex–inner cortex transitional region (C) of the bovine lens (Fig. 3A). In the
peripheral outer cortex, LIMP-2 is faintly expressed (A) in cytoplasmic vesicles (A–C, striped arrowheads). TOMM20-containing cytoplasmic
vesicles (closed arrowheads) in the peripheral outer cortex partially colocalize with LIMP-2. LIMP-2 expression is upregulated with fiber cell
differentiation and simultaneously increased in TOMM20-containing cytoplasmic vesicles. LIMP-2 colocalizes with the TOMM20-containing
cytoplasmic vesicles in the medial outer cortex and the outer cortex–inner cortex transitional region (B and C). (A-2–C-2) Enlarged images
of the TOMM20-containing cytoplasmic vesicles indicated by the arrowheads in A-1, B-1, and C-1. (A-3–C-3) Replicate images of A-2, B-2,
and C-2 with only LIMP-2 immunolabeling and DAPI labeling displayed. Scale bars: 10 μm (A-1, B-1, C-1) and 5 μm (A-2, A-3, B-2, B-3,
C-2, C-3).

of LC3B with cytoplasmic structures that appear linear is
atypical and will require additional study to clarify.

Autolysosomes containing mitochondria and in the
process of mitophagy have been previously reported in
the lens.35,37,38 Given our observation of LC3B expression
in AQP5- and TOMM20-containing cytoplasmic vesicles in
bovine lens fiber cells, we hypothesized that a portion of
these vesicles would also express specific autolysosomal and
lysosomal molecular markers such as LIMP-2. We analyzed
TOMM20-containing cytoplasmic vesicles in bovine corti-
cal lens fiber cells for LIMP-2 expression (Fig. 7). In the
lens modiolus, LIMP-2 expression in TOMM20-containing

cytoplasmic vesicles is similar to that observed for LC3B.
In peripheral outer cortical fiber cells outside of the lens
modiolus, LIMP-2 expression (Fig. 7, striped arrows) is also
sparse and rarely overlaps TOMM20-containing cytoplasmic
vesicles (Fig. 7A, closed arrowheads). LIMP-2 expression
in TOMM20-containing cytoplasmic vesicles also increases
as a function of fiber cell differentiation. By the outer
cortex–inner cortex transitional region, TOMM20-containing
cytoplasmic vesicles express LIMP-2 with near ubiquity
(Figs. 7B, 7C). LIMP-2 expression in the lens was confirmed
via tandem mass spectrometry (Supplementary Fig. S3).
These findings suggest that LC3B-positive autophagosomes
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FIGURE 8. AQP5-containing cytoplasmic vesicles are congruent in subcellular localization with vesicular assemblies identified via TEM
analysis in bovine lens cortical fiber cells. (A) High-resolution, confocal images of AQP5 immunofluorescence (green) in the medial outer
cortex of the bovine lens. Plasma membranes (PM) are labeled with WGA (red) (A-1) or connexin 50 (red) (A-2). Cellular nuclei (N) are
labeled with DAPI staining (blue). AQP5-containing cytoplasmic vesicles (arrowheads) are distinctive among fiber cell cytoplasmic vesicles
in the bovine lens outer cortex (Fig. 4). AQP5-containing cytoplasmic vesicles are frequently in close proximity or apposed to fiber cell
plasma membranes (A-1) and cellular nuclei (A-2). The structures indicated by open arrowheads in A-1 and A-2 are enlarged and shown
in A-3 and A-4, respectively. Scale bars: 5 μm (A-1, A-2) and 1 μm (A-3, A-4). (B) TEM images depicting vesicular assemblies of interest
(arrows) in outer cortical fiber cells of the bovine lens in close proximity or apposed to the plasma membrane (B-1, B-3) or the nucleus
(B-2, B-4). The structures indicated with arrows in B-1 and B-2 are enlarged and shown in B-3 and B-4, respectively. Scale bars: 500 nm
(B-1, B-2) and 250 nm (B-3, B-4).

merge with LIMP-2-positive lysosomes, possibly via an
amphisome intermediate, to become autolysosomes after
incorporation of AQP5-containing cytoplasmic vesicles.

