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PURPOSE. To determine the role of fibroblast growth factor receptor 2 (FGFR2)–mediated
signaling in keratocytes during corneal development, a keratocyte-specific FGFR2-
knockout (named FGFR2cKO) mouse model was generated, and its phenotypic char-
acteristics were determined.

METHODS. A FGFR2cKO mouse model was generated by the following method: FGFR2
flox mice were crossed with the inducible keratocyte specific-Cre mice (Kera-rtTA/tet-
O-Cre). Both male and female FGFR2cKO- and control mice (1 to 3-months-old) were
analyzed for changes in corneal topography and pachymetry maps using the optical
coherence tomography (OCT) method. The comparative TUNEL assay and immunohis-
tochemical analyses were performed using corneas of FGFR2cKO and control mice to
determine apoptotic cells, and expression of collagen-1 and fibronectin. Transmission
electron microscopic analysis was conducted to determine collagen structures and their
diameters in corneas of FGFR2cKO and control mice.

RESULTS. OCT-analyses of corneas of FGFR2cKO mice (n = 24) showed localized central
thinning and an increased corneal steepness compared to control mice (n = 23).
FGFR2cKOmice further showed a decreased expression in collagen-1, decreased collagen
diameters, acute corneal hydrops, an increased fibronectin expression, and an increased
number of TUNEL-positive cells suggesting altered collagen structures and keratocytes’
apoptosis in the corneas of FGFR2cKO mice compared to control mice.

CONCLUSIONS. The FGFR2cKO mice showed several corneal phenotypes (as described
above in the results) that are also exhibited by the human keratoconus corneas. The
results suggested that the FGFR2cKO mouse model serves to elucidate not only the yet
unknown role of FGFR2-mediated signaling in corneal physiology but also serves as a
model to determine molecular mechanism of human keratoconus development.

Keywords: cornea, fibroblast growth factor receptor-2, conditional knockout mice,
keratocytes, stromal thinning, corneal hydrops, keratoconus

Keratoconus (KC) is a condition of unknown causes
in which the cornea assumes a semiconical shape

because of noninflammatory thinning of central or para-
central corneal stroma. According to National Eye Institute
reports, KC is the most common corneal dystrophy in the
United States, affecting one in 2000 Americans.1,2

Our transcriptome (RNA sequence) analyses of human KC
stromal fibroblast-derived-induced pluripotent cells (iPSC)
showed the downregulation of FGFR2 expression relative to
similarly derived iPSC from normal human corneal fibrob-
lasts.3 The FGFR2 downregulation is significant because the
present literature shows that disease-specific iPSCs regain
their specific disease-affected signature genes and have
memory of the parental cells from which they are derived.4

Additionally, our comparative immunohistochemical anal-
ysis also showed that stromal FGFR2 was downregulated
in human KC-corneal stroma relative to the age-matched
human normal corneas.3 Presently, the potential role of
FGF in KC development is elusive in spite of FGF signal-

ing and is considered to play a pivotal role in eye devel-
opment, based on its functional implication in regulation
of cell differentiation, proliferation, migration, and survival
in a variety of cells.5 Interaction of FGF ligands with their
signaling receptors (FGFR 1 to 4) is regulated by intracellu-
lar proteins or proteoglycan cofactors and by extracellular-
binding proteins. Activated FGFRs phosphorylate specific
tyrosine residues that mediate interaction with cytosolic
adaptor proteins and the RAS-MAPK, PI3K-AKT, PLCγ , and
STAT intracellular signaling-pathways.6–10 The importance of
FGF-signaling in the early mouse embryo is well established
because the mutations in Fgf4, Fgfr2, Frs2a, Grb2, or Erk2
(Mapk1) all result in peri-implantation lethality.11–16

Dysregulation of FGF-signaling has been linked to several
pathological conditions. It has been reported that specific
deletions of FGFR aberrations were found in 7.1% of cancers,
with the majority being gene amplification (66% of the aber-
rations), followed by mutations (26%) and rearrangements
(8%).17 FGFR2-inhibition has been targeted in multiple
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cancers, and causes apoptosis, and also affects vision in
patients who take FGFR2 inhibitors.18 FGFR2-mutant mice
showed progressive photoreceptor degeneration and thin-
ning of the focal areas of the outer nuclear layer of the
retina.19 FGFR2-deletion results in significant meibomian
gland (MG) acinar atrophy, and clinical manifestations of
meibomian gland dysfunction in Fgfr2CKO mice, suggesting
that MG homeostasis is FGFR2-dependent.20 FGFR-1/FGFR2
double-knockout mice showed disrupted cerebellar size and
laminar architecture resulting in impaired motor learning
and coordination.21 An increased apoptosis is seen in lens-
specific FGFR2 knockout mice.22 FGFR2-mutant mice that
was generated after crossing FGFR2 flox mice with Foxg1-
Cre resulted in a telencephalon-specific-Cre mouse that
failed to develop eyelids and showed a thinner cornea.23

The above findings and our reports prompted us to
generate a stromal keratocyte–specific FGFR2 knockout
(FGFR2cKO) mouse model. The FGFR2cKO mice showed
several phenotypic characteristics like those observed in
a human KC cornea, notably progressive corneal thinning,
increased corneal curvature and steepness, scarring and
acute corneal hydrops, altered collagen structures, and diam-
eters and keratocytes’ apoptosis. The results suggested that
the newly generated FGFR2cKO mice might serve not only
as a model system to study significance of downstream
targets of FGFR2-signaling in keratocytes-induced stromal
development and corneal morphogenesis and homeostasis,
but it would also serve as a model to elucidate the molecular
mechanism of human KC development.

