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PURPOSE. Fuchs endothelial corneal dystrophy (FECD) is a progressive blinding disorder,
characterized by increased corneal endothelial excrescences (guttae), corneal endothelial
cell loss, and edema. These symptoms are hypothesized to be caused by changes in the
extracellular matrix (ECM) and mitochondrial dysfunction in the corneal endothelium.
Despite this clinical and biological relevance, a comprehensive animal model that reca-
pitulates all the major disease characteristics is currently unavailable. In this study, we
develop such a model to improve our understanding of the signaling pathways involved
in the FECD progression and develop strategies for early intervention.

METHOD. To generate a comprehensive FECD model, we generated a double mutant
mouse bearing tamoxifen-inducible knockdown of Slc4a11 and the Col8a2 (Q455K)
mutation. We performed optical coherence tomography (OCT) and in vivo confocal
microscopy using the Heidelberg Retinal Tomography 3 - Rostock Cornea module (HRT3-
RCM) on the mice at 5 weeks of age before tamoxifen feeding to establish baseline
values for corneal thickness, endothelial cell density, and test for the presence of guttae.
We measured these parameters again post-tamoxifen treatment at 16 weeks of age. We
collected corneas at 16 weeks to perform histopathology, immunofluorescence staining
for tight junctions, adherens junctions, and oxidative stress. We evaluated endothelial
pump function using a lactate assay.

RESULTS. The double mutant tamoxifen-fed animals showed the presence of guttae, and
displayed increased corneal thickness and decreased endothelial cell density. Endothelial
cells showed altered morphology with disrupted adherens junctions and elevated reactive
oxygen species (ROS). Finally, we found that stromal lactate concentrations were elevated
in the double mutant mice, indicative of compromised endothelial pump function.

CONCLUSIONS. Overall, this mouse model recapitulates all the important phenotypic
features associated with FECD.

Keywords: fuchs endothelial corneal dystrophy (FECD), corneal endothelial dystrophy,
Col8a2, Slc4a11, guttae

The corneal endothelium is a non-regenerative,1–3

metabolically active monolayer that maintains corneal
transparency through stromal dehydration (deturges-
cence).4–7 Endothelial degeneration and dysfunction result
in bilateral noninflammatory disorders collectively classified
as corneal endothelial dystrophies.8,9 Of these disorders,
Fuchs endothelial corneal dystrophy (FECD) is a progressive
blinding disorder prevalent in 4% of Americans over 40
years of age.7,9,10 Disease progression in FECD is character-
ized by a host of symptoms, including endothelial cell loss,
increased corneal endothelial excrescences (guttae), thick-
ening of Descemet’s membrane,11 enlarged and variable
cell size of endothelial cells (polymegethism), changes in
corneal endothelial morphology (pleomorphism),12,13 and
corneal edema, ultimately resulting in vision loss.14 Corneal
transplantation is the most common treatment option
available.15–17 Disadvantages of this treatment include graft
rejection, a reduced survival rate of 5 years for the trans-

planted tissue, and secondary ocular complications like
glaucoma and retinal detachment,15 necessitating alternate
treatment options.

FECD progresses longitudinally with little to no visual
deficits at the initial stage. Typically, guttae are the first sign
of disease,11 followed by corneal endothelial cell loss and
edema. Most studies of FECD pathogenesis are conducted
on end-stage human tissues and corneal endothelial cell
lines.18–21 Although informative, they provide a limited
understanding of the disease progression. Animal models
can circumvent this problem; however, the prevalent mouse
models for FECD represent only certain disease features.
Notably, the Col8a2 Q455K mouse, which contains an auto-
somal dominant mutation implicated in early-onset FECD,
shows the presence of guttae and corneal endothelial cell
loss but no corneal edema.22

Similarly, the Slc4a11−/- is a mouse model of congenital
hereditary endothelial dystrophy23,24 and late-onset FECD25
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progression. This model shows corneal edema, endothelial
cell loss, and polymegethism but no guttae.23 Whereas the
Slc4a11−/- and Col8a2 Q455Kmouse models exhibit corneal
endothelial dysfunctions, these mice are otherwise healthy
with no developmental abnormalities.22,23