Given these results, we hypothesized that TEM of
bovine lens cortical fiber cells would reveal vesicular struc-
tures with similar morphology and subcellular localization
to AQP5-containing cytoplasmic vesicles. Immunofluores-
cence analysis of bovine lens cryosections revealed that
spheroidal AQP5-containing cytoplasmic vesicles are often
in close proximity or apposed to cortical fiber cell plasma
membranes (Fig. 8A-1, arrowheads) in the bovine lens. TEM
analysis revealed vesicular assemblies in close proximity and
apposed to (Figs. 8B-1–8B-4, arrows) bovine cortical fiber
cell plasma membranes (Fig. 8, indicated by PM). Some of
these vesicular assemblies present as spheroidal and some
present as spheroidal with linear components attached. The
vesicular assemblies of interest in our TEM images often
contain multiple complex membranes. However, the reso-
lution of vesicular assemblies in our TEM images requires
improvement to unequivocally identify autophagic vesicles.
We hypothesize that the vesicular assemblies detected in our
TEM analysis are synonymous with AQP5-containing cyto-
plasmic vesicles detected in our immunofluorescence analy-
sis based on subcellular localization and morphology.

AQP5 Vesicle-Plasma Membrane Localization

Further analysis of TEM images in the outer cortex showed
vesicular assemblies with multiple complex membranes in
very close proximity to the plasma membrane (Fig. 9). We

regularly observed AQP5-containing cytoplasmic vesicles
that appear to be docked with the plasma membrane in the
medial outer cortex prior to AQP5 plasma membrane inser-
tion (Figs. 9A-1–9A-3, arrowheads). In the outer cortex–inner
cortex transitional region, similar AQP5-containing cytoplas-
mic vesicles appear to be docked to the plasma membrane
(Figs. 9A-4–9A-6, arrowheads) where AQP5 insertion occurs.
AQP5 signal occurs in the plasma membrane between strong
Cx50 signals with some colocalization observed (Figs. 9A-
5, 9A-6, arrows). In turn, we observed vesicular assemblies
in close contact with the plasma membrane in bovine lens
cortical fiber cells from the same regions (Fig. 9B-1, striped
arrow). Although the overlap of AQP5 and Cx50 immunoflu-
orescence and the close proximity of vesicular assemblies to
the plasma membrane in our TEM data do not unequivo-
cally demonstrate vesicular docking and fusion, these data
are consistent with the hypothesis of unconventional protein
secretion of AQP5 in the bovine lens cortex. Higher resolu-
tion studies are required to conclusively show docking and
fusion processes.

Together, these data are consistent with the hypothe-
sis of AQP5 plasma membrane insertion through uncon-
ventional protein secretion42,43 in bovine lens cortical fiber
cells via protein targeting to autophagosomes, to amphi-
somes, or to lysosomes prior to fusion with the plasma
membrane. These processes, autophagosome secretion,44–46