MATERIAL AND METHODS

Ethics Statement

All animal experiments were performed in accordance with
protocols approved by the Institutional Animal Care and
Use Committee of the University of Alabama at Birming-
ham (protocol no. 21422). Mice were housed in pathogen-
free facilities at the University of Alabama at Birmingham.
The research was performed in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research.

Generation of Conditional Knockout FGFR2KO
Mouse Model on Doxycycline (Dox)
Administration

Keratocan-Cre mice were obtained from Dr. Winston Kao
(University of Cincinnati), and the FGFR2 flox mice were
obtained from Jackson Laboratories (Jackson Laboratory,
Bar Harbor, ME, USA). Transgene alleles were screened by
PCR using tail DNA and following the conditions and primer
pairs for keratocan Cre mice as reported earlier.24 The FGFR2
flox mice were also screened as previously reported.25 The
following primers were used to analyze the keratocan Cre
and FGFR2 flox mice:

Fgfr2 Fwd. 5′ TTCCTGTTCGACTATAGGAGCAACAGGCGG 3′

Fgfr2 Rev 5′ GAGAGCAGGGTGCAAGAGGCGACCAGTCAG3′

Keratocan F1 5′-TGG TGG CTT GCT TCA AGC TTC TTC-3′

Keratocan R1 5′-TAT CCA ACT CAC AAC GTG GCA CTG-3′

Compound transgenic mice of keratocan rtTA-tetOCre-
Fgfr2fl/fl were generated via natural mating following the
scheme illustrated in Figure 1. In this deletion system, Cre

expression in keratocan-Cre mice can be initially induced
in mice of any age by systemic administration of doxycy-
cline (Dox), and consequently the floxed Fgfr2 is ablated by
Cre recombinase (Fig. 1). In our study, conditional knock-
out of FGFR2 was induced in mice by Dox chow feeding
as desired. The pregnant females were fed with doxycy-
cline food (600 mg/kg) to obtain tissue-specific knockout
mice (S3888 Doxycycline 200 mg/Kg; Bioserv, Flemington,
NJ, USA). FGFR2 conditional knockout mice thus obtained
are referred to as FGFR2cKOmice, and the control mice used
in all the experiments mentioned below are FGFR2 flox mice
and keratocan Cre mice.

Immunohistochemical-Confocal Microscopic
Analysis

The excised eyes from both FGFR2cKO- and control mice
were fixed in 4% paraformaldehyde, and 10-μm frozen
cryosections were recovered using a cryostat (Leica Cryo-
stat, Buffalo Grove, IL, USA) at the Core Facility of Vision
Sciences Research Center of University of Alabama at Birm-
ingham (UAB). The sections were blocked in normal bovine
serum (5%), followed by overnight incubation in anti-Fgfr2
rabbit polyclonal antibody (Abcam, Waltham, MA, USA)
at 1:100 dilution. The sections were washed three times
in PBS and incubated with a secondary goat anti-rabbit
Alexa Fluor 555-labeled antibody (Invitrogen, Grand Island,
NY, USA). Next, the sections were washed three times
in PBS, and nuclei were stained with (4′,6-diamidino-2-
phenylindole, DAPI) (Invitrogen, Grand Island, NY, USA)
for 10 minutes. After a final wash with PBS, the sections
were mounted on slides with Fluoromount-G (Southern
Biotech, Birmingham, AL, USA). Fluorescent microscopic
analysis was performed using Zeiss Axioplan 2 Imaging
System Microscope (Carl Zeiss Microscopy, Thornwood,
NY, USA) at the Core facility of Vision Sciences Research
Center at the UAB. The confocal imaging was conducted
using Zeiss LSM 710 confocal microscope (High Resolu-
tion Imaging Facility, UAB), and multiple images were taken
from three FGFR2cKO mice and three control mice. Fluo-
rescence intensity was measured using Image J analysis.
Similarly, immunohistochemical analyses were conducted
for the following antibodies: (A) anti-collagen 1 rabbit
monoclonal antibody (Cell Signaling, Danvers, MA, USA) at
1:100 dilutions, and (B) anti-fibronectin monoclonal anti-
body (Thermo Fisher Scientific, Waltham, MA, USA) at
1:250 dilution. The secondary antibody used was goat anti-
rabbit Alexa Flour 488-labeled antibody (Invitrogen, Grand
Island, NY).

Western Blot Analysis

Western blot analysis was done using the procedure as
described earlier.26 The following antibodies and dilutions
were done as per suggestion of the manufacturer: (1) anti-
Fgfr2 rabbit polyclonal antibody (Abcam), (2) anti-collagen 1
rabbit monoclonal antibody (Cell Signaling), (3) anti-GAPDH
rabbit monoclonal antibody (Cell Signaling), (4) Secondary
antibody – highly adsorbed Goat anti rabbit 800 (Li-Cor,
Lincoln, NE, USA).

TUNEL Assay

Tissue sections were fixed in 4% paraformaldehyde in PBS,
pH 7.4 for 20 minutes at room temperature. The sections
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FIGURE 1. Generation of conditional FGFR2 knockout mice breeding strategy. (A) Diagrammatic representation of FGFR2 gene. (B) Alter-
native splice variant of FGFR2 gene. (C) Specific ligands for the Fgfr2 splice variants. (D) Breeding strategy. (E) Genotyping of FGFR2 flox
mice and keratocan-Cre mice. The PCR products were analyzed using 2% agarose gel electrophoresis.

were then washed for 30 minutes in PBS, followed by incu-
bation with 0.1% Triton X-100, 0.1% sodium citrate for two
minutes on ice. Next, the sections were rinsed with PBS, and

the TUNEL Reaction mixture (In Situ Cell Death Detection
kit, 11684795910, Roche Diagnostics, Indianapolis, IN) was
added to the sections for 60 minutes in a humidified cham-
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ber at 37°C. The sections were washed with PBS, stained
with DAPI nuclear-stain, and covered with coverslips. The
fluorescence staining in cells of sections was visualized using
Zeiss Axioplan 2 Imaging System Microscope (Carl Zeiss
Microscopy) at the core facility of Vision Sciences Research
Center at the UAB. The TUNEL-positive cells were quantified
by counting them under a fluorescent microscope.