The corneal endothelium is a highly metabolic cell type
, and has the second highest density of mitochondria in
the human body.26,27 SLC4A11 is an inner mitochondrial
membrane protein highly expressed in the corneal endothe-
lium,27,28 with the early-onset FECD Col8a2 Q455K mouse
model showing reduced Slc4a11 transcript levels.29 Previ-
ous studies have implicated mitochondrial dysfunction asso-
ciated with elevated oxidative stress in FECD pathogene-
sis.30–35 Thus, the Slc4a11−/− model can be used to identify
the role of oxidative stress and mitochondrial dysfunctions
in disease onset and progression.27,36 However, extracellu-
lar matrix (ECM)-associated changes evidenced by guttae
formation and thickening of Descemet’s membrane11,16,19

are absent in the Slc4a11−/− model.24,27 It is worth noting
here that the ECM in FECD disease pathogenesis has gener-
ally been underexplored. To address the deficiencies in the
current FECD models, we sought to generate a compre-
hensive FECD model with a double mutant containing the
loss of Slc4a11 and the Col8a2 knock-in mutation. We
hypothesized that this double mutant would display all the
phenotypes exhibited by the single mutants, thus generat-
ing a comprehensive FECD model showing guttae forma-
tion, corneal endothelial loss, and corneal edema. This
comprehensive model would serve to provide a full-scale
understanding on how oxidative stress and ECM-associated
changes together affect FECD disease pathogenesis. Here,
we characterized this comprehensive model and find that
per our hypothesis, the double mutants recapitulate all the
major features of FECD, including guttae formation, corneal
endothelial cell loss, and corneal edema. Additionally, we
describe evidence of the interplay between elevated oxida-
tive stress and extracellular matrix changes and speculate on
their contributions to FECD progression.

MATERIALS AND METHODS

Generation of Transgenic Mice and Genotyping

All animal procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) at the Indiana
University and adhered to the Association for Research in
Vision and Ophthalmology (ARVO) statement for the use of
animals in Ophthalmic and Vision Science research. A trans-
genic mouse containing two FECD mutations was generated
by crossing the tamoxifen (Tm)-inducible knockdown of
Slc4a11 (B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2) with Col8a2
(Q455K) knock-in (B6.Col8a2ki/ki) mice (Fig. 1A). The
Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2 was a kind gift from the
Joseph Bonanno laboratory at the Indiana University School
of Optometry.23 Heterozygous mice with Col8a2 knock-
in mutation were purchased from The Jackson Laboratory
(strain #029749; Bar Harbor, ME, USA). Both mice were in
C57BL/6J (B6) background.

The breeding scheme is outlined in Figure 1A.
Briefly, we crossed B6.Col8a2+/+ mice with
B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2 mice to obtain
B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2+/+ at the
F2 generation, hereafter referred to as single mutants (SMs).
Similarly, we crossed B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2

with B6.Col8a2ki/ki animals to obtain B6.Slc4a11Flox/Flox/

RosaCre-ERT2/Cre-ERT2/Col8a2ki/ki at the F2 generation, hereafter
referred to as double mutants (DMs). SMs (+Tm) and DMs
(+Tm) were maintained on tamoxifen chow (#TD.130859;
Envigo, West Lafayette, IN, USA) from 5 until 7 weeks of
age. After this, these animals were maintained in standard
chow until they were 16 weeks of age. Controls included SM
(−Tm) and DM (−Tm) animals not fed tamoxifen chow and
wildtype animals fed with tamoxifen chow. The mice were
genotyped by sending ear punch samples for automated
genotyping (Transnetyx, Cordova, TN, USA).

Total RNA Isolation, cDNA Synthesis and PCR

To test the knockdown of Slc4a11 transcript following
tamoxifen, kidneys from mice at 16 weeks of age were
collected from each group to isolate total RNA using the
Trizol method. The kidney samples were homogenized in
1 mL of Trizol (Ambion; catalog #15596018) using a hand-
held homogenizer for 10 minutes. Then, 200 μL of chloro-
form was added to the homogenate and mixed vigorously
by hand for 15 seconds. The samples were centrifuged at
12,000 g for 15 minutes at 4°C, after a brief incubation
of 5 minutes at room temperature. The aqueous layer was
collected in a new tube and mixed with an equal volume of
isopropanol by inversion. The samples were centrifuged at
12,000 g for 20 minutes at 4°C, after 10 minutes of incubation
at room temperature. The supernatant was removed, and the
pellet was washed with 1 mL 75% ethanol and vortexed for
5 seconds. The samples were centrifuged at 13,000 g for
10 minutes at 4°C. The pellets were air dried at room temper-
ature and suspended in 50 μL of DNase/RNase free water.
The RNA was stored at −80°C until further clean-up using
RNeasy Mini kit (Qiagen; catalog #74104) per the manufac-
turer’s protocol.

