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Chapter 1: Introduction 
 

1.1 The cornea 

 

The cornea and the sclera together form the outer coat of the eye. The cornea makes up 

approximately 16 % of the ocular tunic, while the white, opaque sclera accounts for 

most of the rest (Oyster, 1999). In the context of the whole eye globe, the cornea is 

located between the precorneal tear film (which coats the corneal most anterior surface) 

and the fluid aqueous humor (Figure 1.1).  

 

 
 

  

 

The adult human cornea is approximately 11 mm in diameter (vertically), with a central 

thickness of 0.52 mm that increases to 0.67 mm towards the periphery and limbus (the 

transitional zone between the cornea and sclera) (Forrester et al., 2002). The cornea is a 

highly specialised connective tissue that, in addition to having strength and precise 

curvature, has a high level of transparency. This transparency is due to the regularity of 

its structural organisation and its avascular structure with a high number of 

unmyelinated nerves (Snell and Lemp, 1998). The transparent nature of the tissue is 

essential since the cornea is the main structure responsible for refracting light that enters 

the eye and is crucial to the operation of the eye as an optical system. Typically the 

central third of the dome-shaped cornea (referred to as the optical zone) (Waring, 1989) 

Figure 1.1. A schematic diagram of the anatomy of the human eye. 

Image adapted from http://pritchard-cowburn.com/the-eye/. 
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Figure 1.2. The layers of the human cornea. 
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Figure 1.8. Schematic diagrams showing previous models of 

integration between the orthogonal lamellae in the central 

human cornea and the limbus. (A) Corneal collagen bends 

near the peripheral cornea to form a circular annulus at the 

limbus. The collagen at the limbus forms an anchoring 

network by either running across the limbus tangentially (B) 

or curving in and out of the limbus (C). (D) The limbal 

annulus is a separate population of circular fibrils. (E) Linear 

belts of collagen (solid lines) run from limbus to limbus, 

leading to a 2D projection view (broken lines) characterised 

by central orthogonal and peripheral annular fibrils (Pinsky et 

al., 2005). (F) Fibrils loop around nasal and temporal foci - a 

confocal elliptic/hyperbolic model (Misson, 2007). Image 

adapted from Meek and Boote (2004) and Boote et al. 

(2011a). 
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1.3 Additional stromal components 

 

1.3.1 Proteoglycans  

 

Proteoglycans are complex extracellular glycoproteins that consist of a polypeptide 

chain or core protein and one or more covalently attached unbranched polysaccharide 

chains called glycosaminoglycans (GAGs) (Figure 1.9).  

 

 
 

 

 

 

GAGs can be divided into three classes depending on their structure; chondroitin 

sulphate/dermatan sulphate (CS/DS), keratan sulphate (KS), heparin and heparan 

sulphate (HS) (Kjellén and Lindahl, 1991; Gandhi and Mancera, 2008). A non-

sulphated GAG also exists called hyaluronan (hyaluronic acid). Unlike the other classes, 

hyaluronan is not covalently attached to the protein core of proteoglycans (Itano, 2008). 

The protein cores of proteoglycans are rich in serine and threonine residues, which 

allow multiple GAG attachment. GAG side chains contain repeating disaccharide units 

and they link to the protein core via a specific trisaccharide linker (Figure 1.10). GAGs 

Figure 1.9. Generic proteoglycan structure. The GAGs extend 

perpendicular from the core protein in a bottlebrush-like structure. 
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The corneal stroma is formed during foetal development, as is the case for other 

connective tissues. During this time there is a relatively high volume of keratocytes 

compared to the ECM as the cells are required to generate both collagen fibrils and the 

matrix. However, at maturity, the cellular content is relatively low, at 2-3 % of the 

stromal volume (Otori, 1967). Under normal physiological conditions, the keratocytes 

present in the mature stroma are quiescent (Du et al., 2005; West-Mays and Dwivedi, 

2006) and maintain the protein content and organisation of the collagen and the matrix. 

They are attached to extracellular proteins, enabling them to move around and govern 

the arrangement of collagen fibrils. It is thought that the keratocytes coordinate their 

activities as they maintain collagen fibril organisation via direct contact with collagen 

fibrils, which acts as mechanical linkage between neighbouring keratocytes, and 

through gap junctions. Despite only occupying a small proportion of the total corneal 

stroma volume, the role of the keratocytes in the synthesis and secretion of collagen and 

other extracellular proteins means that these cells could be involved in the synchronised 

Figure 1.11. Scanning electron micrograph of keratocytes in the 

cornea of a rat. The ECM surrounding the keratocytes is 

composed largely of collagen fibrils. Collagen, proteoglycans, 

GAGs and glycoproteins that normally form a hydrated gel that 

fills the spaces in the fibrous network have been removed by 

tryptic digestion and acid (HCl) hydrolysis. Image adapted from 

Nishida et al. (1988). 
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regulation of the metabolic and physiologic homeostasis of the cornea and, hence, are 

essential for maintaining corneal transparency (Nishida et al., 1988).  

 

1.4 Corneal transparency 

 

The role played by the components of the ECM in the maintenance of corneal 

transparency has generated considerable interest over the years. It is understood that the 

lattice-like structure formed by the homogenous distribution of small, uniform diameter 

collagen fibrils that are regularly arranged within lamellae in the corneal stroma produce 

minimal light scattering, and hence, transparency (Maurice, 1957). However, a number 

of studies have also implicated other components of the stromal ECM in the reduction 

of light scattering. Whilst studying the process of transparency acquisition in the cornea 

of a developing embryo, Coulombre and Coulombre (1958) recorded a correlation 

between the appearance of metachromatic staining of the GAGs in the stromal ECM 

and appearance of the highly organised collagen lattice (Coulombre and Coulombre, 

1958). Also, in opaque corneal wounds, a loss of metachromatic staining was observed 

that coincided with a reduction in levels of a GAG component of some proteoglycans: 

corneal KS (Dunnington and Smelser, 1958; Anseth, 1961).  

 

A number of transparency models have been described and each of these models takes 

into account factors that impact on the extent of light scattering by corneal structures. 

These influential factors are the structure of the cornea, that is, the size and shape of the 

stromal constituents and their corresponding refractive indices. The refractive index of 

the collagen fibrils, the refractive index of the extrafibrillar material and the ratio of 

these two refractive indices are particularly important (Meek et al., 2003a). Smith 

(1970) proposed a model whereby all corneal components have a uniform refractive 

index. In this model, light would propagate directly through the corneal tissue 

unscattered due to it being unable to discriminate between the collagen fibrils and the 

material between them. This model has since been dismissed as the collagen fibrils and 

the material between them were found to have different refractive indexes of 1.41 and 

1.36 respectively (Leonard and Meek, 1997). In 1957, Maurice described the use of x-

ray diffraction to understand more about the physical basis of corneal transparency. The 

findings from this work put forward the idea that the collagen fibrils in the stroma are 
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arranged in a regular crystalline lattice that destroys the scattered light by mutual 

interference. It was also suggested that in this regular pattern the cornea is transparent 

but disarrangement causes the tissue to become opaque (Maurice, 1957). However, the 

existence of the regular lattice pattern was questioned and it was later found through 

electron microscopy and x-ray diffraction that this arrangement of fibrils is not present. 

Instead, there is short range order extending to around 120 nm that has been shown to 

produce a transparent cornea (Hart and Farrell, 1969; Sayers et al., 1982; Worthington 

and Inouye, 1985). This short-range order has proven relatively challenging to explain 

with regards to light transmission through the cornea. One method that has been utilised 

to explain corneal transparency and account for multiple scattering of light is photonic 

band structure (Ameen et al., 1998). This method was used to calculate the light 

frequencies that propagated in corneal lattice models. Calculations showed that the 

corneal dispersion relation is linear in the visible range, which suggests that the cornea 

is transparent (Ameen et al., 1998). Photonic crystals and quasicrystals have proven 

very useful in previous studies due to their special light transmitting properties. The 

medium of these structures relates well to the collagen fibrils and matrix components of 

the cornea as it consists of an array of two components with differing dielectric 

constants (Meek, 2009). 

