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Brown2, Craig Boote1, and James V. Jester2

1Structural Biophysics Group, Cardiff Centre for Vision Science, School of Optometry and Vision 
Sciences, Cardiff University, Cardiff, Wales, UK

2Department of Ophthalmology and Biomedical Engineering, University of California, Irvine, 
Irvine, California, USA

Abstract

In this review, we discuss current methods for studying ocular extracellular matrix (ECM) 

assembly from the ‘nano’ to the ‘macro’ levels of hierarchical organization. Since collagen is the 

major structural protein in the eye, providing mechanical strength and controlling ocular shape, the 

methods presented focus on understanding the molecular assembly of collagen at the nanometer 

level using x-ray scattering through to the millimeter to centimeter level using nonlinear optical 

(NLO) imaging of second harmonic generated (SHG) signals. Three-dimensional analysis of ECM 

structure is also discussed, including electron tomography, serial block face scanning electron 

microscopy (SBF-SEM) and digital image reconstruction. Techniques to detect non-collagenous 

structural components of the ECM are also presented, and these include immunoelectron 

microscopy and staining with cationic dyes. Together, these various approaches are providing new 

insights into the structural blueprint of the ocular ECM, and in particular that of the cornea, which 

impacts upon our current understanding of the control of corneal shape, pathogenic mechanisms 

underlying ectatic disorders of the cornea and the potential for corneal tissue engineering.

1. Introduction

In the vertebrate eye, the extracellular matrix (ECM) plays a fundamental role in defining 

tissue form and function. The ocular connective tissues serve both as a mechanically tough 

and protective outer layer and at the same time define the shape and transparency of the 

cornea necessary to form a refractive lens for focusing light back to the retina. In general, 

the properties of the ocular ECM are thought to be controlled by the unique spatial 

organization of the tissue components, which, as is the case in other connective tissues such 

as tendon and ligament, are predominantly proteins, glycoproteins and glycosaminoglycans/
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proteoglycans. Collagen is the principal structural element of connective tissues and while 

the molecular and cellular events involved in collagen fibrillogenesis are well known (Zhang 

et al., 2005), there is a major gap in our understanding of how the ECM and its different 

components are structurally organized and assembled to facilitate the functional demands of 

such diverse tissues.

On the cellular and molecular level, small diameter collagen fibrils in connective tissues are 

formed by triple helical chains of collagen peptides synthesized within the cell and then 

secreted and self-assembled within the extracellular space. As shown for developing tendon, 

short (10-30 μm) collagen fibril segments are assembled by fibroblasts within specialized 

extracellular compartments. These segments then grow both linearly and laterally, 

increasing fibril thickness and length (Birk and Trelstad, 1984). Collagen fibril segment 

growth has been shown using knockout mice to be related, in part, to expression of leucine-

rich repeat proteoglycans and glycoproteins that influence both linear and lateral fibril 

fusion (Chakravarti et al., 1998; Chakravarti et al., 2000; Danielson et al., 1997; Svensson et 

al., 1999). Elongating fibril segments also coalesce in the developing matrix to form larger 

fibers, which may branch and anastomose; a process that has been suggested to be controlled 

by cellular contacts and exertion of cytoskeletal forces within the boundaries of the 

specialized extracellular compartments formed by tendon fibroblasts during development.

A similar developmental program has been proposed for the cornea involving the 

intracellular synthesis, modification and packaging of procollagen, followed by directed 

fibril assembly within corneal fibroblast-organized extracellular compartments (Birk and 

Trelstad, 1984). More recently, filipodial extensions from keratocytes, termed keratopodia, 

have been identified in developing chick cornea also suggesting the cellular directed 

assembly of collagen fibrils and fibril bundles during development (Young et al., 2014). 

While cornea and tendon show distinct developmental similarities when considering 

collagen fibril formation, the tissues differ dramatically in both form and function with one 

showing parallel alignment of collagen fibers supporting uniaxial mechanical load, while the 

other shows a predominantly orthogonal, interwoven arrangement supporting formation of a 

3-dimensional refractive lens. How these connective tissues are constructed from the same 

general materials to give very different structural and functional properties is unknown, and 

as noted by Trelstad and Birk in 1984, the story of “the weaving of the body fabric from the 

warp and woof of the matrix has yet to be told (Trelstad and Birk, 1984).”

As suggested by Kokott in his studies of eye structure (Kokott, 1938), insights into the 

mechanisms controlling corneal shape and function may be obtained by developing a 

blueprint of the cornea's architecture. Over the past 20-30 years, new technologies have 

become available that have furthered our understanding of hierarchical structures the cornea 

from the smallest (nano) to the largest (macro) scale. The purpose of this article is to review 

some of the influential imaging technologies which have been applied to the study of the 

ocular ECM, and describe advances in our knowledge to which they have contributed. 

Application and continued refinement of these (and, of course, other) technologies will lead 

to a better understanding of the mechanisms controlling corneal shape and function, the 

discovery of pathogenic mechanisms leading to refractive error and ectatic disorders, as well 

as help direct novel strategies for engineering more biomimetic corneal constructs.
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2. X-Ray Scattering

X-ray scattering is not, in the strictest sense, an imaging modality because tissue sub-

structure is not visualised in real space. Nevertheless, very useful – and importantly, 

quantitative -- structural information about the organisation of the ocular ECM can be 

obtained across a number of length scales. Also referred to as x-ray fibre diffraction, the 

applicability of this approach for ultrastructural investigations of the eye lies in the fact that 

when a beam of x-rays is shone through excised ocular tissue, diffraction patterns produced 

by x-rays are scattered by the main structural component of the ocular ECM, collagen. Most 

of the collagen in the eye exists in the form of fibrils, which are made up of approximately 

parallel arrays of long thin collagen molecules, arranged with quasi-hexagonal lateral 

packing (Hulmes and Miller, 1979). This fairly high degree of regularity in the spatial 

distribution of collagen molecules leads to the preferential constructive interference of 

scattered x-rays in certain directions. The upshot is the production of so-called diffraction 

maxima, the analysis of which allows researchers to gain conformational information about 

the collagen molecules which gave rise to the maxima in the first place. A comprehensive 

treatment of the theory behind x-ray fibre diffraction studies of the ocular ECM is beyond 

the scope of this article, and can be found elsewhere (Meek and Quantock, 2001; Meek and 

Boote, 2009). Suffice it to say that x-rays scattered at relatively wide-angles (i.e. in the 

region of 5° of arc) provide measurements of the spacing between collagen molecules within 

fibrils, which in the hydrated human cornea are separated by about 1.6nm (Meek et al, 

1991). X-ray scattering is not just limited to investigations at intermolecular distances 

because diffraction maxima from cornea are also found at smaller angles, which arise 

because of the regular spacing of uniform diameter collagen fibrils within lamellae, an 

arrangement which, as noted by Maurice (1957), is required for tissue transparency. In the 

hydrated human cornea the average centre-to-centre separation of collagen fibrils is about 

65nm (Meek et al, 1991). A schematic representation of wide-angle x-ray scattering 

(WAXS) and small-angle x-ray scattering (SAXS) from regularly spaced and uniform 

diameter collagen fibrils as would be found in the cornea is shown in Fig. 1. It is important 

to appreciate, at this point, that while WAXS patterns can be recorded for all collagen-rich 

ocular tissues, SAXS patterns are only produced by the cornea, because of insufficient 

structural homogeneity on the fibrillar scale in other ECMs such as the sclera.

X-ray scatter can be sub-categorised into equatorial (i.e. that which is scattered 

perpendicular to the collagen fibril axis) and meridional (i.e. x-rays scattered parallel to the 

fibrillar axis). As alluded to earlier, analysis of the equatorial portion of the SAXS pattern 

from cornea provides quantitative structural information about the diameter of the collagen 

fibrils, their spacing, and level of order, or regularity, in the mode of their packing. The 

meridional SAXS pattern, on the other hand, can be analysed to ascertain information about 

the electron density along the axis of the collagen fibrils. As well as generating robust 

quantitative information about collagen intermolecular arrangements, the WAXS signal can 

be further interrogated to yield a numerical measure of the orientation distribution of 

collagen fibrils as an average of the specimen thickness (Fig. 1) This can be achieved 

because collagen molecules are aligned near-axially within the fibrils that they make up, an 

approach described in more depth by Meek and Boote (2009). And a salient feature of x-ray 
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scattering experiments is that they are typically carried out on hydrated, excised tissue which 

has not undergone any chemical fixation or other such treatment. Thus, structural data is 

acquired which is illustrative of the tissue close to its native state. Moreover, during data 

collection the x-ray beam is ordinarily passed through the whole thickness of the cornea (or 

the whole thickness of a dissected or partially ablated portion of cornea in some 

experiments), so the final values obtained are highly representative averages of the tissue as 

a whole.

The corneal stroma is the most widely studied ocular ECM by SAXS and WAXS. Early x-

ray fibre diffraction analyses of cornea were obtained using lab-based x-ray generators, and 

it typically took several hours to obtain usable diffraction patterns (Goodfellow et al., 1978; 

Worthington and Inouye, 1985). Inasmuch as that a particular strength of the x-ray 

diffraction approach is that the tissue can be investigated in its native hydrated state this was 

clearly sub-optimal, so researchers led by Gerald Elliott and Keith Meek began to use the 

more intense x-ray beams produced by large synchrotron radiation sources to investigate 

cornea. The first published study was in 1981 based on data collected at the DESY 

synchrotron in Germany (Meek et al., 1981). Since that time the vast majority of x-ray fibre 

diffraction studies of the eye have been conducted using synchrotron radiation, notably at 

Daresbury SRS and Diamond in the UK, ESRF in France, and SPring8 in Japan. Nowadays, 

synchrotron x-ray diffraction patterns can be recorded on sensitive detectors with sub-

second exposure times, and collectively SAXS and WAXS have been readily exploited to 

allow the collection of numerical information on collagen architecture across the ocular 

ECM, making a number of noteworthy contributions to our current understanding of corneal 

and scleral development, homeostasis and disease.