To synthesize cDNA from total RNA, a High-Capacity
RNA-to-cDNA kit (Applied Biosystems; catalog #4387406)
was used. Reverse transcription (RT) reaction mix was
prepared by mixing 10 μL of the 2X RT buffer mix, 1 μL of
RT enzyme mix, total RNA of 2 μg and nuclease-free water
up to 20 μL per reaction. The RT reaction mix was aliquoted
into PCR tubes and incubated at 37°C for 60 minutes. The
reaction was stopped by heating to 95°C for 5 minutes and
held at 4°C.

The cDNA was used to perform real-time PCR
using the following primers for Slc4a11: Forward-
TCTGGACTTCAACGCCTTCT and Reverse-GCACAAACGTGA
TGGAAATG and Col8a2: Forward-ATTCGAGGAGACCAAGG
GCCTAAT and Reverse-AAGTGAGCACTGCAGTAAAGGCTG.
The cDNA was amplified using Platinum Direct PCR Univer-
sal Master mix (Invitrogen; catalog #A44647100) per the
manufacturer’s protocol followed by gel electrophoresis.

Optical Coherence Tomography and Heidelberg
Retinal Tomography 3 – Rostock Cornea Module

Anterior segment - optical coherence tomography (AS-
OCT; (iVue100 Optovue, Inc., Fremont, CA, USA) was
performed for pachymetry measurements and Heidelberg
Retinal Tomography 3 – Rostock Cornea Module (HRT3-
RCM; Heidelberg Engineering Inc., Franklin, MA, USA) for in
vivo assessment of the corneal endothelium was performed.
Corneal thickness measurements and endothelial assess-
ment were done before tamoxifen treatment at 5 weeks
of age (baseline) and at 16 weeks of age. The mice were
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FIGURE 1. Generation of transgenic mice and verification of the Slc4a11 knockdown. (A) Schematic of the gene animals. The tamoxifen-
inducible knockdown of Slc4a11mouse (B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2) was crossed either with Col8a2wildtype (B6.Col8a2+/+) or
Col8a2 (Q455K) knock-in (B6.Col8a2ki/ki) animals to produce litters with the genotype B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2+/+ or
B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2ki/ki referred to as single mutants (SMs) and double mutants (DMs), respectively. The animals
were either fed with tamoxifen (Tm) for 2 weeks at 5 weeks of age - SM (+Tm) or DM (+Tm), or fed with standard chow - SM (−Tm) or DM
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(−Tm). Age-matched wildtype animals were also fed with Tm for 2 weeks. (B) Quantification of Slc4a11 transcripts using kidney lysates from
experimental SM (+Tm) or DM (+Tm), control SM (−Tm) or DM (−Tm), and wildtype (WT) animals at 16 weeks of age (n = 3 to 4 replicates).
(C) The cDNA was used to perform PCR to confirm the knockdown of Slc4a11 (floxed band = 438 bp and wildtype band = 353 bp) with
GAPDH as a loading control. Mean ± standard deviation (SD), ns = not significant, *P < 0.05, **P < 0.01, ****P < 0.0001 (1-way ANOVA
with Uncorrected Fisher’s LSD multiple comparisons). B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2+/+ fed with Tamoxifen – SM (+Tm),
B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2+/+ fed with normal chow – SM (−Tm), B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2ki/ki

fed with Tamoxifen – DM (+Tm), B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2ki/ki fed with normal chow – DM (−Tm).

anesthetized using a solution containing 100 mg/kg of
ketamine and 10 mg/kg of xylazine, administered intraperi-
toneally. The ocular surface was kept moist using a saline
solution during AS-OCT. Horizontal scans of the central
cornea were taken using the widest pupil diameter as a
reference. HRT3-RCM was done at a 400 × 400 μm field
of view to obtain enface images of the corneal endothelium.
Genteal eye gel (Alcon) was used to lubricate the corneal
surface and as a coupling agent between the objective lens
and the mouse cornea. Section scans at the corneal endothe-
lial plane were acquired and used for assessing the number
of cells and guttae.

