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Abstract 
 
Aims: To determine the effect of induced myopia on the in vivo scleral biomechanical 

properties and scleral cell populations in the guinea pig. 

 

Methods: One week old guinea pigs were monocularly deprived of form vision (MD) 

for 14 days. Cycloplegic refractive error was measured with an IR Optometer, and the 

results analysed using power vectors and linear mixed modelling.  The in vivo ocular 

biomechanical response was investigated by raising the IOP to 50 mmHg for one hour 

in anaesthetised animals.  A-scan ultrasound measures of axial length were taken every 

10 minutes with raised IOP, and after returning IOP to 15 mmHg.  The total cell 

population (DAPI antibody) and myofibroblast population (α-SMA antibody) was 

determined in transverse scleral sections from the posterior 100 degrees of each eye.   

 

Results: The average relative myopic refractive error induced was -4.06 ± 0.35 D, 

which was mainly the result of vitreous chamber depth (VCD) elongation.  This was 

confirmed by a negative correlation between mean sphere and VCD (R2 = 0.4295).  On 

increasing the IOP the deprived and control eyes showed rapid viscoelastic expansion 

of the VCD that normal eyes did not show.  When the increased IOP was maintained 

the deprived and control eyes showed lower creep rates than normal eyes.  

Myofibroblasts were shown to be present in guinea pig sclera, as previously observed 

in human and tree shrew sclera.  On average, approximately 64% of the scleral cells 

were myofibroblasts.  The induction of myopia had minimal effect on the cell 

populations, except for a decrease in total cell numbers in the 10° region equivalent to 

the location of scleral crescent formation in myopic human eyes.   

 

Conclusions: A high proportion of scleral cells show contractile potential in the 

guinea pig.  Form deprivation appears to minimally affect cell numbers, except in the 

region equivalent to scleral crescent formation in myopic human eyes.  However, the 

in vivo viscoelastic response of the VCD in deprived eyes differs from that in normal 

eyes, suggesting some factor(s) other than cell number alone has a role in axial length 

control. 
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1 Myopia, the Sclera, and Myofibroblasts: A 
Review of the Literature 

 
Myopia is one of the most common ocular abnormalities, reaching epidemic 

proportions in some Asian countries (Lin, Shih et al. 1999; Fan, Lam et al. 2004).  It 

has been shown that most juvenile-onset myopia is due to an elongation of the vitreous 

chamber of the eye, and that this elongation is due to changes in the composition of the 

sclera (McBrien and Gentle 2003; Rada, Shelton et al. 2006).  Like all connective 

tissues, the sclera must be constantly remodelled to maintain its normal function 

(Murphy and Reynolds 2002).  The cells responsible for maintaining the extracellular 

matrix of connective tissues are the fibroblasts (McAnulty 2007).  Furthermore 

myofibroblasts, a differentiated form of fibroblast with contractile properties, are also 

present in connective tissue (Tomasek, Gabbiani et al. 2002).  The presence of 

myofibroblasts in the sclera has led to a hypothesised role for these cells in the 

development of myopia (Poukens, Glasgow et al. 1998; Phillips and McBrien 2004).  

This thesis uses the guinea pig to study the effects of myopia development on scleral 

biomechanics and scleral cell populations as it is a fast and effective mammalian 

model of myopia development (Howlett and McFadden 2006). 

 

The first section of this selected review of the literature outlines the prevalence of 

human myopia followed by a review of the current theories of myopia development.  

The normal scleral composition is examined, and the changes to this tissue that occur 

with myopia are outlined.  Particular attention is given to the scleral biomechanics and 

cell populations within the sclera, especially the morphology and developmental 

aspects of myofibroblasts.  A review of the guinea pig eye is presented, and its 

suitability as a mammalian model of experimental myopia is discussed.   

 

1.1 Myopia 
 
Myopia, also known as short-sightedness or nearsightedness, is derived from the Greek 

words myein, meaning ‘to shut’ and ōps, meaning ‘eye’.  This originates from the fact 

that people with uncorrected myopia tend to half-close their eyes in order to see 

objects in the distance.  Myopia is defined as being the refractive condition wherein 
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parallel rays of light entering the eye, with a relaxed state of accommodation, focus at 

a point anterior to the retina.  