IN VIVO MOUSE EYE EXAMINATIONS

Slit-Lamp Microscopy

Before examination, the mice were sedated using the
ketamine-xylazine cocktail (0.1 mL/10 gm of body weight),
with the delivered dose of ketamine, 100 mg/kg/Xylazine,
2 mg/kg. The drug was intraperitoneally injected in mice
using a 1 mL syringe with a 23- to 25-gauge 5/8-inch needle.
The mice pupils were dilated with eye drops containing
1% tropicamide and 5% phenylephrine hypochloride and
GenTeal Lubricant Eye Gel (Alcon, Ft. Worth, TX, USA), and
the mixture was applied after anesthesia until the eye exami-
nation started. Systane lubricant eye drops from Alcon were
applied throughout the eye examination to avoid corneal
dryness. After 15 to 20 minutes, eyes were examined using a
micron IV slit-lamp (Phoenix Research labs, California) at the
Vision Science Research Center Core Facility of the Univer-
sity of Alabama at Birmingham.

Optical Coherence Tomography (OCT)

The sedation protocol for mice was like as described above
under slit-lamp analysis. Following sedation, the mouse
eyes were analyzed using ANTERION OCT (Heidelberg
Engineering Inc., Franklin, MA, USA) and Spectral-Domain
Optical coherence tomography (SD-OCT) to visualize the
anterior segments in mice as described earlier.27,28 The
anterior chamber structure and corneal curvature of the
anesthetized mice were examined using Bioptigen Spectral-
Domain Ophthalmic Imaging System.29 Briefly, we used a
12mm telecentric probe and set the reference arm at posi-
tion 245. Three scans were obtained for each mouse eye,
producing one rectangular and two radial scans.

Electron Microscopy Analysis of Corneas

A modified Deerinck method was used to enhance cellular
components for electron microscopy analysis.30 Eyes were
fixed in Karnovsky’s fixative for three hours at 4°C.31 After
the fixation, the eye samples were washed in cacodylate
buffer for 10minutes before transferring them in a solu-
tion containing 1.5% potassium ferricyanide/1% osmium
tetroxide in cacodylate buffer for onehour. After washing
in distilled water for 30minutes, samples were sequentially
placed for onehour in 1% aqueous thiocarbohydazide, 1%
osmium tetroxide, and 1% aqueous uranyl acetate. After
each staining step, the samples were washed in distilled
water for 30minutes. Next, the samples were incubated in a
solution of lead aspartate in an oven at 60°C for onehour.
After the lead-staining, the samples were washed two times
with distilled water for 30minutes each time. Finally, the
samples were dehydrated in series ethanol solution from
70% through 100% via acetone infiltration and embedded
in CY212 (TAAB) epoxy resin and polymerized for 48 hours
at 60°C.

Transmission Electron Microscopy

Deerinck-Stained Samples. Ultrathin eye sections
(90 nm) were cut using the Leica UC6 ultra-microtome,
collected on 300 hexagonal copper grids, and analyzed using
the JEOL 1010 transmission electron microscope at the High-
Resolution Imaging core facility of University of Alabama at
Birmingham.

Cuprolinic Blue–Stained Samples. Ultrathin
(90 nm) eye sections were sectioned using Leica UC6
ultra-microtome and collected on 300 hexagonal copper
grids. The copper grids were further stained with 0.5%
aqueous uranyl acetate for 10minutes. Next, the stained
samples on grids were washed with distilled water and left
to dry for 24 hours before their imaging using the JEOL
1010 transmission electron microscope.

Image J Analysis

The diameter of the fibers was measured at the region of
corneal stromal thinning. The diameters of the individual
collagen fibers were measured using Image J. The Scale bar
in the figure was measured and this was used for setting
the scale in the program. A line tool was used to measure
the diameter of each individual fiber from both control and
Fgfr2cKO mice EM microphotographs.

Statistical Analysis

The statistical significance was determined by Student’s t-test
and with statistical significance set at P < 0.05.

Power Analysis

Power analysis was based on the following Power 80%, 5%
significance and two sided, assuming a signal/noise ratio of
1 (Cohen d, medium in the case of animal experiments). The
number was a minimum of 17 mice in each group.

RESULTS

FGFR2 Expression in Conditional FGFR2cKO
Mice Compared to Control Mice

The loss of FGF-mediated signaling has been shown to
inhibit normal wound healing,5 cell survival, and dediffer-
entiation of myofibroblasts into fibroblasts.32 Furthermore,
our data and the present literature show that the loss of
FGF-signaling occurred at the FGF2 receptor (FGFR2) level.3

To further elucidate the role of FGFR2-signaling pathway in
the corneal stromal physiology and diseases, we generated
a novel FGFR2-conditional knockout (FGFR2cKO) mouse
model, in which FGFR2 gene was conditionally deleted in
stromal keratocyte using a keratocyte-specific keratocan-
Cre mice at postnatal day 1 (P1). The FGFR2-expression in
the cornea was analyzed by immunofluorescence methods
in corneas of both one-month-old control- and FGFR2cKO
mice (Figs. 2A–D). FGFR2- expression was observed in the
corneal epithelium, stroma, and the endothelium of the
normal (control) mice (Figs. 2A, 2B). A small corneal portion
in Figure 2A was enlarged as shown in Figure 2B, which
showed that the FGFR2-expression occurred in all the three
corneal regions (Fig. 2B). As in the control mice cornea, a
small corneal tissue section of FGFR2cKO mice was enlarged
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FIGURE 2. (A–D) Immunohistochemical localization of FGFR2 expression in the corneas of FGFR2cKO- vs. Control mice. (A, B) Immuno-
histochemical localization of FGFR2 expression in control mice and B is the magnified region of the inset as shown in A. (C, D) Immuno-
histochemical localization FGFR2 expression in FGFR2cKO mice, and D is the magnified region of the inset as shown in C. The results show
that the FGFR2 expression is decreased in the stromal region of FGFR2cKO mice relative to control mice. (E) Western blot analysis of FGFR2
expression in corneal stromal of FGFR2cKO versus control mice. GAPDH was used as a loading control. (F) Quantification of western blot
results of (E) using Image J. (n = 3. *P < 0.05). (G) Real-time PCR for FGFR2iiiC gene expression in the stroma of Fgfr2cKO versus control
mice.