Immunofluorescence

Corneal cups were dissected from fresh mouse eyes,
washed twice with 1X phosphate buffer solution (PBS),
and placed in a 96-well plate. The tissue was fixed
for 10 minutes with 4% paraformaldehyde in 1X PBS
at room temperature, washed with 1X PBS twice for 5
minutes, and permeabilized and blocked with 0.5% Triton
X-100 (Fisher Scientific; catalog #BP151-500) and 5% normal
donkey serum (Jackson Immuno Research; catalog #017-
000-121) in 1X PBS for 30 minutes at room tempera-
ture. The tissues were incubated at 4°C overnight with the
following primary antibodies diluted in the antibody dilu-
ent containing 0.1% Triton X-100 and 2% normal donkey
serum: Mouse anti- ZO-1(Fisher Scientific; catalog #339100;
1:100), Rabbit anti-N-cadherin (Cell Signaling Technology;
catalog #13116s) (1:100) and Rabbit anti-Nitrotyrosine (Life
Technologies Corporation; catalog #A21285; 1:100). The
tissue was washed with 1X PBS and incubated with Goat
anti-Mouse IgG, Alexa Fluor 594 (Thermo Fisher; catalog
#A11032) and/or Goat anti-Rabbit IgG; Alexa Fluor 488
(Thermo Fisher; catalog #A11034) secondary antibodies at
1:100 dilution for an hour at room temperature. The corneal
cups were washed with 1X PBS and flat-mounted using
a drop of Prolong Glass Antifade Mountant with NucBlue
(Invitrogen; catalog #P36985). The tissues were imaged
using a Zeiss Apotome2 microscope (Carl Zeiss, White
Plains, NY, USA). One cornea from at least three animals
were used for each staining condition. For nitrotyrosine
stained corneas, three images of the central cornea were
taken at similar laser intensity, gain, and exposure time. The
images were analyzed using ImageJ to measure the mean
fluorescence intensity in each image. The average staining
intensity was used for statistical analysis. To study the cell
shape changes, the ZO-1-stained corneal flat mount images
were analyzed by manually counting and calculating the
percentage of hexagonally shaped cells. Images from three
different mice were used for this purpose.

Histology Staining

An affinity purified anti-peptide antibody against human
SLC4A11 was designed by YenZym Antibodies (Brisbane,

CA, USA) using a combination immunization strategy with
2 peptides located in the regions 614-627, and 859-875.
Whole mouse eyes were enucleated, fixed in 4% PFA for
4 hours, rinsed with 1X PBS thrice, and dehydrated using
graded ethanol (1 × 50%, 2 × 70%, 1 × 95%, and 2 ×
100%) for 30 minutes to 1 hour each. After dehydration, the
samples were transferred to citrisol for an hour, followed
by wax infiltration overnight. The eyes were moved to a
wax container for an hour before embedding in the cross-
sectional orientation. Then, 5-micron thick sections were cut
using a microtome and collected on super frost-plus slides
(Fisher Scientific; catalog #22-037-246). The sections were
placed at 37°C to remove the wax and then stained with
Rabbit anti-Slc4a11 (YenZym Antibodies, LLC.; 1:100) after
antigen retrieval using 1X citrate buffer for 30 minutes. The
slides were washed with 1X PBS and incubated with Goat
anti-Rabbit IgG; Alexa Fluor 488 (Thermo Fisher; catalog
#A11034) secondary antibody at 1:100 dilution for an hour at
room temperature. A drop of Prolong Glass Antifade Moun-
tant with NucBlue (Invitrogen; catalog #P36985) was used to
mount the sections. The sections were imaged using a Zeiss
Apotome2 microscope (Carl Zeiss, White Plains, NY, USA).
Images of three different sections from each group along
with a no primary antibody control were obtained at similar
laser intensity, gain, and exposure time. The images were
analyzed using ImageJ to measure the mean fluorescence
intensity at the endothelium. The average staining intensity
of the no primary antibody control was subtracted from the
average intensity of each group. The percent change in fluo-
rescence intensity was plotted after normalization to the SM
(−Tm) group and used for statistical analysis.

Lactate Assay

Whole corneas were isolated from mouse eyes, weighed
before pulverizing using liquid nitrogen, and homogenized
in 30 μL of PBS using a motor and pestle. The super-
natant was separated from the pellet by centrifugation at
15,000 g for 15 minutes at 4°C. The supernatant was used to
measure the lactate concentration using a lactate assay kit-
WST (Dojindo Molecular Technologies; catalog #L256) per
the manufacturer’s instructions.

Capillary-Based Western Immunoassay

Post-surgical human FECD corneal endothelium (a kind
gift from the Price Vision group, Indianapolis) and age-
matched control (obtained from Vision First, Indianapolis)
endothelial samples were pooled (at least endothelium from
2 eyes for controls and FECD samples) and lysed using
1X RIPA lysis buffer containing protease and phosphatase
inhibitor with a Qsonica probe sonicator at an amplitude
of 20%, 5 times for 10 seconds each, on ice. The sample
was centrifuged at 13,000 g for 15 minutes at 4°C and
the supernatant was collected. The protein concentration
was measured using BCA method. A 12-230 kDa separation
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module (SM-W002) of a Protein Simple Wes system was
used to perform capillary-based Western immunoassay.
The plate was loaded as per the manufacturer’s instruc-
tions. The samples were probed with Rabbit anti-Slc4a11
(YenZym Antibodies, LLC.; 1:20) and Mouse anti-α-Tubulin
(Novus Biologicals; catalog #NB100-690; 1:10) antibodies.
The data obtained as electropherograms and virtual blots
were normalized to the housekeeping protein.

