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Abstract

Lysyl oxidase like-1 (LOXL1), a vital crosslinking enzyme in elastin fiber maintenance, is
essential for the stability and strength of elastic vessels and tissues. Variants in the LOXL1 locus
associate with a dramatic increase in risk of exfoliation syndrome, a systemic fibrillopathy, which
often presents with ocular hypertension and exfoliation glaucoma. We examined the role of
LOXL1 in conventional outflow function, the prime regulator of intraocular pressure. Using
LoxI17~, Lox/1*/~and Lox/1*/* mice, we observed an inverse relationship between LOXL1
expression and intraocular pressure, which worsened with age. Elevated intraocular pressure in
Lox/I7~ mice was associated with a larger globe, decreased ocular compliance, increased outflow
facility, extracellular matrix abnormalities, and dilated intrascleral veins, yet no dilation of arteries
or capillaries. Interestingly, in living Lox/1™~ mouse eyes, Schlemm’s canal was less susceptible
to collapse when challenged with acute elevations in intraocular pressure, suggesting elevated
episcleral venous pressure. Thus, LOXL1 expression is required for normal intraocular pressure
control, while ablation results in altered extracellular matrix repair/homeostasis and conventional
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outflow physiology. Dilation of Schlemm’s canal and distal veins, but not arteries, is consistent
with key structural and functional roles for elastin in low-pressure vessels subjected to cyclical
mechanical stress.
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Introduction

Lysyl oxidase-like homolog 1 (LOXL1) encodes a member of the lysyl oxidase gene family,
which is essential to the biogenesis and repair of extracellular matrix (ECM)-rich connective
tissue 39, Secreted LOXL1 targets to elastin fibers via its pro-region, and then is activated
when the pro-region is cleaved by bone morphogenetic protein-1 > 52, Active LOXL1
catalyzes the first step in formation of crosslinks in collagens and elastin 1 25: 38 playing a
critical role in elastic fiber formation, stabilization, maintenance and remodeling 3. Not
surprisingly, LOXL1 is highly expressed in elastic tissues that undergo cycles of mechanical
stretch, including lung, aorta and uterus 30 54, 65,66,

In the eye, the trabecular meshwork (TM) is a tissue with high elastin content, undergoing
repetitive cycles of mechanical stretch; importantly, the TM generates and regulates the
majority of aqueous humor outflow resistance, which in turn largely determines intraocular
pressure (IOP) 1. Dysregulation of ECM homeostasis results in ocular hypertension and
consequently several types of glaucoma, including primary open-angle glaucoma, primary

congenital glaucoma, steroid-induced glaucoma and exfoliation glaucoma (XFG)
2,14,32,37,42,61

XFG is a common ocular consequence of the systemic fibrillopathy known as exfoliation
syndrome (XFS) 26. In fact, XFG is one of the most common types of secondary open-angle
glaucoma. XFG is characterized by extracellular exfoliation deposits on visible structures of
the eye, such as the crystalline lens and ciliary processes 10. Significantly, XFG presents
with higher IOP at diagnosis and faster progression to blindness than other types of
glaucoma 38, Moreover, XFG has a substantial genetic component. For example, a genome-
wide association study showed that three single-nucleotide polymorphisms (SNPs) in the
LOXL1 gene strongly associate with the risk of XFG 33. This finding has been replicated in
every population studied to date 1; however, the contribution of the risk alleles to disease is
complicated 1.

Since the specific role of LOXL1 in the pathogenesis of XFG is unclear, transgenic mouse
models that overexpress or ablate the Lox/Z gene have been created 60 63, Mice
overexpressing LOXL1 protein in the crystalline lens demonstrate higher IOPs at one month
of age; however, this phenotype disappears by 3 months 3. In Lox/77~ (null) mice on a
mixed genetic background (129S1/vj and C57BL/6 background mice), expression of elastin
in the TM appeared lower when compared to wild-type C57BL/6 mice, but their IOP
phenotype was uncertain because comparisons were made to C57BL/6 wild type mice, not
to littermates. Lox/1~~ mice did show a compromised blood-aqueous humor barrier and
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formation of cataract, similar to patients with XFG 13. 19,44, 46,58 | aqdition, decreased
LOXL1 gene expression was found in lens capsules of XFG and lamina cribrosa of patients
with XFS 1543, Unfortunately, investigators did not phenotype Lox/1*/~ (heterozygous)
mice, which is important since LOXL1 expression levels may have a role in XFG disease
progression 4°.

Due to these unanswered questions, particularly related to the role of LOXL1 in the elastin-
rich TM, we hypothesized that expression level of LOXL1 affects conventional outflow
structure and function, and hence IOP. Thus, in addition to IOP measurements in young and
old Lox/1%* */= =~ mice, we examined ECM content and conventional outflow tissue
anatomy and microanatomy. We also visualized conventional outflow tissue behavior in
response to I0P challenges by spectral domain-optical coherence tomography (SD-OCT).
Finally, we measured conventional outflow function and ocular compliance using custom
perfusion system hardware and software.

Materials and Methods

Animals

Lox/1*/~ mice on mixed 129s/ C57BL/6 background were generously provided by Profs.
Tiansen Li and Janey Wiggs (Massachusetts Eye and Ear Infirmary/National Institutes of
Health). Generation of Lox/17~ mice has been previously described in detail 2°. Lox/1%/~
mice were inbred to generate Lox/1 ** Lox/1 */~and Lox/17/~ littermates for experiments in
this study. C57BL/6 (C57) mice were purchased from the Jackson Laboratory (Bar Harbor,
Maine, USA). Animals were handled in accordance with the animal care and use guidelines
of Duke University (IACUC animal protocols A020-16-02 and A010-19-01) and in
compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research. The mice were bred/housed in clear cages and kept in housing rooms at 21°C on a
12h:12h light: dark cycle. Mice were divided into 3-4 (young) and 8-12 (aged) month old
groups for experiments. As the mice aged past 8 months old, the prevalence of anal prolapse
in the Lox/17~ mice increased dramatically, reducing the number of aged animals available
for experiments. Therefore, phenotypic reporting for aged mice included animals in the
slightly broader age range of 8-12 months to compensate for this loss of animals.
Genotyping was performed to identify Lox/17~, Lox/1 *~and Lox/1 */* mice using primers
designed for WT exon 1 (345bp product) and the inserted mutant Neo cassette which
introduces a translational STOP codon in exon 1 of the Lox/1 transcript (~300bp product)
(WT FWD: 5’-CGGACCTACGAACAGGGCTACG-3’, Mutant FWD: 5’-
GAGATCAGCAGCCTCTGTTCCAC-3’, and WT/Mutant REV: 5’-
ACACGTCGGTGCTGGGATCA-3’).