 

1.1.1 Classification of Myopia 
 
An early classification system divided ametropia into either correlation (miss-match of 

axial length to cornea and/or lens power) or component (one aberrant optical 

component) ametropia (Sorsby, Leary et al. 1962).  Later studies have shown that 

refractive error is in fact predominantly axial in nature, with the vitreous chamber 

depth (VCD) being the main contributing factor, making this classification system 

redundant (Grosvenor and Scott 1991; Logan, Davies et al. 2005).  Another system 

classifies myopia into physiological myopia (also known as simple, low, or school 

myopia) and pathological myopia (Curtin 1979; Millodot 1999).  The diagnosis of 

physiological myopia is made on the basis of normal anatomy, while pathological 

myopia represents an ocular disease in which axial elongation is coupled with one or 

more associated ocular complications (Curtin 1979).   

 

1.1.2 Prevalence of Myopia 
 
Myopia is one of the most common, if not the most common, ocular abnormality (Fan, 

Lam et al. 2004).  As such, there is an enormous pool of data available on the 

prevalence and epidemiology of myopia (Hyman 2007), and only a brief summary is 

presented here.  It is hard to get a true figure for the prevalence of myopia in the 

worlds’ population and different studies show a wide variation in the prevalence of the 

condition, which can be attributed to the differing methodologies employed and to the 

constitution of the populations investigated.  There appears to be no difference in the 

prevalence of myopia between the sexes although there are conflicting reports in this 

regard (Hirsch and Weymouth 1991; Kempen, Mitchell et al. 2004). 

 

Figures for the prevalence rates from around the world vary from as low as 1.2 to 2.9% 

in Nepal (Garner, Owens et al. 1999; Pokharel, Negrel et al. 2000) and 2.9% in 

Vanuatu (Garner, Kinnear et al. 1988), to as high as 84% in Taiwan (Lin, Shih et al. 

1999).  There are a number of good reviews on the subject (Saw, Katz et al. 1996; Saw 

2003; Weale 2003).  Prevalence data on high myopia is less represented in publications 

than for overall myopia prevalence.  The prevalence in the general population has been 
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found to be around 1% to as high as 21% (Fan, Lam et al. 2004; Kempen, Mitchell et 

al. 2004; Lin, Shih et al. 2004; Quek, Chua et al. 2004).  A number of prevalence 

studies have drawn the conclusion that there is an increasing prevalence of myopia, 

possibly reaching epidemic proportions in some Asian countries (e.g. (Rose, Smith et 

al. 2001; Taylor, Robin et al. 2003; Fan, Lam et al. 2004)). 

 

1.1.3 Socioeconomic Implications of Myopia 
 
It can be seen from the studies described above that a large proportion of the 

population is, or will become, myopic.  However, most cases of myopia can usually 

achieve emmetropic vision through the wearing of negative correcting lenses (Foran, 

Rose et al. 2002; Robaei, Huynh et al. 2006).  So why is myopia such a major public 

health issue?  All myopes are laden with the cost of corrective eyewear for the extent 

of their lives (Edwards 1998; Rose, Smith et al. 2001).  The cost of myopia correction 

for Americans in 1990 was estimated at approximately US$4.6 billion (Javitt and 

Chiang 1994).  If this is extrapolated to the worlds’ myopic population it can be seen 

that myopia is a huge cost to society each year.  Aside from the economic impact of 

myopia, there are also significant quality of life impacts due to uncorrected myopia, 

including increased risk of falls, depression, and loss of social independence (Taylor 

2007).  In Australia, as much as 62% of visual impairment in those aged over 40 years 

may be attributed to uncorrected refractive error (Taylor 2007). 

