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Purpose: To test the hypothesis that a primary disturbance in lysyl oxidase-like 1 (LOXL1) and elastin
metabolism in the lamina cribrosa of eyes with pseudoexfoliation syndrome constitutes an independent risk
factor for glaucoma development and progression.

Design: Observational, consecutive case series.
Participants: Posterior segment tissues obtained from 37 donors with early and late stages of pseudoex-

foliation syndrome without glaucoma, 37 normal age-matched control subjects, 5 eyes with pseudoexfoliation-
associated open-angle glaucoma, and 5 eyes with primary open-angle glaucoma (POAG).

Methods: Protein and mRNA expression of major elastic fiber components (elastin, fibrillin-1, fibulin-4),
collagens (types I, III, and IV), and lysyl oxidase crosslinking enzymes (LOX, LOXL1, LOXL2) were assessed in situ
by quantitative real-time polymerase chain reaction, (immuno)histochemistry, and light and electron microscopy.
Lysyl oxidase-dependent elastin fiber assembly was assessed by primary optic nerve head astrocytes in vitro.

Main Outcome Measures: Expression levels of elastic proteins, collagens, and lysyl oxidases in the lamina
cribrosa.

Results: Lysyl oxidase-like 1 proved to be the major lysyl oxidase isoform in the normal lamina cribrosa in
association with a complex elastic fiber network. Compared with normal and POAG specimens, lamina cribrosa
tissues obtained from early and late stages of pseudoexfoliation syndrome without and with glaucoma consis-
tently revealed a significant coordinated downregulation of LOXL1 and elastic fiber constituents on mRNA and
protein level. In contrast, expression levels of collagens and other lysyl oxidase isoforms were not affected.
Dysregulated expression of LOXL1 and elastic proteins was associated with pronounced (ultra)structural alter-
ations of the elastic fiber network in the laminar beams of pseudoexfoliation syndrome eyes. Inhibition of LOXL1
interfered with elastic fiber assembly by optic nerve head astrocytes in vitro.

Conclusions: The findings provide evidence for a pseudoexfoliation-specific elastinopathy of the lamina
cribrosa resulting from a primary disturbance in LOXL1 regulation and elastic fiber homeostasis, possibly
rendering pseudoexfoliation syndrome eyes more vulnerable to pressure-induced optic nerve damage and
glaucoma development and progression.

Financial Disclosure(s): The author(s) have no proprietary or commercial interest in any materials discussed
in this article. Ophthalmology 2012;119:1832–1843 © 2012 by the American Academy of Ophthalmology.
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Secondary glaucoma associated with pseudoexfoliation syn-
drome represents a common and severe type of open-angle
glaucoma accounting for approximately 20% to 25% of all
cases of open-angle glaucoma worldwide.1 The underlying
disease has been characterized as a generalized elastosis,
associated with the excessive production and abnormal ag-
gregation of elastic proteins, such as fibrillin-1 and elastin,
into typical pseudoexfoliation fibrils accumulating in the
aqueous outflow pathways and other tissues inside and
outside the eye.2 Recent genetic studies in multiple popu-
lations convincingly have identified the LOXL1 gene as a
principal contributor to the risk of developing both pseudo-
exfoliation syndrome and pseudoexfoliation glaucoma.3,4
Lysyl oxidase-like 1 (LOXL1), a member of the lysyl oxi- h
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ase family of cross-linking matrix enzymes, has been
hown to be required specifically for elastic fiber forma-
ion and stabilization by means of cross-linking tro-
oelastin monomers into elastin polymers.5 Although the
ausative functional role of the missense changes caused
y the disease-associated LOXL1 variants remains unclear,
revious studies have provided evidence for a dysregulated
xpression and involvement of LOXL1 in the formation of
he aberrant fibrillar aggregates in ocular tissues of pseudo-
xfoliation syndrome eyes.6,7

Compared with primary open-angle glaucoma (POAG),
seudoexfoliation glaucoma has a more serious clinical
ourse and worse prognosis.8 It typically is associated with

igher mean intraocular pressure (IOP) levels, greater diur-
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nal IOP fluctuations, higher frequency and severity of optic
nerve damage, and more rapid visual field loss. Hence, IOP
has been established as a major risk factor for glaucomatous
damage in pseudoexfoliation syndrome patients, underlined
by the observation that untreated IOP levels were correlated
directly with mean visual field defects in patients with
pseudoexfoliation glaucoma but not in patients with
POAG.9 However, the pseudoexfoliation process itself also
has been shown to be a significant independent risk factor
for glaucomatous optic nerve damage and progression.
First, glaucomatous damage was reported to occur in a
significant proportion of normotensive pseudoexfoliation
syndrome eyes, particularly if these showed IOP levels of
18 mmHg or more and IOP fluctuations of 6 mmHg or
more.10–12 Moreover, despite similar mean baseline IOP
values, a greater rate of conversion of ocular hypertensive
patients to pseudoexfoliation glaucoma than to POAG has
been reported.13,14 At a given level of IOP, the probability
of having glaucomatous damage was shown to be higher in
eyes with pseudoexfoliation syndrome than in those with-
out,15,16 and patients with untreated pseudoexfoliation glau-
coma progressed considerably faster than those with un-
treated POAG or normal-tension glaucoma.17 Finally, the
presence of pseudoexfoliation syndrome was the most im-
portant independent risk factor for glaucoma progression in
the Early Manifest Glaucoma Trial.18 The conclusions from
these clinical studies were that the joint effect of IOP
elevation and the pseudoexfoliation process itself, which
may involve an increased vulnerability of the optic nerve
head (ONH) to increased IOP, confers a greater risk for
glaucomatous optic nerve damage in pseudoexfoliation syn-
drome patients compared with those without pseudoexfo-
liation syndrome.