IOP measurements

The mice were anesthetized with ketamine (60 mg/kg) and xylazine (6 mg/kg). IOP was
measured immediately upon cessation of movement (i.e., in light sleep) using rebound
tonometry (TonoLab, Icare, Raleigh, NC) between 1-2pm 20 21, 23,24 Each recorded 10P
was the average of six measurements, giving a total of 36 rebounds from the same eye per
recorded 10OP value. We were concerned that the Lox/Z mutation could possibly modify
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corneal compliance due to its role in crosslinking elastin and collagens, leading to an error in
measured IOP. Thus, the tonometer was calibrated in six eyes of three Lox/17~ mice.
Calibration was performed on live, anesthetized animals secured on a platform, following an
existing protocol 7. Briefly, the anterior chamber was cannulated with a glass needle filled
with filtered D-glucose in phosphate-buffered saline (DBG, 5.5 mM). The needle was
connected to a pressure transducer (px142-001d5v, Omega Engineering, Stamford, CT)
whose output was acquired by a PowerLab system (ML870/P PowerLab 8/30,
ADlInstruments, Colorado Springs, CO), and then to an adjustable-height reservoir
containing filtered ddH,0 via 2 stopcocks. 10P was set to either 10, 15, 20, 25, or 30 mmHg
by adjusting the reservoir height, and confirmed by readings on the PowerLab system.
Before the micropipette was inserted into the anterior chamber, the pressure readings were
zeroed to the tear film by placing the needle tip at the same height as its eventual location
inside the eye. Tonometer measurements were performed under a microscope to ensure that
probe rebounded against the central cornea perpendicularly. Five readings from the
tonometer were recorded for each pressure level.

Outflow facility and ocular compliance measurements

Outflow facility and ocular compliance were measured using the iPerfusion system with
previously described methods 4°. Littermates (Lox/1™~, Lox/1 *~and Lox/1 */* mice) were
euthanized using isoflurane, and eyes were carefully enucleated. Paired eyes were mounted
on duplicate stabilization platforms located in the center of perfusion chambers using a small
amount of cyanoacrylate glue (Loctite, Westlake Ohio, USA). The perfusion chambers were
filled with pre-warmed Dulbecco’s phosphate-buffered saline with added 5.5 mM D-
glucose, submerging the eyes and regulating temperature at 35°C. Glass microneedles, back
filled with filtered DBG, were connected to the system. Using micromanipulators, a
microneedle was inserted into the anterior chamber of each eye without contacting the iris.
Both eyes were perfused at 9 mmHg for 30 min to allow acclimatization and stabilization,
followed by perfusion at 9 sequential pressure steps of 4.5, 6, 7.5, 9, 10.5, 12, 15, 18 and 21
mmHg. Poor quality steps and subsequent pressure steps were eliminated as previously
described 49. Stable flow rate (Q) and pressure (P) averaged over 4 minutes at each pressure
step were used for data analysis 23 2449, A non-linear flow-pressure model (Q=C,(P/P,)PP)
that accounts for the pressure-dependence of outflow facility in mice (nhonlinearity parameter
B), was fit to the flow-pressure data using non-linear regression, yielding the facility C,
evaluated at a reference pressure of P, = 8 mmHg, which approximates the physiological
pressure drop across the conventional outflow pathway in living mice.

Ocular compliance was determined using the volume filling method 48. System compliance
was estimated from a measurement of a glass capillary with hydrodynamic resistance
comparable to the outflow pathway in mice. Ocular compliance was calculated for each
pressure step and fitted to a modified Friedenwald Equation as described in a previous
publication 48, Only one eye from each pair was analyzed, and where two eyes from a given
pair were valid, the eye with the smaller uncertainty on the ocular compliance was selected
(indicative of better measurement).
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Outliers were removed based on lying more than 2.5 median absolute deviations from the
median on the compiled facility and compliance data. Five of 37 eyes were removed based
on the compliance outlier criterion. No further eyes were removed due to the facility outlier
criterion.

Optical Coherence Tomographic Imaging

In vivoimaging utilized an Envisu R2200 high-resolution spectral domain (SD)-OCT
system (Bioptigen Inc., Research Triangle Park, NC). We followed our previously
established techniques to image iridocorneal angle structures in mice 6 20-23, Brigfly,
littermates (Lox/17~, Lox/1 *~and Lox/1 */* mice) were anesthetized with ketamine/
xylazine (100 mg/kg and 10 mg/kg) and maintained with ketamine (60 mg/kg) every 20 min
by IP administration. While mice were secured in a custom-made platform, a single pulled
glass micro-needle filled with phosphate buffered saline (PBS) was inserted into the anterior
chamber of one eye. The micro-needle was connected to both a manometric column to
adjust I0OP and a pressure transducer to continuously monitor 10P levels using PowerLab
software. The OCT imaging probe was aimed at the nasal or temporal limbus and the image
was centered and focused on the SC lumen. While collecting images, mouse eyes were
subjected to a series of IOP steps (10, 12, 15, 17 and 20 mmHg) by adjusting the height of
the fluid reservoir. At each 10P step, a sequence of repeated OCT B-scans (each with 1000
A-scans spanning 0.5 mm in lateral length) from spatially close positions was captured,
registered, and averaged to create a high signal-to-noise-ratio image from the iridocorneal
angle region of each animal.

For pilocarpine experiments, untreated eyes were imaged sequentially at each pressure step,
and then the 1OP was set back to 10 mm Hg for 10 minutes. A drop of 1% pilocarpine was
then given to the mouse single eye, and after a 10 minute wait, the eyes were subjected to the
same pressure sequence as before, with images captured at each pressure level.

