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Purpose. Exfoliation syndrome (ES) is commonly associated with glaucoma, premature
cataracts, and other ocular and systemic pathologies. LOXL1 gene variants are significantly
associated with ES; however, the role of the protein in ES development remains unclear. The
purpose of this study was to characterize the ocular phenotype in LoxlI~”~ (null) mice.

MetnoDS. LoxI1 null mice and strain-matched controls (C57BL) were evaluated by clinical and
histologic analyses.

ResuLts. Anterior segment histology showed a pronounced vesiculation of the anterior lens in
the null mice. The lesions were subcapsular and in direct apposition with the posterior iris
surface. Fluorescein angiography showed increased diffusion of fluorescein into the anterior
chamber of the null mice compared with age-matched controls (P = 0.003, two-tailed,
unequal variance #-test), suggesting compromise of the blood-aqueous barrier. Intraocular
pressure measurements were within the normal range (16.5 = 2.0 mm Hg) in null mice up to
1 year of age. Immunohistochemistry showed decreased elastin in the iris and ciliary body in
the null mouse compared with controls.

Concrusions. Elimination of LOXL1 in mice impairs the blood-aqueous humor barrier in the
ocular anterior segment and causes lens abnormalities consistent with cataract formation, but
does not result in deposition of macromolecular material or glaucoma. These results show
that mice lacking LOXL1 have some ES features but that complete disease manifestation
requires other factors that could be genetic and/or environmental.
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xfoliation syndrome (ES) and the related glaucoma (EG) is a

common cause of blindness throughout the world.!
Exfoliaton syndrome is characterized by the deposition of a
heterogeneous mix of aggregated macromolecules throughout
the ocular anterior segment, as well as in extraocular tissues.?"#
The aggregated material is highly insoluble® and has a complex
composition that includes plasma proteins,®’ extracellular
matrix components,”> and oxidative stress-induced proteins,®
as well as lysyl oxidase-like 1 (LOXLD),%°a cross-linking enzyme
normally required for the formation of elastin polymer and the
maintenance of elastin fibers.!? Affected individuals also have
increased elastosis in ocular tissues.!''-!3> The deposition of
macromolecular material is a risk factor for glaucoma causing
irreversible optic nerve degeneration and blindness,'®'> but
the factors contributing to its accumulation are not fully
understood. Exfoliation syndrome also predisposes to cataract
formation,>'%17 complications during cataract surgery,'® and
possibly sensorineural hearing loss!'® and aortic aneurysm.?®
Clinical features suggesting disruption of the blood-aqueous
barrier, including elevated total protein concentration in the
aqueous humor of affected eyes, are well documented.?!-23

LOXL1 was initially identified as a major genetic risk factor
for ES in Nordic populations,?* and subsequently the genetic
association was confirmed in populations worldwide.?> The
risk alleles of two LOXLI missense changes (G153D
[rs3825942] and R141L [rs1048661]) have been found in up
to 98% of affected patients; however, these same variants are
also found in up to 80% of unaffected individuals, suggesting
that LOXLI abnormalities are not sufficient for disease
development. Importantly, although both variants are associat-
ed with ES worldwide, the risk allele varies among different
ethnic populations.?>27 Recently in vitro studies using recom-
binant protein have shown that the missense variants do not
affect the amine oxidase activity of LOXL1.2® Collectively, these
results show that G153D and R141L do not cause ES and that
other LOXL1 variants, possibly in linkage disequilibrium with
G153D and R141L, predispose to the disease. Recent studies
suggest that LOXL1 variants influencing gene expression could
underlie disease susceptibility.2-3%-3! Additionally, residence in
northern latitudes is an environmental risk factor for ES 3233
possibly due to solar exposure and low ambient temperatures.