 

There are many other factors that contribute to the physical properties of corneal 

transparency in addition to the refractive index and the orientation/spacing of the 

stromal components (Freund et al., 1986) including the size, hydration and morphology 

of the cornea and the general stromal structure. However, there is an agreement that 

there are a set of factors which govern the overall transparency of the cornea and these 

are displayed in Table 1.3. Correspondingly, there is set of proposed criteria for 

governing loss of transparency (and associated disruption of light scattering) (Meek et 

al., 2003b) (Table 1.3). 
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Factors governing transparency Factors resulting in loss of transparency 

The number and density of the collagen 
fibrils in a given area. Any increase in the density of the fibrils. 

The diameter of the collagen fibrils. Any increase in the diameters of the fibrils. 

The regular spacing of the collagen fibrils. Any alteration or destructive change in the 
regular spacing of the collagen fibrils. 

The ratio of the refractive index of the 
collagen and surrounding ECM, ocular fluid 
and keratocytes. 

An increase in the ratio of the refractive index 
of the collagen fibrils to that of the material 
between them. 

The thickness of the cornea (including 
swelling and dehydration). 

An increase in the overall thickness of the 
cornea (which can occur with a change in 
corneal thickness from swelling). 

Resident dormant cells that express crystallin 
proteins. 

Any cellular changes which may occur (e.g. 
following wound healing or cell loss through 
apoptosis). 

 

 

1.5 Corneal hydration 

 

If the cornea swells above its physiological hydration (H=3.2) there is increased light 

scattering, a loss of transparency (Cogan and Kinsey, 1942) and, hence, an impairment 

of visual function. The equation for corneal hydration, which is defined as the weight of 

water in the cornea divided by the dry weight of the tissue, is as follows (Equation 1.1): 

 

 

 

Table 1.3. The set of factors that maintain or result in the loss of corneal transparency. 
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The precise mechanism by which keratoconus-affected corneas progressively thin and 

steepen is yet to be determined. More specifically, it is debated whether the stromal 

thinning is elicited by enzymic digestion of collagen (Teng, 1963; Rehany et al., 1982; 

Sawaguchi et al., 1989; Kenney et al., 1989; Sawaguchi et al., 1990; Fini et al., 1992; 

Sawaguchi et al., 1994; Kenney et al., 1994; Zhou et al., 1998; Kenney and Brown, 

2003), a disruption to fibrillogenesis due to defective keratocytes (Somodi et al., 1996; 

Kim et al., 1999; Sherwin et al., 2002; Brookes et al., 2003) or abnormal proteoglycans 

(Funderburgh et al., 1989), or whether it is due to lamellae slippage resulting in a 

redistribution of collagen away from the apex of the cone (Polack, 1976). 

 

Radner et al. (1998b) described that in the majority of keratoconus corneas the apical 

region differs in its collagen lamellae arrangement compared to normal corneas. X-ray 

scattering studies have shown that in advanced keratoconus the angle between the 

preferred collagen orientations at the centre of the cone are altered from 90° and 180° to 

60° and 120° (Daxer and Fratzl, 1997). This is a good indication that the structural 

change in keratoconic corneas is linked to large-scale alterations to the directions of 

collagen lamellae. Further to this, the use of x-rays also revealed that cone formation is 

associated with displacement of the collagen fibril axes and distortion of the orthogonal 

matrix, implying a degree of lamellar fluidity and slippage (Meek et al., 2005; Hayes et 

Figure 1.12. A comparison of normal and keratoconic corneas. 

The characteristic cone-like protrusion of the keratoconic 

cornea (arrow) is caused by corneal thinning and steepening. 

Image adapted from Meek and Boote (2009). 
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of visual aids such as spectacles or contact lenses. However, there are situations where 

the use of visual aids is inadequate and correction by refractive surgery is the preferred 

approach. Surgical correction is opted for by patients who lose the ability to wear 

contact lenses, due to dry/sensitive eyes, or just prefer not to wear glasses for 

convenience or cosmetic reasons. 

 

 

Refractive error Cause Optical characteristics 

Myopia 

The cornea is too steeply curved or 
the axial length is too long. The light 
that enters the eye is focussed in 
front of the retina. 

Patients are unable to see objects 
clearly at a long distance. 

Hyperopia 

The cornea has reduced curvature or 
the axial length is too short. The 
light that enters the eye is focussed 
behind the retina. 

Patients are unable to see objects 
clearly at a short distance. 

Astigmatism 

The radius of corneal curvature is 
not constant and the refractive power 
varies across the cornea. Light does 
not focus at one particular point, 
rather over an area. 

Patients have blurred or distorted 
vision of objects at both short 
and long distances. 

 

 

1.7 Refractive surgery 

 

Refractive surgery has been widely used to remodel the cornea and improve the 

refractive power of the eye. The first proficient refractive procedures involved incision 

with a blade and were relatively imprecise; however, more recent technological 

developments have led to the use of high-power excimer lasers for tissue reshaping. 

These lasers use a combination of argon and fluoride gas to produce an ultraviolet beam 

(193 nm) that can break organic molecular bonds. They cut the cornea in the area of 

application with a high degree of accuracy, with very little thermal damage to adjacent 

tissue (Singerman and Coscas, 1998). A number of different excimer laser refractive 

procedures have been devised, the most common of which are photorefractive 

Table 1.4. A summary of the three most common refractive errors. 
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1.8.1 Corneal wound healing 

 

Healing of corneal injuries occurs through much the same stages as would take place in 

other part of the body but with some elements of variation. An important feature of the 

cornea is the absence of a vascular system. The lack of blood vessels means that the 

inflammatory stage of wound healing and granulation are normally minimal or non-

existent. When an injury is incurred, corneal epithelial cells and activated stromal 

fibroblasts secrete growth factors and cytokines that have paracrine and autocrine 

functions (Lim et al., 2003). Corneal wound healing is an elaborate process involving 

the integrated actions of multiple growth factors, cytokines, and proteases produced by 

epithelial cells, stromal fibroblasts, inflammatory cells, and lacrimal gland cells, and can 

persist for several weeks depending on wound severity. 

 

1.8.1.1 Epithelial wound healing 

 

The epithelial response is the first response in a sequence of corneal wound healing 

events and it occurs in three stages: The latent phase, cell migration and adhesion, and 

cell proliferation. Cytokines are recognised as having substantial roles in the epithelial 

healing process from the outset and these are outlined in Table 1.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 















40 
 

2.1.1 Organ culture protocol 

 

The organ culture protocol described here was implemented in Chapter 3. Ovine eye 

globes were obtained from a local abattoir within four hours of death and transported to 

the laboratory on ice. Healthy eyes with transparent corneas were selected for 

experimentation by firstly eliminating those that had corneas with signs of damage and 

prior scarring. Selected eyes were processed for organ culture as previously described 

by Foreman et al. (1996) within the same day of slaughter. Excess muscle and tendon 

tissue was removed from the eye exteriors using surgical scissors and the eyes were 

placed in a 500 ml beaker and submerged in 25 % Betadine (AAH, UK) iodine solution 

(diluted in dH2O) for a maximum time of 5 minutes to disinfect them. 

 

A class II tissue culture cabinet was prepared by spraying with 70 % ethanol and wiping 

with a sterile towel. The beaker containing the eyes/Betadine solution was sprayed with 

70 % ethanol in dH2O and introduced to the cabinet. The eyes were then transferred to a 

sterile 500 ml beaker containing autoclaved PBS (Sigma, UK). In turn, the eyes were 

removed from the PBS and LASIK-like flaps were surgically created in the centre of 

corneas using a microkeratome (Hansatome, Bausch and Lomb, Germany).  