Statistical Analysis

The quantification data was analyzed using GraphPad Prism
Software (version 10.0.2; Boston, MA, USA). The bar graphs
with error bars are representative of the mean and stan-
dard deviation. One-way analysis of variance (ANOVA) was
performed to compare the different groups and determine
statistical significance (P value less than or equal to of 0.05
was considered significant).

Illustrations

All illustrations were created using BioRender.com.

RESULTS

Confirmation of Slc4a11 Knockdown and Col8a2
Knock-In in the Double Mutant Animals

To assess the efficacy of tamoxifen-mediated knockdown of
Slc4a11 expression, we evaluated Slc4a11 transcript levels
in SM (+Tm) and DM (+Tm) compared to SM (−Tm) and DM
(−Tm). In addition to the corneal endothelium, Slc4a11 is
highly expressed in the kidneys.28,37 Therefore, we sought
to reserve the corneas for imaging analysis and examined
efficiency of tamoxifen mediated knockdown of Slc4a11 in
the kidneys. The relative expression of Slc4a11 was reduced
in the SM (+Tm) and DM (+Tm) mutant animals when
compared to SM (−Tm), DM (−Tm), and wildtype animals
(Fig. 1B). Gel electrophoresis of PCR products showed little
to no expression of the floxed allele in the SM (+Tm) and
DM (+Tm) (Fig. 1C). At the same time, the animals not
fed with tamoxifen, SM (−Tm) and DM (−Tm) showed the
presence of the floxed and the wildtype allele. Slc4a11 WT
allele showed bands at 353 bp and floxed allele at 438 bp.
The wildtype animals displayed only the wildtype band at
353 bp (see Fig. 1C). Immunofluorescence staining of histol-

FIGURE 2. Immunofluorescence staining of Slc4a11 on histological sections. (A) Representative images of Slc4a11 expression in the corneal
endothelium of SM (−Tm), SM (+Tm), WT, DM (−Tm), DM (+Tm) animals at 16 weeks of age and a no primary antibody control.
Yellow lines represent the stromal thickness. Scale bar 50 μm. (B) Quantification of the percent change after subtracting the fluorescence
from the no primary antibody control and normalizing to the mean fluorescence of SM (−Tm) from A (n = 3 eyes). Mean ± standard
deviation (SD), **P < 0.01, ****P < 0.0001 (1-way ANOVA with Uncorrected Fisher’s LSD multiple comparisons). (C) Wes immunoas-
say virtual blots of SLC4A11 (100 kDa) and α-Tubulin (50 kDa) in human FECD and age-matched control samples (on the left) and
their electropherograms (on the right). (D) Quantification of the expression of SLC4A11 normalized to α-Tubulin (n = 3 eyes). Mean ±
standard deviation (SD), *P < 0.05 (Unpaired t-test). B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2+/+ fed with Tamoxifen – SM (+Tm),
B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2+/+ fed with normal chow – SM (−Tm), B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2ki/ki

fed with Tamoxifen – DM (+Tm), B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2ki/ki fed with normal chow – DM (−Tm).
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ogy sections showed approximately 70% reduction in the
expression of Slc4a11 in the SM (+Tm) and DM (+Tm)
(Figs. 2A, 2B). Capillary-based Jess immunoassay showed
a significant reduction in SLC4A11 protein expression in
human FECD samples when compared to age-matched
controls (Figs. 2C, 2D).

Elevated Corneal Edema and Lactate Content in
the Double Mutant Animals

One of the characteristic features of FECD is the increase in
corneal thickness due to stromal edema. Histological stain-
ing of the corneal sections confirmed stromal edema in SM
(+Tm) and DM (+Tm) animals (see Fig. 2A). In addition,
we conducted pachymetry measurements using OCT on the
animals at 5 weeks (baseline) and 16 weeks to determine
any changes in corneal thickness. We observed a signifi-
cant difference in corneal thickness in the SM (+Tm) and
DM (+Tm) animals at 16 weeks of age when compared to
their baseline measurements (Figs. 3A, 3B). On average, the
SM (+Tm) and the DM (+Tm) showed approximately 50
μm increase in corneal thickness. No significant elevation in
corneal thickness was observed in the wildtype animals, SM
(−Tm), and DM (−Tm) (see Figs. 3A, 3B).

