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Abstract

The corneal stroma is enriched in small leucine-rich proteoglycans (SLRPs), including both class I

(decorin and biglycan) and class II (lumican, keratocan and fibromodulin). Transparency is

dependent on the assembly and maintenance of a hierarchical stromal organization and SLRPs are

critical regulatory molecules. We hypothesize that cooperative interclass SLRP interactions are

involved in the regulation of stromal matrix assembly. We test this hypothesis using a compound

Bgn−/o/Lum−/− mouse model and single Lum−/− or Bgn−/o mouse models and wild type controls.

SLRP expression was investigated using immuno-localization and immuno-blots. Structural

relationships were defined using ultrastructural and morphometric approaches while transparency

was analyzed using in vivo confocal microscopy. The compound Bgn−/o/Lum−/− corneas

demonstrated gross opacity that was not seen in the Bgn−/o or wild type corneas and greater than

that in the Lum−/− mice. The Bgn−/o/Lum−/− corneas exhibited significantly increased opacity

throughout the stroma compared to posterior opacity in the Lum−/− and no opacity in Bgn−/o or

wild type corneas. In the Bgn−/o/Lum−/− corneas there was abnormal lamellar and fibril structure

consistent with the functional deficit in transparency. Lamellar structure was disrupted across the

stroma with disorganized fibrils, and altered fibril packing. In addition, fibrils had larger and more

heterogeneous diameters with an abnormal structure consistent with abnormal fibril growth. This

was not observed in the Bgn−/o or wild type corneas and was restricted to the posterior stroma in

Lum−/− mice. The data demonstrate synergistic interclass regulatory interactions between lumican

and biglycan. These interactions are involved in regulating both lamellar structure as well as

collagen fibrillogenesis and therefore, corneal transparency.
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1. Introduction

The corneal stroma is enriched in small leucine-rich proteoglycans (SLRPs). There are 2

major classes of SLRPs in the corneal stroma. Decorin and biglycan, are class I SLRPs and

lumican, keratocan and fibomodulin are class II SLRPs (Chen and Birk, 2011, 2013;

Schaefer and Iozzo, 2008). These SLRPs demonstrate differences in their expression

patterns in the developing and mature corneal stroma (Chen and Birk, 2011; Schaefer and

Iozzo, 2008). Expression of both class I SRRPs is homogenous across the corneal stroma.

However, biglycan expression is low in the mature stroma while decorin expression remains

high (Zhang et al., 2009). Class II SLRPs show both temporal and spatial differences.

Lumican and keratocan are homogeneous across the cornea stroma at birth, but the

expression of lumican is restricted to the posterior stroma after maturation (Chakravarti et

al., 2006; Chen et al., 2010; Zhang et al., 2009). Fibromodulin expression in the corneal

stroma is strongest at P14, but is decreased and restricted to the peripheral cornea with

maturation (Chen et al., 2010). In addition, class I SLRPs have chondroitin sulfate/dermatan

sulfate glycosaminoglycan (GAG) chains while class II SLRPs have keratan sulfate GAGs

(Chen and Birk, 2013; Schaefer and Iozzo, 2008).

Human congenital corneal stromal dystrophy is the consequence of mutations in class I

decorin that result in an altered protein core associated with abnormal stromal structure and

function (Kim et al., 2011; Lee et al., 2012; Rodahl et al., 2006). Mutations in keratocan

result in cornea plana with a change in corneal curvature resulting in altered refraction, but

no significant fibril structural defects (Liu et al., 2003; Pellegata et al., 2000). Data has

suggested a linkage between altered lumican expression and high myopia (Feng et al., 2013;

Liao et al., 2013). Genetic mouse models support a role for SLRPs in theses human

conditions. In addition, the mouse models have demonstrated that SLRPs are critical

regulators of collagen fibrillogenesis particularly the linear and lateral growth of protofibrils

into mature fibrils(Chakravarti et al., 1998; Chakravarti et al., 2003; Chakravarti et al., 2006;

