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Purpose: The purpose of this study was to investigate the ocular morphological
characteristics of Col4a3−/− mice as a model of Alport syndrome (AS) and the potential
pathogenesis.

Methods: The expression of collagen IV at 8, 12, and 21 weeks of age was evalu-
ated by immunohistochemistry in wild-type (WT) and Col4a3−/− mice. Hematoxylin
and eosin (H&E) staining and thickness measurements were performed to assess the
thickness of anterior lens capsule and retina. Ultrastructure analysis of corneal epithe-
lial basement membrane, anterior lens capsule, internal limiting membrane (ILM), and
retinal pigment epithelium (RPE) basement membrane was performed using transmis-
sion electron microscopy. Finally, Müller cell activation was evaluated by glial fibrillary
acidic protein (GFAP) expression.

Results: Collagen IV was downregulated in the corneal epithelial basement membrane
and ILM of Col4a3−/− mice. The hemidesmosomes of Col4a3−/− mice corneal epithe-
lium became flat and less electron-dense than those of the WT group. Compared with
those of theWTmice, the anterior lens capsules of Col4a3−/− mice were thinner. Abnor-
mal structure was detected at the ILM Col4a3−/− mice, and the basal folds of the
RPE basement membrane in Col4a3−/− mice were thicker and shorter. The retinas of
Col4a3−/− mice were thinner than those of WT mice, especially within 1000 μm away
from the optic nerve. GFAP expression enhanced in each age group of Col4a3−/− mice.

Conclusions: Our results suggested that Col4a3−/− mice exhibit ocular anomalies
similar to patients with AS. Additionally, Müller cells may be involved in AS retinal
anomalies.

Translational Relevance: This animal model could provide an opportunity to under-
stand the underlying mechanisms of AS ocular disorders and to investigate potential
new treatments.

Introduction

Alport syndrome (AS) is an inherited disease
characterized by progressive renal failure, hearing
loss, and ocular abnormalities. This disease is caused
by mutations in the collagen IV genes COL4A3,
COL4A4, and COL4A5, which lead to deficiency
of the type IV α3α4α5 collagen network in the
basement membrane.1–3 The common ocular features

of AS include corneal clouding, anterior lenticonus,
fleck retinopathy, and temporal retinal thinning.1,4,5
In recent years, ocular manifestations of AS have
been increasingly reported.6–8 However, it is difficult to
obtain ocular tissue from patients, especially retina and
cornea samples; thus, associated research on AS tissue
is limited. Studies on ocular changes in patients with
AS have focused mainly on clinical manifestations, and
few of them have used histologic ormolecular research.
An animal model with phenotypic recapitulation of
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AS-associated ocular features is useful to study patho-
genesis of this disease.

Col4a3−/− mice is widely used as a murine model
for autosomal AS. The Col4a3−/− mouse model
develops progressive glomerulonephritis with micro-
hematuria and proteinuria, recapitulating the main
features of human AS.9,10 No previous reports have
described the ocular characteristics of Col4a3−/− mice,
and the effects of Col4a3 gene knockout on the
eyes have not been characterized. Whether this model
is suitable for investigating ocular abnormalities in
patients with AS is unknown. We performed this study
to characterize the effects of the Col4a3 knockout
mutation on the visual system. The goal of the analyses
was to determinewhether Col4a3−/− mice are a suitable
model for assessing ocular abnormalities in patients
with AS and to explore the potential pathogenesis of
these changes.

Materials and Methods

Animals

All animal experiments were performed in accor-
dance with the guidelines of the Association for
Research in Vision and Ophthalmology (ARVO) State-
ment for the Use of Animals in Ophthalmic and Vision
Research and in accordance with the Animal Care
Committee of Peking University First Hospital.