 

2.1.2 Microkeratome 

 

A microkeratome is a precision surgical instrument used to create corneal stromal flaps 

in LASIK refractive surgery (Figure 2.1A). The microkeratome has two main 

components, the first being the motor and oscillating blade (Figure 2.1B), which are 

used to create the flap, and the second being a vacuum pump and metal suction ring, 

which are used to create pressure on the surface of the cornea and keep the motor and 

blade in situ. The vacuum also has the role of collecting any fluids or detritus that 

appear as a result of cutting the tissue during surgery. The power source of the 

instrument is connected to foot pedals that allow the operator to control the motor and 

vacuum, whilst still having their hands free to perform the operation. 
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The tissue was initially covered in a solution of 50 % IMS alcohol (volume/volume with 

dH2O) (Fisher Scientific, UK) for 30 minutes with the lids of the glass pots on and 

wrapped in ParafilmTM (Pechiney, UK) to prevent evaporation. The alcohol was 

removed with a disposable plastic pipette, discarded and then replaced with a solution 

of 70 % IMS alcohol prepared as above for 1 hour. Finally, the alcohol was removed 

again, this time replaced with a solution of 90 % IMS alcohol and left at 4 °C overnight. 

 

On the second day, the corneal halves were immersed in 100 % IMS alcohol for 1 hour 

and then in a fresh solution of the same concentration for 30 minutes. The alcohol was 

removed and the pots containing the tissue were transferred to a fume cupboard. Here 

the tissue was covered with a 50 % volume/volume mixture of absolute 

alcohol/chloroform for 30 minutes. The tissue was then immersed in 100 % chloroform 

(BDH, UK) for 30 minutes and then in a fresh solution of the same concentration for 

another 30 minutes before the chloroform was removed and the pots warmed on top of 

an oven for 10 minutes. The corneal halves were blotted on filter paper, placed into 

clean pots containing wax and put into a wax oven for 1 hour to remove any remaining 

chloroform. 

 

The corneal halves were then transferred to clean pots of wax and left in the oven for a 

further 30 minutes to ensure the wax had fully impregnated the tissue. Finally, each 

Figure 2.4. Corneal bisection. The fixed corneas were divided into two halves, 

with each half containing approximately half the LASIK-flap.  
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sample and this distance is reduced to tens of centimetres when recording the wide-

angle pattern (Meek and Quantock, 2001). X-rays that are scattered parallel to fibril axis 

give rise to a meridional pattern, whereas x-rays scattered at right angles to the fibril 

axis produce an equatorial pattern (Figure 2.7). The cornea contains several hundred 

lamellae and collagen fibrils run in all directions, therefore when x-rays are passed 

through parallel to the optical axis, the x-rays will happen upon collagen fibrils in 

different orientations in each lamellae. As a result, both the meridional and equatorial 

patterns will present as a series of concentric circles (Meek and Quantock, 2001). The 

two patterns are, as a result, superimposed, but can be distinguished between by their 

position in the pattern and by the broader equatorial reflections.  

 

 

 

 

 

 

In the cornea, there are two scattering methods that can be utilised. Small-angle 

scattering (SAXS), which arises from interference of scattered radiation from collagen 

at the fibrillar level and wide-angle scattering (WAXS), which arises from the collagen 

molecules that make up the fibrils. These methods can supply orientation and 

Figure 2.7. A diagram that illustrates how a collection of vertically 

arranged fibrils held in an x-ray beam creates meridional reflections parallel 

to the fibrillar axes and equatorial reflections perpendicular to the fibrillar 

axes. Image adapted from Meek and Quantock (2001). 
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2.5.1.1 SAXS data collection 

 

SAXS data collection as described here were implemented in Chapter 5. 

 

2.5.1.1.1 I22 set up 

 

SAXS data were collected on station I22 at the Diamond Light Source national 

synchrotron facility (Didcot, UK). The high intensity monochromatic x-ray beam at I22 

had a wavelength and cross-sectional diameter of 0.1 nm and 0.2 mm respectively and 

the detector  used was a 2D SAXS high resolution detector called the Pilatus 2M 

(Dectris Ltd, Switzerland). The detector distance was set to 6 m to collect the small-

angle x-ray scatter signal. A lead beam-stop was centrally positioned between the 

sample stage and the detector to eliminate x-ray damage. 

 

2.5.1.1.2 Sample preparation 

 

Between arriving at Cardiff University and being transported to Diamond for x-ray 

experiments, the corneal samples were frozen and stored at -80 °C. Immediately prior to 

x-ray exposure the corneas were thawed. It has been previously shown that freezing and 

thawing corneas does not affect structural parameters as measured by x-ray diffraction 

(Fullwood and Meek, 1994). In order to minimise tissue dehydration during x-ray 

exposure, corneas were wrapped in a square of Clingfilm® (Superdrug, UK) large 

enough to cover the cornea and positioned in an airtight Perspex (Databank, UK) 

sample holder with Mylar (Dupont-Teijin, UK) windows (Figure 2.9). 
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2.5.1.1.4 I22 beamline calibration  

 

Calibration was achieved using a SAXS pattern of hydrated rat tail tendon. Intact type I 

collagen from rat tail tendon has a known D-periodicity of 67 nm and produces a 

meridional reflection that can be used to normalise the data collected (Figure 2.10). The 

position of the meridional reflection will vary depending on the specimen-detector 

distance, so this calibration is required for every set of experiments conducted on the 

beamline. 

 

 
 

 

 

 

 

 

 

 

2.5.1.2 SAXS data analysis 

 

SAXS data analysis as described here was implemented in Chapter 5. 

 

 

 

Figure 2.10. The meridional x-ray 

diffraction reflections (black arrows) of 

type I rat tail collagen. The meridional x-

ray diffraction pattern of rat tail tendon 

contains information about the one-

dimensional axial structure of the type I 

collagen fibril. 
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2.5.1.2.1 Transformation of the data 

 

The x-ray patterns obtained were in a BSL file format, which saves the individual 

images as a series of frames within one large file. Using Fit2D data analysis program 

(ESRF, Grenoble, France), a sample frame of high intensity was selected, for example 

one towards the centre of the cornea, and a manual projection of the data was carried 

out to ensure that the signal was properly represented. It was also necessary at this stage 

to find the pixel coordinates for the centre of the pattern. 

 

A vertical transect was taken through the centre of each x-ray scatter pattern to generate 

an intensity profile of the first-order equatorial (i.e. collagen interfibrillar) x-ray 

reflection (Figure 2.11). Using the Fit2D ruler tool, two points on either side of the 

central coordinates were marked out to create an area where a vertical projection could 

be integrated horizontally. The coordinates for this vertical projection were entered into 

a macro, which then removed this selected area from the file and saved the data as a .chi 

file. The process was then repeated and the same vertical transect was removed from all 

the specimen files. This stage of data processing both isolates the necessary data signal 

and reduces the file size. 

 

 
 

 

 

 

Figure 2.11. A typical SAXS pattern from the centre of human cornea. The pattern is 

shown at two different display thresholds to highlight (A) the first order equatorial 

interfibrillar reflection and (B) the third order meridional axial period reflection. Intensity 

profiles were measured along a vertical transect through the pattern centre, as indicated. 

Image adapted from Boote et al. (2003). 
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2.5.1.2.2 Converting files into Statistica format 

 

At this stage it was necessary to convert the data into a different file format and to 

reorganise the values into logical columns. Firstly, the data needed to be imported into 

Microsoft Excel, so a macro was used to convert the .chi files into .xls files. Here the 

macro reallocated the data so that the position of the peak (R) was in column 1 and the 

total intensity of the data (I) was in column 3. 

 

Using Statistica (StatSoft Ltd, UK), an additional macro was then run to convert the .xls 

files into .sta worksheets and to remove the superfluous background scatter. The 

background was estimated by converting the data signal into a double-logarithmic graph 

of intensity against peak position. With the data in logarithmic format, a square-power 

law background curve was fitted. Once the background had been fitted and removed, 

each file intensity value was multiplied by the radial position within the pattern to take 

into account that the pattern was being sampled along a linear projection with no 

azimuthal integration. Subtracting the background removes scattering from stromal 

matrix components other than fibrillar collagen. 

 

2.5.1.2.3 Determining the collagen peaks 

 

There are two peaks that arise from the spacing and diameter of collagen fibrils and 

these are referred to as the interference function (IF) and the fibril transform (FT) peaks, 

respectively. Once the location of these peaks had been identified, the data was opened 

in the form of a scatterplot where RI-Back (the integrated intensity minus the 

background) was plotted against R (the peak position) and analysis of the peaks was 

performed (Figure 2.12). 
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2.5.1.2.4 Interference function 

 

The IF is derived from the ordered arrangement of fibrils and represents the probability 

of finding a fibril centre at a given distance from another fibril centre. The position and 

height of the IF peak for each file were measured in Statistica using the pointer tool. 