2.1. X-ray Studies of Ocular Development

Studies of corneal development in the chick cornea between embryonic days 13 and 18 have 

utilised WAXS and shown that the intermolecular spacing does not change over this 

developmental interval, despite the fact that the stroma undergoes a significant compaction 

and increase in transparency (Coulombre and Coulombre, 1958). As development 

progresses over the same period, however, it became apparent that the WAXS pattern 

steadily lost its fourfold rotational symmetry, consistent with the view that additional 

collagen was being deposited in such a manner as to obscure a template of orthogonally 

oriented collagen that persisted from early developmental stages (Boote et al., 2003; 

Quantock et al., 2003a). The chick model has also been used to track postnatal structural 

changes in the corneal stroma, inasmuch as WAXS has shown that a preponderance of 

circumferentially aligned collagen fibrils, similar to that seen in humans and other mamalian 

species, is already present in the peripheral cornea and limbus of normal chicks by 1 month 

post-hatch (Boote et al., 2009). This pattern subsequently becomes considerably more 

pronounced during maturation (Boote et al., 2009). A similar trend was also observed in a 

WAXS study of mouse postnatal corneal development (Sheppard et al., 2010), in which 

circumferentially aligned limbal collagen was shown to be progressively reinforced between 

postnatal days 10 and 28. The application of WAXS in some animal disease models has also 

shed some light on the structural basis of biomechanical homeostasis in the healthy eye, with 

studies in chicks (Boote et al., 2008; Morgan et al., 2013) and mice (Quantock et al., 2003b), 
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pointing to the importance of a preferential circumferential alignment of a population of 

collagen fibrils at the limbus.

SAXS has also been used to investigate changes in collagen fibril organisation in the chick 

corneal ECM as it develops and becomes transparent in the week before hatch. The first 

experiments on developing chick cornea, conducted at the National Synchrotron Light 

Source, Brookhaven Laboratory, NY (Quantock et al., 1998), confirmed that a reduction in 

average fibril spacing did take place between embryonic day 12, when the cornea transmits 

only 40% of incident white light, and day 19, when light transmission has increased 

significantly (Coulombre and Coulombre, 1958). Developmental studies of the secondary 

chick corneal stroma (reviewed elsewhere in this issue by David Birk, as well as previously 

by Linsenmayer and associates (1998) and by Quantock and Young (2008)) indicate that 

collagen fibrils exist in bundles which progressively coalesce. Within bundles, however, 

fibrils appear to be of uniform diameter and to be regularly spaced. The SAXS pattern from 

developing cornea is produced by combined x-ray scatter from collagen fibrils in bundles, 

and for the purposes of our investigations we note that it is relatively insensitive to the fact 

that variously-sized collagen-free spaces, and indeed cells, exist between the bundles. A 

series of SAXS experiments by Siegler and Quantock (2002), led to the suggestion of a two-

phase compaction of the ECM in developing chick cornea, in which as stromal compaction 

proceeds fluid is initially removed preferentially from the collagen-free space between fibril 

bundles, and only thereafter from within the fibril bundles too. Later work by Liles and 

colleagues (2010) included a SAXS analysis and suggested that the changing sulphation 

pattern of keratan sulphate glycosaminoglycans helps fine-tune the collagen fibril 

organisation within bundles as the chick cornea develops and becomes transparent.

2.2. X-ray Studies of Structure-Function Relationships and Homeostasis in the Mature Eye

WAXS has been used fairly extensively to study the complex microanatomy of the human 

cornea, sclera and corneo-scleral junction in a quantitative manner. Early qualitative 

observations of SAXS patterns obtained from human corneas had pointed to a preferential 

directionality in the organisation of collagen fibrils at the limbus, with more collagen fibrils 

tending to run in a circumferential direction in this region of the tissue that at other locations 

across the cornea and sclera (Meek et al., 1987). This was probed in more depth using 

WAXS and provided quantitative information which supported the existence of an excess of 

circumferential fibrils at the limbus, with proposed links to the change in curvature of the 

eye at the limbus (Newton and Meek 1998a; 1998b; Meek and Newton, 1999). It should be 

appreciated, however, that the x-ray data do not allow us to ascertain if this so-called 

annulus of collagen fibrils at the limbus consists of a single population of bending fibrils or 

of tangentially directed fibrils inserting from the sclera; indeed, it is likely to be a 

combination of both. It should also be pointed out that the width, angular spread and 

collagen density in the circumferential zone is not homogeneous around the limbus in an 

individual eye (Newton and Meek, 1998a; Boote et al., 2011), and that, importantly, left and 

right human eyes are structurally distinct in this regard (Boote et al., 2006).

Over the past decade or so, continued improvements in synchrotron technology and 

computing power have helped progress WAXS methods to enable quantitative, thickness-

Quantock et al. Page 5

Exp Eye Res. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



averaged maps of collagen fibril orientation to be obtained from whole adult human corneas 

(Aghamohammadzadeh et al., 2004; Boote et al., 2006) and scleras (Pijanka et al., 2013). 

The conclusions, for example, from SAXS data (Meek et al., 1987; Daxer and Fratzl, 1997) 

that collagen fibrils in the central region of the human cornea run preferentially in superior-

inferior and medial-lateral directions has been confirmed and extended by WAXS analyses 

(Meek and Newton, 1999; Aghamohammadzadeh et al., 2004). Moreover, recent studies 

have discovered that the majority of the circumferentially oriented collagen fibrils at the 

corneal limbus are located in the deepest one-third of the tissue (Kamma-Lorger, et al., 

2010), and that the predominantly orthogonal arrangement of collagen fibrils in the centre of 

the cornea occurs mostly in the posterior stroma as well (Abahussin et al., 2009; Kamma-

Lorger, et al., 2010). The anisotropic collagen architecture of the cornea and sclera is 

suspected to have a large influence on the biomechanical performance of the ocular coat, 

and WAXS data has proven amenable for inclusion in predictive models. In this regard, 

incorporation of WAXS data in finite element analyses has facilitated the simulation of 

anterior (Studer et al., 2010) and posterior (Coudriller et al., 2013) eye deformation under 

changing intraocular pressure, and has also been used in attempts to predict the cornea's 

response to surgical incision (Pinksy et al., 2005).

X-ray scattering has also contributed to our understanding of normal ageing processes in the 

human eye, with WAXS studies by Malik and co-workers (1992) and later Daxer and 

associates (1998), inspiring models to explain the age-related growth of corneo-scleral 

fibrils. These were based, in part, on the concept of a crosslink-driven expansion of collagen 

intermolecular spacing, which typically increases from approximately 1.74nm to 1.86nm 

throughout life (Malik et al., 1992). Intermolecular changes of a similar nature have been 

induced in vitro by glycating corneal collagen with a sugar such as fructose (Malik and 

Meek, 1994), and this led the authors to propose that ultrastructural changes in the corneal 

stroma take place at the molecular level as we age and might be linked to glycation and the 

subsequent formation of intermolecular crosslinks. These in vitro changes in intermolecular 

packing can be prevented by including certain compounds in the glycation-inducing 

incubation mixture --aspirin and aminoguanidine, for example (Malik and Meek, 1994) as 

well as some vitamins and other analgesics such as ibuprofen and paracetamol (Malik and 

Meek, 1996). More recently, Hayes and colleagues (2013) used WAXS to investigate the 

structural mechanism of corneal cross-linking by riboflavin/UVA treatment, concluding that 

the cross-links induced by the therapy are likely distinct from the aforementioned natural, 

intermolecular cross-links that accumulate in corneo-scleral tissues with age, and instead are 

more readily explained by the formation of cross-links at the fibril surface and in the protein 

network surrounding the collagen. Collagen interfibrillar spacing has also been studied in 

the human cornea as a function of age, and Malik and co-workers (1992), using SAXS, 

reported a decrease in this parameter by approximately 8% between 20 and 90 years of age, 

which they postulated might be related to changes in the proteoglycan composition of the 

corneal ECM. Collagen fibril diameter is also age-dependent in the human cornea, 

measuring, on average, 30.8nm in corneas from donors under 65 years of age and 32.2nm in 

those over 65 years of age (Daxer at al., 1998).

Experiments utilising the meridional portion of the SAXS pattern have provided information 

about the distribution of electron density along the fibril axis in human sclera, and this was 
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used to show that dermatan sulphate proteoglycans bind to collagen fibrils in the gap zone of 

the collagen fibril (Quantock and Meek, 1988), in line with electron microscopic 

observations on rabbit and human sclera (Young, 1985). In cornea, the meridional SAXS 

pattern has been used to measure the D-periodic repeat at 65 nm (Meek et al., 1981; 

Marchini et al., 1986), shorter than the 67nm in collagen fibrils from tendon (Meek et al., 

1981; Orgel et al., 2000). This difference is likely to be a consequence of more molecular tilt 

with respect to the fibril axis in cornea as compared to tendon, or the result of extra binding 

of non-collagenous material in the gap region in cornea (Meek et al., 1981; Marchini et al., 

1986). Analysis of the meridional SAXS patterns from corneas has also identified 

hydroxyproline residues in the centre of the gap region, and proposed these as the major 

sites at which sugars bind to collagen (Meek et al., 1981). It has also served to identify 

proteoglycan binding sites along the collagen fibril axis at the c2 and a3 staining bands at 

each gap/overlap junction and at bands e and d in the centre of the gap zone (Meek et al., 

1986). Interestingly, however, the spatial association of stained proteoglycan fibrils along 

the axis of the collagen fibril is different in keratoconus (Fullwood et al., 1992). SAXS has 

also been used to provide evidence for the binding of a glycoprotein with a molecular weight 

of 135kD in the gap zone of bovine corneal collagen fibrils, which has a number of 

similarities to one of the subunits of type VI collagen (Wall et al., 1998), and to show that 

the axial D-period in the human cornea increases marginally with age, possibly because of a 

progressive reduction in the molecular tilt with respect to the fibril axis (Daxer et al., 1998). 