Pronounced abnormalities of elastic components of the
lamina cribrosa (LC) have been suggested to represent 1
important IOP-independent risk factor in pseudoexfoliation
glaucoma patients. Previous studies have found a marked
and site-specific elastosis of the LC in eyes with pseudoex-
foliation glaucoma that was significantly more severe than
in POAG and other types of glaucoma.19,20 However, it is
not known whether these elastotic alterations represent pri-
mary anomalies or secondary alterations in response to
elevated IOP levels in glaucoma eyes. The authors’ working
hypothesis suggests the existence of a primary defect in
LOXL1 regulation and elastin metabolism, which nega-
tively affects the structural and biomechanical properties of
the LC in early stages of pseudoexfoliation syndrome and
increases the susceptibility of the ONH to IOP-induced
damage. To test this hypothesis, this study investigated the
expression and localization of major elastic proteins in-
volved in elastic fiber assembly (elastin, fibrillin-1, fibulin-
4)21 and lysyl oxidase cross-linking enzymes (LOX,
LOXL1, LOXL2), which are required for elastic fiber for-
mation and maintenance,22 as well as collagens (types I, III,
and IV) in the LC of pseudoexfoliation syndrome and
glaucoma eyes in various stages of the disease in compar-
ison with normal controls. A small number of LC specimens
obtained from eyes with POAG also served as a control

group. f
aterials and Methods

issue Specimens
onor eyes used for corneal transplantation were obtained and
rocessed within 15 hours after death. For RNA extractions, 10
onor eyes with early pseudoexfoliation syndrome without glau-
oma (mean age, 79.5�9.2 years; 5 female, 5 male), 10 donor eyes
ith late pseudoexfoliation syndrome without glaucoma (mean

ge, 79.8�8.0 years; 5 female, 5 male), and 20 normal-appearing
ge-matched control eyes (mean age, 75.3�8.5 years; 7 female, 13
ale) without any known ocular disease were used. Donors were

lassified as having early- or late-stage pseudoexfoliation syn-
rome according to the amount of macroscopically visible pseu-
oexfoliation material deposits on anterior segment structures. As
escribed previously,23 early stages were defined by a frosted
ppearance of the zonules, whereas late stages revealed prominent
seudoexfoliation material deposits on the lens, iris, ciliary pro-
esses, and zonules. The presence of pseudoexfoliation material
as confirmed by electron microscopic analysis of small tissue

ectors, and the absence of glaucoma was confirmed by micro-
copic analysis of optic nerve cross-sections. In addition, tissues of
eyes with a documented history of pseudoexfoliation-associated

pen-angle glaucoma (mean age, 74.3�11.2 years; 2 female, 3
ale), which had to be enucleated surgically because of painful

bsolute glaucoma, as well as tissues of 5 donor eyes with a
ocumented history of POAG (mean age, 82.3�11.7 years; 2
emale, 3 male) were obtained for comparative analyses. Posterior
egment tissues (retina, choroid, LC, sclera, and retrobulbar optic
erve) were prepared under a dissecting microscope and shock
rozen in liquid nitrogen. The scleral specimens were subdivided
nto peripapillary sclera (2 mm surrounding the LC) and sclera
rom the equatorial region of the globe.

The LOXL1 genotypes and haplotypes, formed by the 2 non-
ynonymous polymorphisms, rs1048661 and rs3825942 in exon 1
f the LOXL1 gene, were determined through direct sequencing of
DNA from most of the pseudoexfoliation (n � 21) and control
n � 24) tissues as previously described.6

For immunohistochemistry analysis, posterior segments from 7
onor eyes with pseudoexfoliation syndrome without glaucoma
mean age, 78.7�9.7 years; 5 female, 2 male) and 7 normal-
ppearing age-matched control eyes (mean age, 76.0�6.2 years; 3
emale, 4 male) were cryofixed in OCT compound (TissueTek
.C.T. compound; Sakura Finetek, Staufen, Germany). Three do-
or eyes with pseudoexfoliation syndrome (mean age, 72.0�10.5
ears; 1 female, 2 male) and 3 normal donor eyes (mean age,
0.0�7.5 years; 1 female, 2 male) were used for transmission
lectron microscopy and electron microscopic immunogold label-
ng. Another set of fixed archived donor eyes with pseudoexfolia-
ion syndrome (n � 7; mean age, 81.3�3.8 years, 4 female, 3
ale) and without (n � 7; mean age, 78.2�7.1 years; 4 female, 3
ale) was used for histochemical staining of elastin and collagen
bers on cross-sections of the LC.

Informed consent for tissue donation was obtained from the
atients or their relatives, and the protocol of the study was
pproved by the local ethics committee and adhered to the tenets
f the Declaration of Helsinki for experiments involving human
issues and samples.

eal-Time Polymerase Chain Reaction
otal RNA was extracted from ocular tissues using the RNeasy kit

Quiagen, Hilden, Germany), including an on-column DNase I
igestion step. First-strand cDNA synthesis from 0.1 �g total RNA
nd quantitative real-time polymerase chain reaction were per-

ormed using the MyIQ thermal cycler and software (Bio-Rad

1833
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Laboratories, München, Germany). Polymerase chain reactions
(25 �l) were run in duplicate and contained 2 �l first-strand
cDNA, 0.4 �M each of upstream and downstream primer, and IQ
SYBR Green Supermix (Bio-Rad). Exon-spanning primers (MWG
Biotech, Anzing, Germany), designed by means of Primer 3 soft-
ware (available at: http://fokker.wi.mit.edu/primer3/input.htm; ac-
cessed January 17, 2011), and polymerase chain reaction condi-
tions are summarized in Table 1. For quantification, serially
diluted standard curves of plasmid-cloned cDNA were run in
parallel, and amplification specificity was checked using melt
curve and sequence analyses using the Prism 3100 DNA-
sequencer (Applied Biosystems, Foster City, CA). For normaliza-
tion of gene expression levels, mRNA ratios relative to the house-
keeping gene GAPDH were calculated.