The values, which were recorded as pixels, were then entered into a Microsoft Excel 

spreadsheet at the corresponding file number.  

 

The data was initially generated in pixel format, however the distances between 

collagen fibrils are normally measured in nanometres. In order to obtain a value for the 

average interfibrillar Bragg spacing in nanometres, the IF peak position was calibrated 

against the position of the first-order x-ray reflection (pixels) and known 67 nm D-

periodicity of hydrated rat tail tendon. The equation for this conversion is shown below 

(Equation 2.4): 

 

 

Figure 2.12. A scatterplot of Background-subtracted integrated 

intensity (RI_Back) vs Position (R). The IF peak is indicated by 

a black arrow. The FT peak is indicated by a blue arrow. 
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The value for Q, which is the reciprocal space position of the IF peak (nm-1), was 

converted into nanometres by taking the reciprocal. 

 

2.5.1.2.5 Conversion of Bragg spacing to actual centre-to-centre spacing 

 

The interfibrillar Bragg spacing assumes an ordered crystal structure but the 

arrangement of fibrils in the cornea more closely approximates to the short-range order 

of a liquid (Worthington and Inouye, 1985). Worthington and Inouye (1985) suggested 

that the value for Bragg spacing should be multiplied by a packing factor of 1.12 to 

allow for the increased distance between fibrils in a liquid crystal. The Bragg spacing of 

the interference function was subsequently multiplied by 1.12 to equate the actual 

centre-to-centre interfibrillar spacing. 

 

2.5.1.2.6 Degree of disorder: Full width at half the height 

 

The full width of the IF peak at half height was also recorded (Figure 2.13). The shape 

of the IF peak is influenced by the degree of disorder of the collagen fibrils i.e. the 

broader the peak, the greater the spread of collagen fibril spacings and the higher the 

degree of disorder. So while the overall position of the peak may appear unchanged, the 

width of the peak may be altered, indicating that the average (i.e. modal) spacing being 

measured is unaltered, but the order has been affected. The width of the IF peak at half 

its height is, therefore, a useful relative measure of the degree of disorder in the spacing 

of collagen fibrils. 
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2.5.1.2.7 Fibril transform 

 

Assuming cylindrical collagen fibrils, small-angle equatorial x-ray diffraction from a 

corneal lamella can be approximated as the FT (i.e. scattering from a single fibril), 

multiplied by the IF (deriving from the ordered arrangement of the cylinders) (Oster and 

Riley, 1952; Worthington and Inouye, 1985). A theoretical FT (based on a first-order 

Bessel function) was fitted to the first subsidiary maximum of the background-

subtracted experimental data by varying two parameters: the fibril radius and an 

arbitrary scaling factor. Fitting was performed on the first subsidiary maximum of the 

data, because this peak is derived entirely from the FT, with no significant contribution 

from the IF (Boote et al., 2003). The position of the Bessel function in pixels, as well as 

the height were measured for each file and recorded in the Microsoft Excel spreadsheet.  

 

The position of the 1st subsidiary maximum of the x-ray pattern (i.e. the FT Bessel 

function) is related to the fibril diameter (2r) by (Equation 2.5): 

Figure 2.13. The degree of disorder of the spacing can be 

determined based on the full width of the peak at half of the height 

(FWHM). 
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In addition to the single pair of equatorial reflections, the WAXS pattern from type I 

collagen fibrils exhibits discrete meridional reflections at a spacing of 0.29 nm. These 

derive from the 0.29 nm distance between amino acid residues along the triple helices of 

collagen molecules (Meek and Quantock, 2001). The intensity and position of the 

WAXS reflections are only altered if the hydration of the tissue deviates considerably 

from physiological levels, therefore, the analysis of WAXS patterns can be considered 

as a reliable method for determining corneal collagen fibril orientation. The spread in 

the distribution of molecular axes can be ascertained by the degree of arcing of the 

reflection, as they are proportional, and the amount of collagen in the path of the x-ray 

beam closely relates to the integrated scatter intensity (Meek and Boote, 2009). 

 

2.5.2.1 WAXS data collection 

 

WAXS data collection as described here was implemented in Chapter 3. 

 

Figure 2.14. The WAXS pattern of the cornea is dominated by a single 

pair of equatorial peaks that arise from the constituent collagen molecules 

regularly spaced within fibrils. The situation for a single lamella is shown.  

Image adapted from Meek and Boote (2009). 
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2.5.2.2.1 Creating polar vector plots 

 

During the last stage of WAXS analysis, polar plots were created in order to have a 

visual representation of the actual orientation of collagen, as well as its relative quantity 

in a given direction of preferred orientation (Figure 2.15C). The scattering from 

isotropically orientated collagen was removed leaving just the aligned collagen scatter 

relative to angular position. The aligned collagen data was then shifted along the x-axis 

by 90°, as when x-rays hit the collagen they scatter at right angles to the direction of the 

fibril axis (Aghamohammadzadeh et al., 2004). A new graph showing the preferentially 

aligned scatter intensity versus the angle of molecular orientation was created and this 

was used to plot a propeller-shaped polar vector plot (360°) in Microsoft Excel. A polar 

vector plot represents the preferred orientation of collagen towards a given direction at a 

particular point in the tissue (Figure 2.15D and 2.15E). The maximum dimension of a 

polar vector plot is representative of the amount of fibrils in a given direction. 
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2.5.2.2.2 Creating contour maps 

 

The preferentially aligned scatter from the WAXS pattern was found by integrating the 

unshaded area under the scattering intensity versus rotation angle graph (Figure 2.15B). 

This was performed on the collagen diffraction maxima from each scattering pattern, 

resulting in a matrix of intensity values. These data were displayed as a contour map 

using Microsoft Excel. 

 

 

 

Figure 2.15. WAXS pattern analysis (A) A typical WAXS pattern obtained from the centre of 

a normal chick cornea. Uniformly thin, regularly spaced collagen fibrils arranged in all 

directions within the corneal plane produce a well-defined circular pattern. Lobes of increased 

intensity arising from x-ray signal perpendicular to the alignment of fibrils are indicated. (B) 

The intensity as a function of angle is measured. (C) The aligned collagen data is shifted along 

the x-axis by 90° and scatter from preferentially aligned fibrils is converted into polar vector 

plots. The radial extent of the resulting plot in a particular direction represents the relative 

number of collagen fibrils preferentially aligned in that direction. (D) and (E) show lamellae 

preferentially aligned in an orthogonal and uniaxial orientation, respectively, and the polar 

vector plots that would represent each arrangement.  
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Chapter 3: Pathological changes to corneal collagen arrangement in 

blindness enlarged globe (beg) chickens 
 

3.1 Introduction 

 

Diseases in poultry that influence normal eye development and hence impact on vision 

are proving valuable in determining what regulates the specific size and shape of ocular 

components (Inglehearn et al., 2003; Montiani-Ferreira et al., 2003; Inglehearn et al., 

2004; Boote et al., 2008; Boote et al., 2009; Boote et al., 2011b). Compared to other 

common animal models such as small mammals and rodents, chicken eyes are more 

comparable in size to those of humans and this is an advantage because it facilitates 

pathological examination and simplifies testing of therapies. Furthermore, the level of 

conservation between chicken and human genomes is equivalent to the degree of 

genetic homology observed between humans and other mammals that are regularly used 

in medical research (Inglehearn et al., 2004). These features highlight the potential of 

chickens as relevant models in the study of human eye diseases.  