Experiments in rabbits have shown, however, that the D-period is unaltered in corneal scar 

tissue (Rawe et al., 1994).

The corneas of various species have been investigated by SAXS, which has revealed that 

mean centre-to-centre collagen interfibrillar spacings in bony fish, fin whale and dolphins 

are lower than 52nm, but in other mammals range from 59nm to 73nm (Gyi et al., 1988). 

This study was later extended to incorporate measurements of fibril diameters and 

intermolecular spacings using WAXS, which disclosed no significant interspecies variation 

in intermolecular spacing (Meek and Leonard, 1993). Interestingly, however, a correlative 

link between collagen fibril diameter and interfibrillar spacing was found, inasmuch as 

smaller fibrils were more closely spaced. The constant parameter across species, it turns out, 

is the collagen fibril volume fraction, which, expressed as a percentage average across 

species, came out at around 28% (Meek and Leonard, 1993). Put another way, this means 

that in any given structural “unit cell”, 28% of the volume of the corneal stroma comes from 

a collagen fibril or combination of fibrils and 72% is the “space” between fibrils. This 

analysis led to the authors to suggest that the constancy of the fibril volume fraction in 

corneas of different species may be linked to requirements for light transmission and may 

also be reflective of a fixed proportionality in the amounts of collagen and proteoglycans 

across species. More recently, WAXS has shown that an excess of corneal collagen is 

directed towards one or both sets of rectus muscles in animals with high levels of visual 

acuity (Hayes et al., 2007b), which the authors speculate may be linked to the frequency of 

eye movement and the forces generated.

SAXS experiments have also aided our understanding of the structural roles of small 

leucine-rich proteoglycans in corneal homeostasis. Experiments on the corneas of gene-
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targeted mice lacking the core proteins for lumican (Quantock et al., 2001; Beecher et al., 

2006), keratocan (Meek et al., 2003) and mimecan (Beecher et al., 2005), for example, have 

indicated various degrees of ECM disturbance. This is also true in the corneas of mice with 

abnormalities in the transcription factor, Klf4 (Young et al., 2009), and those with mutations 

in GlcNAc 6-O sulfotransferase, an enzyme which is instrumental in the sulphation of 

keratan sulphate (Hayashida et al., 2006).

2.3. X-ray Studies of Ocular Disease and Wound Healing

X-ray scattering has been employed in the study of ocular pathology and would healing. 

Keratoconus is a condition in which the cornea becomes thinned and conical. But SAXS 

studies of corneas of advanced keratoconus corneas obtained post-operatively revealed no 

evidence for a closer than normal packing of collagen fibrils (Fullwood et al., 1992). The 

clear implication is that a loss of collagen from the central region of the cornea, rather than a 

compaction of fibrils, is responsible for the clinical thinning seen in this condition. This is 

manifestly unlike the situation in macular corneal dystrophy where the central cornea is 

thinner than normal (Ehlers and Bramsen, 1978; Donnenfeld et al., 1986), and where the 

mostly normal diameter collagen fibrils are more closely packed proportionally (Quantock et 

al., 1990). Keratoconus was also studied by Daxer and Fratzl (1997) who reported a 

disturbance of the lobed interfibrillar SAXS reflection in x-ray patterns obtained from the 

centres of post-operative keratoconic corneas, which pointed to a lessening of the 

preferential orthogonal alignment of collagen. More contemporary, quantitative 

investigations of keratoconus have used WAXS to map changes in collagen orientation and 

distribution, and this has led to a compelling model of disease progression in which the 

slippage of collagen lamellae in the cornea, especially the central cornea, leads to the 

physical manifestations of corneal thinning and protrusion (Meek et al., 2005; Hayes et al., 

2007a, 2012). Similar experimental approaches have recently been applied to investigations 

of the posterior segment, disclosing alterations in collagen anisotropy in the peripapillary 

sclera associated with primary open-angle glaucoma (Pijanka et al., 2012).

As mentioned, SAXS measurements indicate that collagen fibril spacing is reduced as an 

average throughout the whole depth of the cornea in macular corneal dystrophy (Quantock 

et al., 1990), a rare inherited disorder in which progressive corneal opacification normally 

starts at an early age, and which is caused by mutations in the enzymatic sulphation pathway 

of keratan sulphate (Akama et al., 2000). Recent SAXS studies of this disease have indicated 

that the major reduction in collagen fibril spacing occurs in the deeper stromal layers (Palka 

et al., 2010), which is possibly reflective of the proposed greater importance of keratan 

sulphate proteoglycans in the posterior stroma of the corneas of larger animals based on its 

preferential synthesis owing to a restricted oxygen supply (Scott and Haigh, 1988). WAXS 

experiments have also been conducted on post-operative macular dystrophy corneas and 

have consistently documented an unusual signal, corresponding to a periodic structure of 

0.46 nm, which is not seen in x-ray patterns obtained from normal human corneas 

(Quantock et al., 1992; 1993a; 1997a). The origin of this additional structure is not fully 

explained, but is suspected to reside in the aberrantly large proteoglycan molecules, or their 

aggregates, that result from improper proteoglycan sulphation pathways (Quantock et al., 

1996; 1997b). It is not just in macular corneal dystrophy where proteoglycan abnormalities 
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lead to an altered ECM, and SAXS has been used to disclose ultrastructural abnormalities in 

the cornea in a number of the mucopolysaccharidoses (Quantock et al., 1993b; Huang et al., 

1996; Rawe et al., 1997), a family of metabolic diseases caused by the absence or 

malfunctioning of lysosomal enzymes needed to break down glycosaminoglycans.

Experiments employing SAXS have been used to shed light on the structural disorder of the 

wounded corneal ECM and the subsequent tissue remodelling as healing progresses. Full-

thickness, 2mm-diameter penetrating wounds in rabbits, for example, disclose small 

increases in the average collagen fibril diameter and spacing as the cornea heals (Rawe et 

al., 1994). WAXS further showed that collagen intermolecular spacing was reduced initially, 

but after 6-weeks returned to normal (Rawe et al., 1994). Moreover, the SAXS patterns 

indicated a collagen fibril matrix which was much more structurally disordered than normal 

(Rawe et al., 1994). Stromal ultrastructure becomes more akin to normal as healing 

progresses, however, even after almost 2-yrs a wholly normal arrangement of collagen 

fibrils was not attained in full-thickness penetrating wounds in rabbits (Rawe et al., 1994). A 

significant reduction in collagen interfibrillar spacing measured by SAXS has also been 

documented after the rabbit stroma has been treated with a single injection of hyaluronidase 

to “soften” the tissue prior to attempts to mould it via the application of a hard contact lens 

to change the eye's refractive status (Connon et al., 2000). And with relevance to refractive 

surgery, a series of SAXS experiments (which led to the award of The Troutman Medal at 

the American Academy of Ophthalmology in 2004) were instrumental in concluding that it 

was not the structural disorganisation of the corneal ECM which led to corneal haze after 

photorefractive keratectomy, but the response of the keratocytes (Connon et al. 2003a).

In vitro corneal healing models have also been utilised, and Kamma-Lorger and associates 

(2009a) used WAXS to study the orientation of collagen laid down in wounded bovine 

corneas healing in a culture medium. A wound was created by removing the central 5mm of 

the cornea to half stromal depth. Corneas were allowed to heal for up to two weeks, within 

which time the collagen adopted a radial configuration throughout the wound and in the 

neighbouring tissue, which may be the result of wound contraction during this very early 

stage following injury. The same wound healing model was also used in a SAXS study to 

monitor changes in interfibrillar spacing and diameter following different types of corneal 

injury (Kamma-Lorger et al., 2009b), with the authors reporting that stromal swelling is 

more rapid for trephine-wounded corneas than in stromal flaps. The results of this aligned 

well with the widely-held idea that the intensity of the corneal healing response depends on 

the type of injury, a concept further supported by a corneal debridement wound model in 

mice (Boote et al., 2012), in which SAXS was used to show that structural changes in the 

corneal ECM (and in corneal light scattering) following debridement injury critically depend 

upon the wound severity, and do so specifically in terms of whether or not the epithelial 

basement membrane is left intact.