In previous studies of elastin homeostasis and elastogenesis,
we developed a Loxl1 null mouse and showed that LOXL1
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profoundly influences the integrity of elastic fiber formation.!®
Loxl1 null mice are unable to deposit new elastic fibers in adult
tissues and accumulate soluble elastin.>* Systemically, Lox/1
null mice have pelvic floor dysfunction in females>*3> and
genitourinary defects in males.3® Additionally, Lox/I null mice
have increased choroidal neovascularization following laser
induction due to abnormalities in the elastic lamina of Bruch’s
membrane.?” Elastic fibers are composed of an amorphous
polymer derived from tropoelastin. The covalent cross-linking
of tropoelastin to form elastin requires an initial step of
oxidative deamination of lysine residues catalyzed by a lysyl
oxidase.’® Among the five lysyl oxidases in the mammalian
genome, LOXLI is particularly important for elastic fiber cross-
linking, and is believed to have a generalized, nonredundant
role in elastic fiber homeostasis in adult tissues. To investigate
the effects of decreased LOXLI expression on exfoliation
disease development, we examined the ocular anatomy and
physiology of the Loxl1 null mouse.

MATERIALS AND METHODS
Mice

Animals were housed in the Massachusetts Eye and Ear
Infirmary animal facility. Animal procedures were approved
by the Institutional Animal Care and Use Committee and
adhered to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. Generation of LoxII null
mice was previously described.!” Briefly, targeted disruption of
Loxl1 was accomplished by deleting exon 1 and removing the
translational initiation codon. Mice heterozygous or homozy-
gous with respect to the targeted allele were identified by PCR
using primers corresponding to the targeted allele. Wild-type
mice were C57BL.

Intraocular Pressure Measurements

Intraocular pressure was measured in anesthetized (ketamine
100/kg and xylazine 9 mg/kg intraperitoneal) mice in a masked
fashion using the rebound tonometer (TonoLab; Colonial
Medical Supply, Franconia, NH). Measurements were taken
between 4 and 7 minutes after anesthetic injection, done in
triplicate, and then averaged.

Histology

Mouse eyes were enucleated and fixed for 10 minutes in 1%
formaldehyde, 2.5% glutaraldehyde in 0.1 M cacodylate buffer
(pH 7.4). Following removal of the anterior segments and lens,
the eye cups were left in the same fixative at 4°C overnight.
Eye cups were washed with buffer, postfixed in osmium
tetroxide, dehydrated through a graded alcohol series, and
embedded in Epon (Sigma-Aldrich, St. Louis, MO). Semithin
sections (1 pm) were cut for light microscopy and treated with
Richardson’s stain (prepared as a 1:1 mixture of 1% Azurell in
distilled water and 1% Methylene Blue in 1% sodium borate).
For electron microscopy, ultrathin sections were stained in
uranyl acetate and lead citrate before viewing on a JEOL 100CX
electron microscope (JEOL Ltd., Tokyo, Japan).

Immunofluorescence

For elastin immunofluorescence staining, eyes were enucle-
ated from Loxl1 null and wild-type (WT) mice at 12 months of
age and were fixed in 4% formaldehyde in phosphate-buffered
saline (PBS) for 1 hour. The fixed tissues were then soaked in
30% sucrose-PBS overnight. On the following day the tissues
were shock frozen and sectioned at 10-pm thickness in a
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cryostat (Leica CM1900; Leica Microsystems, Inc., Buffalo
Grove, IL). Frozen sections were collected on glass slides and
stained for elastin (anti-mouse o elastin, PR385 polyclonal
antibody; Elastin Products Company, Owensville, MO).
Sections were also counterstained with Hoechst 33342
nuclear dye (Sigma-Aldrich). Sections were examined and
photographed on an Olympus IX70 inverted fluorescent
microscope (Olympus America, Center Valley, PA) with a
Zeiss digital camera attachment (Carl Zeiss Microscopy,
Thornwood, NY).

Immunoblotting

Anterior segments from each mouse eye including iris, cornea,
and ciliary bodies were dissected and extracted with 100 pL
radioimmunoprecipitation assay (RIPA) buffer. After centrifu-
gation, the pellet was discarded; and to the supernatant, an
equal volume of 2X protein sample buffer (Bio-Rad, Hercules,
CA) was added. After heating to 90°C for 5 minutes, the
samples were run on a 10% SDS-PAGE gel and electroblotted to
polyvinylidene difluoride (PVDF) membrane. After blocking,
the blot was incubated with an antielastin antibody (PR385;
Elastin Products Company), followed by peroxidase-conjugated
secondary antibody, and developed for enhanced chemilumi-
nescence (ECL). The blot was reprobed with a tubulin
antibody for loading control.