Immunohistochemistry

Indirect immunofluorescence single- or double-labeling was per-
formed on cryosections of posterior segment tissues using primary
antibodies against LOX (generous gift from Ian Hornstra, St.
Louis, MO; 1:100), LOXL1 (Ian Hornstra; 1:200; MaxPab B01P,
Abnova, Taiwan; 1:100), LOXL2 (Ian Hornstra; 1:100), elastin
(clone 10B8; Millipore, Schwalbach, Germany; 1:20), tropoelastin
(Abcam, Cambridge, UK; 1:500), fibrillin-1 (clone 26; Millipore;
1:150; generous gift from Dieter Reinhardt, Montreal, Canada;
1:2000), fibulin-4 (Takako Sasaki, Erlangen, Germany; 1:500),
and glial fibrillary acidic protein (Sigma-Aldrich, München, Ger-
many; 1:100). Cryostat-cut sections (5 �m) were fixed in cold
acetone, blocked with 10% normal goat serum, and incubated in
primary antibodies diluted in phosphate-buffered saline overnight
at 4°C. Antibody binding was detected by Alexa 488- and Alexa
555-conjugated secondary antibodies (Molecular Probes, Eugene,
OR), and nuclear counterstaining was performed with DAPI (4’,6-
diamidino-2-phenylindole) or propidium iodide (Sigma-Aldrich).
In negative control samples, the primary antibody was replaced by
phosphate-buffered saline or equimolar concentrations of nonim-

Table 1. Primers Used for Quantitative R

Gene Accession No. Product (bp)
Annealin

Temperature

LOX NM_002317 104 62

LOXL1 NM_005576 112 62

LOXL2 NM_002318 73 61

Elastin NM_000501 197 62

Fibrillin-1 NM_000138 184 64

Fibulin-4 NM_016938 221 62

Col1A1 NM_000088 127 62

Col3A1 NM_000090 239 64

Col4A1 NM_001845 116 63

GAPDH NM_002046 117 64

Col � collagen; GAPDH � glyceraldehyde-3-phosphate dehydrogenase;
mune rabbit immunoglobulin G or an irrelevant primary antibody. g

1834
istomorphometric Analysis

osterior segment tissues preserved in 4% buffered paraformalde-
yde were processed for paraffin embedding. Using Weigert’s
esorcin-fuchsin and picrosirius red histochemistry, 5-�m–thick
ross-sections of the LC were stained for elastin and collagen,
espectively, according to standard protocols.24 Sections were an-
lyzed with a light microscope (BX51; Olympus Optical Co.,
amburg, Germany) and digital images were obtained from 6
ifferent areas around the entire circumference of each LC with a
harge-coupled device camera (F-View II; Soft Imaging System,
ünster, Germany) at a magnification of �40 covering an area of

.095 mm2. The percentage area occupied by elastin and collagen
bers in relation to the entire area analyzed was detected with an

mage analyzing software (Cell^F; Olympus) by threshold analysis
f gray values; elastin and collagen fibers were detected by stan-
ardized threshold setting, including the dark fibers and excluding
he bright background.

ransmission Electron Microscopy and
mmunogold Labeling

or transmission electron microscopy, specimens were fixed in 4%
araformaldehyde/1% glutaraldehyde in 0.1 M phosphate buffer,
ostfixed in 2% buffered osmium tetroxide, dehydrated in graded
lcohol concentrations, and embedded in epoxy resin according
o standard protocols. Ultrathin sections were stained with
ranyl acetate and lead citrate and were examined with a
ransmission electron microscope (EM 906E; Carl Zeiss NTS
mbH, Oberkochen, Germany). For postembedding immunogold

abeling, specimens were fixed in 4% paraformaldehyde/0.1%
lutaraldehyde in 0.1 M cacodylate buffer for 5 hours at 4°C,
ehydrated serially to 70% ethanol at �20°C, and embedded in LR
hite resin (Electron Microscopy Sciences, Hatfield, PA). Ultra-

hin sections were incubated successively in Tris-buffered saline
TBS), 0.05 M glycine in TBS, 0.5% ovalbumin and 0.5% fish

ime Polymerase Chain Reaction Analysis

MgCl2 (mM) Sequence (5=–3=)

3.5 CAGATTTCTTACCCAGCCGACC
GGCATCAAGCAGGTCATAGTGG

3.5 TGGCTGAACTCGTCCATGCTGTG
ACTACGATGTGCGGGTGCTACTG

3.0 CATCCACCTCAACGAGATCCAG
AGACTCGGCATTGAACTTGCAG

3.5 AGGCAAACCTCTTAAGCCAGTTCC
CAGACACTCCTAAGCCACCAACTC

3.5 GAATGCAAGAACCTCATTGGCAC
TGGCGGTAAACCCATCATTACAC

3.5 TGCCGTCATCAACGACCTAC
CGATCTTGCGGTAACCATCAG

3.0 CGAAGACATCCCACCAATCACC
GATCACGTCATCGCACAACACC

3.0 GGCTACTTCTCGCTCTGCTTCATC
TGGGCAAACTGCACAACATTCTCC

3.0 CAGAGATGGTGTTGCAGGAGTG
TGTCACCTTTGAGCCGCAAGTC

3.5 AGCTCACTGGCATGGCCTTC
ACGCCTGCTTCACCACCTTC

� lysyl oxidase; LOXL � lysyl oxidase-like.
eal-T

g
(°C)
elatin in TBS, anti-elastin monoclonal antibody (clone 10B8)

http://fokker.wi.mit.edu/primer3/input.htm
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diluted 1:10 in TBS-ovalbumin overnight at 4°C, and finally in 10
nm gold-conjugated secondary antibody (BioCell; Cardiff, Wales,
UK) diluted 1:30 in TBS-ovalbumin for 1 hour.

In Vitro Elastogenesis Assay
To assess elastic fiber assembly in vitro, primary ONH astrocyte
cultures were generated from LC tissue of 3 normal donors (mean
age, 67�2.2 years; 2 male, 1 female) and were used at passages 2
to 3. The LC tissue was dissected into 4 to 6 explants, placed
into laminin-coated culture plates (BD Biosciences, Heidelberg,
Germany), capped with a coverslip, maintained in DMEM/
Ham’s F12 with 10% fetal bovine serum and 1% antibiotic-
antimycotic mix (Invitrogen, Karlsruhe, Germany), and supple-
mented with 5 ng/ml basic fibroblast growth factor (bFGF) and
5 ng/ml platelet-derived growth factor (PDGF-AA) (Sigma-
Aldrich) in a 95% air–5% CO2 humidified atmosphere at 37°C.
After outgrowth, astrocytes were separated from LC fibroblasts
as described previously,25 subcultivated, and immunohisto-
chemically characterized using antibodies against glial fibrillary
acidic protein.