 

3.1.1 The beg phenotype 

 

Conditions characterised by hereditary blindness have been documented in several 

different strains of chicken (Hutt, 1935; Randall and McLachlan, 1979; Cheng et al., 

1980; Wilson et al., 1982; Wolf, 1982; Curtis et al., 1987; Curtis et al., 1988). One 

example is referred to as blindness enlarged globe (beg) and this condition is caused by 

a recessively inherited mutation that arose naturally in Scottish commercial chicken 

flocks (Pollock et al., 1982). Beg mutants have been depicted as having a complex 

phenotype that consists of developmental retinal dystrophy and blindness at hatch 

followed by globe-enlargement and exophthalmus in adult birds (Pollock et al., 1982; 

Inglehearn et al., 2004). Pollock et al. (1982) noted that at 8 days incubation small holes 

are evident in beg-affected retinas, which increase in size and result in the developed 

beg chick retina containing abundant intracellular spaces. Moreover, an abnormal 

increase in the growth rate of embryonic neural retinal cells was detected during 

development. The retinas of adult beg birds undergo further degeneration with 

ophthalmic and pathological examinations revealing chorioretinal atrophy, a loss of 
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3.1.3 Research aim 

 

The purpose of the current study was to conduct the first investigation of corneal 

structure in the beg chicken, and define any modifications in collagen architecture that 

may help to explain the loss of curvature in these birds.  WAXS data collection and 

analysis techniques were employed to map corneal collagen fibril orientation at three 

post-hatch time points, and the results compared to equivalent data from previously 

characterised normal chicken corneas (Boote et al., 2008; Boote et al., 2009). 

 

3.2 Materials and methods 

 

3.2.1 Animal details  

 

A breeding colony was established and maintained at the Roslin Institute (Edinburgh, 

UK). The beg gene was backcrossed into a line of White Leghorn chickens that are also 

maintained at Roslin. Chicks were floor-reared with a daily photoperiod of 14 hours of 

light and 10 hours of darkness and relocated to individual cages at 16 weeks for single 

sire-dam matings. All husbandry and experimental techniques were performed under a 

Home Office project licence in accordance with the ARVO statement for the Use of 

Animals in Ophthalmic and Vision Research. As the chicks are blind at hatch, extra 

help by animal care workers was provided in the first week of life to ensure that the 

birds could locate food and water. 

 

3.2.2 Corneal tissue preparation 

 

Homozygous (beg/beg) beg chickens were euthanized with an overdose of sodium 

pentabarbitone at 1, 3 and 9 months post-hatch. Immediately after death the eyes were 

enucleated and the dorsal position of each cornea was identified with a scleral suture. 

The eyes were then snap frozen in liquid nitrogen, transported to Cardiff University on 

dry ice and stored at -80 °C until required for x-ray experiments.  
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3.2.4 WAXS data collection  

 

WAXS data were collected at the Diamond Light Source national synchrotron facility 

(Didcot, UK) on Beamline I02 using a 200 µm x 200 µm x-ray beam of wavelength 

0.9796 Å. The methodologies for WAXS data collection and sample preparation were 

discussed in detail in General Methods (Chapter 2, pgs 63-65). Raster scans were 

performed of the entire surface of each beg cornea at 0.5 mm intervals.  

 

3.2.5 WAXS data analysis  

 

Depending on the specimen size, the number of patterns gained for each cornea ranged 

from 196 to 380. A detailed description of the WAXS data analysis protocol may be 

found in General Methods (Chapter 2, pgs 65-67). The polar vector plots produced for 

each cornea were compiled and arranged onto a grid according to their geometric 

positions in the tissue, giving a directional polar vector plot map of the collagen across 

each specimen. Contour maps, displaying the proportion of collagen at each sampled 

point that was preferentially aligned, were also produced for the 9 month old beg 

specimens, as described previously (Meek and Boote, 2009). The x-ray scattering 

technique utilised in the present study has been applied previously to gather 

ultrastructural data on wild-type White Leghorn and Isa Brown birds, also bred and 

maintained at Roslin, at the same post-hatch time points used herein (Boote et al., 2008; 

Boote et al., 2009). These age-matched control corneas (3 corneas from 3 birds at each 

time point) were used for comparison of collagen alignment and distribution in this 

study. The sampling interval used for the control specimens was 0.4 mm. 

 

3.2.6 Correlation analysis of 9 month old beg birds  

 

Correlation analysis was carried out on the fibril orientation distribution functions in 

order to detect and quantify the regional extent of differences in collagen alignment in 9 

month old beg mutants compared to age-matched controls. This analysis compared the 

shape of the polar vector plots, and hence the alignment of the collagen, in designated 

tissue regions, by comparison of the relative x-ray intensity (and hence relative fibril 

number) at each angle. This method compared only the shape of the plots (relating to 

the number of fibrils lying along each direction), while ignoring the overall size of each 
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plot (related to the overall amount of collagen). Each correlation between corresponding 

normal and beg plots provided a coefficient value between -1 and +1 that disclosed how 

similar the preferred direction was between them, with a more positive value signifying 

similarity and a more negative value signifying difference. The centre of each cornea 

was firstly identified. A central grid of 3×3 patterns, as well as a 3×3 grid in each 

quadrant of the corneal periphery was then chosen (Figure 3.3) and the polar plot data 

within corresponding regions was averaged over the three corneas for both the beg and 

control groups.  

 

 
 

 

 

 

 

 

 

For each region, the averaged beg data was then correlated against the averaged control 

using the correlation function shown below, where xi and yi represent the corresponding 

averaged control and beg aligned scatter values respectively within each angular bin, i 

(Equation 3.1): 

Figure 3.3. Regions of interest for correlation analysis. A 

grid of 3x3 polar vector plots was identified in the corneal 

centre, as well as in each peripheral quadrant. The 

preferentially aligned data for each grid was averaged with 

the corresponding region in beg and control corneas of the 

same age. 
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Self correlations between the three individual 9 month beg plots and the respective 

averaged beg plots were also performed in order to determine variability between 

individual specimens.                                 

 

3.3 Results 

 

3.3.1 Beg collagen orientation at 1 month post-hatch 

 

At 1 month post-hatch, the three discrete structural zones observed in normal birds of 

the same age are discernable (Figure 3.4). Therefore, WAXS analysis affirmed that no 

substantial alteration to the preferred collagen orientation is detectable in beg-affected 

corneas at 1 month. Similar results were obtained for two additional 1 month old beg 

birds (Appendix II).  
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An X-Ray Scattering Study into the Structural Basis of Corneal Refractive
Function in an Avian Model
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ABSTRACT Avian vision diseases in which eye growth is compromised are helping to de�ne what governs corneal shape and
ultrastructural organization. The highly speci�c collagen architecture of the main corneal layer, the stroma, is believed to be
important for the maintenance of corneal curvature and hence visual quality. Blindness enlarged globe (beg) is a recessively
inherited condition of chickens characterized by retinal dystrophy and blindness at hatch, with secondary globe enlargement
and loss of corneal curvature by 3�4 months. Here we de�ne corneal ultrastructural changes as the beg eye develops posthatch,
using wide-angle x-ray scattering to map collagen �bril orientation across affected corneas at three posthatch time points. The
results disclosed alterations in the bulk alignment of corneal collagen in beg chicks compared with age-matched controls. These
changes accompanied the eye globe enlargement and corneal �attening observed in affected birds, and were manifested as a
progressive loss of circumferential collagen alignment in the peripheral cornea and limbus in birds older than 1 month. Progres-
sive remodeling of peripheral stromal collagen in beg birds posthatch may relate to the morphometric changes exhibited by the
disease, likely as an extension of myopia-like scleral remodeling triggered by deprivation of a retinal image.
INTRODUCTION
Diseases in poultry that affect normal eye growth and hence
impact vision are proving useful for determining what gov-
erns the precise size and shape of ocular components (1�6).
Compared with other common animal models, such as small
mammals and rodents, chicken eyes are more comparable in
size to those of humans, and this is bene�cial because it fa-
cilitates pathological examination and simpli�es testing of
therapies. Furthermore, the level of conservation between
chicken and human genomes is comparable to the degree
of genetic homology observed between humans and other
mammals that are widely used in medical research (3).
These features highlight the potential of chickens as valu-
able models in the study of human eye diseases.

Conditions characterized by hereditary blindness have
been recorded in a number of different strains of chicken
(7�13). One such condition is referred to as blindness
enlarged globe (beg) and is caused by a recessively inherited
mutation that arose naturally in Scottish commercial
chicken �ocks (14). Beg mutants have been described as
having a complex phenotype that consists of developmental
retinal dystrophy and blindness at hatch followed by globe-
enlargement and exophthalmus in adult birds (3,14). Pollock
et al. (14) reported that at 8 days incubation, small holes are
visible in beg-affected retinas, which increase in size and
result in the developed beg chick retina containing many
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intracellular spaces. In addition, an abnormal increase in
the growth rate of embryonic neural retinal cells was
observed during development. Further retinal degeneration
occurs in adult birds, with ophthalmic and pathological ex-
aminations revealing chorioretinal atrophy, a loss of photo-
receptors, and clumping of the retinal pigment epithelium
(RPE) (3,14).