(Fig. 2D). There was decreased FGFR2 expression in the
stromal region of FGFR2cKO mice relative to control mice.
However, the identical levels of FGFR2-expressions in the
epithelium of FGFR2cKO- and control mice were observed
(Figs. 2B, 2D). However, the FGFR2 expression was rela-
tively decreased in the endothelium of FGFR2cKO mice
(Fig. 2D). The loss of FGFR2 expression in the stromal
region was further confirmed by Western blot analysis of
FGFR2cKO mice compared to control mice, where GAPDH

was used as a loading control (Fig. 2E). The uncropped
GAPDH is provided as Supplementary Figure S1. On quan-
tification by image J of the FGFR2 band in the Western
blot, the FGFR2 expression was decreased more than sixfold
in FGFR2cKO mice relative to control mice (Fig. 2F, n =
3 [P < 0.05]). We further analyzed whether the stromal-
specific splice variant of FGFR2 (FGFR2iiiC) was present in
the stroma. This was confirmed by real-time PCR analysis
of FGFR2iiic transcripts, which showed a decreased level in
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FIGURE 3. (A–H) Representative ANTERION OCT-scanning photographs of control (A, B, E, F) and FGFR2cKO mice (C, D, G, H). Scanning
of control mice (A, B) and FGFR2cKO mice (C, D) was done at post-natal (P) 31 days. The yellow arrow on C and D points to the region of
corneal thinning and scarring in the FGFR2cKO mice at P31 compared to the control mice (A, B), which lacked corneal thinning and scarring.
The same FGFR2cKO- and control mice (scanned at P31 [A–D]) were later scanned at P90 (E–H). Scanning photographs of FGFR2cKO mice
(G, H) at P90 days exhibited thinning and scarring (blue arrows) with no such thinning and scarring in control mice (E, F). The red arrow
points to corneal cone formation in the FGFR2cKO mice. In FGFR2cKO mice, the localized thinning that was seen at P31 (C, D) further
progressed to the central region (G, H) at P90 days compared to control mice which showed no thinning.

the stroma of FGFR2cKO mice compared to the control mice
(Fig. 2G).

Corneal Stromal Thinning in FGFR2cKO Mice
Relative to Wild Type Mice

We used a variety of techniques which included SD-OCT
scanning, ANTERION OCT, histological staining, and slit-
lamp bio-microscopy to visualize the anterior segment of
the eye including the cornea. Figures 3A and 3B show the
representative scanning images on ANTERION OCT analy-
ses of eyes of two 1-month-old FGFR2cKO- and WT mice
(n = 6 of both types). Figures 3C and 3D show similar
analyses of eyes of two 1-month old-FGFR2cKO mice. The
corneas of FGFR2cKO mice showed localized thinning at
the peripheral region (shown by yellow arrows in Figs. 3C
and 3D relative to WT mice in Figs. 3A and 3B). When
the eyes of the same one-month-old FGFR2cKO- and WT
mice were scanned at three months, FGFR2cKO mice devel-
oped more central corneal thinning (shown by blue arrows
in Figs. 3G, 3H) relative to WTmice (Figs. 3E, 3F). FGFR2cKO
mice also showed deep anterior chamber (Fig. 3H) relative
to WT mice. The observed progressive corneal central thin-
ning seen at three months as opposed to peripheral thinning
at one month in FGFR2cKO mice is a significant observa-
tion because three months of mice age corresponds to the
teenage human years and represent the time when human
KC is manifested.

We had to switch to SD-OCT analysis method because
ANTERION OCT files could not be used for topographic
mapping. Figure 4A bar graph shows the number of animals
used for SD-OCT scanning. Both keratocan-Cre and FGFR2-
flox mice were used as controls. When 23 control mice
(three months old) were scanned, two mice of the control
group exhibited abnormalities in their corneas. Similarly,

when 24 FGFR2cKO mice (three month old) were scanned,
among these 20 mice showed corneal thinning, and only four
FGFR2cKO mice had a normal cornea (Fig. 4A). The Table
summarizes the clinical findings of the 24 FGFR2cKO mice.
The representative SD-OCT images (Figs. 4B–D) are of 3
control mice corneas whereas Figures 4E to 4G are of three
FGFR2cKO mice corneas. Figure 4G also shows a charac-
teristic cone formation in the FGFR2cKO mice, which was
not seen in the control mice. In summary, the corneas of
FGFR2cKO mice showed characteristic phenotypes of local-
ized thinning and an increased anterior chamber depth.

Topographical and Pachymetry Maps Generated
for FGFR2cKO- and WT Mice Using OCT Data

Because there is no instrument available to analyze the topo-
graphical and pachymetric maps of small animals such as the
mouse cornea, we used calibrated mouse corneal OCT scans
and generated mouse anterior axial maps (corneal curva-
ture) and pachymetric maps (corneal thickness) of control-
and FGFR2cKO mice.33 Figures 5A and 5B are representative
images of the axial- and pachymetric maps of the corneas
of control mice, respectively. Similarly, Figures 5C and 5D
are representative images of corneal axial and pachymetric
maps of FGFR2cKO mice, respectively. Relative to control
mice, the FGFR2cKO mice exhibited an increased corneal
steepness as shown in the axial map, considerable thinning
of the cornea, and an irregular astigmatism.