The Col4a3 knockout mice on 129 × 1/SvJ
background, 129-Col4a3tm1Dec/J, were obtained from
the Jackson Laboratory (JAX stock #002908). We
generated Col4a3 knockout mice on the C57BL/6J
background (Col4a3−/−) by backcrossing the 129-
Col4a3tm1Dec/J to the C57BL/6J background for more
than 10 generations, as previously described.10 At 8, 12,
and 21 weeks of age, Col4a3−/− mice and their wild
type (WT) littermates were euthanized. The eyeballs
were enucleated and fixed immediately for light and
electron microscopy. This study used 2 female mice and
2 male mice at the age of 8 weeks, 2 females and 1 male
at the age of 12 weeks, and 3 females and 1 male at the
age of 21 weeks.

DNA was isolated from tail biopsies with EasyPure
Genomic DNA Kit (TransGen Biotech, Beijing,
China). Genotyping was performed using the
separated polymerase chain reaction (PCR) proto-
col provided by the Jackson Laboratory. The primer
sequences are listed in the Supplementary Table S1. In
addition, to validate the knockout efficiency of Col4a3
in our Col4a3−/− model, we performed quantitative
real-time PCR (Supplementary Methods and Materi-

als; Supplementary Table S2) for Col4a3 mRNA
expression.

Hematoxylin-Eosin Staining

The enucleated eyeballs were fixed in 4%
paraformaldehyde (PFA) at room temperature
overnight, embedded in paraffin, and then sectioned at
a thickness of 4 μm through the optic nerve head. The
sections were stained with hematoxylin for 4 minutes
and eosin for 3 minutes, dehydrated with ethanol
and xylene, and then sealed with neutral glue. Then,
the sections were examined with a light microscope
(Nikon, Japan).

Thickness Measurements of Retina and
Anterior Lens Capsule

CaseViewer software (version 2.4, 3DHistech,
Hungary) was used to evaluate morphometric changes.
The thickness of the retina (measured from the inner
edge of the retinal pigment epithelium to the internal
limiting membrane) was measured at nine equidistant
positions (200 μm intervals) between the optic nerve
head (ONH) and periphery of the retina. The ganglion
cell layer (GCL), inner plexiform layer (IPL), inner
nuclear layer (INL), and outer nuclear layer (ONL)
thicknesses were measured at a distance of 1 mm to
the ONH as previously described.11

The thickness of the anterior lens capsule was
measured at 3 points, including the center of the pupil
and 100 μm away from the pupil center on both the
nasal and temporal sides. The average thickness of the
three points was calculated for each eye.

Fourmice in each age group of bothCol4a3−/− mice
and WT mice were measured. The retinal and anterior
lens capsule thicknesses were analyzed statistically.

Immunohistochemistry

After dewaxing and rehydration, 4-μm-thick
sections were soaked in Tris/EDTA buffer (pH 9.0)
for heat-induced antigen retrieval. Endogenous perox-
idase activity was quenched by incubation with perox-
idase block (Rabbit Two-Step Process Kit, PV-6001;
ZSGB-Bio, Beijing, China) for 30 minutes at room
temperature. Following incubation with 10% goat
serum for 1 hour at room temperature to block the
nonspecific binding sites, the sections were incubated
with anti-collagen IV antibody (1:1000, ab236640;
Abcam) or anti-GFAP antibody (1:800, ab207165;
Abcam) overnight at 4°C. As a negative control, the
primary antibody was omitted. Subsequently, enzyme-
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conjugated goat anti-rabbit IgG antibodies (Rabbit
two-step process kit, PV-6001; ZSGB-Bio, Beijing,
China) were added for 2 hours at room tempera-
ture. Finally, the sections were visualized with DAB
(1:20, ZLI-9018; ZSGB-Bio, Beijing, China) and
counterstained with hematoxylin. The positive signals
representing collagen IV and GFAP expression (brown
color) were examined by optical microscopy (Nikon,
Japan).

Transmission Electron Microscopy

Mouse eyeballs collected for transmission electron
microscopy (TEM) analysis were fixed in 3%
glutaraldehyde immediately after enucleation, gently
dissected into corneas, lenses, and eye cups, and then
kept at 4°C overnight. After washing with phosphate-
buffered saline (PBS), the samples were fixed in
1% osmium tetroxide (OsO4) for 2 hours and then
dehydrated in a graded dilution of absolute ethanol.
After that, the specimens were embedded in Epon,
sectioned into 70 to 90 nm thick ultrathin sections,
and stained with 5% uranyl acetate and lead citrate.
The sections were observed and photographed under
a TEM (JEM-1400Flash; JEOL, Tokyo, Japan).