 

1.1.4 Pathological Complications and Associations of Myopia 
 
In addition to the economic and social costs of myopia, there are increased risks of 

pathology associated with the presence of (high) myopia.  Dragging of the RPE and 

choroid away from the optic disc in expanding eyes results in a concentric crescent 

around the disc where the white sclera below becomes visible (Pruett 2000).  A much 

rarer posterior staphyloma is a localised ectasia of the globe affecting the sclera, 

choroid, and retinal pigment epithelium (RPE), and is pathognomonic of pathological 

myopia (Soubrane, Coscas et al. 1999). Over 50% of people with posterior staphyloma 

become legally blind by the time they are 60 (Curtin 1979).   

 

Expansion of the globe, as occurs in myopia development, results in stresses on the 

tissues that can result in the formation of retinal breaks, with myopia contributing to a 
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disproportionate number of retinal detachments (The Eye Disease Case-Control Study 

Group 1993).  The higher the degree of myopia present, the greater the probability of a 

retinal detachment becomes. The presence of myopia has also been linked to earlier 

formation of cataracts than in non-myopic people (Fledelius 1999).   Primary open 

angle glaucoma (POAG) is the most common form of glaucoma, and the incidence of 

POAG is about three times higher in patients with myopia compared to an emmetropic 

or hyperopic population of comparable age (Perkins and Phelps 1982; Mitchell, 

Hourihan et al. 1999). 

 

The complications of myopia are varied, and will not occur in all people affected by 

myopia.  However, for the main causes of blindness amongst 30 to 60 year olds, 

myopia ranks second behind only diabetic retinopathy (Fledelius 1999).  The best 

method then to prevent ocular morbidity due to myopia is to find the cause of myopia 

itself, and hopefully reduce the number of people with, and the severity of, myopia in 

the community. 

 

1.2 Control of Eye Size and the Development of Myopia 
 
Myopia can be thought of as a disparity between the combined refractive powers of the 

optical components and the axial length of the eye due to axial elongation.  This 

inevitably begs the question, how does this disparity come about?  Two factors, genes 

and environment, play major roles in refractive error development. 

 

1.2.1 Genes and Myopia 
 
In twins there is minimal genetic variability compared to general sibling comparisons 

(Feldkamper and Schaeffel 2003).  It is through twin studies that the strongest 

evidence for genetic determination of refraction has been obtained.  High heritability 

rates have been found in a number of studies, with minimal environmental influence 

implicated in refractive error development amongst twins (e.g. (Lyhne, Sjolie et al. 

2001; Dirani, Chamberlain et al. 2006)).  Variance in refractive error has been shown 

to be due to additive genetic effects whereas variance in ocular biometrics such as 

anterior chamber depth and axial length have been shown to be due to dominant 

genetic effects (Hammond, Snieder et al. 2001; Lyhne, Sjolie et al. 2001; Dirani, 

Chamberlain et al. 2006).   
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While twin studies provide valuable insight into the heritability of myopia, they are not 

readily applicable to the general population.  The results of a number of studies have 

shown that parents with myopia are more likely to have children with myopia (e.g. 

(Liang, Yen et al. 2004; Jones, Sinnott et al. 2007)).  The proportion of children who 

are myopic when neither parent is myopic is in the range of 6.3% to 8%, rising to 

between 18.2% and 22.5% with one myopic parent, to between 32.9% and 42% if both 

parents are myopic, implicating genetic inheritance as a developmental factor for 

myopia in the general population (Gwiazda, Thorn et al. 1993; Mutti, Mitchell et al. 

2002).  However, two parents with high myopia pass on significantly more myopia 

than one parent with high myopia, but only when high myopia is developed by their 

children, indicating a predilection for the inheritance of high myopia compared to low 

or moderate myopia (Liang, Yen et al. 2004).  Furthermore, high penetrance autosomal 

dominant or high penetrance recessive inheritance cannot account for most cases of 

high myopia, suggesting that a complex genetic inheritance, environmental factors, or 

both are most likely to explain the occurrence rates (Pacella, McLellan et al. 1999; 

Farbrother, Kirov et al. 2004).   