2.4. X-ray Studies of Corneal Swelling

When the cornea swells and becomes oedematous, often as a result of corneal endothelial 

dysfunction, light scattering increases and vision is impaired. Hodson (1997) and Elliott and 

Hodson (1998) have extensively discussed how and why the cornea swells. From neutron 
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diffraction experiments on highly hydrated corneas it was surmised that the swollen cornea 

is essentially a system of mutually repelling cylinders (Elliott et al., 1982). SAXS studies 

have further shown that when the cornea becomes oedematous collagen fibrils do not swell 

along their axes; the D-period is unchanged (Huang and Meek, 1999). Rather, the tissue 

swells by fibrils and molecules moving apart laterally, and a linear relationship between the 

square of the collagen interfibrillar spacing and tissue hydration has been demonstrated 

(Goodfellow et al.,1978). Meek and associates (1991) subsequently confirmed this linear 

relationship in a series of correlative SAXS and WAXS experiments on isolated bovine 

corneas which were placed in dialysis membranes and variously hydrated by a range of 

external osmotic strength bathing solutions. These authors calculated (by extrapolation) that 

at zero hydration the centre-to-centre collagen fibril separation would be 34nm. But, this is 

less than the diameter of the hydrated fibrils in bovine cornea, which is 38nm according to 

Meek and Leonard (1993), so it was concluded that the fibrils themselves must reduce in 

diameter during drying. Collagen intermolecular spacing was found to be 1.15nm in the dry 

tissue and 1.60nm at physiological hydration (Meek et al., 1991). Interestingly, however, 

when the cornea was taken to high hydrations the intermolecular spacing increased very 

little above the 1.60nm value. SAXS measurements of collagen interfibrillar spacing, on the 

other hand, continued to increase with increasing hydration above physiologic. If corneal 

hydration (H) is defined as H = (wet weight – dry weight)/(dry weight), the combined SAXS 

and WAXS data showed that intermolecular and interfibrillar spacings increased in 

proportion with one another from H=0 to H=1, suggesting that, from dry, water goes equally 

into the fibrils and between them. Above H=1, however, and up to high hydrations the bulk 

of the water goes solely between the fibrils, presumably because intermolecular bonds are 

fully extended already when the cornea is at 50% hydration (Meek et al., 1991). This model 

of corneal swelling was broadly supported by subsequent x-ray diffraction studies which 

proposed a two-stage drying model with a transition between the two stages occurring at 

H=1 (i.e, 50% hydration) (Fratzl and Daxer,1993). SAXS work on overly hydrated human 

corneas in excess of 800 μm thick has also shown that the bulk of interfibrillar swelling 

occurs in the deeper stromal layers, presumably because of the higher degree of 

interweaving which is a feature of more anterior stromal layers (Quantock et al., 2007).

Hopefully, this selective review of x-ray scattering studies of the ocular ECM, and of the 

corneal matrix in particular, have provided some insights into the value of the approach and 

of the highly representative structural averages it can provide over a number of length scales 

in non-fixed, physiologically hydrated tissue. The fact that x-ray scattering is an excellent 

averaging tool, however, is also to its detriment because focal defects in ECM structure are 

below the spatial resolution of the approach. Thus, for a good overarching understanding of 

the ultrastructure of the ocular ECM, correlative work with techniques such as those to be 

described in the remainder of this article are highly valuable.

3. Electron Microscopy

Electron optical imaging has made a major contribution to studies of the ocular ECM for 

over sixty years. When the earliest observations on the ultrastructure of the corneal stroma 

were published (Jakus, 1954), the best resolution of the transmission electron microscope 

was still only around 300 nm, compared with under 4 Å possible in microscopes available 
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today. Inevitably, advances in both specimen preservation and instrumentation have driven 

new discoveries ever since. Several key changes in the first basic specimen processing 

schedules lead to much improved tissue preservation, and these are still currently in use for 

routine observations. Amongst these, the replacement of single-step osmium tetroxide 

fixation by a two-step procedure using aldehyde primary fixation (Sabatini et al., 1963), 

followed by osmium, allowed superior preservation of matrix and cell membranes; also, the 

introduction of epoxy embedding resins (Glauert et al., 1956), in place of glycol 

methacrylate, provided both improved ultrathin sectioning properties, and specimen stability 

in the electron beam. Electron microscopy rapidly found a place in investigative studies of 

the fine structural anatomy and of tissue changes in pathological conditions of the major 

connective tissue components of the eye, the cornea and sclera (Hogan et al., 1971; Polack, 

1976), and trabecular meshwork (Tektas & Lütjen-Drecoll, 2009; Lütjen-Drecoll, 1999). 

This trend continues undiminished, but now with a more analytical focus on compositional 

and 3-dimensional aspects of matrix structure, following a succession of refinements in 

technique and instrumentation, as illustrated further below.

3.1 Collagen Organisation in the Ocular ECM

The corneal stroma has dominated ultrastructural studies of the ocular ECM largely on 

account of the fascination with, and desire to understand, the structural basis of the tissue's 

unique transparency. The comprehensive early studies of Hay (Hay and Revel, 1969; Hay 

1979) on the embryonic chicken provided the baseline for our current understanding of 

development of the corneal stroma. This was found to appear first as a one micron thick 

primary stroma of layered orthogonal collagen fibrils, laid down by the epithelium. 

Subsequently, an innovative study by Birk and Trelstad (1984) used high voltage electron 

microscopy on one micron-thick sections of embryonic stroma to investigate how 

keratocytes formed the characteristic lamellae of the mature transparent tissue. Bundles of 

collagen fibrils appeared in cell membrane channels later to fuse into larger lamellar 

assemblies. It now appears that corneal development in other vertebrates, primates and man 

included, may not involve a primary stromal template and thus corneal development is still 

the subject of active investigation. Early studies revealed the regular size and order of 

component collagen fibrils in the stroma enabling Maurice (1957) to put forward his lattice 

theory of corneal transparency, and numerous researchers since that time have tried to 

understand the factors controlling fibril diameter and spacing.

The hypothesis that interfibrillar proteoglycans might control the nucleation and regulation 

of fibril diameter lead Borcherding and colleagues (1975) to examine fibril diameter in 

relation to specific proteoglycan concentrations from the central cornea to the sclera in 

human eyes. The relationships between high levels of keratan sulphate glycosaminoglycan 

and small fibril diameter in the mid cornea, translating to high chondroitin sulphate levels 

with larger fibril diameters towards the sclera, lent support to this theory. Corneal 

proteoglycans are now understood to be a heterogeneous population: keratan sulphate 

glycosaminoglycan chains are substituted on three main core proteins as lumican 

(Blochberger et al., 1992), keratocan (Corpuz et al., 1996; Liu et al., 1998) and mimecan 

(Funderburgh et al., 1997) proteoglycans, with minor amounts also present as fibromodulin 

(Chen et al., 2010); decorin core protein carries chondroitin sulphate/dermatan sulphate side 
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chains (Li et al., 1992). Electron microscopy has become a vital tool in assessing the 

regulatory roles of these molecules on the corneal collagen matrix in studies of altered fibril 

diameters in mice with targeted gene knockouts. Lumican-null mice, for example, expressed 

increased fibril diameters, altered fibril packing and disordered lamellae in the posterior 

stroma (Chakravarti et al., 1998; 2000); altered fibrils were also found in the sclera, where 

lumican is present as a glycoprotein with short unsulphated keratan sulphate chains (Austin 

et al., 2002). Mice deficient in keratocan and mimecan also exhibited altered collagen fibril 

diameters (Liu et al., 2003; Tasheva et al., 2002). The advantage of high resolution region-

specific analysis offered by electron microscopy has been clearly demonstrated in several 

recent studies. For example, posterior stromal regions were found to be more severely 

affected by the disruption of fibril structure and organisation in decorin/biglycan compound 

mutant mice, suggesting a synergy of regulatory roles for proteoglycans, in this case decorin 

and biglycan, in matrix assembly (Zhang et al., 2009). As mentioned earlier, the deep stroma 

is also the most affected corneal region in macular corneal dystrophy, and this is where 

pockets of abnormally large diameter collagen fibrils are found (Palka et al., 2010). A 

subsequent study of the peripheral cornea in mice further showed that fibromodulin may 

cooperate with lumican in fibril regulation during postnatal corneal development (Chen et 

al., 2010).

3.2 Glycosaminoglycan Imaging with Cationic Dyes and Immunogold Probes

The poly-disperse nature of interfibrillar matrix proteoglycans and their inherently low 

electron contrast at first prevented successful imaging of these molecules. Attempts to bind 

cationic electron dense markers, such as ruthenium and lanthanum to the charged sulphate 

groups on glycoaminoglycans enabled limited imaging, and merely of their condensed 

collapsed structure. The introduction of the cationic copper dyes, cuprolinic and 

cupromeronic blue based on alcian blue, by Scott (1981), and their use with competing 

cations (the ‘critical electrolyte concentration’ technique), was a major advance, allowing 

visualisation of proteoglycans as extended electron dense filaments which associated at 

regular sites along the axial periodic banding pattern of the collagen fibril (Fig. 2). Pre-

digestion of tissue with specific proteoglycan degrading enzymes conferred some specificity 

on the method, indicating that keratan sulphate and chondroitin sulphate/dermatan sulphate 

proteoglycans bound to ‘a’ and ‘c’, and ‘d’ and ‘e’ bands, respectively in the rabbit cornea 

(Scott et al., 1985). Sclera, in human and rabbit, exhibited ‘d’ and ‘e’ banding alone, 

resembling tendon (Young, 1985), later confirmed by x-ray analysis (Quantock and Meek, 

1988). Although this approach still represents the optimal method for obtaining structural 

information on proteoglycans imaged in bulk tissue, it has to be accepted that some collapse 

of native structure is the sacrifice paid to induce electron contrast. Only with proteoglycan 

molecules isolated from the eye in suspension, and dried onto an ultra-clean surface to be 

examined by rotary shadowing electron microscopy have images of actual molecular 

dimensions been possible (Ward et al., 1987; Scott, 1996). Even with this limitation, 

cationic dye staining has been widely used to examine proteoglycans in ocular ECM 

research: for example, in the developing corneal stroma of rabbit and chick (Cintron and 

Covington, 1990; Connon et al., 2003b; Liles et al., 2010); in healing corneal scars (Hassell 

et al., 1983); changes in cornea with lysosomal storage diseases (Young et al., 2011); after 
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crosslinking treatment in keratoconus (Akhtar et al., 2013); and, in scleritis (Young et al., 

1988).