Fluorescein Angiography and Image Analysis

Fluorescein angiography was performed by injecting 50 pL
fluorescein conjugated with dextran (molecular weight [MW]
10,000) into the femoral artery and recording anterior ocular
images for up to 10 minutes postinjection, using the Imagenet
Digital Angiography System (Topcon TRC 50 IX retinal camera
and Imagenet 2000 system; Topcon America Corp., Paramus,
N)D. Ten null mice and 10 WT mice were used for this
experiment, and the images captured 2 minutes after
fluorescein injection were analyzed. For each image, integrated
density/unit area was calculated using ImageJ (available in the
public domain at http://rsbweb.nih.gov/ij/; National Institutes
of Health, Bethesda, MD) and the integrated density of the
limbus/unit area was compared with the integrated density/
unit area of the iris without the pupil (corresponding to the
anterior chamber). For each image, the Image] ellipse tool was
used to outline, separately, (1) the entire image (limbus, pupil,
and iris), (2) the iris and pupil area without the limbus, and (3)
the pupil area only. For each of these three image groups, the
area and the integrated density were calculated using the
“measure” function. The integrated density of the iris
(calculated by subtracting the pupil integrated density/area
and the limbus integrated density/area from the whole eye
image), corresponding to the anterior chamber space, was
compared to the integrated density/area of the limbus
(calculated by subtracting the iris 4 pupil integrated density/
area from the whole eye image integrated density/area). The
values of the anterior chamber integrated density/area divided
by the limbus integrated density/area for the WT mice were
compared with those for the null mice using two-tailed
unequal variance f#test. A P value < 0.05 was considered
statistically significant.

Postembedding Immunoelectron Microscopy

Mouse aorta were dissected and fixed in 2% formaldehyde,
0.1% glutaraldehyde in PBS for 1 hour. Fixed tissues were
soaked in 30% sucrose in PBS overnight and frozen in liquid
nitrogen. Thin (70 nm) sections were cut on a Leica cryo-
ultramicrotome and collected on Formvar-coated nickel grids
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(Polysciences, Inc., Warrington, PA). Grids carrying the
sections were incubated with 0.15 M glycine/PBS and then
blocked in 1% fish gelatin in PBS. Primary LOXL1 antibody was
applied and incubated at room temperature for 2 hours. The
sections were washed in Tris-buffered saline (TBS) followed by
incubation with goat anti-rabbit secondary antibody conjugat-
ed to 0.8-nm gold particles, followed by silver enhancement
using the AURION silver enhancement reagents (Electron
Microscopy Sciences, Fort Washington, PA). Sections were
poststained with 5% uranyl acetate, washed through drops of
methyl cellulose, air dried, and viewed on a JEOL 100CX
electron microscope.
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RESULTS

LOXL1 Deficiency Is Associated With Ocular Lens
Abnormalities

On gross inspection the anterior lens of the Lox/I null mouse
had a spotted appearance compared to the WT (Fig. 1A). The
extent of the affected lens region was highly stereotypical and
matched an area normally in close juxtaposition to the
posterior iris epithelial lining, with relative sparing of the
center region corresponding to the pupil. This phenotype was
highly reproducible; in over 100 mutant lenses, we observed a
100% concordance with the Lox/I null genotype, and this
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Ficure 1. (A) Wild-type and LoxI1~7~ (null) lens. Genotypes, as well as the anterior/posterior regions, are labeled. The WT lens is clear, while the
LoxI1~~ lens has densely distributed white spots in the anterior aspect of the lens. The affected area corresponds to the area underlying the iris.
Lenses shown are from mice at 10 months of age. Similar lens defects were observed in mice aged postnatal (P)30 days to P18 months. The black
spots are detached pigments from the iris and are not a part of the mutant phenotype. (B) Light microscopy of WT (left) and LoxI1~~ (right) lens.
Subcapsular vesicles are seen in the anterior cortex region of Lox/1~~ lens. The lens capsule does not show any defects in the Lox/I~~ mice.
Bottom: higher-magnification images. (C) Electron microscopy of WT and Lox/I~~ mouse lens. Top: WT; bottom: LoxI1~. In the LoxI1~~ mice the
subcapsular vesicles are intracellular, and there is poor adhesion between the lens fibers and also between the lens fibers and the lens epithelium.