Primary ONH astrocytes were seeded in 2-well Lab-Tek
chamber slides (Thermo Scientific/Nunc, Langenselbold, Ger-
many) at a density of 0.5�105 cells/well, grown to confluence,
and treated with 5 ng/ml transforming growth factor �1 (TGF-
�1; R&D Systems, Wiesbaden, Germany) to stimulate elasto-
genesis. In addition, 50 �g/ml �-aminopropionitrile (BAPN;
Sigma), a specific inhibitor of lysyl oxidase activity,26 was
added to postconfluent control wells. After incubation with or
without inhibitor for 2 to 14 days, the presence of elastin
incorporated into the extracellular matrix was assessed by im-
munofluorescence, as described above.

Results

Expression of Lysyl Oxidases and Elastic Fiber
Proteins in the Normal Lamina Cribrosa
In normal human elderly donor eyes (n � 7; mean age, 78.7�7.2
years), highest mRNA levels of lysyl oxidase isoenzymes were
measured in the choroid, followed by sclera, retina, LC, and optic
nerve (Fig 1A). In choroid, retina, and sclera tissues, LOX was the
predominantly expressed isoform, followed by LOXL1 and
LOXL2. However, LOXL1 was the only isoform distinctly ex-
pressed in LC tissue, although with considerable interindividual
variability, whereas LOX and LOXL2 were just at the limit of
detection. Highest mRNA levels of elastic proteins, that is, elastin,
fibrillin-1, and fibulin-4, also were found in the choroid, followed
by LC, retina, sclera, and optic nerve (Fig 1B). In LC tissue, the
highest expression levels were observed for fibulin-4, followed by
fibrillin-1 and elastin. Expression levels of lysyl oxidases and
elastic proteins were not significantly different in peripapillary and
normal sclera.

By immunolabeling, connective tissue septa of normal LC tissue
revealed a complex, radially oriented elastic fiber network consisting of
elastin-containing fibers (Fig 2A=) and prominent bundles of elastic mi-
crofibrils positive for fibrillin-1 and fibulin-4; they originated from the
circularly arranged, dense fiber network in the peripapillary sclera and
connected with the perivascular connective tissue of the central retinal
vessels. Fibrillin-1 and fibulin-4 colocalized only partially with elastin
(Fig 2A==, A===), suggesting the presence of isolated elastic microfibrillar
bundles independent of elastin fibers.

This complex elastic fiber network appeared in close associa-
tion with LOXL1-positive cells in the prelaminar, laminar, and

immediate retrolaminar regions (Fig 2B). Lysyl oxidase-like 1 (
ainly was localized to the cytoplasm of cells located at the
nterface between axon bundles and connective tissue presumed to
epresent glial astrocytes by positive staining for glial fibrillary
cidic protein (not shown). Cells localized within the laminar
eams, presumably LC cells, mostly were negative. Lysyl oxidase-
ike 1–positive astrocytes were associated with few elastic fibers
nd microfibrillar bundles within glial columns in the prelaminar
egion (Fig 2B=), with prominent radially oriented elastic networks
n the laminar region (Fig 2B==), and with predominantly sagittally
riented fibers and microfibrils in the connective tissue septa of the
mmediate retrolaminar portion of the ONH (Fig 2B===). In addi-
ion, cells in the peripapillary sclera, optic nerve sheaths, and blood
essel walls (central retinal vessels, intrascleral vessels, prelaminar
apillaries) also demonstrated positive staining for LOXL1 (not
hown). Occasionally, LOXL1 was present along extracellular
bers in clear colocalization with tropoelastin (Fig 2C), both
ithin the laminar beams (Fig 2C=) and the peripapillary sclera
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rom normal human donors (n � 7; mean age, 78.7�7.2 years) using
eal-time polymerase chain reaction technology. The expression levels
ere normalized against glyceraldehyde-3-phosphate-dehydrogenase

GAPDH), and the results are expressed as molecules of gene of
nterest per molecules GAPDH. The values represent mean
alues�standard deviation of 6 separate experiments. pp sclera �
eripapillary sclera.
Fig 2C==). In contrast, immunolabeling for LOX and LOXL2
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demonstrated negative staining in normal LC tissue (not shown).
Antibody binding was abolished when an irrelevant primary anti-
body or phosphate-buffered saline was used instead of the primary
antibodies (Fig 2C===). Together, these findings indicate that
LOXL1 is the major lysyl oxidase isoform in the human LC, where
it seems to be involved in elastin fiber homeostasis.

Expression of Lysyl Oxidases and Elastic Fiber
Proteins in the Lamina Cribrosa of
Pseudoexfoliation Syndrome Eyes

Next, expression levels of lysyl oxidases and elastic proteins in
normal LC tissue (n � 20) were compared with those of eyes with
POAG (n � 5) and those of eyes with pseudoexfoliation syndrome
without glaucoma (n � 20). Compared with normal age-matched

Figure 2. Immunofluorescence labeling of elastic proteins and LOXL1 in cr
Positive signals are indicated by green or red fluorescence in contrast to blu
staining for (A=) elastin and double staining for (A==) elastin and fibrillin
and elastic microfibrils. B, Double staining for LOXL1 and fibrillin-1 in t
showing a predominant location of LOXL1 within astrocytes. C, Double s
elastic fibers (arrows) within the (C=) laminar beams and the (C==) peripapi
(C===). Magnification bars � 100 �m in (A) and (B) and 50 �m in (C=)
controls, expression of LOXL1 was reduced significantly in pseudo- e

1836
xfoliation specimens (40% of control levels; P � 0.001), accompa-
ied by a significant reduction of elastin (53%; P � 0.001), fibrillin-1
43%; P � 0.001), and fibulin-4 (55%; P � 0.001; Fig 3A). In
ontrast, expression of LOX and LOXL2, which were at the limit of
etection, showed no differences between pseudoexfoliation syn-
rome and control specimens. Differences in expression levels of
ollagen types I, III, and IV between pseudoexfoliation syndrome and
ontrol samples were statistically not significant. However, POAG
pecimens revealed significantly increased expression levels of colla-
en type IV (230%; P � 0.05), but otherwise were not significantly
ifferent from the control group.