Statistical Analysis

The quantitative results are presented as the mean
± SD. The statistical significance of the differences in
retinal morphology was analyzed using 2-way analy-
sis of variance (ANOVA) with multiple comparisons.
Unpaired Student’s t-tests were performed for compar-
isons of collagen IV expression, GFAP expression,
lens capsule thickness, GCL thickness, IPL thickness,
INL thickness, ONL thickness, and Col4a3 mRNA
expression between the two groups. Statistical signifi-
cance was set at P < 0.05. All the statistical analyses
were performed using GraphPad Prism 9 (GraphPad
Software, San Diego, CA, USA).

Results

In this study, we examined the Col4a3 mRNA
expression and confirmed the Col4a3 was knocked
out in corneas, lenses, and retinas of Col4a3−/− mice
(Supplementary Fig. S1). We examined abnormal
corneal, lens and retinal structures in Col4a3−/− mice
by hematoxylin and eosin (H&E) staining, thickness
measurements, immunohistochemistry, and TEM to
explore themechanisms involved inAS ocularmanifes-
tations.

Abnormal Structure of the Corneal Epithelial
Basement Membrane in Col4a3−/− Mice

Collagen IV immunohistochemical staining was
performed to observe the protein expression in
the cornea. In WT mice, collagen IV was found
to be expressed in both the corneal epithelial
basement membrane (Fig. 1A, red arrows) and the
corneal endothelial basement membrane (Descemet’s
membrane; Fig. 1B, blue arrows). In Col4a3−/− mice,
the expression of collagen IV in the corneal epithelial
basement membrane was decreased and the corneal
epithelial basement membrane appeared discontinuity
in all age groups (Fig. 1C). No significant abnormali-
ties in collagen IV expression in the corneal endothelial
basement membrane were detected in the Col4a3−/−
mice (Fig. 1D).

To observe the ultrastructural changes in the
corneal epithelial basement membrane in Col4a3−/−
mice, we conducted TEM analysis. In the WT
group, hemidesmosomes composed of electrically
dense plaques tightly adhered to the corneal epithelial
basement membrane and presented a triangular shape
(Fig. 1E, left panel, yellow arrowheads). However, in
the Col4a3−/− group, the hemidesmosomes in some
regions became flat and less electron-dense than those
in the WT group and seemed to be sparsely distributed
or even absent in some regions (see Fig. 1E, right panel,
yellow arrowheads). These findings may indicate that
the connection between corneal epithelial cells and the
basement membrane was weak in Col4a3−/− mice and
that epithelial cells weremore prone to detachment.12,13

Anterior Lens Capsule Thinning and Lens
Morphological Anomalies in Col4a3−/− Mice

Collagen IV is widely expressed in the anterior
lens capsule of mice.14,15 Using immunohistochemical
staining, collagen IVwas detected inWTmice (Fig. 2A,
black asterisks) and Col4a3−/− mice (see Fig. 2A, white
asterisks). However, there was no obvious difference
in collagen IV expression between Col4a3−/− mice and
WT mice in either age group (Fig. 2C).