Corneal edema is directly proportional to the lactate accu-
mulation resulting from the decrease in the efflux of lactate
from the stroma.38–40 Consistent with the pachymetry results,
we observed an elevation in the lactate concentration in the
SM (+Tm) and double DM (+Tm) when compared to the
controls. In both SM (+Tm) and DM (+Tm) animals, we

observed nearly 50% elevation of the lactate concentration
when compared to the controls (Fig. 3C).

Decreased Corneal Endothelial Cell Count and
Increased Guttae Formation in the Double Mutant
Animals

FECD is characterized by the loss of corneal endothe-
lial cells and an elevation in guttae formation.5,7,13,41

We assessed the corneal endothelium using HRT3-RCM
(Figs. 3D–F) to determine changes in corneal endothelial
density and guttae. Compared to the baseline measurements
at 5 weeks of age, we saw a significant decrease in cell
density with a loss less than 1000 cells/mm2 in the DM
(+Tm) animals (see Figs . 3D, 3E). On the other hand, control
animals lost approximately 500 cells/mm2 (see Figs. 3D, 3E),
consistent with the age-related loss of corneal endothelial
density seen in humans.3,42–44 Thus, we were able to exclude
the effect of Tm on endothelial cell loss. Interestingly, the
guttae numbers were comparable between DM (+Tm) and
DM (−Tm), with both groups showing approximately seven
guttae per captured image area on average (see Figs. 3D, 3F).
As expected, SM (+Tm) and wildtype animals showed very
few guttae in our analysis (see Figs. 3D, 3F).

Changes in the Adherens Junction and
Hexagonality of the Endothelial Cells in the
Double Mutants

N-cadherin is a major component of the adherens junctions
in the corneal endothelial cells.45,46 Cell adhesion is essen-

FIGURE 3. Phenotypic assessment. (A) Representative OCT images of SM (−Tm), SM (+Tm), WT, DM (−Tm), and DM (+Tm) animals
at 5 weeks of age (baseline) and at 16 weeks of age. (B) Quantification of the change in corneal thickness at 16 weeks of age
from baseline (n = 4 to 9 eyes). (C) Quantification of lactate content (n = 2 to 5 eyes). (D) Representative HRT3-RCM images
of SM (−Tm), SM (+Tm), WT, DM (−Tm), and DM (+Tm) corneal endothelium (FOV 400 um) at 5 weeks of age (baseline)
and 16 weeks of age; red arrows point to guttae. (E) Quantification of the change in the endothelial cell density at 16 weeks
of age from baseline (n = 3 to 7 eyes). (F) Quantification of the average number of guttae in the right and left eyes (n = 3
to 7 eyes); Mean ± standard deviation (SD), ns = not significant, *P < 0.05, **P < 0.01, ****P < 0.0001 (1-way ANOVA with
Uncorrected Fisher’s LSD multiple comparisons). B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2+/+ fed with Tamoxifen – SM (+Tm),
B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2+/+ fed with normal chow – SM (−Tm), B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2ki/ki

fed with Tamoxifen – DM (+Tm), B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2ki/ki fed with normal chow – DM (−Tm).
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FIGURE 4. Evaluation of adherens junctions and cell morphology in corneal endothelial flatmounts. (A) Representative images of N-
cadherin staining to visualize adherens junction in the corneal endothelium of SM (−Tm), SM (+Tm), WT, DM (−Tm), and DM
(+Tm) animals at 16 weeks of age (n = 3 eyes). (B) Representative images of ZO-1 staining to visualize the endothelial cell
morphology and hexagonality in SM (−Tm), SM (+Tm), WT, DM (−Tm), and DM (+Tm) animals at 16 weeks of age (n = 3 eyes).
Yellow lines are presented to visualize the hexagonality of the endothelial cells. Scale bar 20 μm. (C) Quantification of the percent
of hexagonal cells at 16 weeks of age. Mean ± standard deviation (SD), ns = not significant, **P < 0.01 (1-way ANOVA with
Uncorrected Fisher’s LSD multiple comparisons). B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2+/+ fed with Tamoxifen – SM (+Tm),
B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2+/+ fed with normal chow – SM (−Tm), B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2ki/ki

fed with Tamoxifen – DM (+Tm), B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2ki/ki fed with normal chow – DM (−Tm).

tial in the maintenance of corneal endothelial cell integrity
and function.47 We, therefore, checked if there were disrup-
tions in the N-cadherin expression patterns in the animals.
Immunofluorescence of the corneal cups revealed highly
disrupted adherens junction (Fig. 4A) in the SM (+Tm)
and DM (+Tm). In contrast, we observed well-organized
staining patterns in the SM (−Tm), DM (−Tm), and WT
animals.