After subdividing the pseudoexfoliation syndrome group into
arly stages (n � 10) and late stages (n � 10), both early and late
tages showed a significant decline in expression of LOXL1 (34%
nd 48% of control levels, respectively) and the elastic proteins

ctions of the lamina cribrosa of a normal human donor eye (age, 63 years).
rescence of nuclei stained with 4,=6-diamidino-2-phenylindole. A, Single
(A===) elastin and fibulin-4 showing distinct populations of elastic fibers
=) prelaminar, (B==) laminar, and (B===) immediate retrolaminar regions
g for LOXL1 and tropoelastin showing colocalization along extracellular
clera. No staining reactions were seen after omission of primary antibodies
(C==).
oss-se
e fluo
-1 or
he (B
tainin
llary s
lastin (63% and 43%, respectively), fibrillin-1 (45% and 40%,



a
r
h
(
o
c
w
s
(
c
o
d
t

H (*

Schlötzer-Schrehardt et al � LOXL1 in PEX Lamina Cribrosa
respectively), and fibulin-4 (55% and 53%, respectively) compared
with normal age-matched controls (Fig 3B). A similar, statistically
significant reduction in expression levels of LOXL1 (55%; P �
0.004), elastin (45%; P � 0.03), and fibrillin-1 (36%; P � 0.03)
also was found in pseudoexfoliation eyes with end-stage glaucoma
(n � 5) compared with controls (Fig 3B). The pseudoexfoliation-
associated significant decrease in LOXL1 and elastic protein ex-
pression was found to be specific for the LC, whereas other
posterior segment tissues, such as choroid, retina, sclera, and optic
nerve, showed no significant differences in expression levels be-
tween pseudoexfoliation syndrome and control eyes (Fig 3C, D).

To investigate a potential effect of the LOXL1 genotype,
LOXL1 expression levels in the LC were correlated with the

retina choroid sclera pp sclera optic nervlamina
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Figure 3. A, Expression of LOX, LOXL1, elastin, fibrillin-1, fibulin-4, co
normal human donor eyes (control; n � 20), eyes with primary open-angl
(n � 20) using real-time polymerase chain reaction technology. B, Express
human donor eyes (control; n � 20), eyes with early stages of pseudoex
syndrome (PEX late; n � 10), and eyes with PEX-associated open-angle gla
choroid, sclera, peripapillary (pp) sclera, lamina cribrosa, and optic nerv
syndrome (n � 20 for each patient group). The expression levels were norm
results are expressed as molecules of gene of interest per molecules GAPD
LOXL1 genotypes and haplotypes formed by the 2 pseudoexfoliation- r
ssociated nonsynonymous risk variants, rs1048661 (R141L) and
s3825942 (G153D). The distribution of LOXL1 genotypes and
aplotypes in the study samples is summarized in Figure 4A
available at http://aaojournal.org). In brief, the risk genotype GG
f rs1048661 was distributed equally among pseudoexfoliation
ases (approximately 52%) and control cases (approximately 46%),
hereas the risk genotype GG of rs3825942 was highly overrepre-

ented in pseudoexfoliation cases (100%) compared with controls
50%). Approximately 76% of pseudoexfoliation cases and 37% of
ontrol cases carried the high-risk haplotype (G-G), whereas 2 copies
f the high-risk haplotype (G-G/G-G) were present in 52% of pseu-
oexfoliation cases and 17% of control cases. In both pseudoexfolia-
ion and control cases, expression of LOXL1 was affected by
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risk G allele, whereas rs3825942 alleles and the haplotype did not
affect LOXL1 expression levels in the LC (Fig 4B, C, available at
http://aaojournal.org).

By immunolabeling, the LC of nonglaucomatous pseudoexfo-
liation syndrome eyes revealed a disorganized and fragmented

Figure 5. Immunofluorescence labeling of elastic proteins and LOXL1
pseudoexfoliation (PEX) syndrome. Nuclei are stained with 4,=6-diamidin
(red fluorescence) in (C). A, Double staining for LOXL1 (red) and elas
staining in cross-sections of the lamina cribrosa of (A==) PEX syndrome
demonstrating immunopositive labeling for both LOXL1 and elastin (oran
B, Double staining for LOXL1 (red) and fibrillin-1 (green) showing decreas
of (B==) PEX syndrome eyes as compared with (B=) normal eyes. Pseudoe
(orange, arrows) accumulate in the peripapillary sclera of (B===) PEX synd
eye showing widespread immunostaining for LOXL1 (green) in Bruch’s me
blood vessel (BV) walls. Optic nerve head tissue of a (C==) PEX syndrome
lines), but accumulation of LOXL1-positive PEX material aggregates (arrow
100 �m in (A=), (A==), (B=), and (B==); 50 �m in (A===); 200 �m in (B
elastic fiber system, which was particularly distinct for elastin- r

1838
ositive elastic fibers (Fig 5A=, A==) and less prominent for elastic
icrofibrils demonstrating positive staining for fibrillin-1 (Fig