Segmentation of OCT images

OCT B-scans of iridocorneal angle tissues were registered and segmented following
established methods 22 23 using SchlemmSeg software as previously described in detail
22,23 Briefly, OCT B-scans were automatically registered using our custom Schlemm |
software for SC segmentation. The Schlemm Il software package was then used to
differentiate SC from scleral vessels, which were automatically marked. If SC was seen
connected to collector channels (CC), manual separation of SC from CC was required,
which was based on the shape of SC and speckling in the images 11 12. 20 23, 28,36 The
speckle variance OCT-angiography images were generated based on the speckling in SC and
vessels as described in detail in previous publications 22 23,

Segmentation Reproducibility

To test the reproducibility of the SC segmentation process, we evaluated both inter- and
intra-observer reproducibility. The segmentation of SC was independently performed by two
individuals. The first observer (GL) conducted the experiments and made initial
measurements, then repeated the measurements two to four months after the first
examination to determine intra-observer reproducibility. The second observer (either JC or
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MGC) was first given a training set of images to evaluate, then reviewed the images for the
present study in a masked fashion to assess the inter-observer reproducibility. The inter- and
intra-observer reproducibility for quantifying SC lumen area using the semiautomated
SchlemmSeg software were 98.1 + 1.2% and 96.3 £ 2.8%, respectively.

Gross ocular anatomy and lens weights

To determine whether a specific genotype of mouse developed bupthalmia or misshapen
eyes over time, aged littermate mice were imaged using a digital camera while each mouse
was under anesthesia (for Lox/I** and Lox/I*'~ mice, 4 animals per group; for Lox/17/~
mice, 3 animals). Post euthanasia, whole globes were imaged on a metric ruler, and eyes
were measured using the length measurement tool, scaled to millimeters by the ruler in the
image, in ImageJ software (9 month old mice, n=1 per genotype). After dissection, lenses
were removed and fixed in 4% paraformaldehyde for 24 hours before being transferred to
PBS. Lenses were then measured using the method above (9 month old mice, n=1 per
genotype), and lenses were weighed after drying using a Mettler Toledo XS204 scale
(Lox/I™™* n=12 eyes (6 mice), Lox/I*~ n=12 eyes (6 mice), Lox/1"'~ n=8 eyes (4 mice)).

Histology, Immunohistochemistry and Transmission Electron Microscopy

Eyes from 3 to 12 month old mice were enucleated after euthanasia with isoflurane and
immersion fixed in 4% paraformaldehyde at 4 °C overnight. The eyes were then bisected,
and the posterior segments and lenses were removed. The anterior segments were cut into
four quadrants. For gross morphology studies of outflow tissues, each quadrant was
embedded in Epon, and 0.5 pm semi-thin sections were cut, stained with 1% methylene blue
and examined by light microscopy (Axioplan2, Carl Zeiss Microlmaging, Thornwood, NY).
For immunostaining, each quadrant was embedded in paraffin and 10 um sections were cut,
deparaffinized through xylene and ethanol washes, subjected to a 100°C sodium citrate
(pH=6) antigen retrieval step, and immunostained with antibodies that specifically
recognized collagen 1V (1: 50 dilution, ab6586, rabbit polyclonal, Abcam, Cambridge, MA)
and tropoelastin/elastin (1:50 dilution, ab21610, rabbit polyclonal, Abcam, Cambridge,
MA). The secondary antibodies were AnffiniPure Goat Anti-Rabbit or mouse 1gG H&L
(Alexa Fluor® 488; Jackson ImmunoResearch Laboratories, West Grove, PA) at
1:250-1:1,000 dilution. Images were captured using a Nikon Eclipse 90i confocal laser-
scanning microscope (Melville, NY, USA). For elastin-collagen staining, 10 um paraffin
sections were deparaffinized and stained with Weigert’s Resorcin-Fuschin stain and Van
Gieson’s stain with hematoxylin nuclear stain (101411-292 to —300, MWBE, Chicago, IL).
For electron microscopy studies, mouse anterior segments were embedded in Epon resin and
65 nm ultrathin sagittal sections were cut through iridocorneal tissues using an
ultramicrotome (LEICA EM UCS6, Leica Mikrosysteme GmbH, A-1170, Wien, Austria).
Sections were stained with uranyl acetate/lead citrate and examined with a JEM-1400
electron microscope (JEOL USA, Peabody, MA).

For vessel measurements in anterior segment whole mounts, mouse eyes fixed with 4%
paraformaldehyde were hemisected and anterior segment wholemounts were prepared as
previously described 7 18. Anterior segments were permeabilized with 1% Triton X-100 in
phosphate-buffered saline (PBS), blocked with 10% normal horse serum in 0.1% Triton
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X-100 in PBS, and incubated with the primary antibody Armenian Hamster monoclonal
anti-CD31 (clone 2H8; 1:100; Developmental Studies Hybridoma Bank, University of lowa)
at 4 °C overnight. After washing with 0.1% Triton X-100 in PBS (3 x 20 min), wholemounts
were incubated with the appropriate fluorophore-conjugated secondary antibodies (1:500;
Life Technologies, Carlshad, CA, USA and/or Jackson ImmunoResearch Laboratories, West
Grove, PA, USA) at 4 °C overnight. After another round of washing (3 X 20 min) with 0.1%
Triton X-100 in PBS, 4 radial incisions were made in the anterior segments for flat-
mounting in glycerol : PBS (1:1, v/v). Imaging was performed using the Nikon C2si
confocal laser scanning microscope (Nikon, Japan), and images were processed with Adobe
Photoshop CC 2019 (Adobe Systems, San Jose, CA, USA). Limbal arterioles were
distinguishable from limbal venules by endothelial morphology (polarity of CD31
immunoreactivity showing alignment of endothelial cells parallel to longitudinal vessel
profile). Limbal capillary loops were easily identifiable as they have small caliber lumens,
connect arterioles to venules, and were devoid of alpha smooth muscle actin
immunoreactivity. Vessel diameters were measured using ImageJ by applying a grid and
measuring vessel widths at each point where a grid line crossed the vessel. Individual vessel
measurements were averaged to give an average vessel width per whole mount image.