 

With recent advances in genetic sequencing and analysis a number of candidate genes 

for myopia have been found.  Most studies have focused on high myopia, though a few 

have begun researching the moderate myopia that is more prevalent in the general 

population.  To date, 14 candidate myopia loci, MYP1 to MYP14, have been 

identified, with many more accounts of genes involved with syndromes that constitute 

high levels of myopia.  In depth discussion of these genes is beyond the scope of this 

thesis, and the reader is directed to some good reviews on the topic for further 

information (Morgan and Rose 2005; Young, Metlapally et al. 2007). 

 

1.2.2 Emmetropisation: Refraction from Birth to Adulthood 
 
Emmetropisation is the process whereby the normal Gaussian distribution of refractive 

errors seen at birth, and centred around +2.00 D, changes with time to the adult 

non-Gaussian distribution, with the majority of refractions centred on emmetropia or 

slight hyperopia (Hirsch and Weymouth 1991; Troilo 1992; Saunders, Woodhouse et 

al. 1995).  Corneal power, anterior chamber depth, lens power, and axial length all 

contribute to the overall refractive status of the eye.  Corneal curvature (and hence 
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power), anterior chamber depth, and lens power all demonstrate normal distributions 

within the general population, but axial length and refraction have sharply peaked 

kurtosis, and are skewed towards longer length and myopia respectively (McBrien and 

Barnes 1984; Whitmore 1991).   

 

There must be some underlying mechanism driving coordinated emmetropisation as 

approximately 75 to 95% of people are born hyperopic (Cook and Glasscock 1951; 

Meyer, Mueller et al. 1999; Kuo, Sinatra et al. 2003), while around 60% are 

emmetropic by age 3 years (Montes-Mico and Ferrer-Blasco 2000).  The most rapid 

period of ocular development is between birth and 3 years of age, especially in the first 

9 months, with continued slower growth until the adult length is reached by the age of 

13 to 15 years (Morgan 2003; Saw, Tong et al. 2004; Mutti, Mitchell et al. 2005).  

Large changes in axial length occur over the first 3 years of life, while the refractive 

status remains fairly constant around emmetropia, suggesting that there is highly 

correlated development of the ocular components.  However, those children who are 

born myopic and emmetropise over the first three years begin to become more myopic 

from age 6, and tend to have higher degrees of myopia at age 13 (Gwiazda, Thorn et 

al. 1993). 

 

1.2.3 Emmetropisation: A Vision Dependant System? 
 
A large body of evidence with strong arguments in favour of an active 

emmetropisation process has been built up (Wildsoet 1998).  In 1961 van Alphen 

proposed a visually driven feedback loop system for emmetropisation (McBrien and 

Barnes 1984; Young and Leary 1991a).  This was corroborated in human eyes that had 

been subjected to disrupted pattern vision (e.g. corneal opacification) during the 

critical emmetropisation period in infancy which then developed high degrees of 

myopia, with the implication being that emmetropisation is in fact a vision dependant 

process (Rabin, Van Sluyters et al. 1981).   

 

This type of myopia induction, whereby some degree of opacification of the optical 

components results in increased axial length and myopia, is known as form deprivation 

myopia (FDM).  Disruption of the normal refractive development by FDM provides 

weak evidence for a visually guided emmetropisation mechanism.  The ability of the 
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eye to recover from FDM in animal models, instead of just returning to a normal 

growth pattern, provides stronger evidence for an active emmetropisation system 

(Wildsoet 1997).  While the strongest evidence for a visually guided emmetropisation 

mechanism comes from the ability of the eye to compensate for both positive and 

negative lens wear during development (Irving, Sivak et al. 1992; Siegwart and Norton 

1999; Graham and Judge 1999a). 