Chen and Birk, 2013; Chen et al., 2010; Ezura et al., 2000; Zhang et al., 2009). In a decorin-

null corneal stroma there is a severe disruption of fibril structure and corneal function while

the biglycan-null stroma has a phenotype comparable to wild type stromas (Zhang et al.,

2009). Corneal stromas deficient in class II, lumican have a fibril phenotype restricted to the

posterior stromal with both fibril structure and transparency disrupted in this region

(Chakravarti et al., 2000; Chakravarti et al., 2006). In contrast, deficiency in keratocan or

fibromodulin is not associated with a fibril phenotype (Chen et al., 2010; Liu et al., 2003).

These data suggested that there are dominant regulators and modulatory SLRPs in each

class. We suggest that in the corneal stroma, decorin and lumican are dominant regulators

while biglycan and keratocan/fibromodulin fine tune the regulatory activity both spatially

and temporally.
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Expression of SLRPs can be coordinated via gene clustering with class I decorin and class II

lumican and keratocan cis-clustered on mouse chromosome 10 (Chakravarti and Magnuson,

1995; Danielson et al., 1999) and human chromosome 12 (Schaefer and Iozzo, 2008).

SLRPs also have the potential to alter expression of the other class members, for instance, in

the absence of decorin, biglycan expression can be increased (Zhang et al., 2009). In

addition, the expression of lumican has been shown to drive the expression of keratocan

(Carlson et al., 2005). Altered expression of both class I and class II SLRPs also was

observed in a mutant decorin transgenic mouse model (Chen et al., 2011). Regulatory

interactions across classes have been demonstrated by an increased severity of the tendon

fibril structural phenotype in the absence of both biglycan and fibromodulin compared to

either one alone (Ameye et al., 2002). Decorin and biglycan compete for a binding site on

collagen I while fibromodulin and lumican compete for a different binding site (Pringle and

Dodd, 1990; Svensson et al., 2000). This supports an interclass cooperativity in the

regulation of fibril growth. Defining the network of regulatory SLRP interactions is essential

to elucidate the roles in development, maintenance and regeneration of tissue-specific

structures and functions.

In this work, we test the hypothesis that there are interclass regulatory interactions involving

dominant and modulatory SLRPs. The roles of lumican and biglycan are investigated using

lumican-null, biglycan- and compound lumican/biglycan-null mouse models and an analysis

of corneal stromal matrix assembly. The data indicate a synergistic regulatory role for

interclass interactions involving biglycan and lumican in regulation of corneal stromal

matrix assembly. The interclass cooperation has significant impact on the development of

cornea structure and transparency.

2. Results

2.1 Characterization of compound Lum/Bgn-null mice

To analyze interclass interactions involving class I biglycan and class II lumican in

regulation of stromal matrix assembly, we generated a compound Bgn−/o/Lum−/− mouse

model by cross breeding of the single null mice. The mice were viable and demonstrated

opacity of the cornea by gross examination (Fig. 1). The wild type and Bgn-/0 corneas were

clear while the Lum−/− cornea demonstrated gross opacity that was not as severe as that

observed in the compound-null corneas.

SLRP expression was analyzed in the Bgn−/o/Lum−/− corneas as well as in wild type,

Lum−/−,and Bgn−/0 corneas using immuno-localization (Fig. 2) and immuno-blots (Fig. 3).

The compound Bgn−/o/Lum−/− P30 corneas were deficient in biglycan and lumican. The

wild type corneas demonstrated homogeneous expression of biglycan, lumican and

keratocan with an absence of fibromodulin. As expected, the Bgn−/0 and Lum−/− corneas

were null for lumican and biglycan respectively (Chakravarti et al., 1998; Xu et al., 1998).

The Bgn−/o/Lum−/− and Lum−/− corneas also demonstrated a decrease in keratocan. There

was a significant up-regulation of fibromodulin expression in Lum−/− corneas (2.4 fold,

p=0.04), and a 1.7 fold increase in Bgn−/o/Lum−/− corneas (p=0.059). Decorin expression

was not affected in any of the null mice. These mouse models will be utilized to address our
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hypothesis that interclass interaction between lumican and biglycan plays important roles in

regulating corneal function.