Statistical analysis

Results

For IOP data analysis, averaged data from both eyes were counted as a single data point for
subsequent data analysis. IOP data and data from OCT images were analyzed using ANOVA
and the two-side unpaired Students #test. To analyze outflow facility and ocular compliance
measurements, we used the well-established fact that the underlying distribution of outflow
facility in mice is log-normally distributed 48: 49, For analysis of compliance and facility,
analysis was carried out using R. We first log-transformed the data, consistent with previous
studies 4849, The Shapiro-Wilk test did not reject normality for any groups for either
variable. Two-way independent ANOVAs were applied to evaluate the effects of genetic
background and age on compliance and facility. Tukey’s HSD post-hoc test was applied to
ascertain pairwise differences between genetic backgrounds. Levene’s test was used to
evaluate equality of variances, yielding p=0.77 for facility and p=0.05 for compliance. As
the latter is borderline significant, which indicates a possible difference in variance between
groups, a robust ANOVA and corresponding post-hoc test were carried out using 20%
trimmed means. The statistical conclusions from normal and robust ANOVA analyses
yielded the same conclusions, hence the former are reported. Data in box and whisker plots
show median, 25th percentile, and 75th percentile (boxes), as well as minimum and
maximum values (whiskers). Data in other plot formats are presented in the form of mean
and 95% confidence interval or mean and standard error of the mean (SEM), as noted. A
value of P< 0.05 was considered statistically significant.

IOP is elevated in LoxI1™~ mice.

IOP measurements were conducted in young (3 month) and older (8-12 month) Lox/I**,
Lox/1*~ and Lox/1™~ mice on mixed background (Figure 1 and supplementary Figure 2)
using rebound tonometry. Significantly, we found that IOP was higher in Lox/17~ vs.
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Lox/1** mice (young IOP = 18.4 + 1.58 (mean * SD) vs. 16.6 + 1.59 mmHg, n=10-15, p =
0.016; and older IOP = 20.6 £ 0.53 vs. 17.4 £ 1.73 mmHg, n=5-7, p = 0.011; Figure 1).
However, I0Ps in Lox/1*~ mice were not different from those in Lox/1*/* mice (young IOP
=17.4 £1.25,n=10, p = 0.21 and older IOP = 18.8 = 1.41 mmHg, n=6, p = 0.19). Since it
has been reported that IOP in Lox/Z™~ mice was not different from that in wild type
C57BL/6 mice 80, we also measured IOP in 3 month-old C57BL/6 mice and found that IOPs
were 18.8 + 1.10 mmHg (n=8). This value was not different from 10P in Lox/17~ mice
(p=0.48), but was significantly higher than in Lox/1*/* mice (n=14, p=0.001, supplementary
Figure 2). Consistent with elevated 10Ps, the eyes of Lox/1™~ mice appeared larger than in
Lox/1™* and Lox/1** mice (supplementary Figure 3)

In order to determine whether increased 10P in Lox/17~ mice was due to changes in corneal
biomechanical properties, we calibrated our rebound tonometer on Lox/Z~”~ mice, direct
setting IOP by cannulating the anterior chamber and comparing the set pressure to
measurements using rebound tonometry in the same mouse 7. As shown in supplementary
Figure 4, 10P readings from rebound tonometry were not different from true 10Ps in all
Lox/1*"*, Lox/1*/~ and Lox/17~ eyes. These results indicate that Lox/1 expression levels did
not affect rebound tonometry readings of 10OP and that the higher IOP measured in Lox/17~
was not an artifact.

LoxI1 knockout mice exhibited enhanced outflow facility and decreased ocular

compliance.

In order to test whether the increased 10P in Lox/1~ mice corresponds to a decrease in
outflow function, outflow facility measurements were conducted in young (2-5 month-old)
and aged (6-12 month-old) mice (Figure 2A). No effect of age on outflow facility was
detected (p=0.98), and there was no interaction between age and genetic background
(p=0.93). However, there was a statistically significant effect of genetic background on
outflow facility, F(2,28)=4.7, p=0.02. Unexpectedly, we did not find that outflow facility was
decreased in Lox/17~ mice; instead, outflow facility was elevated in Lox/77~ mice by 36 [2,
59]% compared to Lox/I*/~ mice (p=0.05), and by 61 [4, 149]% compared to Lox/1**mice.

We also measured ocular compliance, finding a significant age effect, with ocular
compliance being 26 [19, 32]% higher in young than in aged animals (F(2,28)=45.8,
p=<107%; Figure 2B). We observed no interaction between age and genetic background
(p=0.59), but found a significant effect of genetic background alone (F(2,28)=3.4, p=0.04),
with lower compliance in Lox/17~ mice compared to Lox/1**mice (p=0.04) and Lox/1*/~
mice (p=0.05).

Schlemm’s canal and distal veins are dilated in LoxI1™~ mice, consistent with elevated

EVP

To determine whether anatomical changes were responsible for physiological findings, we
examined vessels distal to SC (intrascleral and aqueous veins), which were visualized by
CD31 immunostaining in whole mounts of anterior segments. Using established techniques
as described in detail in Materials and Methods to quantify diameter of vessels distal to SC,
we found that veins, but not arteries or capillaries, were significantly dilated in Lox/17~
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mice (cross-sectional area of 26.7+7.8 pm?2) compared to Lox/I*/* mice (15.2+4.1 pm?,
p<0.00001). Vessel diameter in Lox/1*/~ mice (16.4+2.8 um?) was not different from that in
Lox/1** mice (p=0.20, Figure 3).

In addition, outflow tissue structures were visualized by both light microscopy of
histological sections and SD-OCT of living eyes. Not surprisingly, due to the abundance of
elastin and collagens in the outflow tissue, depletion of Lox/I modified outflow tissue
structure. As shown in Figure 4, a dramatically enlarged SC lumen in Lox/1™~ mice was
detected at the light microscopic level in fixed tissue (A-C) and in living animals by SD-
OCT (D-F and D’-F’). Quantitative measurements of cross-sectional area of SC lumen by
semi-automatic segmentation of OCT images showed that SC area was increased by 3.0 fold
in Lox/17~ (5.6 + 0.7 mm2, n=11) when compared to Zox/1*/* (1.9 + 0.2 mm?, n=10,
p=0.0001) mice. SC area in Lox/1*/~ mice (1.8 + 0.1 mm2, n=10) was not significant
different from that in Lox/1*/* mice (p=0.9).