The use of electron histochemical and immunolocalistion techniques at the ultrastructural 

level was revolutionized by the introduction of colloidal gold as a marker system (Faulk and 

Taylor, 1971). Colloidal gold particles of 1 nm diameter together with two-stage antibody 

procedures, in theory could allow epitope localisation with a resolution of just over 8 nm, 

but methods with nanogold markers exceeded this. The development of low temperature 

specimen processing with hydrophilic acrylate/methacrylate resins, such as Lowicryl and LR 

White, allowed improved preservation of protein conformation and thus better antigen 

efficacy by avoiding the need for complete tissue dehydraton. Together with more refined 

techniques for cryoultramicrotomy, studies using specific monoclonal antibodies then 

permitted precise identification of epitope-defined structures within ultrathin sections. 

Multiple epitope labelling made possible with these methods enabled Birk and co-workers 

(1988) to demonstrate that corneal collagen fibrils were heteropolymeric, containing both 

types I and V collagens in the same fibril. Subsequently, Marshall and associates (see 

review, 1993) carried out extensive immunogold localisation of collagen types in diverse 

extracellular matrices in the human eye including cornea, sclera, iris, trabecular meshwork, 

ciliary body and retina, reporting positive labelling for collagen type III in cornea, which 

remains somewhat controversial (Marshall et al., 1991). Immunogold labelling of proteins, 

such as collagens, is not straightforward when antibody epitopes may reside in the triple 

helical domain of the molecule and be modified by crosslinking with the aldehyde fixatives 

used in many conventional procedures for tissue preservation. Although this problem exists 

also for antibodies raised against the core proteins of proteoglycans, antibodies reacting with 

glycosaminoglycan side chains of proteoglycans retain immunoreactivity after aldehyde 

fixation (Fig. 3). Some of the most widely used antibodies against proteoglycan domains, 

such as 5-D-4 and 1-B-4, recognize different sulphation motifs present on the repeat 

disaccharide moieties of keratan sulphate and chondroitin sulphate proteoglycans (Caterson 

et al., 1983; 1985). These reagents have been used extensively in studies of 

glycosaminoglycan sulfation associated with matrix development and pathlogy in cornea 

(Davies et al., 1997; Young et al., 2006; 2007; Lewis et al., 2000), and other ocular 

connective tissues.

3.3 Cryo-Techniques

In the 1980s a general acceptance of the structural changes brought about by conventional 

tissue processing techniques for electron microscopy was replaced by new optimism with a 

greater awareness and availability of low temperature tissue preparation methods. 

Notwithstanding the known extraction and collapse of delicate hydrated tissue components 

such as interfibrilllar proteoglycans, an x-ray scattering study on cornea confirmed that 

shrinkage artefact at all stages of conventional processing schemes reduced the true 

structural dimensions of collagen from the molecular level, seen as a reduction in the D-

period, through to the level of fibril spacing (Fullwood and Meek, 1993). Fibril diameters 

were 45% larger when cornea was processed at low temperature, more resembling their 

native dimensions recorded by low-angle x-ray diffraction (Craig et al., 1986). Ultra-rapid 

freezing, aiming to freeze tissue without the deleterious effects of ice crystal formation, was 
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considered desirable as this could potentially avoid all of the preparation-induced artefacts 

associated with aqueous chemical fixation. Hirsch and co-workers (2001) achieved 

remarkable results using the method of ultrarapid freeze and deep etch. Human and rabbit 

cornea were slam-frozen on a liquid helium-cooled copper block, then fractured and etched, 

still frozen under vacuum. A replica was made by platinum/carbon evaporation onto the 

surface and this was viewed in the transmission electron microscope. 8nm collagen sub-

fibrils together with a range of beaded and filamentous interfibrillar structures were 

interpreted as proteoglycans, type VI and FACIT collagens, types XII and XIV on the basis 

of their dimensions. The technique has also been applied to study interactions at the cell-

matrix interface in the eye, in three dimensional keratocyte cultures (Bueno et al., 2009), and 

in age-related changes in Bruch's membrane (Ruberti et al., 2003). Cooling rates achievable 

by slam freezing, however, are too slow to achieve ice-crystal-free freezing much deeper 

than 15 μm into bulk tissue and thus, while suitable for surface observations, this technique 

has limitations where larger areas are to be studied. High pressure freezing overcomes this 

drawback (Moor, 1987) and has been shown capable of vitrification, where ice assumes an 

amorphous, glassy state - in theory arresting native tissue structure - to a depth of 200 μm in 

articular cartilage specimens (Studer et al., 2008). Nevertheless, the clear advantages of this 

approach have not to date been exploited to any great extent in studies of the ocular 

connective tissues: highly-hydrated specimens have previously proven difficult to cryofix 

effectively, however cell ultrastructure and collagen fibril structure and spacing appeared 

well-preserved in high pressure frozen chicken embryo cornea (Allenspach, 1993; Quantock 

and Young, 2008; Fig. 4).

3.4 Electron Tomography and Three-Dimensional Imaging

Increasingly powerful computing capabilities and improved cameras for image recording, 

alongside automation of electron microscope operation have combined over the last two 

decades to promote electron tomographic analyses of large tilt series of images to almost a 

routine procedure in many laboratories. This has facilitated sophisticated studies of 

molecular and supramolecular organisation in connective tissues, several on the ocular 

matrices. Elegant work by Holmes and colleagues (2001) employing Fourier filtering of 

high resolution serial tilted images allowed three-dimensional reconstruction of individual 

isolated bovine collagen fibrils, revealing component 4 nm microfibrils with a consistent tilt 

angle of 15° respective to the fibril long axis. Resolution was sufficient to also visualise 

structures at the fibril surface, potentially proteoglycans, type V collagen N-propeptide and 

collagen types XII and XIV. Microfibrils in extended and untensioned states were plotted by 

electron tomography in fibrillin from human and bovine lens zonules to derive models 

predicting the respective molecular conformational alignments (Baldock et al., 2001). Three-

dimensional ultrastructural studies enabled Knupp and co-workers (2000; 2002; 2006) to 

identify as type VI collagen, molecular assemblies with around 100 nm periodicity found in 

the retina of patients with age-related macular dystrophy, Sorsby's fundus dystrophy, and in 

the vitreous in association with macular holes. Electron tomography in combination with 

earlier cationic dye staining methods for proteoglycans (Fig. 5) has helped challenge some 

earlier ideas of corneal matrix interactions derived from two dimensional observations 

(Lewis et al., 2010; Parfitt et al., 2010; 2011). From previous models (Maurice, 1962; Farrell 

and Hart, 1969; Muller et al., 2004) a systematic six-fold arrangement of proteoglycans 
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associating each collagen fibril with its nearest neighbours was envisaged. In bovine (Lewis 

et al., 2010) and mouse stroma (Parfitt et al., 2010), no regular pattern of proteoglycan 

organisation was detected. Thermal motion and osmotic pressure control were proposed as 

mechanisms by which proteoglycans might regulate interfibrillar spacing rather than through 

inflexible attachments to fibrils. Keratan sulphate proteoglycans were represented by shorter 

dye complexes, attaching neighbouring fibrils, while chondroitin sulphate/dermatan sulphate 

proteoglycans were longer, probably formed from multimeric chains, and capable of linking 

both neighbour and ‘next-nearest’ neighbour fibrils. Three-dimensional reconstructions on 

corneas from Chst-5 mutant mice with defective sulphation of keratan sulphate 

proteoglycans revealed grossly enlarged proteoglycan structures, consistent with 

compensatory over-sulphated or aggregated chondroitin sulphate/dermatan sulphate 

proteoglycans, which span and likely interact with many more collagen fibrils than their 

counterparts in wild type mice (Parfitt et al., 2011).

3.5 Scanning Electron Microscopy

With the burgeoning interest in three-dimensional structural biology, a new ultrastructural 

imaging technique based on scanning electron microscopy (SEM) has recently emerged. 

Significant improvements in the resolution of scanning electron microscopes now allow the 

instrument to compete with the transmission microscope in its imaging performance. SEM 

has traditionally been a surface imaging technique and has occasionally been employed in 

ocular matrix research, notably in studies of cell and lamellar organisation, and repair in the 

cornea. Nishida and associates (1988) used tryptic digestion and acid hydrolysis to remove 

stromal collagen to reveal the corneal keratocytes and their interconnecting network of 

processes, which they proposed facilitated cellular control of corneal homeostasis and 

transparency. Komai and Ushiki (1991) incorporated alkali etching techniques in their 

processing schedule, to remove cellular and perifibrillar matrix and achieve detailed images 

of collagen fibril organisation in different regions of the human cornea and sclera. A later 

study using similar techniques revealed that the extent of cross-lamellar interweaving in 

human anterior corneal stroma was far greater than previously thought (Radner et al., 1998); 

a scanning electron microscopy study by Cintron and co-workers (1982) on corneal scarring 

found that new collagen deposition showed alignment with fibroblasts which, in turn 

oriented with respect to the healing epithelium. More recently, post-LASIK human corneas 

were studied revealing evidence that scar tissue at the wound interface may never restore 

intact lamellar integrity at this site (Abahussin et al., 2013). The revolution in approach to 

scanning electron microscopy relies upon the simple concept that if a high resolution image 

taken of the specimen surface can be alternated with the removal of a surface slice, a new 

surface is created for subsequent imaging. With recent advances in computerisation of 

instrument control, together with improved backscatter electron detectors, this process can 

be automated to collect a large image sequence, progressing for many μm or even mm into 

the specimen, such that the serial images can then be aligned, if required, and processed 

electronically to generate a three-dimensional rendering of structures throughout the 

specimen. This ‘volume scanning electron microscopy’ can be achieved with a dual beam 

instrument (Knott et al., 2008) in focused ion beam electron microscopy (FIB SEM), where 

a Gallium ion beam mills away a layer of the surface, before the electron beam is employed 

to image the newly exposed surface of the resin block. The ion beam is able to mill 
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thicknesses as low as 5nm, which also equates to the resolution limitation in z. Alternatively, 

in a single beam instrument, specimen surface renewal can be carried out by a miniature 

ultramicrotome situated inside the microscope chamber (Denk and Horstmann, 2004; 