 

1.2.4 Animal Models of Form Deprivation Myopia  
 
Form deprivation (FD) induced by lid suture results in significant degrees of myopia, 

mainly resulting from increased axial length (Sherman, Norton et al. 1977; Wiesel and 

Raviola 1977).  Some of the first evidence for an active emmetropisation system was 

seen when FDM failed to develop in lid sutured monkeys which were raised in the 

dark, while raising the same monkeys with lid suture in the light resulted in FDM 

developing (Raviola and Wiesel 1978).  The implication is that in monkeys attenuation 

of the light reaching the retina is not the cause of the FDM, as full attenuation in a dark 

environment does not induce myopia.  Rather, the distortion of visual input produced 

by lid suture appears to be the cause of the observed FDM, suggesting a visually 

guided system.  Furthermore, opacification of the cornea induces form deprivation, 

indicating the myopia that develops is not a result of the lid suturing process increasing 

the intraocular pressure (IOP) or temperature, but rather a function of the decreased 

visual input itself (Wiesel and Raviola 1979).  Form deprivation myopia has been 

induced in a wide range of animals including monkeys (Wiesel and Raviola 1977), tree 

shrews (Sherman, Norton et al. 1977), chicks (Wallman, Turkel et al. 1978), 

marmosets (Troilo and Judge 1993), guinea pigs (Howlett and McFadden 2002), cats 

(Ni and Smith 1989), mice (Schaeffel, Burkhardt et al. 2004), squirrels (McBrien, 

Moghaddam et al. 1993), and fish (Shen, Vijayan et al. 2005).  It should be noted, 

however, that unlike in monkeys dark-rearing does not prevent ocular elongation in 

chicks or visually experienced tree shrews (Gottlieb, Fugate-Wentzek et al. 1987; 

Norton, Amedo et al. 2006). 

 
The chick has become, since its first use in 1978, one of the most useful experimental 

myopia models (Wallman, Turkel et al. 1978).  It has inherent advantages over most of 

the aforementioned mammalian models in that chicks are readily available compared 

with monkeys, they are easier to handle than tree shrews, and they are inexpensive.  
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They are also fast growing, developing high levels of myopia within 2 weeks of form 

deprivation (Wallman and Adams 1987), compared with the somewhat longer period 

for myopia development in tree shrews (Siegwart and Norton 1998), and the months 

required for development in monkeys (Smith, Bradley et al. 1999).  However a distinct 

disadvantage of the chick model is that, unlike the mammalian models that have 

similar fibrous scleral compositions to humans, the chick sclera consists of an inner 

cartilaginous layer surrounded by a fibrous layer (Kusakari, Sato et al. 1997).  

  

1.2.5 Active Emmetropisation: Recovery from Form Deprivation Myopia 
 
One of the first pieces of direct evidence for an active emmetropisation system was 

seen in chicks that had been form deprived for two weeks and were subsequently 

allowed normal form vision with their now myopic eyes.  The eyes rapidly recovered 

to emmetropia within two weeks, although older birds appeared to take longer to 

recover than younger ones (Wallman and Adams 1987).  The recovery was due almost 

entirely to a cessation of growth of the VCD while the other components continued to 

develop as normal, reducing the refractive error towards emmetropia.  Normal ocular 

growth returned to the deprived eye once emmetropia had been reached, suggesting a 

visually guided mechanism able to detect the sign and magnitude of the defocus.  

Recovery from myopia has been confirmed in chicks (Troilo and Wallman 1991), as 

well as being shown to occur in tree shrews (Siegwart and Norton 1998; McBrien, 

Gentle et al. 1999).  However in a primate model of myopia development, the 

marmoset, recovery did not occur, and instead the eyes either remained myopic or 

continued to elongate and become more myopic on removal of the deprivation 

stimulus (Troilo and Judge 1993).  Variable recovery has subsequently been shown in 

the marmoset (Troilo and Nickla 2005).  It should also be noted that this limited 

recovery in marmosets does not extend to all primates, with rhesus monkeys showing 

significant ability to recover from form deprivation (Qiao-Grider, Hung et al. 2004). 

 

The visual guidance of emmetropisation is given additional support by the finding that 

recovery from form deprivation can be prevented in tree shrews by full and accurate 

correction of the induced refractive error (McBrien, Gentle et al. 1999).  Eyes remain 

myopic and enlarged when normal vision is provided by optical correction, indicating 
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active emmetropisation guided by the clarity of the retinal visual signal, rather than a 

process detecting eye size and shape. 

 

1.2.6 Visually Guided Emmetropisation: Local Control of Ocular Growth 
 
A growing body of evidence for a local control of eye growth has been established.  