All together, we examined eyes from 22 Lox/17~, 22 Lox/1*/~ and 22 Lox/1*/* mice using 4
different techniques. In every case, we observed an enlarged SC in Lox/I~~ mice, relative to
Lox/I*"* mice (Supplementary table 1). In most cases, sampling was 1-2 quadrants/eye
except for immunostaining of SC with PECAM-1 in whole mounted anterior segments,
where we sampled segments from all four quadrants/eye, together covering c. 28% of SC’s
total circumference. The above observations are consistent with elevated episcleral pressure
(EVP) in Lox/17~mice. To estimate the magnitude of this putative EVP elevation, we used
Goldmann’s equation together with our measured IOP and facility values and assumptions
about aqueous inflow and unconventional drainage rates (Supplementary materials,
Appendix). These calculations strongly indicate that episcleral venous pressure is
significantly elevated in Lox/17~ mice (13.5 mmHg vs. 6.3 mmHg in Lox/I** animals).

Schlemm’s canal in LOXL1 knockout mice is more resistant to IOP-induced collapse

In order to visualize how LOXL1 depletion affects TM/SC behavior, living eyes of Lox/17~,
Lox/1*/~and Lox/1** littermates were cannulated to control 0P, and imaged by SD-OCT.
Due to dysregulation of ECM protein remodeling and increased incidence of organ prolapse
in Lox/17~ mice, we expected that SC in these mice should be more susceptible to collapse
than in Lox/1**mice. Surprisingly, the opposite was observed: SCs in Lox/I™~ mice were
instead resistant to 10P-induced collapse. Specifically, at all pressure levels we tested, SC
susceptibility to collapse in Lox/I7~ mice was significantly different than in Lox/Z*/* mice
(Figure 5, n=10 for Lox/1*/* and n=11 for Lox/1™~ mice, p=0.01-0.00001 at pressure levels
of 12, 15, 17 and 20 mmHg). Although SC area measurements at IOPs of 17 and 20 mmHg
were larger in Lox/1*/~ mice (n=10) compared to Lox/1*/* mice, these differences were not
statistically significant at either of the pressure levels (p=0.22 and 0.07 respectively).

Depletion of LOXL1 leads to altered extracellular matrix material distribution in the
conventional outflow pathway.

To determine effect of LOXL1 dosage on crosslinking and remodeling of elastic fibers,
staining was conducted on sagittal sections of anterior segments from 9-12 month old
Lox/17~, Lox/1*/~ and Lox/1*/* mice. The elastin fibers were noticeably disorganized, and
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staining was more prominent in the JCT region of the TM in the Lox/17~and Lox/1*~ mice
in comparison to Lox/1*/* littermates (Figure 6A, arrows). This phenomenon was more
easily noticed using immunohistochemistry against elastin/tropoelastin in the outflow
pathway, which illustrated brighter and more disorganized labeling of elastin in the TM
(Figure 6B, arrows). Tissue sections were also probed with antibodies specific for collagen
IV (Figure 6C), a LOXL1 substrate, showing that Lox/I7~and Lox/1*/~ mice had visibly
higher expression of collagen 1V in walls of episcleral vessels when compared to Lox/1%*
littermates. In addition, we noticed that blood cells were more frequently present in SC of
Lox/17~ mice, indicating higher episcleral venous pressure in these animals.

We next examined the ultrastructure of conventional outflow tissues by transmission electron
microscopy (TEM) in Lox/1™~ mice. We found an obvious thickening of the basal lamina
and increased fibrillary deposits beneath the endothelial cells of the SC inner wall in
Lox/17~ mice compared to Lox/I*/~ and Lox/1*/* animals (Figure 7). This was in contrast
to the basal lamina of the inner wall of SC in Lox/1*/* mice, which was composed of a
normal-appearing “patchy”, discontinuous layer of ECM.

Pilocarpine is functional in LoxI1™~ mice, lowering IOP and enlarging SC

Elastin fibers extending from the ciliary muscle into the TM and SC inner wall are important
in physically and functionally connecting these two tissues 33: 34 40. 41 Thys, contraction of
the longitudinal ciliary muscle induced by topical pilocarpine lowers IOP by increasing
outflow facility, which is associated with enlargement of SC lumen 3359, Due to potential
disruption of elastin crosslinking/repair in Lox/17mice, we hypothesized that contraction
of the ciliary muscle with pilocarpine in Lox/Z7~ mice would lead to less efficacious 0P
lowering and SC dilation than in Lox/1%/* and Lox/1*/~ mice. Interestingly, this was not the
case: as observed previously 20 we found that pilocarpine enlarged SC lumen by a similar
amount in Lox/1**, Lox/1*/~and Lox/I™”~ mice (enlargement of 19.1 + 2.2%, 18.0 + 5.6%
and 19.8 + 6.4% respectively, compared to cross-sectional area before pilocarpine treatment,
n = 3-4 for each group, Figure 8). We then went on to measure 10P following pilocarpine
treatment. Due to lack of availability of mixed background Lox/1**, Lox/17/~and Lox/17/~
mice, the IOP experiments were conducted in fourth generation C57BL/6 background
Lox/1**, Lox/1*/~ and Lox/17~ littermates. As shown in supplementary Figure 5,
pilocarpine effectively lowered IOP in Lox/I™~ mice, with the magnitude of pressure
lowering being similar to that seen in Lox/1*/* and Lox/1*/~ mice (IOP reduction of 5.0 +
0.7 mmHg in Lox/1*/* mice (n=6), 5.4 + 1.9 mmHg in Lox/I*/~ mice (n=4) and 6.9 + 0.6
mmHg in Lox/Z~ mice (n=3) at 2h post-pilocarpine treatments, p = 0.62). These studies
indicate that the presence of LOXL1 does not appear to be required for functional
connectivity of the ciliary muscle and TM.