Secondary to retinal dysfunction, adult beg birds develop
markedly larger eye globes and exhibit a reduction in
corneal curvature (Fig. 1). The cornea is the major refractive
component of the eye in terrestrial vertebrates and is mainly
comprised of a complex network of several hundred �at-
tened, interwoven collagen lamellae that form the middle
stromal layer and account for >90% of the total corneal
thickness (15,16). In the mature chicken cornea there are
~200 stromal lamellae, each having a thickness of 0.25�
1.5 mm (17). The precise arrangement of these lamellae is
thought to be important for the cornea�s ability to endure
both physiological and aberrant stresses that can result in
debilitating changes in corneal curvature (5,18�20). Indeed,
normal corneal curvature is compromised in several condi-
tions affecting both humans and animals that involve patho-
logical modi�cation of stromal architecture (20�23).

Our goal in this study was to undertake the �rst (to our
knowledge) investigation of corneal structure in the beg
chicken and de�ne any changes in collagen architecture
that might help to explain the loss of curvature in these
birds. We used wide-angle x-ray scattering (WAXS) to
map collagen �bril orientation across the cornea at three
posthatch time points, and compared the results with
http://dx.doi.org/10.1016/j.bpj.2013.04.053



TABLE 1 Axial length, IOP, and corneal diameter of blind
(beg/beg) and sighted control (beg/D) chickens

Trait Age Vision Mean SD Number

Axial length (mm) 6�9 months blind 20.73 3.24 12
sighted 16.86 3.36 11

IOP (mm Hg) 6�9 months blind 13.81 5.32 8
sighted 13.77 2.71 11

Corneal diameter (mm) 6�9 months blind 8.30 0.42 10
sighted 8.75 0.70 12

Axial length and IOP were determined using a BVI Axis II A-scanner and
a Tono-Pen XL (TM) tonometer, respectively, as previously described by
Inglehearn et al. (1). The sample sizes differ because the data were gener-
ated from different batches of birds. However, all batches were derived at
the Roslin Institute from the same bird lines using the same husbandry
and maintenance protocols.

FIGURE 1 Globe enlargement and loss of corneal curvature in beg.
(a) Normal-sighted control eye at 10 months posthatch. (b) Age-matched
beg eye.
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equivalent data from previously characterized normal
chicken corneas (4,5).
MATERIALS AND METHODS

Animal details

A breeding colony was established and maintained at the Roslin Institute
(Edinburgh, UK). The beg gene was backcrossed into a line of White
Leghorn chickens that are also maintained at Roslin. Chicks were �oor-
reared with a daily photoperiod of 14 hr of light and 10 hr of darkness,
and transferred to individual cages at 16 weeks for single sire-dam matings.
All husbandry and experimental techniques were performed under a Home
Of�ce project license in accordance with the ARVO statement for the Use
of Animals in Ophthalmic and Vision Research. Because the chicks are
blind at hatch, they were given extra help by animal-care workers to locate
feed and water in the �rst week of life.
Tissue preparation

Homozygous (beg/beg) beg chickens were euthanized with an overdose of
sodium pentobarbitone at 1, 3, and 9 months posthatch. Immediately after
death, the eyes were enucleated and the dorsal position of each cornea was
identi�ed with a scleral suture. The eyes were then snap-frozen in liquid ni-
trogen, transported to Cardiff University on dry ice, and stored at �80�C
before experiments were conducted. Immediately before x-ray exposure,
nine eyes (each from a different bird, three of each age group) were thawed
and the corneas excised, such that 2�3 mm of surrounding scleral tissue was
retained.
Clinical and morphometric observations

As reported elsewhere (3,14), homozygous beg chickens are blind at hatch
but have the same eye weights as normal birds. However, by age
3�4 months, the birds show obvious globe enlargement. As shown in Table
1, a comparison of measurements of axial length (at 6�9 months) in the beg
birds with age-matched, normal-sighted White and Brown Leghorn
chickens were consistent with these previous �ndings. Physical examina-
tion of the enucleated globes revealed noticeable corneal �attening at
9 months, to the extent that the curvature of the cornea was essentially
continuous with that of the sclera. In contrast, no visible reduction in cur-
vature was evident at the 1 and 3 month time points.
FIGURE 2 X-rays scattered by �brillar collagen form a scattering pattern
on a detector behind the specimen. The WAXS angular intensity pro�le
yields information on collagen orientation. The length of a particular vector
in the resulting polar plot is indicative of the number of �brils preferentially
aligned in the vector direction.
Data collection

WAXS data were collected at the Diamond Light Source national synchro-
tron facility (Didcot, UK) on Beamline I02 using a 200 mm � 200 mm x-ray
beam of wavelength 0.9796 A� directed perpendicular to the corneal apex.
This beam size enabled us to sample an adequate volume of tissue to
generate an acceptable WAXS signal/noise ratio, while minimizing the
specimen exposure time to limit radiation damage. To minimize tissue
dehydration during x-ray exposure, corneas were wrapped in cling-�lm
and positioned in airtight Perspex (Databank, UK) chambers with Mylar
(Dupont-Teijin, UK) windows. We performed raster scans of the entire sur-
face of each cornea at 0.5 mm intervals using motorized specimen transla-
tion stages, and collected the resulting scattering data on a Quantum 4R
CCD detector (ADSC, Poway, CA) located 550 mm behind the specimen
(Fig. 2). The x-ray exposure time per data point was 5�10 s.
Data analysis

By following previously documented methods (24), we acquired the
angular intensity pro�le for each WAXS pattern. These pro�les were
used to obtain polar vector plots that indicate the orientation of preferen-
tially aligned collagen at each sampled point in the tissue (24). The interpre-
tation of these plots is described in Fig. 3. The polar vector plots were
Biophysical Journal 104(12) 2586�2594



FIGURE 3 (a) A typical WAXS pattern from the central normal chick cornea. Uniformly thin, regularly spaced collagen �brils arranged in all directions
within the corneal plane produce a well-de�ned circular pattern. Lobes of increased intensity arising from x-ray signal perpendicular to the alignment of
�brils are indicated. (b) The intensity as a function of angle is measured. (c) Scatter from preferentially aligned �brils is converted into polar vector plots.
The radial extent of the resulting plot in a particular direction represents the relative number of collagen �brils preferentially aligned in that direction. (d and
e) Lamellae are preferentially aligned in an orthogonal and uniaxial orientation, respectively, and the polar vector plots that would represent each arrange-
ment are shown.
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compiled and arranged onto a grid according to their geometric positions in
the cornea, giving a directional polar vector plot map of the collagen across
each specimen. Contour maps, displaying the proportion of collagen at each
sampled point that was preferentially aligned, were also produced for the
9-month-old beg specimens, as described previously (24). The x-ray scat-
tering technique utilized in this study was previously applied to gather ul-
trastructural data on wild-type White Leghorn and Isa Brown birds, also
bred and maintained at Roslin, at the same posthatch time points used here-
in (4,5). These age-matched control corneas (three corneas from three birds
at each time point) were used for comparison of collagen alignment and dis-
tribution in this study. The sampling interval used for the control specimens
was 0.4 mm.
Correlation analysis of 9-month-old beg birds