Regardless of the origin of the signal, it appears as though growth of the eye is a 

negative feedback loop, in which the eye grows towards a set-point of approximately 

emmetropia (Wallman and Winawer 2004).  In chicks, the equatorial diameter is 

naturally greater than the axial length, and form deprivation of the whole eye maintains 

the ratio between these two dimensions (Hodos and Kuenzel 1984; Gottlieb, Fugate-

Wentzek et al. 1987).  Deprivation of the nasal or temporal retina results in expansion 

of the nasal or temporal sclera, while the normal vision region of the retina remaining 

essentially emmetropic (Wallman, Gottlieb et al. 1987).  If there is a higher cortical 

control signal for emmetropisation, the entire eye would be expected to increase in size 

when a deprivation visual signal is fed into the negative feedback loop.  As this is not 

the case it appears likely there is a local growth signal instead of a global signal from a 

higher source. 

 

In an attempt to rule out an external growth signal that is visually guided, sectioning of 

the optic nerve was performed in chicks (Troilo, Gottlieb et al. 1987; Wildsoet and 

Pettigrew 1988) and monkeys (Raviola and Wiesel 1985).  Form deprivation myopia 

develops despite sectioning of the optic nerve, thus removing input to the higher 

centres from the eye, in both the chick and monkey eyes (Raviola and Wiesel 1985; 

Troilo, Gottlieb et al. 1987; Wildsoet and Pettigrew 1988).  Form deprivation also 

produces myopia in monkeys whose visual cortices have been removed, suggesting a 

local retinal control of the emmetropisation mechanisms (Raviola and Wiesel 1985).  

However, recovery from form deprivation in chicks with optic nerve sectioning 

proceeds to emmetropia, but then overshoots it resulting in hyperopia (Troilo and 

Wallman 1991).  This suggests there is a local mechanism for detecting the sign of 

optical defocus and initiating the ocular growth mechanism, but that some higher 

function in the brain may be required as a stop signal in the negative feedback loop of 

emmetropisation. 
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Non-surgical blockade of the retinal ganglion cell signal to the brain using tetrodotoxin 

(TTX) has been used to investigate the local growth signalling abilities in tree shrew 

(Norton 1990; Norton, Essinger et al. 1994).  Similar results to the optic nerve 

sectioning experiments in chicks were found, in that form deprivation myopia develops 

despite no retinal signal leaving the eye, suggesting a local retinal growth signal.  

However, sham injections into the eye also result in shortened axial lengths indicating 

that IOP might have a role in the normal expansion of the eye and emmetropisation.   

 

Interestingly recent studies have shown that central vision is not as important as 

peripheral vision in guiding the emmetropisation process (Smith, Kee et al. 2005; 

Smith, Ramamirtham et al. 2007).  Even complete ablation of the fovea does not stop 

the development or recovery from form deprivation myopia in monkeys, indicating 

that peripheral and not central deprivation may be the main driving force behind 

emmetropisation, and that the local growth signal possibly emanates from the 

peripheral retina.  However, this is in contrast to the localised changes seen in the 

chick (Schippert and Schaeffel 2006). 

 

1.2.7 Visually Guided Emmetropisation: Lens Induced Myopia 
 
In the developing eye it is assumed that there is a feedback system that drives ocular 

refractive growth.  In form deprivation myopia this feedback system is thought to be 

an ‘open loop’, such that the quality of the retinal image can never be improved by 

changes to the eyes refractive state so it continues to grow to a high refractive error.  In 

order to simulate a ‘closed loop’ environment the quality of the image must be able to 

be improved by changes to the growth of the eye (Schaeffel, Glasser et al. 1988).  It is 

this closed loop feedback system that lens induced myopia (LIM) investigates. 