Discussion

The present study was designed to rigorously characterize the impact of LOXL1 expression
levels on the structure and function of conventional outflow tissues. Our major observation
was that the absence of LOXL1 affected multiple aspects of outflow pathway anatomy and
physiology. Specifically, Lox/1™~ mice demonstrated ocular hypertension, larger eyes,
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elevated outflow facility and decreased ocular compliance compared to Lox/1*/* littermates.
The occurrence of both elevated I0P and elevated outflow facility may at first appear
contradictory; however, quantitative analysis suggests that EVP is significantly elevated in
Lox/17~ mice, which likely explains the higher IOPs (see below). Further, a significant
elevation of EVP is consistent with the observed dilation of the distal venous vasculature, SC
lumen, and increased abundance of red blood cells in SC lumen seen in Lox/I7~ animals.
Examination of the conventional outflow tissues using immunofluorescence and
transmission electron microscopy demonstrated significant alterations in ECM abundance
and distribution. Since disruption in ECM homeostasis is known to impact IOP in animal
models of glaucoma and in humans 56, our results indicate that LOXL1 has a central role in
ECM homeostasis and physiology of both the proximal and distal parts of the conventional
aqueous outflow pathway.

At first glance, our IOP results appear to differ from a previous study that performed ocular
phenotyping of these mice 80, reporting crystalline lens abnormalities and breakdown of the
blood-aqueous barrier, but normal 10Ps. In fact, our results essentially replicate those of this
earlier study. We used mice derived from two breeding pairs heterozygous for LOXL1 on a
mixed 129s/C57BL/6 genetic background, kindly provided by investigators from this
original study. The comparison group for IOP measurements in the original study was pure
C57BL/6 wild type mice, a strain that is known to have relatively high IOPs 22, We
confirmed IOP data from this previous report, finding that 10Ps in Lox/Z”"mice on a mixed
background had IOPs not significantly different from C57BL/6 wild type mice
(supplementary Figure 2). However, when we compared Lox/1™~ mice to their Lox/1*/*
littermates, IOPs became progressively different with time. Specifically, IOPs were not
different in 1-2 month old mice (not shown), but were significantly higher by 3-months-in
Lox/17~ mice, with this elevation becoming more pronounced in adult mice (8-12 months).
Consistent with these observations, we found that £ox/Z™~ mice on mixed background had
enlarged ocular globes compared to Lox/I** littermates. This progressive time course of
IOP elevation is consistent with a model of ongoing biomechanical insult to tissues of the
outflow pathway, and the role of LOXL1 as an elastic tissue repair enzyme % 47.

Surprisingly, in Lox/17~ mice, elevated 0P was not due to increased outflow resistance at
the level of the juxtacanalicular region of the conventional outflow tract, where the majority
of aqueous outflow resistance is generated. Instead, we observed significantly enhanced
outflow facilities, i.e. decreased flow resistances, in enucleated eyes from Lox/Z~~mice. An
advantage of the technique we used to measure outflow facility is that it functionally isolates
key elements of the outflow pathway (JCT/inner wall of SC/distal collecting channels), with
a minor contribution from uveoscleral outflow. Thus, it appears that decreased outflow
resistance in Lox/21™~ mice, which normally would suggest a lower IOP, is more than
counteracted by other factors, with the net result being elevated IOP in Lox/Z™~ mice.
Indeed, all available evidence points to elevated EVP driving elevated 1OP.

Direct measurement of EVP in pigmented mice is technically challenging and imprecise,
and thus we relied instead on a variety of complementary indirect methods to estimate EVP
in Lox/I7~ mice. For example, we consistently observed red blood cells in SC and
significant dilation of SC lumen and distal vessels in Lox/Z™~ mice, all of which are
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indicators of distal venous congestion/elevated EVP. These data are consistent with a recent
study where visible-light OCT was used to visualize blood reflux into SC in living mouse
eyes that had their episcleral venous pressure acutely elevated 54, Similar to our data, the
investigators found that SC was significantly enlarged after episcleral venous pressure
elevation. We hypothesize that chronically elevated EVP propagating back into SC over time
in Lox/1™7~ mice led to the dramatic SC enlargement we observed, consistent with our
observations of progressive development of ocular hypertension in Lox/Z”~ mice. To
complement our descriptive assessment of EVP, we used the well-established Goldmann
equation to estimate that EVP was 13.5 mmHg in Lox/1™~ mice, more than double the
estimated value in wild-type animals. Parenthetically, we note that this estimate depends on
assumptions about aqueous inflow and unconventional drainage rates, and it would be
valuable to develop more robust methods to estimate these quantities in mice. Consistent
with results in the present study, LOXL1 appears deficient in varicose veins 3%, which are
subjected to elevated intraluminal pressures, similar to the elevated EVP that likely exists in
Lox/17~ mice.

It is intriguing that we observed enlargement of SC, collector channels and episcleral veins,
but not limbal arteries, which seems counter-intuitive in view of the higher pressures in the
arterial system. However, in this context it is interesting to note that, under normal
circumstances in arteries, elastin is primarily responsible for resisting mechanical loads at
low pressures, while collagen carries loads at higher pressures 8. We thus speculate that this
preferential structural role of elastin in low pressure systems may render portions of the
aqueous outflow pathway (Schlemm’s canal, collector channels and episcleral veins)
specifically susceptible to remodeling in LOXL1 null mice. Elastin is also critical for tissue
homeostasis under repeated cyclic loading, important due to the pulsatile nature of IOP 2°
and the resulting large cyclic deformations seen in SC and the collector channel ostia 62,
Indeed, a recent study 16 showed that loss of LOX in mice led to significant hysteresis and
energy loss in the aorta over the cardiac cycle. Hysteresis is thought to be one factor
associated with permanent structural change (damage and softening) in connective tissues 2,
and thus we suggest that physiological systems characterized by low pressures and large
cyclic deformations, such as the conventional outflow tract, may be specifically susceptible
to LOXL1 alterations and their effects on the elastin component of the extracellular matrix.
More specifically, we hypothesize that hysteresis-associated irreversible remodeling of the
aqueous outflow pathway in LOXL1-deficient mice may lead to enlargement of SC and
distal aqueous-humor conducting pathways. Further studies will be required to investigate
this proposed mechanism in the eye, as well as other low-pressure, high-pulsatility systems.