2.2 Increased stromal opacity in compound Bgn−/o/Lum−/− mouse corneas

Changes in corneal transparency were analyzed in P30 Bgn−/o/Lum−/− as well as in wild

type, Lum−/−,and Bgn−/0 mice using in vivo confocal microscopy (Fig. 4). The Bgn−/0

mouse stroma had virtually no opacity and was comparable to the wild type controls. It has

been previously demonstrated that the Lum−/− corneas have increased light scattering in the

posterior stroma although its expression is homogeneous across the whole stroma at this

stage (P30)(Chakravarti et al., 2000; Chakravarti et al., 2006). The data presented here are

consistent with our previous work. In contrast to the Lum−/− mouse model, the compound

Bgn−/o/Lum−/− mouse model has a significant increase in stromal opacity compared to the

opacity in the posterior stroma of the Lum−/− cornea or the lack of opacity in the Bgn−/o

cornea, in both anterior and posterior stroma (Fig. 4). Differences in spatial localization of

the functional deficits were also observed with the compound Bgn−/o/Lum−/− stromas

showing homogeneous opacity throughout the stroma and the Lum−/− stromas

demonstrating a posterior localization of the opacity. The in vivo confocal images from the

compound mutant mice also demonstrated substantially and consistently thinner corneas

compared to the single null or wild type corneas (Fig. 4, p=0.04). The observed defects in

the compound mutant corneas are not the additive combination of the Bgn−/o and Lum−/−

phenotypes. These data suggest a synergistic role for class I biglycan and class II lumican in

the regulation of corneal stromal transparency.

2.3 Abnormal lamella structure in the Bgn−/o/Lum−/− corneal stroma

The effects of altered interclass SLRP interactions on stromal structure were examined.

Orthogonally organized lamellae composed of regularly packed small diameter fibrils are

essential for corneal transparency (Maurice, 1957). The compound Bgn−/o/Lum−/− mouse

model demonstrated a significant disruption of lamellar structure with disorganized intra-

lamella fibril packing across the entire cornea stroma. This was in marked contrast to that

the normal organization observed in wild type and Bgn−/o corneas that were comparable

(Fig. 5). The Lum−/− stromas demonstrated significant disruption of lamellae in the

posterior stroma (Chakravarti et al., 2000; Chakravarti et al., 2006) with only a modest

disruption in the mid stroma (Fig. 5). As described for the functional data above, these data

suggest a synergistic interaction between biglycan and lumican in the regulation of lamellar

–stromal organization. This influence on higher order structure within the structural

hierarchy required for transparency suggests keratocyte involvement in determination of

long range order.

The influence of biglycan and lumican on stroma keratocytes was examined using the

SLRP-null mouse models. Keratocytes synthesize, secrete and direct assembly of the

extracellular macromolecules required for corneal stromal assembly. During development,

keratocytes transit from active proliferating status to a quiescent status where keratocytes are

compact with abundant rough endoplasmic reticulum and lamellipodia interspersed in the

extracellular lamellae. It has been suggested that perpendicular keratocyte lamellipodia

direct collagen fibril deposition resulting in lamellar assembly and orthogonal organization
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of the stroma (Birk and Trelstad, 1984; Doane and Birk, 1991; Trelstad and Coulombre,

1971). Abnormal keratocyte organization was observed in the P4 Bgn−/o/Lum−/− stroma.

Compared to wild type, Bgn−/o and Lum−/− mouse, keratocytes in the compound

Bgn−/o/Lum−/− mouse corneal stroma exhibit slender cell bodies with lengthy lamellipodia

that often are overlap with each other in disorganized lamellae (Fig. 6). The data suggest a

role for lumican and biglycan in the regulation of keratocytes organization.