Collagen-1 Expression in Corneas of FGFR2cKO
and Control Mice

It has reported that structural deformity in the cornea may be
dependent on the expression of collagen fibrils.34 Since our
mice showed changes in their corneas when observed using
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FIGURE 4. Spectral domain OCT scanning of FGFR2cKO mice and controls. (A) Phenotypic changes observed in number of mice during
OCT scans in control mice (Keratocan-Cre and FGFR2 flox mice) and FGFR2cKO mice. The mice numbers in blue color bars show the
normal phenotypes (no corneal thinning) in control mice (Keratocan-Cre, FGFR2flox) and FGFR2cKO mice, whereas the orange bars show
the relative number mice of the three types of mice that exhibited corneal thinning. (B–D) Representative spectral domain OCT of control
mice and (E–G) representative spectral domain OCT of FGFR2cKO mice.

TABLE. Summarizing the Clinical Findings of Fgfr2cKO Mice

No. Mouse Identifier (Cage No. Ear Punch) Sex OCT (Clinical Findings)

1 6785 L1 F Paracentral thinning
2 6785 L2 F Small eye, central thinning
3 6785 R1 F Normal
4 6785 No ear punch (0) F Normal
5 6785 R2 F Thin cornea, iris attached, scarring
6 4569 R1 F Paracentral thinning
7 4569 R1 M Paracentral thinning
8 4569 0 M Normal
9 4569 R2 M Normal
10 4569 r1L1 M Localized thinning at the periphery
11 6761 L1 M Central thinning & scarring
12 6761 R1L1 M Sever scarring and thinning
13 6761 L2 M Localized thinning at the periphery
14 6761 R1 M Paracentral l thinning
15 2573 0 M Thin cornea
16 2573 R1 M Localized central thinning
17 2573 L1 F Localized thinning at the periphery
18 2573 R2 F Central thinning
19 9019 0 M Localized thinning at the periphery
20 9019 R1 M Paracentral thinning
21 9019 R2 M Paracentral thinning & scarring
22 9019 L1 M Sever scarring and thinning
23 9019 R1L1 F Paracentral thinning
24 9019 L2 F Paracentral thinning

Two mice from the control group showed localized loss of epithelium, but the rest of the animals were normal when observed using
OCT.
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FIGURE 5. Representative corneal topography (axial maps) and pachymetry maps of control- and FGFR2cKO mice. (A) Representative
corneal topography map of cornea of a control mouse. (B) Representative pachymetry map of cornea of a control mouse. (C) Representative
corneal topography map of a FGFR2cKO mice showing an increased steepness (red color). (D) Representative pachymetry map of cornea
of a FGFR2cKO mouse showing localized corneal thinning compared to control mice.

OCT analysis, next we analyzed relative collagen-1 expres-
sion in the cornea of one-month-old mice. Figures 6A-A′ and
B-B′ show immunohistochemical localization of collagen-
1 in the corneas of control and FGFR2cKO mice, respec-
tively. Both control and FGFR2cKO mice corneas showed
collagen-1 expression. When a small area (as depicted by an
inset in Figs. 6A, 6B) were magnified in Figure 6A′ (control)
and Figure 6B′ (FGFR2cKO), their immunostaining patterns
in the control mice (Fig. 6A′) differed compared to that of
FGFR2cKO mice (Fig. 6B′). Collagen-1 fibril staining seen in
the control mice (Fig. 6A′) was absent in the FGFR2cKO mice
(Fig. 6B′). This was further confirmed by Western blot analy-
sis of collagen-1 expression in the corneal stroma of control-
and FGFR2cKO mice, where a relative decrease in expres-
sion of collagen-1 in FGFR2cKO mouse relative to control
mouse was observed (Fig. 6C). GAPDH was used as a load-
ing control. The uncropped GAPDH is provided as Supple-
mentary Figure S2. The above results of Western blot anal-
ysis were further confirmed on quantification of the band
intensity by image J (shown by bar graph in Fig. 6D, n = 3
[P < 0.05]).

Increased Apoptosis at the Site of Corneal
Thinning in FGFR2cKO Mice Relative to Control
Mice

Because keratocyte loss has long been associated with KC
development,35 we examined the relative loss of keratocytes
in the stroma of thee-month-old FGFR2cKOmice and control
mice. Figure 7A shows a representative image of TUNEL
staining in a control mouse-corneal section, which showed
no TUNEL-staining of corneal cells. Figure 7B is an image of
an OCT scan of FGFR2cKO mice, which showed central thin-
ning in the cornea (identified by a yellow arrow). The mouse
corneas were sectioned two weeks after OCT scans, and
the corresponding regions that showed progressive thinning
were used for analyzing cell death by TUNEL assay. Figure 7C
shows the section of the region that exhibited corneal
thinning in the OCT images, and the nuclei were coun-
terstained with nuclear stain (4′,6-diamidino-2-phenylindole
[DAPI]), and the orange arrow points to TUNEL-positive cells
in the corneas of FGFR2cKO mice. Endothelial cells also
showed TUNEL-positive staining in FGFR2cKO mice, but it
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FIGURE 6. Representative collagen 1 expression in corneas of FGFR2cKO mice vs. control mice. (A) Collagen 1 expression and nuclear stain
(DAPI) were co-localized in cornea of a control mouse. (A′) A small area (inset) is magnified to show the collagen 1 expression in cornea
of a control mouse. (B) Collagen 1 expression and nuclear stain (DAPI) were co-localized in FGFR2cKO mice. (B′) a small area (inset)
is magnified to show the collagen 1 expression in cornea of a FGFR2cKO mouse. Collagen 1 expression is decreased in FGFR2cKO mice
relative to control mice. (C) Western blot analysis of Collagen 1 expression in control and FGFR2cKO mice. GAPDH was used as a loading
control. (D) Quantification of collagen 1 expression in the Western blot using Image J (n = 3 [P < 0.05]).

was discontinuous. Because keratocytes showed a decrease
in the corneal stroma of FGFR2cKO mice compared to the
control mice, the keratocytes numbers were quantified by
image J. As shown in Figure 7D, an increased number of
apoptotic TUNEL-positive cells was also accompanied with
fewer keratocytes in FGFR2cKO mice.