Loss of hexagonality and cell size changes are associated
with FECD.35 We carried out ZO-1 staining to assess changes

to cell morphology. A regular pattern of cellular arrange-
ments and cell size was evident in the corneal endothe-
lium of wildtype and SM (−Tm) animals based on ZO-1
staining (Fig. 4B). However, in both DM (+Tm) and DM
(−Tm) animals, we observed comparable changes in cell
morphology, including the loss of hexagonal shape and cell
size changes (see Fig. 4B). There was approximately a 30%
decrease in the hexagonal cells in the SM (+Tm) and DM
(+Tm) when compared to the SM (−Tm), DM (−Tm), and
WT animals (Fig. 4C).

FIGURE 5. Evaluation of oxidative stress in corneal endothelium flat mounts. (A) Representative nitrotyrosine, ZO-1, and merge
images to visualize the reactive oxygen species in the corneal endothelium SM (−Tm), SM (+Tm), WT, DM (−Tm), and DM
(+Tm) animals at 16 weeks of age. Scale bar 20 μm. (B) Quantification of the fold change in mean fluorescence from A (n
= 3 eyes). Mean ± standard deviation (SD), ****P < 0.0001 (1-way ANOVA with Uncorrected Fisher’s LSD multiple comparisons).
B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2+/+ fed with Tamoxifen – SM (+Tm), B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2+/+
fed with normal chow – SM (−Tm), B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2ki/ki fed with Tamoxifen – DM (+Tm),
B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2ki/ki fed with normal chow – DM (−Tm).
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Elevated Oxidative Stress in the Double Mutant
Corneal Endothelium

Nitrotyrosine is a marker for elevated oxidative stress.
Because FECD pathogenesis is associated with increased
oxidative stress, we evaluated if there were changes in
nitrotyrosine expression in the corneal endothelium of the
double mutants. As expected, the SM (−Tm) and the WT
animals showed minimal nitrotyrosine staining. Increased
staining was evident in SM (+Tm), confirming previous find-
ings.23 Interestingly, we observed a nearly four-fold increase
in nitrotyrosine staining in the DM (+Tm) compared to the
SM (+Tm) (Figs. 5A, 5B).

DISCUSSION

In this study, we characterized the double mutant mouse
model encompassing all the disease phenotypes associated
with FECD. One of the first signs of FECD is the presence of
guttae, followed by corneal endothelial cell loss and corneal
edema.11,16,19 In the double mutant mouse, we observed
guttae formation, corneal endothelial cell loss, and edema,
which recapitulates FECD in human patients (Figs. 6A, 6B).
Decrease in Slc4a11 expression is described in the early
onset FECD mouse model, Col8a2 Q455K29 and in samples
from patients with late onset FECD38 highlighting the impor-
tance of this protein in disease pathogenesis. Pioneering

FIGURE 6. (A) Summary of the characteristic features noted in the experimental and control animals in Fuchs endothelial corneal dystrophy.
The double mutant showed a significant reduction in cell density, N-cadherin expression, and cell morphology when compared to Slc4a11
knockdown and Col8a2 knock-in mutation. Guttae formation was comparable between Col8a2 Q455K knock-in mutants and the double
mutant. Significant elevation in oxidative stress was evident in the double mutant when compared to Slc4a11 knockdown. (B) Schematic
showing the effect of the Slc4a11 knock down and Col8a2 knock in mutations in the B6.Slc4a11Flox/Flox/RosaCre-ERT2/Cre-ERT2/Col8a2ki/ki

DM (+Tm) mouse model.
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studies using immortalized corneal endothelial cells and
end-stage disease tissues showed that elevated oxidative
stress is a cause of FECD progression.18–20,39 However, the
lack of in vivo evidence limited the understanding of how
oxidative stress can lead to the disease. The loss of SLC4A11
elevates oxidative stress in the corneal endothelium,31,33,36

and in mice, the loss of this gene results in corneal edema.23

Therefore, we sought to create the double mutant to eval-
uate the role of elevated oxidative stress in FECD disease
pathogenesis.