2.4 Dysfunctional regulation of collagen fibrillogenesis in the Bgn−/o/Lum−/−corneal stroma

To address interclass SLRP regulatory interactions in the corneal stroma, collagen

fibrillogenesis in the SLRP mouse models was analyzed using transmission electron

microscopy and morphometric analysis. In the compound Bgn−/o/Lum−/− stroma the lamella

were composed of disorganized fibrils; both the regular packing and orientation was

disrupted compared to the organization in the wild type and Bgn−/o stromas which were

comparable. The mid corneal stroma of Lum−/− mice showed a modest disruption in fibril

packing, but no disruption in orientation. However the posterior Lum−/− stroma

demonstrated comparable disruption to that observed in the compound Bgn−/o/Lum−/−

stroma (Supplemental Fig. 1 (Chakravarti et al., 2000)).

Larger diameter collagen fibrils with irregular contours were observed in compound

Bgn−/o/Lum−/− mice compared to Lum−/−, Bgn−/o and wild type mice (Fig. 7). The mean of

the fibril diameter in Bgn−/o/Lum−/− mice is 29.2 nm and is significantly greater that than

that in Lum−/− (27.8nm, p=0.046), Bgn−/o (27.0nm, p=0.037), and wild type mice (27.0nm,

p=0.035). The fibril distribution was heterogeneous in compound-null mice compared to

other groups, and a group of larger diameter fibrils was observed, indicating a dysfunctional

regulation of lateral fibril growth in the disorganized lamellae.

3. Discussion

SLRPs are critical in regulating collagen fibrillogenesis and matrix assembly in the corneal

stroma (Chakravarti et al., 2000; Chakravarti et al., 2006; Chen et al., 2010; Zhang et al.,

2009). In the absence of class I decorin there is a severe disruption of fibril structure and

stromal organization while the absence of biglycan has little or no effect on corneal stromal

structure (Zhang et al., 2009). However, biglycan has critical roles in regulating collagen

fibril structure in other tissues such as aorta and heart (Heegaard et al., 2007; Westermann et

al., 2008). Similarly, the absence of class II lumican results in a severe posterior stromal

phenotype while keratocan has no effect (Chakravarti et al., 2000; Chakravarti et al., 2006;

Liu et al., 2003). This supports our suggestion that SLRP regulation of fibrillogenesis and

stromal organization involve the coordinated action of dominant class I and II SLRPs, i.e.,

decorin and lumican. We also suggest that the regulation is fine-tuned involving modulatory

SLRPs in each class, i.e., biglycan and keratocan/fibromodulin. The data support the

conclusion that in class I, decorin is the major regulator while biglycan modulates its

function. In class II, the regulatory roles of lumican are influenced by keratocan and

fibromodulin. In tissues where fibromodulin is the dominant class II SLRP such as tendon

and sclera, lumican has been shown to modulate its regulatory activity (Chakravarti et al.,

2003; Ezura et al., 2000; Jepsen et al., 2002).
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In addition to intraclass regulatory interactions; Collagen fibrillogenesis and matrix

assembly involves interclass SLRP regulation. Disruption of tendon-specific fibrillogenesis

was demonstrated in the absence of fibromodulin and biglycan with the phenotype being

more severe than in the single null mice (Ameye et al., 2002). In the work presented here,

regulatory roles of interclass interactions between biglycan and lumican in the regulation of

corneal stromal fibrillogenesis and matrix assembly were investigated in the compound

Bgn−/o/Lum−/−, Bgn−/o, Lum−/− mouse models and wild type controls. The data

demonstrate that compound-null mice lacking both lumican and biglycan exhibited

homogeneous corneal opacity indicating a functional deficit. The observed structural

abnormalities in stromal fibril structure as well as disrupted lamellar and stromal

organization are consistent with abnormal structure-function in the compound mutant

corneas. Both the structural and functional alterations were more severe than what would be

predicted based on additive effects seen in single-null Bgn−/o, and Lum−/− corneas. This

indicates that lumican and biglycan have synergistic regulatory roles in the development of

corneal stromal function. Cooperative interactions involving lumican and biglycan are

critical in regulating both collagen fibrillogenesis and lamellar organization during stromal

matrix assembly. Therefore, interclass interactions involving class I (biglycan) and class II

(lumican) SLRPs regulate critical steps in the development of corneal structure and function.