Acute Corneal Hydrops in FGFR2cKO Mice
Relative to Control Mice

Acute corneal hydrops has been seen in patients who
develop acute KC.36–42 Therefore the corneas of three-
month-old FGFR2cKO- and age-matched control mice were
analyzed for corneal hydrops. Between 5% to 10% of the
FGFR2cKO mice developed acute corneal hydrops, whereas
the control mice showed no such development. Figure 8A
shows the slit-lamp image of the cornea of a three-month-old
FGFR2cKO mouse, which exhibited acute corneal hydrops,
and Figure 8B further shows the region of hydrops in
the cornea (identified by a red arrow). FGFR2cKO mice
also showed acute scarring and edema. Because fibronectin
expression is a marker of corneal fibrosis,43 we analyzed
fibronectin immunostaining in corneal section FGFR2cKO-
mice that showed corneal hydrops. Figures 8C and 8D
show fibronectin immunostaining in corneas of a control-
and FGFR2cKO mice, respectively. An increased fibronectin
immunostaining was observed in the corneal stromal region
(shown by a green arrow) in FGFR2cKO mice (Fig. 8D)
relative to control mice (Fig. 8C). Additionally, breaks in
the Descemet’s membrane with a large stromal cleft in
FGFR2cKO mice with corneal hydrops were also observed

(shown by a blue arrow in Fig. 8D). Figure 8D′ shows
the remaining portion of the corneal section of Figure 8D,
and the yellow arrow points to the endothelium, and
the yellow star points to breaks in the endothelium in
FGFR2cKO mouse cornea (Fig. 8D′). We also analyzed αSMA
(alpha smooth muscle actin) expression in both control and
FGFR2cKO mice (Figs. 8E–G). An increased expression of
αSMA in the regions of scarring (white arrow, Fig. 8G), and
breaks in the Descemet’s membrane and the endothelium
were seen in corneas of FGFR2cKO mice relative to control
mice.

Transmission Electron Microscopic Analyses of
the FGFR2cKO Mice and the Control Mice

We analyzed the distribution of collagen fibers at the apical
corneal region using an transmission electron microscopy
because earlier report has shown a large-scale directional
changes in the collagen fibers during KC development.44

Figure 9A shows an electron micrograph of control cornea
whereas 9B is that of the FGFR2cKO mice cornea (yellow
arrow shows collagen fibers in Figs. 9A, 9B). The cornea of
FGFR2cKO mice showed characteristic features that are seen
in human KC corneas (i.e., undulating lamellae, collagen
fiber loss; blue arrow in Fig. 9C), and smaller fibrillar diam-
eters compared to the control mice (Fig. 9D). The average
collagen diameters in normal corneas were 34.4 ± 5.1 nm
whereas in FGFR2cKO mice these were 16.9 ± 3.2 nm. Addi-
tionally, keratocytes seem to be crushed in the undulating
lamellae in FGFR2cKOmice (red arrow in Fig. 9D) compared
to normal keratocytes in the control mice (Fig. 9A).
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FIGURE 7. Detection of cellular apoptosis using TUNEL assay in the corneas of 3-month-old FGFR2cKO mice compared to control mice.
(A) The stroma of control mice did not show any TUNEL-positive stained cells. (B) OCT image of FGFR2cKO mice that showed localized
thinning (yellow arrow). (C) The same FGFR2cKO mice (in B) exhibited keratocytes’ apoptosis in the stroma at the site of localized thinning.
The apoptotic TUNEL-positive cells were also detected in the epithelium and endothelium, but these were discontinuously distributed in
both layers of FGFR2cKO mice. (D) Apoptotic TUNEL-positive keratocytes number were quantified by their counting under a fluorescent
microscope. Note that keratocytes numbers were decreased in the corneal stroma of FGFR2cKO compared to the control mice (P < 0.05).

DISCUSSION

KC is a condition of unknown cause in which the cornea
assumes a semi conical shape as a result of noninflamma-
tory thinning of central or paracentral corneal stroma.45

Recent literature suggests that an inflammatory compo-
nent is also associated in KC.46,47 Currently, there is no
animal model available to determine the molecular mech-
anism for human KC development. We previously gener-
ated a human stem cell model that showed relative down-
regulation of FGFR2 in the stromal keratocytes of KC
corneas compared to normal corneas.3 Although kerato-
cytes produce the corneal stromal components (collagen and
proteoglycans, etc.) to maintain corneal transparency,48 the
role of FGFR2-signaling pathway in corneal stromal physi-
ology and KC-development remains elusive. Earlier reports
have shown that the germ-line Fgfr2b-knockout mice die
shortly after birth due to multiple-organ abnormalities, such
as agenesis of the lungs, limbs, anterior pituitary gland,
thyroid gland and dysgenesis of the skin, glandular stomach,
pancreas, and thymus.49,50 The genetic alterations of FGFR2
at germline or somatic level give rise to congenital disor-
ders and acquired diseases through dysregulation of FGFR2-
signaling cascades.51–53 Furthermore, FGFR2 seems to play
important roles in eye tissues development. For example,
FGFR2 signaling has been shown to be crucial for lens
development,22 and a FGFR2-conditional knockout mouse
model, generated using a lens-Cre mice, showed abnormal