B=, B==) and fibulin-4 (not shown) compared with controls. In
ontrast to control eyes, LOXL1 was hardly detected in LC astro-
ytes of pseudoexfoliation syndrome eyes (Fig 5A==, B==), but

optic nerve head tissue of normal human donor eyes and eyes with
henylindole (blue fluorescence) in (A) and (B) or with propidium iodide
reen) showing decreased LOXL1 immunoreactivity and irregular elastin
compared with (A=) normal eyes. Pseudoexfoliation material aggregates
rows) accumulate in the peripapillary sclera of (A===) PEX syndrome eyes.
XL1 immunoreactivity but regular fibrillin staining in the lamina cribrosa
tion material aggregates immunopositive for both LOXL1 and fibrillin-1
eyes. C, Sagittal section through the optic nerve head of a (C=) normal

ne (BM), lamina cribrosa (dotted lines), peripapillary sclera (arrows), and
ows reduced LOXL1 immunostaining within the lamina cribrosa (dotted

thin the peripapillary sclera and optic nerve sheaths. Magnification bars �
nd 1000 �m in (C=) and (C==).
in
o-2-p
tin (g
eyes
ge, ar
ed LO
xfolia
rome
mbra
eye sh
s) wi
ather, accumulated within extracellular pseudoexfoliation mate-
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rial aggregates in clear colocalization with elastin, fibrillin-1, and
fibulin-4 (Fig 5A===, B===). Such LOXL1-positive pseudoexfolia-
tion aggregates were observed in all pseudoexfoliation syndrome
specimens, but not in controls, and accumulated within the optic
nerve sheaths and the posterior regions of the peripapillary sclera
(Fig 5C=, C==). In addition, blood vessel walls of prelaminar
capillaries and retrobulbar short posterior ciliary arteries showed
focal accumulations of LOXL1-positive pseudoexfoliation depos-
its (not shown).

These findings indicate a pseudoexfoliation-specific and site-
specific downregulation of LOXL1 and elastic fiber constituents
on both the mRNA and protein level in the LC of eyes with
pseudoexfoliation syndrome in association with structural altera-
tions of the laminar elastic fiber system. However, the dysregu-
lated LOXL1 expression cannot be attributed clearly to the known
LOXL1 risk genotypes.

Morphologic Alterations of Elastin in the Lamina
Cribrosa of Pseudoexfoliation Syndrome Eyes

To characterize further the elastotic alterations observed in the
laminar beams of pseudoexfoliation syndrome eyes, the elastic
fiber system was analyzed qualitatively and quantitatively on the
light and electron microscopic level in LC cross-sections of normal
control (n � 7) and nonglaucomatous pseudoexfoliation syndrome
eyes (n � 7). Whereas the collagen fibers stained with picrosirius
red apparently were not altered in pseudoexfoliation syndrome
tissues (Fig 6B=, B==), the elastic fiber network stained with res-
orcin-fuchsin appeared markedly disorganized and fragmented in

Figure 6. Histomorphometric analysis of elastic fibers and collagen fibers
(age, 78 years) and an eye with pseudoexfoliation (PEX) syndrome (age, 7
cribrosa analyzed for purple-stained elastin fibers using Weigert’s resorcin
microscopic appearance of representative areas of the lamina cribrosa analy
PEX syndrome tissue specimens. Magnification bars � 100 �m.
pseudoexfoliation syndrome specimens compared with controls O
Fig 6A=, A==). However, there was no quantitative difference in
he percentage area of the laminar beams occupied by elastin
pseudoexfoliation, 40.3%; control, 39.5%), nor in the percentage
rea covered by collagen (pseudoexfoliation, 55.5%; control,
7.2%) between the groups (data not shown).

Transmission electron microscopy and elastin immunogold la-
eling revealed regularly structured collagen fibers, but strikingly
bnormal elastic fibers, in the laminar beams of pseudoexfoliation
yndrome specimens compared with controls (Fig 7A=, A==). The
bnormal elastic fibers had a moth-eaten, fragmented appearance
nd consisted of a diminished elastin core embedded in a promi-
ent amorphous matrix (Fig 7B=, B==). The elastic fiber morpho-
ogic features appeared normal in other locations within the optic
erve and sclera of the same eyes with pseudoexfoliation syn-
rome (not shown).

ffect of Lysyl Oxidase Inhibition on Elastogenesis
n Vitro

n primary cultures of ONH astrocytes obtained from normal
onor eyes (n � 3), basal expression levels of lysyl oxidases were
ighest for LOX, followed by LOXL1, and were lowest for
OXL2, whereas basal expression levels of elastic fiber proteins
ere similar for fibrillin-1, fibulin-4, and elastin. Expression levels
f lysyl oxidases and elastic proteins could be increased signifi-
antly (LOXL1, 3-fold; elastin, 2-fold; fibrillin-1, 5-fold; fibulin-4,
-fold) by TGF-�1 (5 ng/ml) after incubation for 2 to 14 days (data
ot shown). By immunocytochemistry, weak expression of LOX,
OXL1, and LOXL2 was observed in the cytoplasm of individual

raffin cross-sections of the lamina cribrosa of a normal human donor eye
s). A, Light microscopic appearance of representative areas of the lamina
sin in (A=) normal and (A==) PEX syndrome tissue specimens. B, Light
r red-stained collagen fibers using picrosirius red in (B=) normal and (B==)
in pa
7 year
-fuch
zed fo
NH astrocytes. Elastic proteins also were expressed mainly in-
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tracellularly and were immunolocalized to few extracellular fi-
brous structures (Fig 8A, available at http://aaojournal.org). On
stimulation with TGF-�1 (5 ng/ml), intracellular expression levels
of lysyl oxidases were increased markedly, whereas fibrillin-1 and
fibulin-4 could be localized mainly to prominent microfibrillar
networks in the extracellular space (Fig 8B, available at http://
aaojournal.org). Deposition of insoluble elastin into the extracel-
lular matrix was not observed before 10 days of culture.

To determine if LOXL1 is required for elastic fiber assembly, post-
confluent cells were cotreated with TGF-�1 (5 ng/ml) and BAPN (50
�g/ml) up to 14 days to inhibit lysyl oxidase activity. �-Aminopropion-
itrile is a widely used small-molecule inhibitor of lysyl oxidase activity
and is an efficient competitive inhibitor of LOXL1 in vitro.26 The pres-
ence of BAPN markedly decreased immunostaining for elastin in the
extracellular matrix, whereas fibrillin-1 and fibulin-4 immunostaining
patterns appeared to be unchanged (Fig 8C, available at http://aaojourna-
l.org). The treatment with BAPN had no effect on cell viability or elastin
expression (not shown). These observations suggest that lysyl oxidase
cross-linking is important for elastic fiber formation by ONH astrocytes in
vitro.