The thicknesses of the anterior lens capsules of
Col4a3−/− mice and age-matched WT mice were
measured (Figs. 2B, 2D). No significant difference
between the Col4a3−/− mice and WT mice was
found in the 8-week-old group (see the Table, P =
0.1027; Fig. 2D). In contrast, the anterior capsule of
the Col4a3−/− mice was significantly thinner than that
of theWTmice in the 12-week-old group (see the Table,
P= 0.0020; Fig. 2D) and in the 21-week-old group (see
the Table, P = 0.0006; Fig. 2D).
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Figure 1. Abnormal corneal epithelial basementmembrane structure in Col4a3−/− mice. Collagen IV expression was downregulated
in the (A) corneal epithelial basementmembrane (red arrows) of Col4a3−/− mice but not in the (B) corneal endothelial basementmembrane
(blue arrows). Bar = 20 μm. Collagen IV expression in the (C) corneal epithelial basement membrane and in the (D) corneal endothelial
basement membrane was quantified via immunohistochemistry images (n = 3–4). Data are shown as mean ± SD (ns = P value > 0.05; ***
= P value < 0.001; **** = P value < 0.0001). (E) The hemidesmosomes (yellow arrowheads) consisted of electron-dense plaques that were
equally and tightly adherent to the basal lamina in WTmice (left panel), but in Col4a3−/− mice (right panel), the hemidesmosomes were flat,
and less electron density even disappeared in some regions. Bar = 1 μm.
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Figure 2. The anterior lens capsules thinner in Col4a3−/− mice. (A) Collagen IV expression in the anterior lens capsule was detected in
both WT group (black asterisks) and the Col4a3−/− group (white asterisks). Bar = 20 μm. (B) Representative images of H&E staining showing
that the anterior lens capsules of Col4a3−/− micewere thinner than those ofWTmice. Bar= 10 μm. (C) Quantifications of collagen IV expres-
sion in the anterior lens capsule were analyzed on immunohistochemistry images (n = 3–4). Data are shown as mean ± SD (ns = P value
> 0.05). (D) Qualifications of the thicknesses of anterior lens capsule were analyzed via H&E staining images (n = 3–4). Data are shown as
mean ± SD (ns = P value > 0.05; ** = P value < 0.01; *** = P value < 0.001).

TEManalysis revealed that the anterior lens capsule
exhibited a homogeneous membrane structure and
no obvious abnormalities in Col4a3−/− mice (Supple-
mentary Fig. S2). By measuring the thickness of the
anterior lens capsule, it was found that the anterior
lens capsule in Col4a3−/− mice was thinner than that
inWTmice in the 12-week-old and 21-week-old groups
(see Supplementary Fig. S2), which was consistent with
the H&E staining results (see Figs. 2B, 2D). However,

because fewer than three mice in each group were
observed by electron microscopy, statistical analysis
was not conducted on the thickness of the anterior lens
capsule measured by electron microscopy.

Interestingly, we detected an “anterior lenticonus-
like” structure in two 21-week-old Col4a3−/− mice,
which presented protruding anterior poles of the lens,
similar to a “ridge” shape (Fig. 3A, right). TEM analy-
sis revealed that the anterior lens capsule of the most



Ocular Morphological Characters in Col4a3−/− Mice TVST | July 2024 | Vol. 13 | No. 7 | Article 16 | 6

Table. The Thickness of Anterior Lens Capsules in Col4a3−/− Mice and Age-Matched Wild Type Mice

Age Group Col4a3−/− (μm) WT (μm) P Value

8-week-old (n = 4) 6.61 ± 0.38 7.01 ± 0.16 0.1027
12-week-old (n = 3) 7.41 ± 0.66 10.17 ± 0.35 0.0020
21-week-old (n = 4) 9.34 ± 0.41 11.62 ± 0.56 0.0006

Mean ± SD

Figure 3. “Anterior lenticonus-like” structure in two 21-week-
old Col4a3−/− mice. (A) Representative images of the “anterior
lenticonus-like” structure observed in 21-week-old Col4a3−/− mice
under light a microscope. The anterior lens capsule of (B) the most
protruding part was thinner than that of (C) the adjacent concave
part according to TEM. Bar = 5 μm.

protruding part (Fig. 3B) was thinner than the adjacent
concave part of the lens in Col4a3−/− mice (Fig. 3C).
Nevertheless, we did not observe other abnormalities
in the internal structure of the anterior lens capsule.