Hughes et al., 2014) in serial block face scanning electron microscopy (SBF-SEM). In this 

case, 15-20 nm is currently the lower limit practicable for biological specimens. Few studies 

have yet been carried out on ocular tissues with these new methods. Basement membrane 

vacuolation in retinal capillaries was studied in normal and diseased eyes by SBF-SEM 

(Powner et al., 2011). Both sectioning approaches were applied to study corneal 

development in the chick, revealing that cellular components represent a much higher 

proportion of the embryonic matrix than was previously thought from two-dimensional 

images, probably because of the abundance of filopodial extensions from the cells (Fig. 6), 

which appear to fulfil a role in assembly of the prospective lamellar matrix (Bushby et al., 

2011; Young et al., 2014). Volume SEM already shows huge potential for imaging three 

dimensional microanatomy in large tissue volumes, with resolution at the level of sub-

cellular organelles, individual collagen fibrils and cell membranes. It promises to offer even 

greater investigative opportunities in the coming years with the recent development of novel 

labelling technologies, such as the genetic tags APEX (enhanced ascorbate peroxidase; 

Martell et al., 2012) and miniSOG (mini singlet oxygen generator; Shu et al., 2011), 

enabling specific electron dense markers to be expressed within bulk tissue, which will 

facilitate correlative studies with light microscopy and live cell imaging techniques.

4. Non-linear Optical (NLO) Imaging of Second Harmonic Generated Signals 

(SHG)

Non-linear optical (NLO) imaging using second harmonic generated signals (SHG) has 

emerged as a powerful new paradigm for three-dimensionally detecting and evaluating 

collagen organization. SHG is an absorption-free, nonlinear process created in non-

centrosymetric materials when excited using high intensity radiation (Franken et al., 1961; 

Goppert-Mayer, 1931). In biologic tissues, SHG signals can be generated using long 

wavelength (infrared), very fast pulsed, femtosecond (FS) lasers. Due to the extremely high 

field strengths associated with femtosecond laser pulses, an oscillating polarization of non-

centrosymetric biologic materials results in the emission of light at exactly half the 

wavelength of the laser excitation beam. Owing to the nature of the process it occurs only in 

the focal plane of the laser beam, yielding high lateral and axial resolution (∼ 1 μm). 

Because SHG is limited to structures that lack central symmetry, this imaging paradigm is 

highly specific for longitudinally oriented, fibrillar collagen and does not require prior tissue 

staining, fixation or sectioning (Williams et al., 2005; Zipfel et al., 2003). Additionally, the 

high axial resolution allows for three-dimensional image acquisition deep into tissues and 

the reconstruction of tissue collagen organization not previously available through other 

conventional microscopic techniques.

The ability to detect SHG signals from the cornea was first demonstrated by Hochheimer in 

1984 using a pulsed YAG laser (Hochheimer, 1982); however, it was not until 2002 that the 

first microscopic images showing collagen organization within the cornea were reported by 

Yeh et al using 170 FS pulsed laser (Yeh et al., 2002). Over the past decade, NLO SHG 
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imaging has been used to evaluate corneal collagen in normal corneas from human (Aptel et 

al., 2010; Han et al., 2005; Morishige et al., 2006), mouse (Lo et al., 2006), pig (Jay et al., 

2008; Teng et al., 2006; Wang et al., 2008), and rabbit (Morishige et al., 2006), as well as 

used to study pathologic conditions, such as keratoconus (Morishige et al., 2007; Tan et al., 

2006), intrastromal laser ablation (Han et al., 2004; Wang and Halbhuber, 2006), thermal 

injury (Lo et al., 2009; Tan et al., 2005), transgenic mouse models (Lyubovitsky et al., 

2006), infectious keratitis (Tan et al., 2007), wound healing (Farid et al., 2008; Nien et al., 

2011; Teng et al., 2007), corneal edema (Hsueh et al., 2009; Wu and Yeh, 2008), collagen 

crosslinking (Bueno et al., 2011), and diabetes (Latour et al., 2012b). More recently, 

objective measures have been developed to characterize collagen orientation by using fast 

Fourier transformation (Ghazaryan et al., 2013; Lau et al., 2012; Lo et al., 2012; Mega et al., 

2012; Rao et al., 2009; Tan et al., 2013) and by taking advantage of the unique polarization 

dependent properties of SHG signals (Latour et al., 2012a; Stoller et al., 2002; Tuer et al., 

2012).

We have used NLO SHG to evaluate collagen organization in the intact cornea of various 

species, including human, and confirmed and extended earlier observations regarding the 

interwoven nature of the collagen fiber (i.e. lamellar) architecture previously identified using 

transmission and scanning electron microscopy (Hamada et al., 1972; Komai and Ushiki, 

1991; Muller et al., 2001; Radner et al., 1998). To begin to build a blueprint of the corneal 

collagen architecture, we have also developed a High Resolution Macroscopic (HRMac) 

approach for scanning large tissue areas (up to 1.6 cm across) at high resolution (0.44 μm/

pixel) and digitally reconstructing the images as described below. This provides “Google 

Maps” of the cornea, in which single collagen lamellae can be followed and their structural 

interactions with remote collagen lamellae characterized. Using this approach we have 

begun to characterize the entire cornea from limbus-to-limbus and relate these structural/

architectural features to localized mechanical measurements to better understand how 

collagen structure controls mechanical strength and corneal shape.

4.1 NLO SHG Imaging of Corneal Collagen

For these and all other studies discussed below, we have used a Zeiss LSM 510 Meta 

confocal microscope (Carl Zeiss Inc., Thornwood, NY) and a Chameleon Titanium:Sapphire 

laser (Coherent Inc., Santa Clara, CA) that produces 150 femtosecond (FS) laser pulses at 76 

MHz. Since SHG signals are polarization dependent, a 1/4 wave plate was interposed 

between the laser and the microscope to produce circularly polarized FS laser light and 

ensure SHG generation from all in plane collagen fibers regardless of orientation. Optimal 

SHG signal generation was obtained by tuning the laser to 800 nm, which has been shown to 

produce the strongest signal intensity from fibrillar collagen (Zoumi et al., 2002), as well as 

from the cornea and optic nerve head (Morishige et al., 2006; Winkler et al., 2010b). Tissues 

were then mounted on the microscope stage, either fresh without fixation, or following 

overnight fixation in 2% paraformaldehyde in phosphate buffered saline, pH 7.2. Unlike 

glutaraldehyde fixation, fixation with paraformaldehyde showed no effect on SHG signal 

intensity and had the advantage of greatly preserving collagen orientation similar or 

identical to that detected in intact globes under normal intraocular pressure. Using fresh 

corneal tissue without fixation produced images of collagen lamellae that were severely 
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crimped or undulated due to the artifactual mechanical unloading of the lamellae. For this 

reason, studies generally used corneal tissue that was fixed in situ or imaged with the globes 

intact.

FS laser light was focused into the tissues using either a 20x/NA 0.8 or 40x/NA 1.2 Zeiss 

apochromatic objective. To detect SHG signals, a transmitted light detector with a 400/50 

nm band pass filter was used to collect forward scattered SHG signals. Backscattered SHG 

signals were collected using the Meta detector of the Zeiss LSM microscope and a 

bandwidth setting of 380-420 nm. In general, forward scattered SHG signals detected 

distinct fiber-like structures within the cornea that were approximately 1 μm in diameter and 

varied in length and orientation depending on the depth within the cornea (Fig. 7, Cyan). 

Since collagen fibrils in the cornea are approximate 32 nm in diameter, the detected fibers 

most likely represent fibril bundles within the larger diameter collagen lamellae of the 

cornea. Backscattered SHG signals showed a more diffuse and less distinct image of the 

individual collagen lamellae within the cornea as shown in Fig. 7, Magenta. Data stacks 

were collected in 1-2 μm steps from the anterior surface of the cornea to a depth of 160 μm 

using the 40x objective and through the entire cornea with the 20x objective. The resolution 

obtained using this approach was 0.44 μm to 0.88 μm lateral and 1-2 μm axial.