Discussion

Alterations of the Extracellular Matrix in the
Lamina Cribrosa of Pseudoexfoliation
Syndrome Eyes

A growing body of evidence supports the concept that

Figure 7. Transmission electron micrographs showing the ultrastructure
beams of a normal human donor eye (age, 79 years) and an eye with pseud
normal structure and (A==) homogenous anti-elastin immunoreactivity i
consisting of (B==) elastin-positive patches interspersed with amorphous ma
bars � 1 �m.
IOP-related stress and strain affecting the load-bearing con- f

1840
ective tissues of LC and peripapillary sclera and subse-
uent damage to optic nerve axons at the level of the LC are
entral determinants in the pathophysiology of glauco-
a.27–29 The glaucomatous ONH shows a reduced compli-

nce to IOP,30 which is presumed to result from extracel-
ular matrix changes including degeneration of elastic
bers, adversely affecting the structural and biomechanical
roperties of the ONH.31–33 Elastic fibers are one of the
ajor extracellular components providing the LC and peri-

apillary insertion zone with elasticity and resilience to
dapt to changes and fluctuations in IOP. Elastic fiber for-
ation, maintenance, and stability have been shown essen-

ially to involve the cross-linking action of LOXL1.5 Thus,
OXL1 generally has been considered a crucial factor in
onnective tissue remodeling during dynamic processes
uch as tissue injury and repair.

In this study, LOXL1 was found to be the most abundant
ysyl oxidase isoform in the normal human LC, where it
ocalized mainly to astrocytes in close association with a
omplex elastic fiber network comprising both elastic fibers
nd microfibrillar bundles. Occasionally, LOXL1 also could
e observed along elastic fibers in colocalization with tro-
oelastin, supporting the notion of its functional role as a
ey enzyme in elastic fiber stabilization and maintenance.
his assumption also is substantiated by in vitro inhibition
tudies showing that lysyl oxidase cross-linking is required

nti-elastin immunogold staining patterns of elastic fibers in the laminar
liation (PEX) syndrome (age, 83 years). A, Elastic fibers (EFs) with (A=)
trol tissue. B, Abnormal EFs showing a (B=) moth-eaten structure and
(asterisks) in PEX syndrome tissue. COL � collagen fibers. Magnification
and a
oexfo

n con
terial
or elastin deposition to the extracellular matrix and for

http://aaojournal.org
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elastic fiber assembly by stimulated ONH astrocytes after
prolonged time in culture.

Compared with age-matched controls, eyes with pseudo-
exfoliation syndrome revealed a statistically significant
downregulation of LOXL1 and elastic proteins, both on the
mRNA and protein levels, which seemed to be confined to
the LC in the posterior segment of the eye. Expression
levels of other lysyl oxidase isoforms and of collagen types
I, III, and IV in pseudoexfoliation syndrome specimens
showed no significant differences compared with controls.
In contrast, POAG specimens showed no significant differ-
ences in expression levels of LOXL1 and elastic proteins
compared with controls but confirmed a previously reported
significant upregulation of collagen type IV despite low
sample size.34 To discover any potential effects of IOP,
early and late stages of pseudoexfoliation syndrome as well
as pseudoexfoliation glaucoma eyes were included in this
study. In fact, coordinated downregulation of LOXL1 and
elastic fiber constituents was observed in all pseudoexfolia-
tion syndrome specimens with and without glaucoma, in-
cluding very early stages of the disease, suggesting a pseu-
doexfoliation-specific primary dysregulation in LOXL1 and
elastic protein expression.

Reduced expression levels of LOXL1 and elastic pro-
teins obviously were associated with pronounced struc-
tural alterations of elastic fibers involving a disorganized
and fragmented network of ultrastructurally abnormal
elastin fibers in the laminar beams of pseudoexfoliation
syndrome eyes. Fragmentation of elastic fibers without
increase in elastin synthesis may be the result of impaired
fiber stabilization by LOXL1 deficiency, increased pro-
teolytic activity by elastin-degrading enzymes such as
matrix metalloproteinases and elastase, or both, which
remains to be analyzed in future studies. Nevertheless,
the present findings in nonglaucomatous pseudoexfolia-
tion syndrome eyes confirm and expand the result of
previous studies showing a marked and site-specific elas-
tosis in the LC of patients with pseudoexfoliation glau-
coma, which was significantly more pronounced than in
POAG and other types of glaucoma.19,20 Rather, similar
structural alterations in very early stages of the disease,
which largely may exclude the effect of long-lasting and
high levels of IOP, suggest basic alterations in elastic
fiber homeostasis caused by LOXL1 dysregulation in the
LC of pseudoexfoliation eyes.

Potential Mechanisms of LOXL1 Dysregulation in
the Lamina Cribrosa of Pseudoexfoliation
Syndrome Eyes