amphisome secretion,47,48 and lysosome secretion,47,49,50

respectively, are discrete mechanisms of secretion with
unique molecular machineries. Secretory autophagosomes,
but not degradative autophagosomes, specifically express
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FIGURE 9. AQP5-containing cytoplasmic vesicles and vesicular assemblies identified via TEM analysis exhibit potential docking behavior
in bovine lens cortical fiber cells. (A) High-resolution, confocal images of AQP5 immunofluorescence (green) in the medial outer cortex
(A-1–A-3) and outer cortex–inner cortex transitional region (A-4–A-6) of the bovine lens. Plasma membranes (PM) are labeled with connexin
50. Cellular nuclei (N) are labeled with DAPI staining (blue). AQP5-containing cytoplasmic vesicles (arrowheads) appear in close apposition
to and exhibit potential docking with fiber cell plasma membranes in the medial outer cortex (A-1). Docking of AQP5-containing cytoplasmic
vesicles in the outer cortex–inner cortex transitional region (A-4) is expected to result in vesicular fusion, as full AQP5 plasma membrane
insertion occurs prior to the inner cortex (Fig. 2). AQP5-containing cytoplasmic vesicles indicated with arrowheads in A-1 and A-4 are
enlarged and shown in A-2 and A-3 and in A-5 and A-6, respectively. AQP5 plasma membrane insertion is denoted by the arrows in
A-2, A-3, A-5, and A-6. Scale bars: 5 μm (A-1, A-4) and 2.5 μm (A-2, A-3, A-5, A-6). (B) TEM images of vesicular assemblies of interest
(striped arrows) in the bovine lens outer cortex exhibit potential docking (B-1–B-4) to the fiber cell plasma membrane. The vesicular
assemblies in B-1 and B-3 are enlarged and shown in B-2 and B-4, respectively. These structures are congruent with AQP5-containing
cytoplasmic vesicle in subcellular localization. The endoplasmic reticulum (ER) and ribosomes (ribo) are also visible. Scale bars: 500 nm
(B-1, B-3) and 250 nm (B-2, B-4).
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FIGURE 10. Autophagosome–lysosome fusion inhibition via bafilomycin A1 treatment decreases AQP5 plasma membrane expression in the
bovine lens cortex. (A-1–C-1) High-magnification confocal images of AQP5 immunolabeling (green) and WGA labeling (red) in the peripheral
outer cortex (A), medial outer cortex (B), and outer cortex–inner cortex transitional region (C) of the bovine lens following 24-hour ex vivo
culture in complete M199 medium with vehicle (0.1% DMSO) (Fig. 3A). (A-2–C-2) Replicate images of A-1, B-1, and C-1 with only AQP5
immunolabeling and DAPI labeling displayed. (A-3–C-3) High-magnification confocal images of AQP5 immunolabeling (green) and WGA
labeling (red) in the peripheral outer cortex (A), medial outer cortex (B), and outer cortex–inner cortex transitional region (C) of the bovine
lens following 24-hour ex vivo culture with 10-nM bafilomycin A1 (Fig. 3A). (A-4–C-4) Replicate images of A-3, B-3, and C-3 with only
AQP5 immunolabeling and DAPI labeling displayed. Scale bars: 10 μm (A–C). (D) Quantification and statistical analysis of the relative AQP5
plasma membrane expression, defined as relative mean intensity, in fiber cells of the medial outer cortex and outer cortex–inner cortex
transitional region of bovine lens cryosections following 24-hour ex vivo culture with vehicle control 0.1% DMSO (n = 7) or with 10-nM
bafilomycin A1 (BafA1, n = 8). Two-tailed Student’s t-test was significant (*) at P = 0.032.
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the SNARE protein vesicle-trafficking protein Sec22β.47,51 We
found that TOMM20-containing mitochondria, the signals of
which overlap almost entirely with AQP5-containing cyto-
plasmic vesicles (Fig. 5), lacked apparent Sec22β expression
(Supplementary Fig. S4).

The absence of Sec22β co-labeling with TOMM20-
containing mitochondria analyses suggests that AQP5-
containing cytoplasmic vesicles become LC3B-containing
autophagosomes or amphisomes that fuse with lysosomes
that then undergo lysosome secretion in the outer cortex–
inner cortex transitional region. To test this hypothesis, we
examined AQP5 plasma membrane expression in ex vivo
cultured bovine lenses treated with 10-nM bafilomycin A1
for 24 hours to inhibit autophagosome–lysosome fusion and
thereby reduce lysosome secretion (Fig. 10). Following ex
vivo lens culture, AQP5 expression can still be detected
in the bovine lens cortex (Figs. 10A–10C). Relative AQP5
expression (i.e., mean fluorescence intensity of AQP5 with
bafilomycin A1 treatment relative to vehicle control) was
quantified in fiber cell plasma membranes in the bovine
lens medial outer cortex and outer cortex-inner cortex
transitional region (Fig. 10D). Confocal microscopy imag-
ing parameters used to acquire ex vivo cultured bovine
lens data were kept consistent for quantitative compar-
ison. Despite sample variation, there was no significant
difference in relative AQP5 expression in fiber cell plasma
membranes of the medial outer cortex. In contrast, rela-
tive AQP5 fiber cell plasma membrane expression in the
outer cortex–inner cortex transitional region, where full
insertion of AQP5-containing cytoplasmic vesicles with
fiber cell plasma membrane occurs, was decreased by
approximately 27%. These results are consistent with our
hypothesis of AQP5 lysosome secretion in the bovine
lens.

DISCUSSION

The goals of this study were to determine how bovine lentic-
ular AQP5 expression patterns compare to other mammalian
lenses, to determine the subcellular localization of AQP5-
containing cytoplasmic vesicles, and to identify poten-
tial trafficking mechanisms of AQP5-containing cytoplas-
mic vesicles to the plasma membrane. In this study, we
revealed that bovine lens AQP5 expression patterns are
similar to that of other mammalian lenses, being cytoplas-
mic in lens epithelial cells and young, differentiating lens
fiber and then shifting to lens fiber cell plasma membranes
with cellular maturation. We have also for the first time
defined AQP5 subcellular localization in ocular lens corti-
cal fiber cells in detail and discovered evidence of cytoplas-
mic AQP5 trafficking to the plasma membrane in these cells
via lysosome secretion, a novel mechanism of aquaporin
trafficking.