4.2 Collagen Structure of the Cornea as Detected using NLO SHG

Using en face NLO SHG imaging, collagen structure can be evaluated throughout the entire 

thickness of the cornea as shown in Fig. 8 (Morishige et al., 2007). The first signals appear 

at the level of Bowman’s layer, or the anterior limiting lamina (ALL), a more descriptive 

term outlined by the Terminologia Anatomica (Federative Committee on Anatomical 

Terminolgy, 1998) that will be used throughout the following text. Backscattered SHG 

signal show a very weak punctate forward scattered signal (A) and a stronger diffuse 

backscattered signal (B). Ten microns below the ALL, narrow bands of short collagen 

lamellae aligned in random orientations are detected (Fig. 1C) that are consistent with the 

narrower and thinner lamellae comprising the anterior corneal stroma observed by TEM and 

SEM (Komai and Ushiki, 1991; Radner et al., 1998). The backscattered SHG signal shows a 

less distinct, albeit clearly interwoven, pattern of collagen fibers in the same optical plane 

(Fig. 1D). Deeper into the cornea (50 μm) collagen fibers appeared longer and wider but 

continue to be oriented in random directions (Fig. 1E and F). Three-dimensional 

reconstruction and rotation of the data along the Y-axis to generate an XZ projections shows 

that many of the short collagen fibers identified in the anterior stroma by the forward 

scattered SHG signal represent much longer fibers running transverse to the surface, 

originating at ALL and penetrating deep into of the anterior stroma (Fig. 1G). Three 

dimensional reconstruction of the backscattered SHG signal clearly identifies the presence 

of the ALL (Fig. 1H, asterisk) and the multiple layered collagen lamellar organization 

running both parallel and transverse to the corneal surface. This organizational pattern 

appears remarkably similar to that of routine hematoxylin and eosin stained corneal tissue 

sections, but has the obvious benefit that NLO SHG imaging does not require tissue fixation, 

sectioning or staining to appreciate the collagen structural details.
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NLO SHG imaging of other mammalian species, including mice and rabbit, shows a similar 

pattern of collagen lamellar organization, particularly for the presence of collagen fibers that 

run transverse to the ALL (Morishige et al., 2006). The presence of transverse fibers and the 

random orientation is distinct from the more conventional view that corneal collagen is 

orthogonally arranged and runs parallel to the corneal surface. However, it should be noted 

that angled collagen fibers were detected by polarization microscopy (Bron et al., 1997). 

Furthermore, the first description of angled collagen fibers was by Sir William Bowman in 

his monograph on parts of the eye presented at the Royal College of Surgeons of England in 

1847 (Bowman, 1849). Here, Sir William notes that the presence of angled collagen fibers 

“might be shown on mechanical principles to be the best possible for the maintenance of the 

convexity of the front of the cornea”.

To assess whether angled collagen fibers play a mechanical role in controlling corneal 

shape, we have evaluated the collagen structure of keratoconus corneas. As shown in Fig. 9, 

keratoconus corneal buttons obtained from penetrating keratoplasty show a distinct decrease 

in the number of angled collagen fibers underlying the intact ALL that are detected by 

forward scattered SHG (C). Additionally, less interweaving of collagen lamellae is detected 

by backscattered SHG (D) compared to normal. Deeper into the anterior stroma (50 μm), the 

loss of forward scattered SHG signal and collagen lamellae is more dramatic (E) and 

lamellar interweaving is completely absent (F). Three-dimensional reconstruction confirms 

that the number of angled collagen lamellae inserting into the ALL (asterisk) is remarkably 

reduced (G, arrow) and when present only extends a short distance into the anterior cornea. 

Reconstruction of the backscattered SHG signal also confirms the marked lack of collagen 

lamellar interweaving below the ALL (asterisk), showing predominantly a fiber alignment 

parallel to the corneal surface (H), a pattern which was distinctly different from that of 

normal adult cornea (Fig. 9H). In a series of 13 keraotoconus buttons, 12 cases showed 

severe disruption or loss of angled collagen fibers inserting into the ALL as compared to six 

normal corneas evaluated by NLO SHG. The one case where loss of angled fibers was not 

detected was in a sample that only had half of the corneal button, suggesting sampling error 

for this case (Morishige et al., 2007).

The loss of angled collagen lamellae in the anterior stroma of keratoconus corneas supports 

the hypothesis first opined by Sir William Bowman, that these structures lend mechanical 

support to the anterior stroma to maintain corneal shape. Loss of these mechanical “struts” 

would perhaps facilitate the slippage of collagen from the central cornea leading to 

progressive astigmatism as suggested by the x-ray scattering data discussed above (Meek et 

al., 2005 Hayes et al., 2007a; 2012) and by previous investigators (Polack, 1976; Smolek 

and Klyce, 2000). Clearly, a better understanding of how collagen lamellae are organized in 

normal and keratoconus corneas is needed to determine the importance of these structures to 

the maintenance of corneal shape and the pathogenesis of this disease.

4.3 High Resolution Macroscopy and Identifying the Corneal Collagen Architecture

To obtain data on the density and distribution of angled collagen fibers and their relationship 

and interactions with other corneal collagen lamellae, a larger view of the collagen 

organization is needed. Unfortunately, NLO SHG signal generation is a function of the 
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square root of the excitation power, and SHG signals are only generated in the focal volume 

of the FS laser beam where the laser intensity is high enough to cause non-linear processes. 

While this results in sub-micron lateral and axial resolution capable of resolving 

microstructural details of collagen lamellae, the inverse relationship between magnification 

and field of view means that SHG images of any given tissue only cover a very small area 

and even the relatively small structures that comprise the human eye are much larger in 

comparison to the field of view.

To address this problem, we used High Resolution Macroscopy (HRMac), which combines 

SHG imaging with automated image acquisition and digital image reconstruction (Winkler 

et al., 2010a). Using HRMac large-scale, three-dimensional image mosaics several 

millimeters or even centimeters across can be generated that retain the same high resolution 

of NLO SHG imaging. This approach enables the study of both micro- and macrostructure 

simultaneously by allowing the traversal of different image scales to ‘zoom’ in and out of 

the sample and follow single collagen lamellae. The resulting datasets can be further 

processed for quantitative analysis or for three-dimensional visualization and reconstruction 

of macroscopic portions of the tissue at microscopic resolutions.

While there are several approaches to HRMac, for studies of collagen structural organization 

we have used vibratome sections from human corneas embedded in low melting point 

agarose and sectioned at 300-500 μm thick. These sections can extend from limbus-to-

limbus and encompass the peripheral and central cornea. Sections are then mounted on glass 

coverslips and imaged using NLO SHG. Consecutive, high resolution image stacks are then 

acquired over the entire vibratome section using the Zeiss’ MultiTime macro function and 

large-scale mosaics concatenated into a single image stack using different software 

programs. Typical image data sets were comprised of 80 Mega Pixel image planes separated 

by 1-2 μm representing 16500 × 6500 pixels or 13.4 mm by 5.3 mm areas. File sizes were 

generally 64 Giga bytes in size.

Fig. 10A shows a zoomed-out HRMac image of the human cornea extending from the 

superior to inferior limbus. This magnification is similar to that of a standard low-powered 

stereo dissecting microscope image. Also shown are zoom-in images at full pixel resolution 

at the center of the cornea (B) and the limbal region where scleral collagen fibers enter the 

transparent cornea (C). This ability to zoom-in and zoom-out provides for “Google Maps” of 

the cornea where single collagen lamellae can be identified and followed for many 

millimeters within the corneal stroma. These structures can be easily extracted from the 

image stacks to generate three-dimensional representations of the corneal collagen 

organization to show how they interact with other collagen lamellae within the cornea. As 

shown in Fig. 11, anterior collagen lamellae that insert into the ALL appear to branch many 

times along their length. They also appear to combine with other collagen lamellae that also 

attach to the ALL creating what appears to be a three-dimensional ‘leaf spring’ that most 

likely has clear mechanical implications for the control of corneal shape. While past studies 

have shown that corneal collagen fibrils insert into the ALL (Mathew et al., 2008), in 

general these interactions are thought to be infrequent and limited to the ‘anterior corneal 

mosaic’ (Bron, 2001).

Quantock et al. Page 20

Exp Eye Res. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extraction of lamellae from HRMac image data sets also identified two previously un-

described collagen fiber structures, including long, prominent lamellae originating at or near 

the limbus that extend for millimeters across large portions of the cornea (Fig 12A, green 

fibers, arrow). These lamellae did not follow the corneal curvature from limbus-to-limbus; 

instead they seem to traverse many layers before terminating at or near the ALL. 

Interestingly, these fibers showed little branching or interaction with other lamellae when 

located deep in the corneal stroma, but show extensive interactions and branching as they 

traversed to the anterior cornea. A second type of collagen lamellae identified was the ‘bow 

spring’-like fibers that originate from the highly intertwined layers directly beneath the ALL 

and arc upwards, fusing with the layer itself before arcing back down (Fig. 12B and 12C, 

blue fibers, arrows). These lamellae were characterized by a near-parabolic shape, the apex 

of which is fused with the ALL.

Most importantly, three-dimensional reconstruction of lamellae in different depths of the 

cornea show distinctly different patterns, with anterior lamellae having complex branching 

and anastomosing patterns with many angled fibers running transverse to the corneal surface 

while posterior lamellae appear to run predominantly parallel to the surface with little 

branching (Fig. 13). This structural heterogeneity is consistent with the x-ray studies of 

(albeit swollen) human eye bank corneas alluded to earlier (Quantock et al., 2007). 

Interestingly, past studies of corneal swelling have shown that the anterior corneal stroma is 

resistant to swelling and maintains corneal shape as opposed to the posterior corneal stroma 

(Muller et al., 2001). It has been proposed that this unique property of the anterior cornea is 

related to the lamellar architecture, which would be more tightly interwoven in the anterior 

cornea as opposed to the posterior cornea (Bron, 2001; Muller et al., 2001). Our findings 

using HRMac to extract the three-dimensional organization supports and extends this 

hypothesis, in that lamellae in the anterior stroma are not only more tightly interwoven as in 

a basket weave pattern, but actually intertwined with extensive interactions with adjacent 

lamellae in three-dimensional space. This architectural design could lead to a much more 

rigid and mechanically stiff tissue that would aid in the maintenance of corneal shape. While 

swelling pressure is clearly different between anterior and posterior cornea, a major question 

is whether lamellar structure affects mechanical stiffness and rigidity of the cornea.