corneal epithelium development but no major changes to the
corneal stromal cells.54 This difference in relative abnormal-
ities in epithelium vs. stroma might be due to because the
lens epithelial cells and corneal epithelial cells are derived
from the surface ectodermal cells, whereas corneal stromal
cells and corneal endothelial cells are derived from neural
crest-derived mesenchymal cells. Because the function of
FGFR2 in the corneal stromal development is presently
unknown, we generated a novel knockout mouse model
in which FGFR2 was conditionally deleted in corneal kera-
tocytes using a keratocyte specific-keratocan Cre mice at
postnatal day one. This Cre mouse was selected because
keratocan expression is a phenotypic marker for kerato-
cytes,55 and therefore, its expression is limited to the corneal
stroma.

Our homozygous mice for Fgfr2flox allele possessed loxP-
sites flanking exons 8 to10. FGFR2 has two splice variants:
FGFR2iiib and FGFR2iiic (Fig. 1B), which are generated due
to an alternative splicing of exon 8 and 9. These splice
variants differ in ligand binding (Fig. 1B), and, although
FGFR2iiib is mainly expressed in the epithelium, FGFR2iiiC
is expressed in the mesenchymal cells.56,57 The Fgfr2flox/flox

mice were bred to mice expressing Cre recombinase, result-
ing offspring that have sequence encoding the alterna-
tively spliced Ig domain IIIb, as well the IIIc, and the
TM domain deleted in the Cre-expressing tissues. Because
our Cre-expressing animal was specific for mesenchymal
cell–derived tissues (i.e., corneal stroma), we expected
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FIGURE 8. FGFR2cKO mice developed acute corneal hydrops, which were absent in control mice. (A) Slit lamp examination of FGFR2cKO
mice that developed acute corneal hydrops. (B) Image of acute corneal hydrops (red arrow) in FGFR2cKO mice. These mice also
showed corneal scarring. (C) Immunohistochemical colocalization of fibronectin expression with nuclear (DAPI) staining in control mice.
(D) Immunohistochemical colocalization of fibronectin expression (green arrow) with nuclear (DAPI) staining at the region of corneal
hydrops. An increased fibronectin expression at site of corneal hydrops (D) along with a large intra-stromal cleft (yellow arrow) was
observed. (D′) The rest of the corneal section of D. The yellow star shows the region with the loss of endothelial cells. (E) Immunohisto-
chemical colocalization of expression of alpha smooth muscle actin (αSMA) and nuclear Hoechst’s staining in the cornea of a control mouse.
(F) Immunohistochemical colocalization of expression of αSMA (red stain) with nuclear Hoechst’s staining of the cornea of a FGFR2cKO
mouse. (G) A small section (inset) of F that was magnified to show the staining in αSMA in the stroma.

that only the mesenchymal-expressing FGFR2 would be
knocked down. Our result strongly concurs with this expec-
tation, because the normal mouse corneas showed FGFR2-
expression in all three corneal cell types—epithelium,
stroma, and endothelium (Fig. 2A)—but in contrast, its
expression was decreased only in the stromal keratocytes
of FGFR2cKO mice. Previous reports have shown that the
expression of keratocan gene in mice begins as early as
at E13.5 in periocular mesenchymal cells migrating toward
the cornea and sclera, but its expression gradually becomes
restricted to corneal keratocytes at E18.5 in the adult mice.58

Periocular mesenchymal cells give rise to both endothelial
cells and keratocytes. The absence of FGFR2 expression
in the endothelium of the knockout mice could be due to
feeding of doxycycline early on during mouse development.
Furthermore, the newly generated novel FGFR2cKO mice
were healthy and fertile, unlike previously generated germ-
cell line FGFR2-mutated mice.

The one major finding of this study was that the
FGFR2cKO mice exhibited several human KC phenotypes

relative to control mice during their corneal examinations by
a variety of techniques. The KC-specific phenotypic changes
in corneas of FGFR2cKO mice relative to control mice
included: (A) localized central corneal thinning; (B) altered
corneal curvature with an increased corneal steepness and
altered corneal thickness during axial maps and pachymet-
ric maps analyses, respectively; (C) reduced collagen-1 fibril
staining and its reduced expression in stromal region; (D)
undulating lamellae, collagen fiber loss with smaller fibrillar
diameters; (E) acute corneal hydrops; and (F) apoptotic loss
of keratocytes.

OCT has become an important noninvasive, high-
resolution imaging modality in the assessment of the cornea
and eye anterior segment and is therefore a critical tool in
the diagnosis of KC and other corneal ectatic diseases.59,60

The novel FGFR2cKO mice exhibited peripheral corneal
thinning at P31 days during ANTERION OCT examination
(Figs. 3C, 3D). To our surprise, the same mice, when imaged
later at the P90 stage, developed a central corneal thin-
ning as shown in Figures 3G and 3H. The development of



FGFR2cKO Mice Shows Phenotypes of Keratoconus IOVS | September 2023 | Vol. 64 | No. 12 | Article 40 | 12

FIGURE 9. Representative transmission electron micrographs of corneas of FGFR2cKO mice versus control mice. (A) Electron micrograph
of the apical region cornea (200 nm) of a control mouse. The yellow arrow points to the collagen fibrils in the control cornea. (B) Electron
micrograph of the apical region of cornea of a FGFR2cKO mouse (200 nm). The yellow arrow points to the collagen fibrils in the FGFR2cKO
cornea. Lamellar splitting into multiple bundles of collagen fibrils and loss of lamellae was seen in FGFR2cKO cornea relative control cornea.
(C) Shows undulating lamellae in the FGFR2cKO mice compared to control. (D) Collagen fibril diameters measured at the apical region of
corneal thinning from the electron micrographs using image J for both control nice (blue) and FGFR2cKO mice (red) and is plotted as a bar
graph (n = 3 [P < 0.05]).