Cornea stroma has a high expression level of a large number of different SLRPs that

regulate matrix assembly cooperatively. This provides redundancy and stability of regulation

as well as temporal and spatial specificity required for the multiple-steps stromal collagen

fibrillogenesis. The cooperation involves coordinated regulation of expression, and

synergistic structural interactions with collagen. These SLRPs also can mediate cell-matrix

interaction via growth factors or cell surface receptors (Berendsen et al., 2011; Chen and

Birk, 2013; Melchior-Becker et al., 2011). Lumican is the major class II SLRP that regulates

collagen fibrillogenesis and fibril organization. In the absence of lumican, expression of

fibromodulin was up-regulated while keratocan expression was decreased. Compound

Bgn−/o/Lum−/− stromas have a SLRP expression pattern similar to that in Lum−/− corneas

except for the lack of biglycan, indicating the synergistic functional cooperation rather than

the coordinated regulation of expression is involved in the interclass interactions between

lumican and biglycan.

In the corneal stroma there are regional differences in fibril packing with the anterior and

mid stroma having denser fibril packing than in the posterior stroma (Chakravarti et al.,

2000). These spatial differences in fibril packing contribute to cornea curvature. During

cornea maturation, the homogenous expression of lumican becomes restricted to the

posterior stroma and the absence of lumican results in structural alterations in the posterior

stroma with an overlapping loss of function seen as stromal opacity. When both lumican and

biglycan are absent, the structural defects are homogeneous across the stroma with

overlapping opacity. The absence of biglycan alone generated no structural or functional

alterations indicating that the regional differences are regulated via interclass SLRP

interactions. There are also regional differences in stromal fibril diameters (Chakravarti et

al., 2006). The tight regulation of lateral fibril growth is critical to the development and
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maintenance of transparency (Hassell and Birk, 2010). Our data indicate a synergistic

regulation involving lumican and biglycan of lateral fibril growth.

Our study also demonstrated that inter-class interactions of SLRPs are important in

regulation lamellar structure. Collagen protofibrils assemble in keratocyte surface

microdomains then undergo linear and in some cases lateral growth into mature fibrils.

Keratocyte defined microenvironments are important in regulating the extracellular steps in

stromal matrix assembly (Birk and Bruckner, 2011; Birk et al., 1995; Birk et al., 1989).

During development and maturation, neural crest cells differentiate into keratocytes,

keratocytes then transition from an active proliferating state to a quiescent status. The

keratocytes are compact with slender cytoplasmic lamellipodia that form communicating

networks (Hassell and Birk, 2010). These dendrite-like lamellipodia are perpendicular to

each other, guiding the formation of orthogonal lamellar structure during stromal matrix

assembly (Birk and Trelstad, 1984; Doane and Birk, 1991; Trelstad and Coulombre, 1971).

Programmed transition from neural crest cells to keratocyte during development is critical to

maintain the keratocyte phenotype. Improper activation of keratocytes during wound at later

stage transform them into myofibroblasts, which are not compatible with transparency

(Hassell and Birk, 2010). Our data indicated that interclass cooperation of lumican and

biglycan influence the keratocytes, their organization and resulting stromal matrix assembly.

The involvement of communicating keratocyte networks is an essential component critical

to the establishment and maintenance of long range order in the corneal stroma. This may

also serve to integrate the cellular and extracellular regulatory steps necessary to establish a

corneal stroma-specific architecture necessary for function.

In summary, synergistic interclass regulatory interactions between lumican and biglycan are

important in integration of keratocytes and collagen fibrillogenesis during stroma

development. This contributes to the temporal and spatial differences required for the

regulation of precisely oriented collagen fibril hierarchy and keratocyte organization. These

interactions are involved in regulating both lamellar structure as well as collagen

fibrillogenesis and therefore, corneal transparency.