Using functional measurements of TM/SC responses to acute elevations of IOP in living
mice, we observed that SC in Lox/Z~~ mice was more resistant to lumen collapse than in
littermates. In previous studies, we used such observations to quantitatively estimate TM
stiffness; however, this was not possible here because, as shown in the Appendix
(supplementary materials), the collapse of SC due to IOP (Figure 5) depends on both the
intrinsic compliance of the TM as well as the distribution of resistance through the outflow
system, the latter of which was unknown in Zox/Z~~mice (and likely different from that in
wild-type animals). Nonetheless, on its face, resistance to collapse suggests a stiffer TM,
which would be surprising for several reasons. First, we have shown recently that TM
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stiffness positively correlates with outflow resistance 7, yet we found that facility was
greater (outflow resistance was lower) in Lox/1™~ mice than in Lox/1**mice. Second, a
previous study demonstrated that elastin-rich tissues like the vagina in Lox/Z~”~ mice are
mechanically weaker than in Lox/1%/* mice 3. Thus, we suggest that the greater resistance to
SC collapse seen in Lox/I7~ mice was instead due to greater EVP. Because of this complex
relationship among TM tissue stiffness, outflow function, EVP and 10P, further studies will
be required to better understand this situation, including possibly in vivo outflow facility
measurements.

In addition to its presence near SC and distal veins, elastin is abundant in the TM 33. In order
to test the function of the elastin network connecting the ciliary muscle and TM in Lox/17~
mice, we maximally contracted the ciliary muscle with pilocarpine, a potent muscarinic
agonist. Pilocarpine lowers IOP by shortening the longitudinal fibers of the ciliary muscle,
which in turn pulls on elastin fibers and inserting in the JCT/inner wall anteriorly 33 40, This
tension opens flow passageways in the TM and enlarges the lumen of SC, increasing outflow
facility 40 41, Surprisingly, pilocarpine effectively lowered I0P and enlarged SC in Lox/17~
mice to an extent similar to that seen in Lox/1*/* littermates (Figure 8, supplementary Figure
4), suggesting LOXL1 is not required for maintenance of elastic tendons between the ciliary
muscle and TM. This was unexpected as LOXL1 is a key enzyme involved in elastin fiber
maintenance, essential for the stability and strength of elastic vessels and tissues 3: 27,

It was intriguing that ocular compliance in Lox/Z7~ mice was lower than wild-type
littermates. Since ocular compliance increases with eye size, all other factors being equal 8,
this observation strongly suggests increased intrinsic tissue mechanical stiffness of the
corneoscleral shell in Lox/17~mice. This was a surprising result, and suggests that improper
crosslinking of elastin and collagen in the corneoscleral shell was compensated for by other
mechanisms, e.g. increased collagen content. Since scleral stiffness has been postulated to
play a role in glaucomatous optic neuropathy 17: 3150 it would be of interest to further study
pathophysiology of optic nerve head in Lox/17~ mice. Additionally, it seems that the loss of
LOXL1 leads to complex, tissue-specific phenotypical changes, consistent with an important
role for LOXL1 in connective tissue repair and homeostasis.

In the mouse outflow system, the presence of a single copy of the LOXL1 gene appeared
sufficient to maintain ECM homeostasis, tissue architecture and physiology. For example,
pelvic organ prolapse was non-existent and outflow facility was in the normal range for
heterozygous mice in both age groups, and 10P in heterozygous mice was also not
significantly different from littermate wild-type mice. In terms of conventional outflow
tissue architecture, Lox/1*/~ mice did not display changes found in Lox/Z~/~ mice, such as:
(i) increased elastin in the TM/SC, (ii) more abundant, disorganized subendothelial deposits
in SC’s inner wall (iii) dilated SC and distal vessel lumens. The exception was that both
Lox/I*~ and Lox/17/~ mice displayed increased collagen IV expression surrounding
episcleral vessels.

In summary, our data implicate LOXL1 as an enzyme critical to conventional outflow
structure and function. The absence of LOXL1 led to elevated EVP accompanied by dilated
lumens in SC and distal outflow vessels, as well as dysregulated collagen IV and elastin
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homeostasis. These changes together led to progressive 10P elevation over time, and thus
aqueous outflow dysfunction. Such findings in Lox/1™~ mice emphasize the importance of
LOXL1 in ECM homeostasis that appears to go awry in humans with XFG, resulting in
fibrillary deposits, SC lumen changes and 10P elevation. We therefore suggest that further
studies with Lox/27™~ mice will be valuable in studying the pathophysiology of, and possible
treatments for, exfoliation glaucoma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations

LOXL1: lysyl oxidase-like-1

XFS: exfoliation syndrome

XFG: exfoliation glaucoma

SNP: single nucleotide polymorphisms

TM: trabecular meshwork

SC: Schlemm’s canal

SD-OCT: spectral domain optical coherence tomography

I0P: intraocular pressure

ECM: extracellular matrix

EVP: episcleral venous pressure

CD31: cluster of differentiation 31/platelet endothelial cell adhesion
molecule

JCT: juxtacanalicular tissue
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Figure 1. LoxI1™/~ demonstrate elevated 10Ps.
(A) 10Ps was measured in age-matched mixed background littermates of Lox/17~, Lox/1*/~

and Lox/1*/* young (3 months, n=10 mice/20 eyes for both Lox/I7~and Lox/1*/~ mice,
n=14 mice/28 eyes for Lox/1*/* mice) and (B) older (8-12 month old mice (n=7 mice/14
eyes for Lox/17~ mice, n=6 mice/12 eyes for Lox/I*/~ mice and n=5 mice/10 eyes for
Lox/I** mice) using rebound tonometry under light anesthesia . IOPs were significantly
higher in Lox/Z™~ mice when compared to Lox/1*/* mice at 3 and 8-12 months of age
(*p<0.05). Data are shown as mean = SD.
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Figure 2. LoxI1™/~ mice have increased outflow facility and decreased ocular compliance.
Outflow facility and ocular compliance measurements were conducted in enucleated young