AQP5 spatial expression has previously been investi-
gated in mouse,12,15–17 rat,12,17 rabbit,8 and human12 lenses.
Although Grey et al.12 validated AQP5 expression in bovine
lenses via western blot analysis, this study represents the
first histological study of AQP5 spatial expression in the
bovine lens. AQP5 is expressed throughout the bovine lens,
being cytoplasmic in epithelial and fiber cells and gradu-
ally trafficking to plasma membrane during fiber cell differ-
entiation (Fig. 1). This spatial expression pattern is consis-
tent with previously studied lenses and further suggests that
this general expression pattern is characteristic of AQP5

expression in all mammalian lenses. In bovine lenses, we
measured AQP5 plasma membrane insertion to occur at a
normalized r/a value of 0.958 (Fig. 2). Grey et al.12 defined
this value in mouse and rat lenses as r/a = 0.95 and r/a
= ∼0.75 to ∼0.65, respectively.12 This equivalence suggests
similarity in regulation of AQP5 plasma membrane insertion
in mouse and bovine lenses relative to rat lenses, but the
implications of these values remain to be investigated. AQP5
expression in differentiating bovine outer cortical fiber cell
nuclei becomes apparent as fiber cells exit the lens modi-
olus (Figs. 1C, 1D) and disappears as AQP5 trafficks to the
plasma membrane (Figs. 1E, 1F). Cho et al.52 demonstrated
that AQP5 trafficks to the nucleus in rat parotid gland cells
following treatment with the muscarinic acetylcholine recep-
tor agonist cevimeline, resulting in reduction in the size of
cellular nuclei and a change in the morphology of cellular
nuclei from smooth and circular to rough and irregular. We
speculate that nuclear localization of AQP5 in the bovine
lens outer cortex may play a role in the shrinkage of fiber
cell nuclei and change in their morphology from smooth to
irregular during cellular differentiation as occurs in the inner
cortex (Figs. 1E, 1F). We seek to test this hypothesis in future
studies.

To the best of our knowledge, this is also the first study
to characterize AQP5-containing cytoplasmic vesicles in a
mammalian lens for intrinsic properties such as morphol-
ogy or molecular composition. The presence of micrometer-
scale linear and spheroidal, linear AQP5-containing cyto-
plasmic compartments (Fig. 3) is a novel finding in corti-
cal lens fiber cells. Within bovine cortical lens fiber cells,
AQP5-containing cytoplasmic vesicles are also morphologi-
cally distinct (Figs. 4A-3, 4A-4) which enables their identifi-
cation via downstream TEM analysis.

Molecular analysis revealed that AQP5-containing cyto-
plasmic vesicles and mitochondria appear to be nearly indis-
tinguishable cytoplasmic compartments in bovine lens corti-
cal fiber cells. TOMM20 (Fig. 5), a protein subunit within
the translocase of the outer mitochondrial membrane, and
COX IV (Supplementary Fig. S1), a mitochondrial marker
protein in the electron transport chain, both colocalize to
AQP5-containing cytoplasmic vesicles in bovine lens cortical
fiber cells, suggesting that AQP5 is incorporated into either
mitochondria or mitochondria-containing cytoplasmic vesi-
cles. Calnexin immunofluorescence analysis suggested that
AQP5-containing cytoplasmic vesicles are not endoplasmic
reticular compartments (Supplementary Fig. S2).