central corneal thinning at three months of age in FGFR2cKO
mice does correlate to the general appearance of KC in
human teenagers, based on comparison of the life spans
of mice versus humans.61 Presently there are no data in
the literature available that shows whether very young chil-
dren, destined to future development of KC, undergo a prior
phase of peripheral corneal thinning before clinical mani-
festation of central thinning at the teenage years. However,
a prior report has also shown that KC affects a wider area
of the cornea, but the corneal ectasia shows the greatest
changes in thickness, and this attenuation declines to the
periphery.62 Therefore the FGFR2cKO mouse model would
provide the valuable insight into the KC-specific progres-
sion of corneal thinning from the peripheral to central
region.

Corneal topography is a valuable technique to analyze
the characteristics of the cornea such as shape, curvature,

power, and thickness. The primary technologies used in
modern corneal topography are Placido disc, Scheimpflug
and scanning-slit topography. Corneal topographers provide
different maps to represent the measurements that charac-
terize the surface of a KC cornea. Because of an absence of
a commercially available mouse corneal topography analy-
sis instrument, we used a Spectral Domain-OCT-based ante-
rior curvature and thickness mapping analysis method as
previously developed by Liu et al.33 Because the ANTE-
RION OCT files could not be used for corneal topography
mapping, we switched to the Spectral Domain-OCT method.
Corneal topographical analysis program has been success-
fully used by other groups to determine corneal topogra-
phy and pachymetry mapping in mouse models to study its
relationship with KC.63 The FGFR2cKO mice showed abnor-
mal corneal curvature and localized thinning compared to
control mice (Figs. 5C, 5D). We were able to demonstrate
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a color-coded pattern like that seen in corneal topographic
maps from a human KC cornea.

Collagen in the stroma is predominantly type I, with
smaller amounts of types V, VI, XII, XIII, XIV, and XXIV.64 KC
corneas show gross organization loss of the stromal lamellae
compared to normal corneas.44 It has been shown that in the
corneal endothelium, the FGF2-mediated signaling induces
the secretion of type-1 collagen, the major component of
the retro-corneal fibrous membrane.65,66 Our analysis also
showed that collagen-1 expression decreased in FGFR2cKO
mice compared to control mice (Fig. 6), and this could be due
to the loss of FGFR2-mediated signaling in the corneal kera-
tocytes with yet unknown mechanism. We further showed
that the gross organization of stromal lamellar collagen 1
was relatively reduced in the FGFR2cKO mice (Fig. 6B′)
compared to the control mice (Fig. 6A′).

Keratocytes’ apoptosis has been associated with KC,35,67

but causative factors leading to the apoptotic loss of kera-
tocytes remain elusive. We previously hypothesized that
KC-keratocytes might undergo apoptosis because of the
downregulation of FGFR2-mediated signaling.3 This was
also supported by previous reports that showed that inhi-
bition of FGFR2-mediated signaling induced apoptosis in
several cancer cells.68–70 The FGFR2cKO mice also showed
increased apoptotic loss of keratocytes at the region exhibit-
ing localized corneal thinning compared to control mice
(Fig. 7). Usually keratocyte apoptosis is followed by a wound
healing response,71 but the FGFR2cKO mice also showed
an impaired wound healing response as seen by fewer
keratocytes compared to control. This coincides with the
earlier reports that showed KC keratocytes have poor growth
and survival in serum-free media relative keratocytes from
normal human corneas.3,72

Corneal hydrops is a complication associated with
advanced KC and is seen in approximately 3% of eyes with
KC.41 Some of the FGFR2cKO mice also developed acute
corneal hydrops (Fig. 8), which was also accompanied by a
relative increased fibronectin expression in these mice along
with breaks in the Descemet’s membrane (Fig. 8D) relative
to control mice (Fig. 8C). Reports show significant scar and
corneal edema association with corneal hydrops in patients
with acute KC.36–42 Therefore FGFR2cKO mice with acute
corneal hydrops and phenotypic characteristics were similar
as seen in patients with acute KC with corneal hydrops.

Studies have shown that the mechanical strength and the
corneal transparency are governed by the ability of colla-
gen fibrils to assemble into organized lamellae and is under
the influence of proteoglycans controlling the fibril diame-
ter and biosynthesis.73,74 Electron microscopic images have
shown that KC corneas have an undulating lamella.75,76 Simi-
larly, the corneas of FGFR2cKO mice also showed an irregu-
lar or wavy orientation of the lamellae compared to a control
mouse (Figs. 9A, 9B). Earlier electron microscopic micro-
graphs have also shown that the irregularities of corneal
collagen lamellae were not caused by an artifact.76 Changes
in the lamellar arrangement have been seen to play a role
in the thinning of the cornea, and our TEM analysis of
FGFR2cKO mice strongly suggest altered lamellar architec-
ture and altered collagen diameters that could play a role in
the corneal thinning process (Fig. 9).

In summary, our novel FGFR2cKO mouse model showed
several phenotypic characteristics that are similarly seen
during human KC development (localized thinning, changes
in the corneal topography, altered collagen lamellae organi-
zation, keratocytes’ apoptosis, corneal hydrops, and poten-

tial corneal fibrosis). The evidence presented herein strongly
suggest that the FGFR2cKO mouse model could be used as a
model to study FGFR2-signaling pathway to understand the
molecular mechanism of FGFR2-induced KC development
and to provide an opportunity for therapeutic interventions
during KC development.
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