Investigative Ophthalmology & Visual Science

Characterization of Ocular Phenotype in Lox/T~/~ Mice

IOVS | February 2014 | Vol. 55 | No. 2 | 859

FiGure 1.

(C) Electron microscopy of WT and LoxI1~~ mouse lens. Top: WT; bottom: LoxI1~~. In the Lox/1~~ mice the subcapsular vesicles are

intracellular, and there is poor adhesion between the lens fibers and also between the lens fibers and the lens epithelium.

phenotype was never seen in WT lens. These lens defects were
found at all ages examined, including the youngest mice (1
month). No posterior lens opacification was present in any
lens, including in mice aged up to 18 months. By light
microscopy, the anterior lesions manifested as numerous
vacuoles located in the subcapsular lens fibers (Fig. 1B).
Electron microscopy showed that the vacuoles were intracel-
lular and that there was increased separation between the lens
fibers (Fig. 1C). The lens capsule was normal without evidence
of accumulating exfoliation material, even in the oldest mice
examined (18 months). The subcapsular vacuolar lens fiber
defects in the null mouse are consistent with anterior
subcapsular cataract formation. Lenticular vacuolar formation
is the precursor to cortical and nuclear cataract in several
experimental models of cataract formation.39-41

Fluorescein Angiography Shows Compromise of
the Blood—Aqueous Barrier in Lox!1 Null Mice

Elastin is not a known component of the ocular lens*>43 and
does not have a known function that would affect lens
structure or formation. Thus the lens subcapsular vesicles
likely formed through a mechanism that extrinsically, not
intrinsically, compromises the lens tissue. The anterior location
of the lens defects immediately posterior to the iris suggested
that the lens pathology could be triggered by material coming

from the iris. In human ES patients, the blood-aqueous barrier
is compromised, creating abnormal accumulations of serum
proteins and extracellular matrix components in the anterior
chamber, as well as changes in aqueous humor pH, osmolality,
and reactive oxygen species related to increased oxygen
content.?!'"23 We hypothesized that abnormalities in the
composition of the aqueous humor in human patients,¥4-4¢
due to compromise of the blood-aqueous barrier, could be
responsible for the damage to the anterior lens observed in the
null mice. To investigate this hypothesis, we evaluated the
integrity of the blood-aqueous barrier in the Lox/I null mice
by imaging the anterior ocular segment after intravascular
injection of a fluorescein-dextran conjugate. Using 10 null mice
and 10 age-matched WT mice (all at 8 months of age), anterior
segment images captured 2 minutes after injection were
analyzed to determine the relative amount of fluorescein in
the anterior chamber (AC) area relative to the limbus. Using
Image], we measured integrated density/area for both the
limbus and the region representing the AC (the iris area
without the pupil) for each mouse. The integrated density/area
for the AC was divided by the integrated density/area for the
limbus to correct for differences in injection efficiency, eye
size, and other variables affecting the total amount of
fluorescein reaching the eye. The ratio of AC to limbus was
higher for the null mice (mean, 0.47; range, 0.37-0.56;
standard deviation, *0.07) compared with the WT mice
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FIGURE 2.

Images from anterior segment fluorescein angiograms in 8-month-old mice using fluorescein conjugated with 10K dextran at 2 minutes

after injection. (A) WT; (B) LoxI/1~~ (null). Increased fluorescein in the AC is evident in the Lox/1~ mouse compared with the WT mouse. The
ratio of AC to limbus integrated density is 0.41 for ([A]; AC integrated density/area divided by limbus integrated density/area=31/75) and is 0.51 for
([B]; AC integrated density/area divided by limbus integrated density/area = 38/76).

(mean, 0.38; range, 0.28-0.46; standard deviation, =0.04; P =
0.003, two-tailed unequal variance #test), indicating a relative
increase of conjugated fluorescein in the AC of the null mice
compared with the WT (Fig. 2). These results suggest that the
blood-aqueous barrier in the null mice is compromised
compared to that in the WT mice.

Elastic Fibers Are Diminished in LoxI/1 Null Mouse
Iris and Ciliary Body

Abnormalities in elastin formation and deposition could
contribute to the compromised blood-aqueous barrier ob-
served in the Lox/1 null mouse. To examine elastin localization
in the anterior segment structures implicated in the blood-
aqueous barrier, we used immunohistochemistry to compare
the staining pattern of elastin protein (tropoelastin) in the
anterior segments of Loxl1 null and WT mouse eyes (Fig. 3).