Changes in Collagen IV Expression in the
Retinas of Col4a3−/− Mice

Collagen IV was detected in the retinal internal
limiting membrane (ILM) of WT mice via immuno-

histochemical staining (Fig. 4A, red arrows), whereas
in Col4a3−/− mice (see Fig. 4A, green arrows) the
expression of collagen IV decreased in each age group
(Fig. 4C). TEM analysis revealed that the ILMs of the
WTmice in each age group had homogeneous electron
density (Fig. 4B, red asterisks). In Col4a3−/− mice,
an abnormal membrane-like structure was detected in
the inner part of the retina in each age group, the
continuity of the ILM was lost, and the ILM collagen
fibrils became loose and fragmented (see Fig. 4B, green
asterisks).

Collagen IV was also detected in the basement
membrane of the retinal pigment epithelium (RPE)
of both the WT mice and Col4a3−/− mice (Fig. 5A),
and no obvious difference was detected between
the two groups according to the immunohistochem-
ical staining images. Due to the similarity in color
between the RPE basement membrane and surround-
ing pigment particles observed in the immunohis-
tochemical image, quantitative analysis of the RPE
basement membrane was not feasible. TEM analysis
revealed strip-like basal folds in the retinal pigment
epithelium basement membrane in WT mice. These
folds are closely connected to each other and to the
basement membrane, exhibiting slightly hyper electron
density at the junction sites (Fig. 5B, yellow asterisks).
On the other hand, the basal folds of theRPEbasement
membrane of Col4a3−/− mice became thicker, shorter,
and sparser and even disappeared in some regions (see
Fig. 5B, blue asterisks).

Retinal Thickness Reduction in Col4a3−/−
Mice

Light microscopy with H&E staining was used to
investigate retinal morphological changes in Col4a3−/−
mice (Fig. 6A). The measurements of the retinas at a
series points indicated that the retinas within 1000 μm
away from the ONH were significantly thinner (all P
< 0.05) in the Col4a3−/− mice than in the WT mice in
all age groups (Figs. 6B–6G). The retinal thickness of
8-week-old Col4a3−/− mice at 1200 μm and 1400 μm
from the ONH was significantly thinner than that of
age-matched WT mice (see Figs. 6E–6G).
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Figure 4. Abnormalmembranous structure of the internal limitingmembrane (ILM) in Col4a3−/− mice. (A) Collagen IV expression in
the ILM of Col4a3−/− mice (red arrows) was lower than that in the ILM of WTmice (green arrows). Bar= 20 μm. (B) TEM revealed better conti-
nuity and more homogeneous electron density in the ILM of WT mice (red asterisks) but abnormal membrane-like structures in Col4a3−/−

mice (green asterisks). Bar = 500 nm. (C) Quantifications of collagen IV expression in ILM were analyzed on immunohistochemistry images
(n = 3–4). Data are shown as mean ± SD. ** = P value < 0.01; *** = P value < 0.001.
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Figure 5. Abnormal membranous structure of the basement membrane of the retinal pigment epithelium in Col4a3−/− mice.
(A) Collagen IV expression was detected in the basement membrane of the retinal pigment epithelium of Col4a3−/− mice (blue arrows)
and WT mice (yellow arrows). Bar = 20 μm. (B) Strip-like basal folds of the retinal pigment epithelium basement membrane were observed
under TEM in WT mice (yellow asterisks), but thicker, shorter and sparser basal folds were observed in Col4a3−/− mice (blue asterisks). Bar =
2 μm.

The thickness of IPL, GCL, INL, and ONL at a
site 1000 μm away from the ONH was measured, and
we found that the IPL of Col4a3−/− mice was signifi-
cantly thinner than that of WT mice in all age groups
(Fig. 6I), although no significant difference was found
in GCL (Fig. 6H), INL (Fig. 6J), or ONL (Supple-
mentary Fig. S3) between the knockout and WT
groups.

GFAP Expression was Upregulated in the
Col4a3−/− Mice

Because the retinal ILM is composed of Müller
cell end feet,16 we investigated alterations in the glial
cell marker GFAP in the retinas of knockout mice.
In the retinas of the WT mice, GFAP was expressed

at low levels and limited to the retinal nerve fiber
layer, GCL, and IPL (Fig. 7A, left panel). In contrast,
GFAP expression increased significantly (Fig. 7B) in
the Col4a3−/− mice (see Fig. 7A, right panel). Long
processes of Müller cells could be observed penetrating
through the retinal nerve fiber layer, GCL, IPL, inner
nuclear layers, outer plexiform layer, and even outer
nuclear layer in all age groups of Col4a3−/− mice (see
Fig. 7, black arrows).