(2-5 months) and older (6-12 months) littermates Lox/1 */*, Lox/ *~and Lox/17~ mice
using iPerfusion. Ocular compliance was also determined during facility measurements
following an existing method published previously (1). Panels (A) and (B) show cello plots
for the 6 individual groups for facility and compliance respectively. For cello plot displays,
shaded region shows estimated lognormal distribution of facility/compliance. Outer white
lines show 2 geometric standard deviations and central lines shows the geometric mean.
Dark central band shows the 95% confidence interval on the mean.
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Figure 3. LoxI1™/~ mice display dilated distal outflow veins but not arteries or capillaries.
(A) LoxI17~, Lox/1*/~and Lox/1*/* mouse anterior segments were immunostained with

antibody against CD31, and imaged using confocal microscopy at 20 x magnification. (B)
Measurements of distal outflow vessels indicate a significant increase in distal vessel width
in Lox/17~ mice when compared to Lox/1*/* eyes (****p<0.0001). There was no difference
between Lox/1** and Lox/1%/~ eyes. The central line in the scatter plot indicates the mean
(n=6 eyes from 4 mice for both Lox/1*/* and Lox/1%/~, n=6 eyes from 5 mice for Lox/17")
A, arteries; V, veins; C, capillaries (scale bar=100um).
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Figure 4. A dramatically enlarged Schlemm’s canal lumen is present in LoxI1™/~ mice.
(A-C) LoxI17~, Lox/1%~ and Lox/I*/* mouse anterior segments were fixed, sagittally

sectioned, stained with methylene blue and imaged (n=3 for Lox/1*/* and Lox/1*/~, n=4 for
LoxI17/). (D-F) Cross-sectional images from living Lox/17~, Lox/1*/~and Lox/1*/* mice
were recorded using SD-OCT and SC lumen was segmented using custom software. (D’-F")
The segmented SC lumen is highlighted in blue corresponding to panels (D-F). (G)
Quantitative analysis of SC luminal cross-sectional areas indicated a significantly larger SC
in the Lox/1™~ mice when compared to Lox/I*/~ mice (**p=0.0001; n=10 eyes for both
Lox/I** and Lox/1*/“mice, n=11 eyes for Lox/I7 mice). The central line in box and
whisker plots represents the median, the top and bottom edges are 25th and 75th percentiles,
the whiskers extend to the most extreme data points not considered outliers and “+”
indicates the mean. Scale bar=100um.

FASEB J. Author manuscript; available in PMC 2021 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lietal.

Page 23

10P 10 mmHg IOP 15 mmHg 10P 20 mmHg
B ; : : gz

e - o

LoxI1*/-

LoxI1

- : : : : :
E—A‘.o_ - LOX/1+/+ -
3 - [ox/1"

© -+~ LoxI1"

O

(2]

? 0.5 dii o
N

©

S

S

b4

0.0 T T T T T

10 12 15 17 20
Clamped IOP (mmHg)

Figure 5. Schlemm’s canal in LoxI1~/~ mice is more resistant to pressure-induced collapse.
(A-1) Living Lox/17~, Lox/I*/~ and Lox/1*/* mouse eyes were cannulated to control 1OP

and subjected to sequentially increasing pressure steps (10-20 mmHg) while imaging
conventional outflow tissues using SD-OCT. (A’-1") Images were analyzed and SC lumens
were semi-automatically segmented (in blue) using custom software. IR, iris. (J)
Quantitative comparison of SC lumen areas in Lox/I7~, Lox/1*/~and Lox/I*/* mice at 5
clamped 10Ps (10, 12, 15, 17 and 20 mmHg) shows a decreased tendency toward SC
collapse in Lox/17 eyes when compared to Lox/1*/* eyes (p=0.01-0.00001 at I0Ps of 12,
15, 17 and 20 mmHg). Data are shown as mean + SE values for each IOP (n = 10 for
Lox/1*/~and Lox/1** and n = 11 for Lox/I7~ mice).
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Figure 6. LoxI1™/~ mice have altered distribution of collagen 1V and elastin fibers in the
conventional outflow pathway.
(A) Paraffin sections stained for collagen and elastin show an accumulation of elastin

(arrows point to dark purple fibers) in the outflow pathway of Lox/17~ eyes in comparison
to Lox/1™* and Lox/I** eyes, which maintained a longer fiber structure with age (n=3
mice) (scale bar = 50um). (B) Sections from Lox/1 eyes indicated increased tropoelastin/
elastin immunolabeling in the TM and JCT regions (arrows) in comparison to Lox/17* and
Lox/1** eyes (n=3 mice) (scale bar=200 pm). (C) Sagittal sections from Lox/17~ and
Lox/1™* eyes showed increased immunolabeling of collagen IV around distal vessels
(arrows) of outflow tissues in comparison to Lox/1** eyes (n=3 mice) (scale bar=200 pm).
Note the blood cells in the lumen of SC in the Lox/17~ eye.
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Figure 7. LoxI1
cells.

Lox/17~, Lox/1*/~ and Lox/1*/* mouse anterior segments were embedded in Epon,
sectioned, stained with uranyl acetate/lead citrate, and examined with a JEM-1400 electron
microscope (JEOL USA). (A-C) Representative images from conventional outflow pathway
of Lox/17~, Lox/1*/~and Lox/1 **eyes. (A’-C’) show enlarged areas indicated by boxes

in (A-C). Arrows point to basal laminar material beneath SC endothelial cells. (n=4 Lox/1*/*
mice, n=4 Lox/1*/~ mice, n=5 Lox/17~ mice).

mice display more basal laminar deposits beneath inner wall SC endothelial
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Figure 8. Pilocarpine alters sizes of conventional outflow structures in LoxI1™"~ mice.
Sagittal sections of mixed background Lox/17~, Lox/1*/~and Lox/1*/* mouse anterior

segments were imaged using SD-OCT at IOP 10 mmHg prior and post topical 1%
pilocarpine treatment. SC lumen was segmented using custom software. Data show
representative mouse anterior segment OCT images from Lox/I17", Lox/1*/~and Lox/1"*
mice pre- and post-pilocarpine treatment (n=3 for Lox/I*"*, n=4 for Lox/1*'~ and Lox/17/~
mice). Segmentation of SC is indicated by blue color. PILO, pilocarpine; IR, iris. Blue area,
SC. Scale bar=100um.
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