We performed a correlation analysis on the �bril orientation distribution
functions to detect and quantify the regional extent of differences in
collagen alignment in 9-month-old beg mutants compared with age-
matched controls. This analysis compared the shape of the polar vector
plots, and hence the alignment of the collagen, in designated tissue regions,
by comparison of the relative x-ray intensity (and hence relative �bril num-
ber) at each angle. This method compares only the shape of the plots
(relating to the number of �brils lying along each direction) and ignores
the overall size of each plot (related to the overall amount of collagen).
Each correlation between corresponding normal and beg plots yielded a co-
ef�cient value between �1 and þ1 that revealed how similar the preferred
direction was between them, with a more positive value indicating similar-
ity and a more negative value indicating difference. The center of each
cornea was �rst identi�ed. A central grid of 3�3 patterns, as well as a
3�3 grid in each quadrant of the corneal periphery, was then chosen and
the polar plot data within corresponding regions were averaged over the
Biophysical Journal 104(12) 2586�2594
three corneas for both the beg and control groups. For each region, the aver-
aged beg data were then correlated against the averaged control using the
correlation function shown in Eq. 1, where xi and yi represent the corre-
sponding averaged control and beg aligned scatter values, respectively,
within each angular bin, i. Self-correlations between the three individual
9-month-old beg plots and the respective averaged beg plots were also per-
formed to determine variability between individual specimens.
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RESULTS

Collagen fibril orientation in the beg chicken

The �bril orientation patterns of the aged-matched control
corneas used for comparison in this study have been
described previously (4,5). In normal birds 1, 3, and
9 months of age, it was shown that the central 2�4 mm of
corneal tissue is characterized by a predominantly orthog-
onal �bril orientation directed along the vertical and hori-
zontal corneal meridians. However, the collagen �brils
toward the corneal periphery adopt, rather abruptly, a
preferred tangential orientation, resulting in a pseudoannu-
lus of �brils that extends into the limbus (4,5). The
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pseudoannular arrangement of collagen in the periphery ap-
pears more established in older birds, possibly indicating a
developmental trend relating to eye growth posthatch (5).
At the outer edge of the cornea and in the sclera immedi-
ately outside the ossicles, distinct regions of radial �brillar
collagen are also observed, with the corneal population
becoming notably less apparent as the birds develop. At
9 months, these are largely absent from the corneal periph-
ery, being replaced mainly by tangential collagen, although
the scleral population is still evident (4,5). It was hypothe-
sized that this collagen has a mechanical function related
to corneal accommodation, facilitating tension transfer be-
tween muscle �bers and the sclera/cornea through associa-
tion with the ciliary musculature (4), which has insertions
in both the sclera, near the ossicles, and in the inner corneal
lamellae (25�28). These three discrete structural zones can
be seen in Fig. 4, which shows maps of preferential collagen
alignment in one control chicken cornea at 1 month post-
hatch, along with one beg chicken cornea of the same age.
This �gure shows that at 1 month posthatch, no substantial
alteration to the preferred collagen orientation is detectable
in beg-affected corneas. Similar results were obtained for
two additional 1-month-old beg birds (data not shown).
FIGURE 4 Polar vector plot maps showing the preferred orientation of collage
1 month posthatch, sampled at 0.4 mm (control) and 0.5 mm (beg) intervals. It w
in the color keys below each map. Broken lines mark the boundaries of the three
peripheral pseudoannulus, and the outermost radial zone). Open circles show rad
and red arrowheads highlight the superior globe position. Control data reproduc
Collagen orientation at 3 months is displayed in Fig. 5.
Beg chicken corneas at 3 months posthatch exhibited �bril
orientation patterns comparable to those observed in
controls in the central (predominantly orthogonal) and
outermost regions (radial). The peripheral region of control
corneas was not exclusively tangential at this stage, possibly
because the eyes were still developing (5). However, in
the beg corneal periphery, there was more extensive disrup-
tion to the �bril pseudoannulus than observed in controls,
with more polar vector plots displaying orthogonal (open
triangles) or near-vertical (open arrow) preferential orienta-
tion. This pattern of �bril arrangement was also observed in
two additional 3-month-old beg birds (data not shown).

Fig. 6 shows preferential collagen �bril orientation at
9 months posthatch. As with the control tissue, 9-month-
old beg corneas were again characterized by a prevalence
of orthogonal collagen centrally. However, the disruption
that was observed in the peripheral cornea and limbus at
3 months posthatch became much more evident in the
9-month-old beg eyes (Fig. 6). Tangentially orientated
collagen structures were still present, but the beg corneas
had a much greater proportion of peripheral �brils that
had adopted an orthogonal (open triangles) or near-vertical
n �brils in the cornea and limbus of one control and one beg-affected eye at
as necessary to scale down the larger plots for montage display, as indicated
structurally distinct regions of the cornea (the central orthogonal region, the
ial �brils in the outermost tissue that may associate with ciliary musculature,
ed from Boote et al. (5).
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FIGURE 5 Preferred orientation of collagen �brils in the cornea and limbus of one control and one beg-affected eye at 3 months posthatch, sampled at
0.4 mm (control) and 0.5 mm (beg) intervals. There is more localized disturbance to the collagen pseudoannulus circumscribing the cornea in beg birds than
in controls, where the normal predominantly tangential �bril alignment is more often replaced by orthogonal (inside open triangle) or near-vertical (open
arrows). It was necessary to scale down the larger plots for montage display, as indicated in the color keys below each map. Broken lines mark the boundaries
of the three structurally distinct regions of the cornea (the central orthogonal region, the peripheral pseudoannulus, and the outermost radial zone). Open
circles show radial �brils in the outermost tissue that may associate with ciliary musculature, and red arrowheads highlight the superior globe position. Con-
trol data reproduced from Boote et al. (5).
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(open arrows) preferred orientation than in the normal cor-
neas (Fig. 6), resulting in widespread disruption of the �bril
pseudoannulus. We identi�ed this arrangement in all three
beg birds (data for one bird are shown).

The relative degree of peripheral disruption at 1, 3, and
9 months, as well as the variation between specimens, was
further quanti�ed by calculating the percentage of sampling
points in the corneal periphery that displayed abnormal (i.e.,
nontangential) collagen orientation, both individually per
specimen and as an average of the three corneas within
each time point (Table 2). Reference to this table con�rms
that peripheral disruption to normal collagen �brillar
arrangement increased signi�cantly over time.

Contour maps showing the spatial variation in the propor-
tion of preferentially aligned collagen across the 9-month-
old posthatch control and beg corneas are shown in Fig. 7.
The central portion of control eyes was found to be rela-
tively uniform; however, in oblique peripheral regions cor-
responding to the circumferential collagen, there were
localized areas of increased alignment (Fig. 7). Notably,
although the central portion of the beg corneas was found
to be similarly uniform compared with controls, the areas
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of increased aligned collagen in the corneal periphery and
limbus exhibited by the controls were generally weaker
and less clearly de�ned in beg (Fig. 7).
Correlation analysis of preferred fibril alignment
at 9 months

The similarities and differences in collagen alignment be-
tween 9-month-old beg corneas and age-matched controls
are shown in Fig. 8. The averaged beg polar vector plot in
the central cornea appeared very similar to the correspond-
ing average control plot, indicating comparable preferred
collagen �bril arrangements centrally (Fig. 8 A). This was
con�rmed by a correlation analysis, in which the central cor-
relation value was strongly positive. Self-correlation further
supported this, revealing highly positive correlations be-
tween all three individual 9-month-old beg corneas in the
central region (Fig. 8 B). In contrast, the averaged polar vec-
tor plots in the peripheral regions visibly indicated extensive
changes in beg compared with controls, particularly in the
superior quadrants (Fig. 8 A). This is supported by a corre-
lation analysis of the two superior quadrants, which



FIGURE 6 Preferred orientation of collagen �brils in the cornea and limbus of one control and one beg chicken at 9 months posthatch, sampled at 0.4 mm
(control) and 0.5 mm (beg) intervals. There is more severe disturbance to the collagen pseudoannulus at 9 months posthatch than at 3 months. At 9 months,
circumferential collagen in the corneal periphery is predominantly orthogonal (inside open triangles) or near-vertical (open arrows) in orientation. The larger
peripheral plots were scaled down for montage display, as indicated in the color keys below each map. Broken lines mark the boundaries of the two struc-
turally distinct regions of the cornea (the central orthogonal region and the peripheral pseudoannular zone). Red arrowheads highlight the superior globe
position. Control data reproduced from Boote et al. (4).
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produced a negative correlation value when compared with
the averaged control plots (Fig. 8 A). These corresponded to
regions in which the tangential orientation displayed in con-
trol eyes was replaced by �brils with an orthogonal, vertical,
or radial preferred orientation. Compared with the superior
quadrant, the two inferior quadrants exhibited far more sub-
tle changes overall, consistent with the positive correlation
TABLE 2 Quantitative comparison of beg samples at 1, 3, and
9 months posthatch, and their respective interspecimen
variation