To date, multiple studies have confirmed variants in exon 1
of the LOXL1 gene as principal genetic risk factors for
pseudoexfoliation syndrome or pseudoexfoliation glau-
coma, accounting for virtually all pseudoexfoliation cases
within all geographical populations analyzed.4 None of
these studies reported any significant differences between
pseudoexfoliation syndrome and pseudoexfoliation glau-
coma, suggesting that the LOXL1 gene may contribute to
disease onset and may confer risk of glaucoma mainly

through pseudoexfoliation. It therefore can be hypothesized d
hat the LOXL1 missense variants that increase the risk of
seudoexfoliation syndrome are associated with a reduction
n LOXL1 expression and activity in the LC. Confirming
revious reports on ocular6 and extraocular3 tissues, the
xpression level of LOXL1 in the LC was affected only by
s1048661 alleles in both pseudoexfoliation syndrome and
ontrol samples. However, the risk alleles of rs3825942
lleles, which were overrepresented in pseudoexfoliation
yndrome cases, had no effect on LOXL1 expression levels.
ecause the risk genotype of rs1048661 was distributed
qually among pseudoexfoliation syndrome and control
ases, it cannot sufficiently explain the reduced LOXL1
xpression levels in the LC of pseudoexfoliation syndrome
yes. Therefore, the findings support the notion that the
seudoexfoliation-specific dysregulation of LOXL1 expres-
ion, which previously also was demonstrated in various
nterior segment tissues of pseudoexfoliation syndrome
yes,6,7 may be modulated by additional pseudoexfoliation-
ssociated genetic or external factors. Moreover, the pseu-
oexfoliation-associated missense variants are common in
he normal population and show a different allele frequency
n certain nonwhite populations of pseudoexfoliation syn-
rome patients, founding the quest for other causative vari-
nts possibly affecting LOXL1 regulation.35 Recently, novel
olymorphisms in the promoter region of LOXL1 have been
dentified to be associated significantly with pseudoexfolia-
ion syndrome and pseudoexfoliation glaucoma in a United
tates white population and were suggested to influence
OXL1 gene expression by causing a reduction in LOXL1
rotein expression and activity.36 Further functional analy-
es of the LOXL1 promoter polymorphisms will shed some
ight on these unresolved issues.

In the posterior segment, dysregulated expression of
OXL1 apparently was confined to the LC of pseudoexfo-

iation syndrome eyes, indicating that other tissue-specific
xternal factors may modulate local LOXL1 expression
evels in addition to genetic predisposition. Expression of
OXL1 by ONH astrocytes may be sensitive to small fluc-

uations in IOP or locally active factors involved in pseu-
oexfoliation syndrome pathophysiology. Lysyl oxidases
ave been shown to be regulated by a variety of external
actors, including mechanical stress37 and TGF-�1,38 a key
ediator in the fibrotic pseudoexfoliation process.39 In ac-

ordance, TGF-�1 was shown to induce expression of
OXL1 together with elastic fiber constituents by cultured
NH astrocytes in this study. However, the pseudoexfolia-

ion-specific genetic background may alter the cellular re-
ponse to these or other environmental stimuli in vivo, and
uture studies are planned to investigate the combined effect
f genotype and external factors on matrix assembly by
NH astrocytes in vitro.

otential Consequences of LOXL1 Dysregulation
n the Lamina Cribrosa of Pseudoexfoliation
yndrome Eyes

ysyl oxidase-mediated cross-links determine the tensile
nd mechanical properties of the extracellular matrix and
ontribute to the stability of connective tissues.22 Hence,

ysregulation of lysyl oxidases was shown to underlie the
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onset and progression of various pathologic conditions af-
fecting connective tissues, such as fibrotic disorders and
neurodegenerative and cardiovascular diseases.40 Reduced
expression of lysyl oxidase family members has been asso-
ciated particularly with the pathophysiology of cardiovas-
cular diseases, lung emphysema, pelvic organ prolapse, and
cutis laxa and has been linked to structural alterations of
elastin and collagen fibers together with altered biomechani-
cal properties of tissues. For instance, perivascular matrix
alterations secondary to LOX deficiency have been pro-
posed as causes of abdominal aortic aneurysm and sponta-
neous coronary artery dissection.41 Low expression levels
of LOXL1, fibrillin-1, and elastin also were reported in
fibroblast cultures derived from patients with cutis laxa,42

suggesting the existence of common regulation mechanisms
for these genes. Overall, these findings suggest that reduced
expression and activity of lysyl oxidases result in mechan-
ically weaker connective tissues.

Consistently, reduced expression of LOXL1, a key en-
zyme for maintenance of functional elastic fibers, in the LC
of pseudoexfoliation syndrome eyes may account for the
elastotic matrix changes, which are supposed to alter the
biomechanical properties of this critical structure signifi-
cantly. A recent study applied atomic force microscopy
nanoindentation for probing the mechanical properties of
unfixed cryosections of the LC in pseudoexfoliation syn-
drome and control eyes. The analyses revealed a statistically
significant decrease in Young’s modulus of elasticity, which
is a measure of tissue stiffness, of LC specimens obtained
from pseudoexfoliation syndrome eyes compared with con-
trol eyes.43 This marked decrease in stiffness, implying an
increased deformability of the ONH in response to IOP,
may facilitate mechanical damage to optic nerve axons and
may render pseudoexfoliation syndrome eyes more vulner-
able to elevated IOP. Abnormally cross-linked LOXL1-
positive pseudoexfoliation material aggregates, accumulat-
ing within the posterior regions of the peripapillary sclera,
optic nerve sheaths, and blood vessel walls, may contribute
further to altered biomechanical properties of the ONH in
pseudoexfoliation syndrome eyes.

In conclusion, the present findings provide evidence
for a pseudoexfoliation-specific elastinopathy of the LC
resulting from a primary disturbance in LOXL1 regula-
tion and elastic fiber homeostasis, possibly leading to
alterations of biomechanical properties. Such an inherent
weakness of the LC may render eyes with pseudoexfo-
liation syndrome more vulnerable to IOP-induced optic
nerve damage, even at lower levels of stress, and may
explain why the probability of having glaucomatous
damage is higher in eyes with pseudoexfoliation than in
those without for the same level of IOP.16,17 Thus,
LOXL1 likely represents a major IOP-independent sus-
ceptibility factor for a pseudoexfoliation-associated risk
of glaucoma development. Interestingly, reduced levels
of LOXL2 and elastin in ONH tissue of black donors
compared with those of white American donors already
have suggested LOXL2 previously as a candidate suscep-
tibility gene for a population-specific risk of POAG.44

The present findings substantiate a critical role of lysyl

oxidases for the structure and stability of individual ONH

1842
issues. The findings may have direct consequences for
he clinical management of pseudoexfoliation patients,
nderlining the need for an exact diagnosis, a strict
OP-reducing therapy, and close and regular follow-up.
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