Discussion

Alport syndrome (AS) is characterized by basement
membrane abnormalities, and ocular lesions are impor-
tant changes in AS. Approximately 20% to 90% of



Ocular Morphological Characters in Col4a3−/− Mice TVST | July 2024 | Vol. 13 | No. 7 | Article 16 | 9

Figure 6. Retinal thinning in Col4a3−/− mice. (A) Schematic diagram of retinal thickness measurements at nine equidistant positions
(indicated with blue lines) between ONH and periphery of the retina. Bar= 200 μm. (B, C,D) Representative images of retinas 1000 μm away
from the ONH. The range of retinal thickness measured in our study is marked with a black double-headed arrow in (B). Bar = 20 μm. GCL,
ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS, inner segment of
photoreceptor cells; OS, outer segment of photoreceptor cells. (E, F,G) Qualifications of retinal thickness, (H) GCL thickness, (I) IPL thickness,

→
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←
(J) INL thickness of all age groups were analyzed on H&E staining images (n = 3–4). Data are shown as mean ± SD. ns = P value > 0.05; * =
P value < 0.05; ** = P value < 0.01; *** = P value < 0.001.

patients with AS have ocular abnormalities.1 Some
characteristic ocular manifestations, such as anterior
lenticonus17 and temporal retinal thinning,18 have great
value for assisting in the diagnosis of AS. Neverthe-
less, studies on AS-related ocular diseases are still
insufficient. Research on the mechanism of AS ocular
disease has been impeded by the lack of an animal
model. Although Col4a3−/− mice are widely used to
study renal dysfunction induced by AS,9,10 whether
this knockout mouse can serve as a model for AS-
associated ocular diseases remains to be explored.With
the goal of identifying an animal model to study ocular
changes in AS, we characterized the ocular features of
Col4a3−/− mice.

Corneal pathological changes in AS, including
recurrent corneal epithelial erosion (RCE)19,20 and
posterior corneal pleomorphic atrophy,21,22 result from
abnormalities in the structure of the corneal epithelial
basement membrane and Descemet’s membrane in the
sub-endothelium.1 A lack of the collagen IV a3a4a5
network in the corneal epithelial basement membrane
was found in patients with recurrent corneal epithe-
lial erosion.19 The research of Hsu et al.23 showed
that abnormalities in collagen IV in the corneal epithe-
lial basement membrane leading to poor adhesion and
erosion. Abnormal structure and distribution of the
hemidesmosomes of the corneal epithelium are related
to reduced epithelial adhesion12,13 and delayed corneal
epithelial wound closure.24 We found that the expres-
sion of collagen IV in the corneal epithelial basement
membrane was reduced in Col4a3−/− mice. The ultra-
structure of the corneal epithelial basement membrane
revealed that the hemidesmosome structure was abnor-
mal in the Col4a3−/− mice. Therefore, we hypothe-
sized that recurrent corneal epithelial erosion in some
patients with AS may be due to abnormal hemidesmo-
somes.

A few reportsmentioned posterior corneal pleomor-
phic atrophy in patients with AS, found vesicular
lesions21 and a network of irregularly arranged
hyper-reflective fibrillar structures22 at the level of
Descemet’s membrane, but no information was
provided on collagen IV changes in Descemet’s
membrane in patients with AS. In our study, we
did not observe differences in collagen IV expression
between WT and knockout mice. This indicates that
posterior corneal pleomorphic atrophy in patients
with AS may not directly result from collagen IV
abnormalities.