Immunofluorescence signals (yellow) for elastin in WT eyes
were found to be abundant throughout the anterior segment
(i.e., iris, ciliary body, and trabecular meshwork; Fig. 3A). In
contrast, only background staining for elastin could be seen in
the anterior segments of the null mice (Fig. 3B). A near-
continuous chain of elastic fibers was observed within the
stroma of WT iris (Fig. 3C) that appeared to be almost
completely absent in the null iris (Fig. 3D).

Loss of LOXL1 results in an inability to deposit new elastic
fibers in adult tissues that is usually associated with an increase
in soluble elastin. This defect in elastic fiber homeostasis was
also confirmed in the AC tissues of the mutant mouse eye as
revealed by immunoblotting for elastin (Fig. 3E). Compared to
the WT tissue, the mutant tissue had a prominent band at 72
kDa corresponding to the monomeric tropoelastin.

LOXL1 Protein Is Embedded With Elastin Polymers

Increased elastosis in ocular tissues, including the iris, and
presence of LOXL1 in the AC are known findings in individuals
with ES.©911-13 Pprevious studies have shown that LOXLI1

immunoreactivity associates exclusively with elastic fibers'?;
however, the nature of the association is not known. To answer
this question, which would help to explain the presence of
LOXL1 in the AC, we performed immunoelectron microscopy
for LOXL1. Although iris stroma is also rich in elastic fibers, we
chose mouse aorta as the tissue for this investigation because
the thickness of the elastic laminas makes it easier to observe
the relationship between LOXL1 and elastin. Cross-sectional
profiles of aorta show that immunogold-labeled LOXL1 is
densely distributed along the amorphous elastin polymers in
the WT mouse (Figs. 4A-C) but is completely absent in the
Loxl1 null mutant (Fig. 4D). The centrally distributed LOXL1
labels indicate that LOXL1 is incorporated into the elastin
polymers as it forms, suggesting that as the lysine residues on
tropoelastin are cross-linked, the activated substrates also
spontaneously crosslink with LOXL1, making the latter a
constituent of the mature elastic fibers. The exceptionally high
density of the labels would empirically indicate that LOXLI is
an abundant constituent of elastic fibers, and that shedding of
elastin degradation products into the aqueous humor would
include relatively high amounts of LOXL1 along with other
components of elastic fibers.

Absence of Aggregate Macromolecular Deposition,
IOP Elevation, and Optic Nerve Degeneration in
Loxl1 Null Mice

Over 50% of patients with ES develop glaucoma associated
with high IOP leading to deterioration of the optic nerve.'%15
In the normal eye, aqueous fluid produced by the ciliary body
is drained at a constant rate through the trabecular meshwork
into the episcleral venous system. The accumulation of
macromolecular material in the trabecular meshwork compro-
mises this process, leading to an increase in IOP. In the null
mouse, deposition of macromolecular material on ocular
structures was not evident by slit-lamp exam or light
microscopy. In addition, the IOP in 8-month-old null mice
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Ficure 3. Immunofluorescent labeling of elastin. Immunofluorescent labeling of elastin (yellow) in the ocular anterior segments of a Lox/I null
mouse (A) and an age-matched WT mouse (B). Higher magnification (40X) of the iris from the Lox/I null (C) and WT mouse (D). White arrowbeads
point to the near-continuous chain of elastin fibers in the WT iris. Cell nuclei labeled with Hoechst dye appear blue. (A, B) Scale Bar: 100 um. (C, D)
Scale Bar: 50 pm. C, ciliary body; I, iris; L, lens; R, retina; S, sclera; TM, trabecular meshwork. (E) Soluble elastin accumulates in the mutant AC
tissues as shown by the band corresponding to tropoelastin.