4. Experimental procedures

4.1 Animals

Gene targeted mice null for biglycan (Xu et al., 1998) or lumican (Chakravarti et al., 1998)

were bred into a C57BL/6 background for at least 7 generations. However, the C57BL/6

background compound Bgn−/o/Lum−/− mice had decreased viability. In this study, a mixed

CD1/C57BL background was used to avoid this issue. In brief, Lum−/− mice in a C57BL/6

background were back crossed with CD1wild type mice to generate Lum−/− mice in a mixed

CD1/C57BL background. These mice were then bred with Bgn−/o mice in a C57BL

background to generate compound heterozygous mice in a mixed CD1/C57BL background

that were bred to generate the mice utilized in this work. All animal studies were performed

in compliance with IACUC approved animal protocols.
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4.2 Immuno-localization analyses

Eyes from P30 mice were embedded in OCT medium, frozen on dry ice and stored at

−80°C. Frozen sections (4μm) were cut using a HM 505E cryostat. The sections were

stained with Hematoxylin & Eosin (Sigma-Aldrich Corp., St. Louis, MO, USA) for

histological examination. Immunofluorescence localization was done as previously

described (Chen et al., 2008). Rabbit anti-decorin (LF113, provided by Dr. L. Fisher, NIH-

NICDR) was used at 1:250, both anti-biglycan (LF159, provided by Dr. L. Fisher, NIH-

NICDR) and anti-keratocan (provided by Dr. Hassell, USF Tampa, USA) were used at

1:200. Rabbit anti-lumican (provided by Dr. Ake Oldberg, Lund University, Sweden) was

used at 1:1000. Rabbit anti-mouse fibromodulin was used at 1:200 (provided by Dr. L.

Fisher, NIH-NICDR). The secondary antibody was an Alexa Fluor 568-conjugated goat anti

rabbit IgG (Molecular Probes, Eugene, OR) used at 1:100. Vectashield mounting solution

with DAPI (Vector Laboratories, Inc., Burlingame, CA) was used as a nuclear marker.

Negative controls were sections from null corneas as well as sections incubated identically

without the primary antibody. Images were captured using a Leica CTR 5500 microscopy

mounted with Leica DFC 340 FX camera identical conditions and set integration times were

used to facilitate comparisons between samples.

4.3 Immuno-blots

Corneas were dissected from P30 corneas and SLRPs extracted as previously described

(Chen et al., 2010; Zhang et al., 2009). Briefly, corneas were homogenized and extracted in

20 fold excess (weight/volume) of 4 M guanidine-HCl, 50 mM sodium acetate, pH 5.8 with

proteinase inhibitors (Thermo Scientific) at 4°C for 48 hours. The extract was clarified by

centrifugation and dialyzed against 150 mM Tris-HCl, 150mM NaCl pH 7.3. Samples were

digested with chondroitinase ABC (Seikagaku Biobusiness Corporation) or endo-β-

galacosidase (Sigma) for 24 hours at 37°C. Total protein was determined using the BCA

protein assay kit (Pierce). For semi-quantitative analysis of SLRPs, electrophoresed using

4-20% gels and transferred to Hybond-C extra membranes (GE Health Care) for immuno-

blotting. Anti-decorin (LF113) was used at 1:1000, both anti-biglycan (LF159) and anti-

fibromodulin (LF-149) was used at 1:200. Secondary goat anti-rabbit IgG-perixodase

(Amersham) was used at 1:3000 with an ECL (Pierce) detection system. Actin reactivity in

each sample was detected using an anti-actin antibody (Chemicon).