4.4 The Collagen Architecture and Mechanics of the Cornea

To relate corneal structure to tissue mechanics, the complexity of the collagen fiber patterns 

were first characterized in normal corneas. This has been performed in two separate studies, 

first using HRMac data sets from the center of the cornea in five normal eyes, and the 

second using HRMac data sets taken from the peripheral to central cornea in each of four 

quadrants (superior, inferior, nasal, temporal) of three eyes. Two different approaches have 

also been used to characterize collagen fiber complexity, the first assessing collagen fiber 

branching density and the second assessing collagen fiber angle relative to the corneal 

surface (Winkler et al., 2011; Winkler et al., 2013). In both studies, distinct and significant 

differences were detected between the complexity of the anterior compared to that of the 

middle and posterior cornea.
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Regarding branching point density, the detected amount of lamellar branching was highest 

immediately below the ALL, reaching as high as 37 branches/mm or one every 20-30 μm. 

Density also showed a continuous though exponential decline, with the lowest number of 

branches detected just before the corneal endothelium averaging as low as 3 branches/mm. 

In the five corneas evaluated the anterior third of the cornea showed twice the branching 

density compared to the middle third (p<0.01) and almost four times the density compared 

to the posterior third (p<0.01).

In a second study, the lamellar angles were measured relative to the corneal surface. Since 

lamellar branching results in two divergent fibers, at least one fiber necessarily is angled 

relative to the corneal surface, and therefore characterizing fiber angles provides a measure 

of lamellar branching. Additionally, the angled fibers exert vectorial tensor effects within 

the tissue that can stiffen the response to compressive or shear strain. Using a computer 

automated approach to remove any subjective bias, lamellar angle was quantified as a 

function of radial location and depth. While the angle distribution remained significantly 

different in the anterior cornea, there were no differences detected in the radial distribution 

by region or quadrant. This finding confirmed the original data on depth distribution of 

lamellar branching, and suggested that there was little difference in the fiber architecture of 

the cornea from central to peripheral.

To assess the effects of collagen structure on mechanical tissue stiffness, tissue flaps of 

anterior, middle and posterior stroma were cut from fresh human donor corneas using a 

surgical femtosecond laser system. The tissue flaps were then mechanically tested using 

indentation and the effective elastic modulus calculated. Using this approach on seven donor 

corneas, the effective elastic modulus was significantly higher in the anterior stroma 

compared to the middle and posterior stroma by the same order of magnitude as that 

measured for branching point density or difference in fiber angle.

The finding that the anterior stroma is mechanically stiffer than the posterior cornea is 

consistent with more recent measurements using atomic force microscopy and shear 

modulus testing (Dias and Ziebarth, 2013; Last et al., 2012; Petsche and Pinsky, 2013) as 

well as the earlier empirical electron microscopy findings obtained from corneal swelling 

experiments (Muller et al., 2001). Together, these measurements strongly support the 

contention that the architectural organization of collagen plays an important role in defining 

tissue mechanics and hence corneal shape.

5. Summary Understandings and Future Directions

In this paper we have reviewed technologies that facilitate the evaluation and 

characterization of the ocular ECM spanning the Nano to the Macro scale; from WAXS to 

HRMac of SHG signals. With these methods we have gained novel insights into the 

hierarchical structure of the connective tissue of the eye, especially that of the cornea. 

Importantly, differences in collagen fibril diameter and spacing can be detected from the 

central to peripheral cornea using x-ray scattering, as can changes in the preferred collagen 

fibril orientation from superior-inferior/nasal-temporal central regions of the cornea to the 

more circumferential alignment peripherally. Using three-dimensional electron tomography 
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and SBF-SEM, new details of the cell and matrix structure are being discovered suggesting a 

cell-directed, complex organizational patterning of the stroma during development. Finally, 

NLO SHG and the development of MRMac have identified novel collagen lamellar patterns 

that suggest unique differences between anterior and posterior stroma that possibly 

contribute to differences in mechanical strength and the control of corneal shape. In the 

future, advancement of these technologies will lead to a more comprehensive hierarchical 

blueprint of the ocular ECMs that will provide essential insights of how the structural 

integrity of these connective tissues of the eye form, are maintained, and are affected and 

respond in disease or following surgery. In the short-to-medium term, this type of 

knowledge will provide insights into the structural changes underpinning corneal disorders, 

such as astigmatism and ectasia, and will also guide new research towards the drive to 

design and create a bioengineered corneal stroma.
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Highlights

• Methods used to characterize the hierarchical assembly of the ECM are 

discussed.

• 3-D analysis of ECM structure by TEM/SEM and NLO SHG microscopy are 

presented.

• New insights into the structural blueprint of the cornea are uncovered.
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Fig. 1. 
A schematic representation of small-angle X-ray scattering (SAXS) and wide-angle X-ray 

scattering (WAXS) from regularly spaced and uniform diameter collagen fibrils as would be 

found in the cornea. Small- and wide-angle scatter is produced simultaneously, and it is 

simply the position of the detector (or detectors) which dictates whether SAXS or WAXS 

patterns (or both) are recorded. In cornea, WAXS patterns, which arise from the average 

lateral spacing between adjacent collagen molecules within fibrils, provide structural 

information on the nanometer scale (the average intermolecular spacing in normally 

hydrated human cornea is about 1.6nm (Meek et al, 1991)). The equatorial portion of the 

SAXS patterns, on the other hand, which arise because of the regular lateral spacing of 

collagen fibrils within lamellae, provide structural information on length scales up to maybe 

100nm (the average interfibrillar spacing in normally hydrated human cornea is about 65nm 

(Meek et al, 1991)). The meridional part of the SAXS pattern consists of a series of x-ray 

reflections which index on the 65nm D-periodic repeat along the axis of the corneal collagen 

fibrils. These can be analysed to provide conformational information about the axial electron 

density along the fibril, including potentially the binding locations of various collagen-

associated matrix molecules.
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Fig. 2. 
Cuprolinic blue reveals associations of proteoglycans with collagen fibrils in the sclera of a 

patient with nanophthalmos. Bar = 1.5 μm
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Fig. 3. 
Gold particles (10 nm) which label the binding of antibody 5-D-4 along collagen fibrils in 

swollen bovine corneal stroma and which indicate sites of highly-sulphated keratan sulphate 

glycosaminoglycan. Bar = 100 nm
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Fig. 4. 
Chick cornea at day 14 of development prepared by high pressure freezing and freeze 

substitution. A keratocyte (k) extends a long cellular process in contact with collagen fibrils 

(arrows) in the extracellular matrix. Bar = 1 μm. Image courtesy of Dr Philip N. Lewis, 

Cardiff University.
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Fig. 5. 
Three-dimensional reconstruction from electron tomography of anterior sclera from an 89-

year-old human eye showing collagen fibrils (blue) and proteoglycans (orange). Bar = 100 

nm.
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Fig. 6. 
A. Developing chick cornea at 12 days of incubation: a reconstruction in ImageJ-3D viewer 

from 50 serial images obtained by SBF-SEM, showing keratocytes (k), with extensive 

processes -keratopodia (arrows), and collagen bundles (cb). Bar = 500 nm. B. Surface 

rendering of a three-dimensional reconstruction from 120 serial images of the same site as in 

A shows collagen bundles (cyan) closely accompanied by keratopodia (pink). Bar = 1 μm.
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Fig. 7. 
NLO SHG image of the anterior human cornea. SHG signals were detected in the forward 

scattered (cyan) and backscattered (magenta) direction.
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Fig. 8. 
NLO SHG image from human cornea showing forward scattered (A, C, E, G) and 

backscattered (B, D, F, H) images taken at different depths. A, B: Anterior limiting lamina 

(ALL). C, D: 10 μm below A. E, F: 50 μm below A. G: Three-dimensional reconstruction of 

the data set from forward detector showing a maximum intensity projection rotated 90° in 

the Y-axis through 230 μm of anterior stroma. H: Asterisk = Anterior limiting lamina. Bar = 

50 μm. Taken from {Morishige, 2007 #9}.
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Fig. 9. 
NLO SHG of keratoconus cornea showing forward scattered (A, C, E, G) and backscattered 

signals (B, D, F, H). A, B: Anterior limiting lamina (ALL). C, D: 10 μm below A. E, F: 50 

μm below A. G: Three-dimensional reconstruction of forward scattered signals showing loss 

or shortening of lamellae inserting into the ALL (arrow) H: Three-dimensional 

reconstruction of backscattered SHG signal. Asterisk = ALL. Bar = 50 μm. Taken from 

{Morishige, 2007 #9}.
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Fig. 10. 
HRMac reconstruction of a human cornea. (A) Single 80 Meg pixel plane showing collagen 

fiber organization from superior to inferior limbus. (B) Zoomed view of the central cornea 

from the 80 Meg pixel plane showing insertion of anterior collagen fibers into the ALL 

(Bowman's layer). (C) Zoomed view of the 80 Meg pixel plane showing the collagen fiber 

organization at the limbus. Taken from {Jester, 2010 #16}.
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Fig. 11. 
Three-dimensional reconstructed sutural lamellae in the human cornea. (A) 1 mm central 

corneal region from a HRMac corneal cross-section after segmentation in Amira. Bowman's 

layer is rendered in green, the surtural lamellae are purple. (B) and (C) show the extracted 

sutural lamellae rendering in two different rotations. These images can be panned, zoomed 

and rotated at will. Taken from Winkler et al, High resolution macroscopy (HRMac) of the 

eye using non-linear optical imaging. Taken from {Winkler, 2010 #79}.
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Fig. 12. 
Three-dimensional reconstruction of “bow-spring” fibers (blue), anchoring fibers inserting 

from the limbus (green) and the highly intertwined anterior fiber meshwork (teal) near the 

anterior limiting lamina ALL (gold). Taken from {Winkler, 2011 #14}.
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Fig. 13. 
Three-dimensional surface renderings of selected collagen fibers from the anterior (purple) 

to the posterior (blue) central cornea. Note that branching and anastomosing of fibers drops 

from anterior to posterior cornea.
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