was not significantly elevated (null: 16.6 = 2.2 mm Hg (n = DISCUSSION

12); WT: 16.7 £ 1.0 mm Hg (7 = 8); P = 0.89) or in mice aged

up to 2 years (null: 15.6 = 2.5 mm Hg (n = 12); WT: 16.6 = We have documented phenotype changes in the murine eye
2.7 mm Hg (n = 12); P = 0.33). Consistent with normal ocular associated with loss of LOXL1 function that resemble some
pressure, the LoxI1 null mice, even those aged up to 1 year, did aspects of human ES. We have shown that Lox/I null mice have
not show significant ganglion cell loss or other pathology of defects in the anterior lens consistent with subcapsular
the optic nerve (data not shown). cataract formation in regions proximal to overlying iris, and
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Ficure 4. Ultrastructural localization of LOXLI in the aorta. LOXL1 is associated exclusively with the elastic laminas in the aortas of the WT mice
(A-C). LOXL1 shows a tendency to be located in the core rather than the mantle layer of the elastic laminas. Aorta of a Lox/1~ mouse (D) was
devoid of any LOXL1 immunostaining. Scale Bar: 0.5 um; el, elastic lamina; col, collagen fibers; end, endothelium; sm, smooth muscle cells.

that the blood-aqueous barrier of the mutant mice is
compromised. These results could suggest that loss of LOXL1
predisposes to cataract formation through a mechanism
involving leakage of macromolecular components from blood
circulation. While the degree of blood-aqueous compromise in
mice, and subsequent lens damage, could be different from
what is seen in humans and other primates, exfoliation patients
do have an increased risk of cataract.>'17 In the Blue
Mountains Eye Study, patients with ES had a nearly 2-fold
increase in cataract risk compared to individuals without ES
(odds ratio [OR], 1.90; 95% confidence interval [CI], 1.04-
3.48).'° Our results suggest that cataract formation in
exfoliation patients and in Lox/1 null mice could be secondary
to compromise of the blood-aqueous barrier caused by LOXL1
insufficiency. Our results also show diminished elastic fibers in
the LoxI1 null iris compared to the WT iris and identify LOXL1
as a constituent of elastin fibers, suggesting that elastosis,
another documented feature of ES in humans,''-13 would
release soluble elastin-derived peptides, including LOXL1, into
the aqueous humor in affected patients. The location of the
lens defects proximal to the iris suggests that these soluble
peptides could contribute to the resulting lens abnormalities.
Although further experimentation will be necessary to identify
the agent(s) responsible for lens damage, this information
could have significant relevance to the future development of
novel preventive therapies.

The LoxI1 null mice do not exhibit spontaneous accumu-
lation of exfoliation material characteristic of human ES. These
findings are consistent with current genetic data suggesting
that additional genetic and/or environment factors aside from

genetic variation in LOXLI are necessary for disease develop-
ment.24-27:32.33 Thus while a constitutive loss of LOXL1 clearly
partially replicates the pathophysiology of ES, it is not
sufficient to produce the full disease spectrum, at least not in
mice.

The deposition of aggregated macromolecular material on
ocular structures is correlated with elevated IOP and subse-
quent optic nerve disease in human exfoliation glaucoma
patients.'®15 The absence of this material in the LoxI// null
mouse eyes is consistent with normal ocular pressure and
normal optic nerves. As LOXL1 is a component of the
aggregated macromolecular material,>® its activity may be
required for the formation of macromolecular aggregates. In
humans the aggregated material is resistant to solubilization,
even under harsh conditions, suggesting that covalent bonds
are present in the deposited material.> Since LOXLI1 is an
abundant component of the elastic fibers, elastosis would be
expected to cause LOXLI to leak into the AC where it may
catalyze cross-linking of serum proteins also leaked into the
AC. Thus both LOXL1 and a compromised blood-aqueous
barrier could be required for producing macromolecular
deposition and glaucoma. Paradoxically, while this study
suggests that functional insufficiency of LOXL1 plays a role in
the pathogenesis of ES, complete ablation of LOXLI in the null
mouse may have precluded protein cross-linking and aggregate
formation. This view appears consistent with the observation
that a decline in LOXLI expression precedes disease progres-
sion.3%:31 Further studies, perhaps employing a combination of
environmental factors such as solar exposure and low
temperature (which may increase elastosis or interfere with
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elastin polymer formation by blocking coacervation) and
genetic manipulation of LOXL1I (other than null), may lead to
an animal model that fully replicates the human disease. Such a
model could further define the underlying disease mechanism,
making it possible to design and test therapies.
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