4.4 In vivo confocal microscopy

In vivo corneal haze was analyzed with the Heidelberg Retinal Tomography HRT Rostock

Cornea Module (HRT-III; Heidelberg Engineering Inc., Heidelberg, Germany)(Chen et al.,

2011). Briefly, four P30 mice from each group of wild-type, Bgn−/0, Lum−/−, and

Bgn−/0/Lum−/− were anesthetized and restrained on an adapted stage. GenTeal Gel (Novartis

Pharmaceuticals Corp., East Hanover, NJ) was applied to the corneal surface. Images of the

apex of the cornea were obtained by mechanically or manually adjusting the CCD camera

position. Series of images were sequentially collected from the surface of the epithelium to

the endothelium as a z-axis scan at fixed intensity for all of the animals. Images were

processed with Metamorph software (Premier Version 7.6.5.0, Molecular Devices,

Sunnyvale, CA). A depth intensity profile from the scans was generated by plotting the
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average pixel intensity per plane as a function of corneal depth. Corneal haze (light

scattering) was measured by calculating the total pixel intensity as measured by the area

under the curve. Corneal thickness was determined by measuring the axial distance from the

epithelium to endothelium.

4.5 Transmission electron microscopy

Cornea from wild type, Bgn−/0, Lum−/−, and Bgn−/0/Lum−/− mice at P30 were analyzed by

transmission electron microscopy as previously described (Chen et al., 2010). Briefly, the

cornea along with anterior sclera were dissected and fixed in 4% paraformaldehyde, 2.5%

glutaldehyde, 0.1 M sodium cacodylate pH 7.4, with 8.0 mM CaCl2, post-fixed with 1%

osmium tetroxide. They were dehydrated in an ethanol series, followed by propylene oxide.

Samples were infiltrated and embedded in a mixture of EMbed 812, nadic methyl anhydride,

dodecenyl succinic anhydride and DMP-30 (Electron Microscopy Sciences, Hatfield, PA.).

Sections (70nm) were cut using a Leica ultramicrotome and post-stained with 2% aqueous

uranyl acetate and 1% phosphotungstic acid, pH 3.2. The sections were examined at 80 kV

using a JEOL 1400 transmission electron microscope equipped with a Gatan Ultrascan

US1000 2K digital camera.

4.6 Fibril diameter distribution

Five corneas from three to five P30 mice were analyzed for Bgn−/0, Lum−/−, Bgn−/0Lum−/−

and wild type control mice. Digital images were taken from non-overlapping regions of the

mid stroma. Fibril diameters were measured with a RM Biometrics-Bioquant Image

Analysis System (Nashville, TN) using randomly chosen and masked digital images. Sample

mean, sample median-to-first quartile distance (m-Q1), and sample third quartile distance to

median (Q3-m), were analyzed. The median indicates the location of the center of the

distribution, while median-to-quartile distances reflect primarily the spread of the data.

Distributions of the sample to sample means and both median-to-quartile distances for each

deficient group were compared with the wild-type group using the T- test. The null

hypothesis of this test was that there is no difference between the two compared

distributions.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The compound-null mouse model was deficient in the major stromal class II

(lumican) and modulatory class I (biglycan) SLRP and demonstrated gross

corneal opacity

• Interclass lumican and biglycan interactions are required for establishing corneal

transparency.

• Corneal stromal fibril and lamellar architecture is dependent on lumican and

biglycan interactions during matrix assembly

• Lumican and biglycan influence corneal keratocyte lamellipodia organization

and stromal organization

• Synergistic interclass lumican and biglycan interactions are critical in the

regulation of corneal stromal collagen fibrillogenesis.
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Fig. 1. Characterization of the compound Bgn−/o/Lum−/− mouse cornea
(A) The black rectangle indicates the central cornea where all analyses were carried out. (B)

The corneal stroma from the central cornea was analyzed. (C) Compound-null mice

demonstrated corneal opacity with no opacity in Bgn−/o and wild type mice. Lum−/− mice

showed less opacity than the compound mice. (The yellow arrow indicates the central

cornea)
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Fig. 2. Immunolocaization of SLRPs in the compound Bgn−/o/Lum−/− mouse cornea
The wild type corneas demonstrated homogeneous expression of biglycan, lumican and

keratocan with an absence of fibromodulin. Both lumican and biglycan immuno-reactivity

were absent in cornea stromas in compound Bgn−/o/Lum−/− mice as expected. Increased

fibromodulin and decreased keratocan expression was observed in Lum−/− and Bgn−/o/

Lum−/− mice. There were no significant changes in immuno-reactivity of decorin across all

groups. (S: stroma; Epi: epithelium; Endo: endothelium).
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Fig. 3. SLRP expression in the compound Bgn−/o/Lum−/− mouse cornea
SLRP expression was analyzed using immuno-blots with actin expression as a control. As

expected, the Bgn−/0 and Lum−/− corneas were null for lumican and biglycan respectively.