To study this, we considered if a temporal increase in
oxidative stress with the tamoxifen-induced loss of Slc4a11
would exacerbate the FECD phenotypes in the Col8a2
Q455K mouse model. We saw earlier occurrence of pheno-
types and all the FECD-associated phenotypes in the DM
(+Tm), which indicate the importance of oxidative stress in
disease occurrence. Interestingly, while in the DM (+Tm),we
observed a nearly four-fold increase in nitrotyrosine staining
compared to SM (+Tm), corneal edema remained compara-
ble between these groups of animals. This finding suggests
that the upregulation of oxidative stress alone may not be
causal to corneal edema.

Central corneal guttae are one of the first features associ-
ated with FECD in humans. Progressive guttae are present in
the Col8a2 Q455K mice22 but not in the Slc4a11−/− animals.
Although the DM (+Tm) showed guttae before corneal
edema or corneal endothelial cell loss (data not shown), we
did not observe a significant increase in the guttae numbers
between the double mutant animals (DM [+Tm]) and the
Col8a2 Q455K littermate (DM [-Tm]) controls. This finding
suggests that elevated oxidative stress might not be causal in
guttae formation. Future analysis of this mouse model will
help identify the signaling pathways associated with guttae
formation.

YAP/TAZ signaling pathways regulate cell shape
changes.48 Polymegethism is a characteristic feature of
FECD.12,13 To identify whether the loss of TAZ, a key
mechanotransducer, would result in corneal endothelial
dysfunctions, Thomasy and colleagues used a knockout
mouse model of Wwrt1.49 This mouse model presented
decreased corneal endothelial cell numbers, shape changes,
and a softer Descemet’s membrane, among the characteris-
tic features of FECD. This study reveals the role of Wwtr1
in corneal endothelial homeostasis.49 However, corneal
thinning and the absence of guttae in the Wwrt1−/− animal
model indicate that it may not alone be responsible for the
FECD disease phenotypes. Whether the cell shape changes
observed in the double mutant animals arise due to aberrant
mechanotransduction can be evaluated in future studies.

Whereas the double mutant provides all of the FECD
signs, it is not a genotype specific to FECD in humans.
Mutations in Slc4a11 are implicated in late-onset FECD,25,39

whereas Col8a2 Q455K mutation is associated with early-
onset FECD.22 Although the age of onset is different between
these two types of FECD, the presentation and the disease
progression remain remarkably similar. In this study, our
goal was to challenge the early onset FECD mouse model
(Col8a2 Q455K) with elevated oxidative stress (with Slc4a11
knock-down) to see if it would increase the severity or
hasten the occurrence of the phenotypes. We show that
when challenged with oxidative stress, the Col8a2 Q455K
mouse presents all the FECD phenotypes. Moreover, we
find that the phenotypes are evident sooner in the double
mutant than in the Col8a2 Q455K mouse. FECD is a multi-
factorial disease, and animal models can seldom capture all

the intricacies associated with the disease process. To date,
the double mutant is the only comprehensive mouse model
encompassing all the phenotypes and the disease progres-
sion. It, therefore, presents an opportunity for future studies
to understand the cellular mechanisms that lead to guttae
formation and corneal edema.

Corneal transplantation is the treatment option avail-
able for patients with FECD in the United States. Descemet
stripping automated endothelial keratoplasty (DSAEK) is
a prevalent form of posterior lamellar corneal transplan-
tation.50 However, this is an expensive procedure, cost-
ing over $12,000 per transplant. Graft-related complications
arise approximately 5% of the time, and graft rejection is
expected in around 4% of the cases.51 Cell injection therapy
is gaining traction as a corneal endothelial dystrophy treat-
ment in Japan, with improved visual acuity 5 years after the
procedure.52 However, in their 5-year follow-up study, the
authors indicate that guttae persist in the corneal endothe-
lial junctions.53 Because the effects of guttae on cell func-
tions are yet to be understood, the long-term efficacy of
this approach will require further evaluation. In this regard,
the double mutant animal model can provide insights into
understanding the changes to cellular dynamics associated
with guttae formation.

CONCLUSIONS

The double Slc4a11 knock-out and Col8a2 knock-in mutant
mouse model described here encompasses the two gene
mutations reported in human patients. Characterization of
the double mutant mouse model showed all the main
features of FECD. FECD is a multifactorial disease with
genetic and environmental causes. A limitation of the double
mutant mouse model is that it does not represent a specific
genotype associated with FECD. However, our analysis high-
lights that the double mutant is a significant advancement
over the prevalent animal models. Future studies will eval-
uate this animal model to study the pathways involved in
FECD disease onset and progression.
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