Mitochondria undergo autophagic degradation to gener-
ate an organelle-free zone (OFZ) in the lens to prevent
light scatter.35 TOMM20 colocalizes with LC3B, a specific
protein marker of autophagosomes and amphisomes, in the
embryonic chick lens prior to mitochondrial degradation.
Immunofluorescence analysis revealed LC3B colocalization
with TOMM20 in bovine lens cortical fiber cells (Fig. 6)
that peaked within the outer cortex–inner cortex transi-
tional region. LIMP-2 is a β-glucocerebrosidase receptor and
specific protein marker of lysosomes,53 and the colocal-
ization of LIMP-2 with TOMM20 (Fig. 7), similar to LC3B,
suggests lysosomal involvement in mitochondrial degrada-
tion. This finding is in agreement with previous data show-
ing that LC3B expression peaks and autolysosomes are
abundant in the outer cortex–inner cortex transitional region
in mice just prior to mitochondrial elimination to form
the OFZ.37,38,54 TOMM20 and LC3B immunolabeling fade to
become undetectable in mature fiber cells. AQP5 also is fully
inserted into bovine lens fiber cell plasma membranes in
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the outer cortex–inner cortex transitional region. The disap-
pearance of TOMM20 and LC3B immunolabeling is consis-
tent with mitochondrial degradation via incorporation into
autophagosomes that merge with lysosomes via an amphi-
some intermediate to become autolysosomes. This observa-
tion is also consistent with the conservation of mitochon-
drial autophagy in the lens across species and TEM anal-
ysis of fiber cells in human and embryonic chick lenses,
as reported by Costello et al.,35 in which mitochondria are
incorporated into autolysosomes. Genetic deletion studies
suggest that lenticular mitochondrial autophagy is specific
and technically mitophagy in the mouse lens.39 This possi-
bility remains to be tested in the bovine lens. Nevertheless,
our data are consistent with the hypothesis that AQP5 under-
goes unconventional protein secretion via autolysosomes
in a manner similar to the thrombopoietin receptor Mpl.55

The amphisome intermediate required for autolysosome
formation remains to be identified histologically, and direct
amphisome secretion via this amphisome intermediate in a
manner similar to glycophorin A56 remains a potential addi-
tional mechanism of AQP5-containing cytoplasmic vesicle
secretion.

The persistence of AQP5 immunolabeling despite appar-
ent mitochondrial degradation and AQP5 plasma membrane
insertion is consistent with the hypothesis that AQP5-
containing cytoplasmic vesicles are trafficked to the plasma
membrane through the unconventional protein secretion
pathway of lysosome secretion.49 TEM analysis in bovine
lens cortical fiber cells revealed vesicular assemblies with
complex membranes with similar subcellular localization to
AQP5-containing cytoplasmic vesicles (Fig. 8). Furthermore,
immunofluorescence and TEM analysis respectively showed
that AQP5-containing cytoplasmic structures and vesicu-
lar assemblies with complex membranes exhibit potential
docking behavior with fiber cell plasma membranes in the
medial outer cortex–inner cortex transitional region where
AQP5 plasma membrane insertion primarily occurs (Fig. 9).
Although it is tempting to speculate on the identity of vesic-
ular assemblies present in our TEM data, higher resolu-
tion electron microscopy is needed to unequivocally identify
fusion processes and potential mitochondria and autophagic
vesicles (i.e., autophagosomes, amphisomes, and autolyso-
somes) in our TEM data.

Nevertheless, to the best of our knowledge, this is the
first study to report autolysosome secretion as potential traf-
ficking mechanism of plasma membrane insertion for AQP5,
for aquaporins as a protein family in any tissue, and for
any protein in lens fiber cells. The absence of Sec22β colo-
calization with TOMM20 (Supplementary Fig. S4) suggests
that mitochondria and therefore AQP5 are not incorporated
into secretory autophagosomes and that AQP5-containing
cytoplasmic vesicles undergo autolysosome secretion and
potentially amphisome secretion, as well. Autophagosome
secretion, amphisome secretion, and lysosome secretion
are classified as Type III unconventional protein secre-
tion mechanisms.43,47 Thus, although putative mitochon-
drial degradation through autophagy in bovine lens corti-
cal fiber cells is consistent with other mammalian lenses,
our data support the hypothesis that AQP5 is trafficked in
bovine lenses through secretory autolysosomes via LC3B-
containing autophagosomes. Results from bafilomycin A1
treatment of ex vivo cultured bovine lenses also support
this hypothesis (Fig. 10). Upon treatment, relative AQP5
fiber cell plasma membrane expression in bovine lenses
decreased by approximately 27% in the outer cortex–inner

cortex transitional region, where AQP5 plasma membrane
insertion primarily occurs (Fig. 10D). This is consis-
tent with bafilomycin A1 inhibition of autophagosome–
lysosome fusion and an accumulation of AQP5-containing
autophagosomes unable to mature into autolysosomes for
secretion.