Lenticonus is a common ocular anomaly of AS
that clinically manifests as progressive and aggravated
myopia and astigmatism due to abnormal lens shape,
mostly involving both eyes. The incidence of lenticonus
in patients with AS was reported to be approximately
24% to 37%.25 Type IV collagen is the most important
component of the normal anterior lens capsule,26 and
other components of the lens capsule include type I
collagen, type Ⅲ collagen, laminin, and fibronectin.27
By electron microscopy, several researchers have found
that the anterior lens capsule of patients with AS was
thinner than that of healthy people and that there
were dehiscences perpendicular to the surface of the
capsule located in the inner two-thirds of the anterior
lens capsule.1,17,28 We observed that the anterior lens
capsule in Col4a3−/− mice was thinner than that inWT
mice in age of the 12-week and the 21-week groups,
which was in accordance with previous reports.28 We
noticed abnormally shaped lenses in two 21-week-
old Col4a3−/− mice, which resembled the lenticonus
observed in patients with AS. Although the shape
of the lenticonus in mice is different from that in
humans,29 we presumed that the central protrusion
of the lens in Col4a3−/− mice was a result of lens
capsule thinning. However, we did not observe splits
in the anterior lens capsule of Col4a3−/− mice through
TEM analysis, and further investigation is needed to
confirm this speculation. The expression of collagen
IV in anterior lens capsule did not differ between
WT and Col4a3−/− mice because the lens capsule
is mainly composed of type IV collagen α1 and α2
chains.14 Although there was some incongruity in the
lens features between knockout mice and patients with
AS, whichmay be due to differences in the composition
and structure of collagen IV in the lens capsule between
mice and humans, the thinner capsule and abnormal
lens shape still make Col4a3−/− mice a potential model
for studying the lens abnormities in AS.

Retinopathy in patients with AS mainly manifests
as parafoveal fleck retinopathy and temporal retinal
thinning. The incidence of fleck retinopathy in patients
with AS is about 50% to 70%,30 whereas the incidence
of temporal retinal thinning may be as high as 90%
in patients with AS.4,18 Because mice lack a retinal
macular area, we did not study fleck retinopathy in
Col4a3−/− mice. Cho et al.31 examined the retina of
patients with AS by stratified Enface optical coherence
tomography (OCT) scanning and found retinal flecks
in the ILM and RPE basement membrane by horizon-
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Figure 7. Increased GFAP level in all age groups of Col4a3−/− mice retina. (A) Immunohistochemistry images showing that GFAP
expression was increased in the retinal nerve fiber layer and that GFAP-positive long processes (black arrows) penetrated through multi-
ple retinal layers in Col4a3−/− mice. Bar = 20 μm. (B) Quantifications of GFAP expression in retina were analyzed on immunohistochemistry
images (n = 3–4). Data are shown as mean ± SD. ** = P value < 0.01; *** = P value < 0.001.
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tal scanning. Savige et al.32 found that the α3, α4, and
α5 chains of type IV collagen were the main compo-
nents of the ILM and RPE basement membrane. In
our study, the expression of collagen IV in the ILM
was reduced in Col4a3−/− mice, and the ultrastruc-
ture of the ILM was incomplete in Col4a3−/− mice.
The ultrastructural changes in the RPE of Col4a3−/−
mice revealed that the basal folds of the RPE basement
membrane were thicker, shorter, and even absent in
certain regions. These findings suggested abnormalities
in the ILM and RPE in knockout mice, which could
be helpful for elucidating the pathogenesis of retinal
flecks.