Age (bird code)

Percentage of
nontangential plots

in periphery

Average percentage of
nontangential plots

in periphery SD

1 month (1m806R) 14.6 17.2 6.9
1 month (1m839L) 12.1
1 month (1m857L) 25.0
3 months (3m836L) 34.7 36.4 4.1
3 months (3m848L) 41.1
3 months (3m845R) 33.3
9 months (9m806L) 55.7 58.8 11.9
9 months (9m861R) 48.7
9 months (9m878L) 71.9

Percentage of plots in the peripheral pseudoannulus where the normal
tangential �bril alignment has been replaced by a preferentially nontangen-
tial orientation (orthogonal or near-vertical).
values obtained for the averaged data (Fig. 8 A), and it is
clear from the individual beg results that this derives from
both inferior quadrants retaining signi�cant tangentially ori-
ented collagen, particularly for specimen 861R (Fig. 8 B).
DISCUSSION

The relationship between corneal shape and the precise
stress-bearing collagenous ultrastructure still needs to be
fully elucidated, particularly with regard to changes that
occur in pathological tissue. Here we report the posthatch al-
terations in corneal collagen �bril architecture that accom-
pany loss of corneal curvature and globe enlargement in
pathological beg chickens. Before we can discuss the poten-
tial implications of these results, it is instructive to review
collagen architecture in the normal chicken cornea. Previous
work has shown that the normal mature chicken corneal
stroma can be divided into two structurally distinct regions
(4,17). The corneal center, a region of ~2�4 mm, is charac-
terized by a predominance of deep-lying, orthogonally ar-
ranged �brils aligned along the superior-inferior and
nasal-temporal meridians. These �brils, in being directed to-
ward the ocular rectus muscles, may have a stress-bearing
function related to eye movement (4). In the peripheral
cornea and limbus, the orientation of �brils alters in favor
Biophysical Journal 104(12) 2586�2594



FIGURE 7 Contour maps showing the spatial
variation of the proportion of preferentially aligned
collagen across one control and one beg chicken
cornea at 9 months posthatch. Arrows indicate re-
gions of heightened alignment in the peripheral
cornea and limbus of the 9-month-old control
eye, suggesting local reinforcement of tangential
collagen. These are less pronounced in the bird
affected by beg. The limbus is marked by a dotted
line. Arrowheads highlight the superior globe posi-
tion. Control data reproduced from Boote et al. (4).
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of a predominantly tangential arrangement, locally rein-
forced in places, forming a pseudoannulus that circum-
scribes the cornea (4,17). This may be required to take up
the increased circumferential limbal stress brought about
by the different curvatures of the cornea and sclera (5).

The results presented herein show progressive alterations
to peripheral collagen �bril orientations in the beg chicken
cornea posthatch. These changes were accompanied by
globe enlargement and loss of corneal curvature at 9 months.
We performed a correlation analysis on the oldest posthatch
time point, corresponding to the most severe changes, to
quantify the changes in preferential �bril alignment and
compare them between designated regions of beg and con-
trol corneas. This analysis con�rmed a loss of the tangen-
tially orientated �brils that characterize the peripheral
cornea and limbus in the normal chicken, in favor of
collagen aligned orthogonally, vertically, or radially.

It is our contention that these observations re�ect a redis-
tribution of peripheral lamellae in the beg cornea, and that
these are linked to the corneal �attening presented by the
disease. Notably, alterations to peripheral collagen architec-
ture similar to those presented herein have been reported in
retinopathy globe enlarged (rge) (4,5), an inherited disease
of chickens that is also characterized by retinal dysfunction
and blindness (1,2,12,13,29). Similarly to beg chickens, rge
birds also exhibit globe enlargement and �attening of the
cornea (1,2), changes that have been shown to be compatible
with mechanical alteration of the tissue (6) and loss of
corneal curvature (5). Although both conditions lead to pro-
gressive loss of peripheral tangential collagen, at 9 months
the changes observed in beg chickens do not appear as
extreme as those seen in rge chickens (4,5). With this in
mind, it is relevant to note that the morphometric changes
Biophysical Journal 104(12) 2586�2594
are also less severe in the beg condition than in rge. The in-
crease in axial length and eye weight is markedly smaller in
beg eyes than in rge, suggesting that globe enlargement is
less pronounced (Table 3). It may also be signi�cant that
rge birds become functionally blind at 30�90 days of age
(1,2,29), whereas beg chicks are blind at hatch (3,14).
Despite a marginally greater intraocular pressure (IOP) in-
crease in rge eyes, there was no substantial change in either
condition, as measured with a Tonopen (Table 3). However,
the loss of corneal curvature in birds affected by these con-
ditions could alter the reading obtained with this instrument,
so an increase in IOP cannot be dismissed (1). We hypoth-
esize that differences in the extent of globe enlargement be-
tween rge and beg, possibly linked to the timing of vision
loss, may be related to the different severity of ultrastruc-
tural corneal changes observed in these conditions.

It remains to be established how the corneal alterations
observed in beg are connected to the retinal deterioration
and globe enlargement features of the disease. Our �ndings
indicate that the corneal and globe changes are concomitant
between 1 and 3 months posthatch and therefore are likely
to be related. This further suggests that these events are eli-
cited by the preceding loss of functional vision that occurs
during development (3,14). As with rge, the corneal
collagen reorganization in beg is largely con�ned to the tis-
sue periphery, implying that the corneal changes may be
secondary events to those that are manifest in the sclera
(5). During myopia development, an increase in the axial
length of the eye is associated with numerous scleral extra-
cellular matrix modi�cations (30�35). In beg birds, it is
possible that globe enlargement and loss of corneal curva-
ture are initiated by signals passed from the retina to the
sclera through mechanisms similar to those seen in chick



FIGURE 8 Differences in collagen alignment in 9-month-old beg mu-
tants compared with age-matched controls. (A) Averaged polar vector plots
for both 9-month-old control and beg chicken corneas, with corresponding
correlation values. (B) Regional polar vector plots for individual 9-month-
old beg corneas and corresponding self-correlation values for the averaged
beg plot.
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form-deprivation myopia, where deprivation of the retinal
image gives rise to similar morphometric changes (36�38).

In summary, our �ndings support an association between
structural disruption of the collagen network and shape
changes in the beg cornea. However, this study cannot eluci-
TABLE 3 Comparison of the mean increase in axial length and
IOP between blind (beg/beg and rge/rge) and sighted control
(beg/D and rge/D) chickens

Comparison with
age-matched sighted controls

Blind (beg/beg),
6�9 months

Blind (rge/rge),
6�10 months

Increase in axial length (mm)a 3.87 6.4
Increase in IOP (mm Hg)b 0.04 1.5

The sample sizes differ because the data were generated from different
batches of birds. However, all batches were derived at the Roslin Institute
from the same bird lines using the same husbandry and maintenance proto-
cols; rge data were reproduced from Inglehearn et al. (1).
an … 10 (rge/þ), n … 11 (beg/þ), n … 12 (beg/beg), n … 11 (rge/rge).
bn … 10 (rge/þ), n … 11 (beg/þ), n … 8 (beg/beg), n … 11 (rge/rge).
date whether this structural disruption is a cause or effect of
the corneal �attening, and the mechanism that propels these
ultrastructural changes remains to be determined. Future
characterizations of corneal cellular activity (more specif-
ically modi�cations to the size, shape, and quantity of ker-
atocytes in the stroma and the volume of collagen they are
producing) and/or biochemical analyses of the activity of
matrix-degrading enzymes (e.g., metalloproteinases) could
reveal whether any active matrix remodeling is taking place
in the beg cornea. Moreover, we cannot rule out a possible
contribution of IOP, because it is dif�cult to measure this
parameter in curvature-affected eyes. Nevertheless, our
structural results highlight the beg chicken�s potential as a
valuable animal model for exploring how pathological
modi�cation of stromal collagen architecture may affect tis-
sue form and function.
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