Results from bafilomycin A1 treatment also provide
further evidence that AQP5 functions as a regulatory water
channel whose trafficking is inducible in the mammalian
lens. Petrova et al.17,21 have previously demonstrated
dynamic AQP5 subcellular localization changes in response
to changes in zonular tension via mechanosensitive transient
receptor potential vanilloid 1 (TRPV1) channel agonism.
Because AQP5 plasma membrane insertion significantly
increases fiber cell water permeability in both mouse and
rat lenses,17 regulation of AQP5 subcellular localization can
alter lens water homeostasis. Whether regulation of AQP5
subcellular localization via TRPV1 channels involves lyso-
some secretion remains to be investigated.

In non-lenticular tissues, cytoplasmic AQP5 undergoes
regulated secretion to the plasma membrane in the sali-
vary glands and in model cell systems upon M3 muscarinic
acetylcholine receptor (AChR) activation,57,58 β-adrenergic
receptor activation,15,59,60 TRPV4 activation,61,62 and osmotic
perturbation.61,62 Downstream signal transduction effectors
of these activators such as nitric oxide, protein kinase G,
protein kinase A (PKA) activity, and calcium have all been
implicated in the alteration of AQP5 plasma membrane traf-
ficking. To our knowledge, this is the first study to charac-
terize the subcellular localization of cytoplasmic AQP5 vesi-
cles targeted to the plasma membrane for regulated secre-
tion. Our results are consistent with a novel mechanism
of cytoplasmic AQP5 trafficking to the plasma membrane.
The effects of nonlenticular effector proteins, such as the
β-adrenergic receptors, or corresponding downstream effec-
tors such as PKA on AQP5 plasma membrane trafficking in
the lens remain to be investigated.

In addition, our results demonstrate possible AQP5
expression in viable mitochondria, which, if confirmed,
along with aquaporin-8 (AQP8)63 and aquaporin-9 (AQP9),64

would represent the third aquaporin discovered in mito-
chondria. These results raise a variety of questions about the
conservation of this AQP5 unconventional protein secretion
across mammalian lenses and the implications of AQP5 in
active mitochondria. Mitochondrial AQP8 and AQP9 func-
tion as peroxiporins and thereby resist accumulation of
the reactive oxygen species H2O2, a byproduct of aerobic
respiration that is detrimental to proper mitochondrial func-
tion.65–68 AQP8 is expressed in the lens epithelial cells and
exhibits peroxiporin function in vitro in cultured human
lens epithelial cells.24,69 AQP5 also functions as a perox-
iporin facilitating H2O2 transport in transfected cells24,70

and in the lens, with wild-type mouse lenses containing
significantly more H2O2 content relative to AQP5 knockout
mouse lenses.24 Of note is the reported crosstalk between
autophagy and oxidative stress,71 in which H2O2 blocks
the progression of autophagy via reversibly inhibition of
ATG4.72 Thus, AQP5 peroxiporin function is a plausible role
for AQP5 incorporation into mitochondria and autophagic
vesicles in the bovine lens fiber cells, and it is reasonable
to conjecture potential roles for AQP5 in regulating mito-
chondrial viability and autophagic induction in the bovine
lens. Future studies should address these and other relevant
exciting questions both in the mammalian lens and in other
tissues expressing AQP5.
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CONCLUSIONS

In summary, bovine lenticular AQP5 expression patterns are
similar to AQP5 expression patterns in other mammalian
lenses, as AQP5 is cytoplasmic in epithelial cells and
young fiber cells and then gradually trafficks to the plasma
membrane. In the bovine lens, trafficking presumably occurs
via unconventional protein secretion during fiber cell differ-
entiation. In outer cortical bovine lens fiber cells, cytoplas-
mically expressed AQP5 is first associated with TOMM20-
positive mitochondria and thereafter localized to LC3B-
positive autophagosomes that merge with lysosomes to
become LIMP-2-positive autolysosomes. Based on the loss
of TOMM20 and COX IV immunofluorescence and incorpo-
ration of AQP5 into the plasma membrane, these autolyso-
somes potentially degrade mitochondria in differentiating
lens fiber cells and appear to undergo plasma membrane
insertion through a process of autolysosome secretion and
potentially amphisome secretion. AQP5 expression in the
plasma membrane is bafilomycin A1 sensitive, suggest-
ing the importance of autophagosome-lysosome fusion for
AQP5 plasma membrane insertion in the bovine lens.
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