Temporal retinal thinning is a prominent sign
associated with AS. Ahmed et al.4 reported that in
patients with X-linked Alport syndrome (XLAS), 70%
had severe thinning and 11% had moderate thinning.
Our previous study revealed that 76.74% of patients
withXLAS exhibited temporal retinal thinning.18 Chen
et al.33 reported that 89% of male patients with
XLAS, 75% of female patients with XLAS, and 100%
of patients with autosomal recessive AS experienced
temporal retinal thinning. Researchers have noted that
the temporal thinning index (TTI) calculated with
retinal thickness is of great value in the diagno-
sis of AS.4,33 The pathological basis for temporal
retinal thinning has not been elucidated in previous
reports. Therefore, an animalmodel for studying retinal
changes will be helpful for exploring the underlying
mechanisms involved. We measured the retinal thick-
ness of Col4a3−/− mice, and our results confirmed
retinal thinning in knockout mice in all age groups.
We previously found that the retinal inner layers were
thinning in patients with XLAS, including GCL, IPL,
and INL.18 Furthermore, Savige et al.32 compared
retinal thickness in each quadrant of the macular area
in patients with AS and found that the decrease in
retinal thickness was due to thinning of the inner
layers, including ILM/nerve fiber layer (NFL) and
INL. In this study, we found that retinal thinning in
Col4a3−/− mice due to the thinning of the IPL, which
is in accordance with the results reported in patients.
There was no significant difference of ONL thickness
between the two groups. ONL is composed of the
nuclei of photoreceptors, and it may undergo thinning
in cases of vision impairment.11,34,35 The stable thick-
ness of the ONL may provide an explanation for
the preservation of normal vision in the majority of
individuals with AS retinal abnormalities.1 Savige et
al.32 reported that retinopathy of AS may originate
in Müller cells. Ahmed et al.4 speculated that tempo-
ral thinning may be related to aberrant Müller cell
adhesion. We found that glial cells in knockout mouse
retinas were markedly activated, thus further suggest-

ing that Müller cells are involved in retinopathy of AS.
The ILM is thinner and more susceptible to tractional
forces from the vitreous, which can interfere with
nutrient transport and waste clearance in Col4a3−/−
mice.4,32 We also observed an abnormal ILM structure
inCol4a3−/− mice. Therefore, we speculate that damage
to the ILM caused by abnormal collagen chains
leads to an aberrant retinal microenvironment and
triggers Müller cell activation. In addition, damaged
RPE31,32,36 and drusen32,37 detected in patients with
AS may result in overlying photoreceptor degener-
ation and Müller glial cell activation.38,39 Addition-
ally, we observed abnormalities in the RPE basement
membrane under electron microscopy. Consequently,
we believe that the upregulation of GFAP in Col4a3−/−
mice may be a secondary phenotypic outcome that
warrants further investigation.

One of the limitations of our study was that we
did not test visual function changes in the knockout
mice. Although studies on visual function changes in
patients with AS have shown no definite decline in
visual sensitivity related to retinal thinning,1,40 further
research on visual function in an AS model is needed.
In addition, because of the small number of mice
subjected to TEM analysis, more detailed ultrastruc-
tural characteristics awaited further investigation. On
the other hand, sex differences in the cardiorespi-
ratory phenotype but not in the renal phenotype
of C57BL/6 Col4a3−/− mice have been previously
reported.41 Interestingly, there was no sex difference
in the ocular phenotype of C57BL/6 Col4a3−/− mice
in our study. However, additional studies with larger
sample sizes are needed. The impact of sex on differ-
ent organs of C57BL/6 Col4a3−/− mice might vary
greatly. Although previous studies did not document
any pathological changes in heterozygous Col4a3+/−
mice,9,42 a 3-year-long study revealed that heterozy-
gous Col4a3+/− mice exhibited renal phenotypes of
thin basement membrane nephropathy.43 This discrep-
ancy may be due to differences in the ages of the
Col4a3+/− mice in these investigations. We speculate
that heterozygous Col4a3+/− mice might also exhibit
ocular manifestations of AS after developing a thin
glomerular basement membrane at 30 weeks of age.43
In this study, we used homozygous Col4a3−/− mice
instead of heterozygous mice. However, further investi-
gations are needed to explore the ocular phenotype of
Col4a3+/− mice.

In conclusion, for the first time, we described the
ocular features of an AS mouse model. Our results
provided evidence that Col4a3−/− mice manifested
corneal, anterior lens capsule, and retinal anomalies
that were consistent with the changes in patients with
AS. Col4a3−/− mice could be used as a valuable animal
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model to study ocular lesions in AS and other ocular
diseases related to the basement membrane, such as
RCE, lens capsule anomalies, and ILM disorders.
Further explorations are expected to examine the in-
depth pathogenesis of the disease.
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