Both Bgn−/o/Lum−/− and Lum−/− corneas demonstrated a decrease in keratocan and increase

in fibromodulin expression. Decorin expression was not affected in any of these mice.
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Fig. 4. Compound Bgn−/o/Lum−/− mice demonstrate severe corneal opacity
Corneal transparency was analyzed using In vivo confocal. (A) Three dimensional

renderings (B) and representative sections demonstrated that corneas from wild type and

Bgn−/o mice were comparable with no light scattering in the stroma. Lum−/− mice exhibited

light scattering in the stroma with the opacity restricted mostly in the posterior stroma,

where the majority of the lumican is located after P30. Compared to the Lum−/− mice;

Bgn−/o/Lum−/− mice demonstrated increased opacity. (C) The stromal haze for each

genotype was presented as a depth intensity profile and (D) quantitated for both the anterior

(1st quartile) and posterior (3rd quartile) stroma. (E) The thickness of the cornea stroma was

significantly decreased in the compound Bgn−/o/Lum−/− mice compared to wild type

controls (ρ=0.04).
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Fig. 5. Disorganized lamellar structure in compound Bgn−/o/Lum−/− mice
Compound Bgn−/o/Lum−/− mice demonstrated a significant disruption of lamellar structure

with disorganized intra-lamella fibril packing across the entire cornea stroma. This was in

marked contrast to the normal organization observed in wild type and Bgn−/o corneas. The

Lum−/− stromas demonstrated significant disruption of lamellae in the posterior stroma

(supplemental Fig 1) with only a modest disruption in the mid stroma. (Mid stroma sections

from P30 corneas; double headed arrows indicate lamella. Bar=0.5μm)
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Fig. 6. Altered keratocyte organization in compound Bgn−/o/Lum−/− mice
Keratocytes (transparent red) are compact with abundant rough endoplasmic reticulum and

lamellipodia are interspersed within the lamellae. Compared to wild type, Bgn−/o, and

Lum−/− mice, compound Bgn−/o/Lum−/− mice exhibited disorganized keratocytes. The

keratocytes are flattened and extended with extended lamellipodia (arrows) that often

overlap with each other (insert) within the disorganized lamellae. (P4 mice, Bar=2μm)
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Fig. 7. Altered fibril structure and organization in compound Bgn−/o/Lum−/− mice
In the compound Bgn−/o/Lum−/− stroma the lamella were composed of disorganized fibrils;

both the regular packing and orientation was disrupted compared to the wild type and Bgn−/o

stromas that were comparable. The mid corneal stroma of Lum−/− mice showed a modest

disruption in fibril packing (thin arrows), but no disruption in orientation. Larger diameter

collagen fibrils with irregular contours were observed in compound Bgn−/o/Lum−/− mice

compared to Lum−/−, Bgn−/o and wild type mice (thick arrows). The mean fibril diameter in

Bgn−/o/Lum−/− mice is 29.2 nm and is significantly greater that than that in Lum−/− (27.8nm,

p=0.046), Bgn−/o (27.0nm, p=0.037), and wild type mice (27.0nm, p=0.035). The fibril

Chen et al. Page 19

Matrix Biol. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



distribution was heterogeneous in compound-null mice compared to other groups, and a

group of larger diameter fibrils was observed (grey arrow), indicating a dysfunctional

regulation of lateral fibril growth in the disorganized lamellae. (M, median; Q1, 25

percentile; Q3, 75 percentile. Bar=200 nm)
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