 

Positive lenses focus an image in front of the retina resulting in the development of 

hyperopia, while negative lenses focus an image behind the retina resulting in the 

development of myopia despite active accommodation able to fully compensate for the 

negative lenses (Schaeffel, Glasser et al. 1988).  Chick eyes are able to detect the sign 

of the imposed defocus and direct their eye growth to compensate for lenses in the 

range of -10 D to +15 D (Irving, Callender et al. 1991; Irving, Sivak et al. 1992).  
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These results provide evidence for active emmetropisation due to the detection of both 

sign and magnitude of defocusing lenses, and full compensation of the defocus. 

 

In mammalian models, both tree shrew (Shaikh, Siegwart et al. 1999; Siegwart and 

Norton 1999) and marmoset (Graham and Judge 1999b; Whatham and Judge 2001) 

have demonstrated the ability to compensate for both positive and negative lens wear.  

The results from monkey studies, on the other hand, have been somewhat variable, 

with hyperopia developing in response to negative lens wear in a number of animals 

(Gillard Crewther, Nathan et al. 1988; Smith, Hung et al. 1994; Hung, Crawford et al. 

1995). 

 

1.2.8 Lens Induced Myopia: Local Control of Ocular Growth 
 
Using split field, lens induced defocus, chick eyes show a smooth increase in axial 

length towards the defocusing region, implying a local control signal (Diether and 

Schaeffel 1997).  Tests of higher neuronal input to lens compensation are variable, 

with chick eyes that have undergone optic nerve section being able to compensate for 

myopic but not hyperopic defocus (Wildsoet and Wallman 1995), while another study 

showed compensation of both forms of defocus with optic nerve sectioning (Wildsoet 

2003).  However, in chicks that have undergone optic nerve sectioning without any 

visual manipulations the eye develops significant levels of hyperopia (Troilo, Gottlieb 

et al. 1987).  This could indicate that sectioning of the optic nerve does not disrupt the 

emmetropisation mechanism, but without higher neuronal feedback the set point of the 

system is moved towards hyperopia, which could explain why higher levels of 

hyperopic defocus are required to induce compensation in optic nerve sectioned chicks 

(Wildsoet 2003).  Chemical inhibition of the afferent signal with TTX does not prevent 

eyes from compensating to both myopic and hyperopic defocus (Wildsoet and 

Wallman 1995).  These studies all provide evidence for a local compensatory response 

to imposed defocus. 

 

1.2.9 Lens Induced Myopia: Relative Potency of Myopic and Hyperopic Defocus 
 
The relative strength and duration of the defocusing signals required to stimulate the 

emmetropisation response are of great interest to myopia investigations.  The 

sensitivity of the eye to defocus is remarkably good.  Raising chicks in the dark with as 
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little as 2 minutes of viewing through either myopic or hyperopic lenses in the light 

every 2 hours provides enough defocusing signal for the eyes to almost completely 

compensate for the lenses (Winawer and Wallman 2002).  There appears to be rapid 

saturation of the detection or signalling mechanism in the eye, as a fixed total length of 

defocus divided into either many short periods, or a few long periods, shows the short 

periods to be more effective at stimulating compensation.   

 

The relative potency of defocusing signals on the emmetropisation system has been 

investigated by allowing animals wearing defocusing lenses periods of unrestricted 

vision.  The defocusing lens produces a signal for ocular compensation in one 

direction, while unrestricted vision will produce either a potent stop signal (Kee, Hung 

et al. 2007) or the opposite signal to the lens (if partial compensation to the lens has 

occurred).  Myopic defocus is a strong signal in chicks, with significant degrees of 

hyperopia developing with as little as 1 hour of defocus out of every 12 hours of light 

(Schmid and Wildsoet 1996).  However, hyperopic defocus is not as strong with 3 

hours of unrestricted vision completely abolishing any compensatory response.  

Likewise in tree shrews as little as 2 hours of unrestricted vision out of every 12 hour 

light period completely abolishes lens compensation to hyperopic defocus (Shaikh, 

Siegwart et al. 1999).  Similar results have been shown with form deprivation in 

monkeys, with 4 hours of unrestricted vision a day almost completely preventing the 

development of FDM (Smith, Hung et al. 2002).   

 

The relative potency of myopic and hyperopic defocus can be demonstrated by 

alternately presenting defocus to the eye during the day, which results in chick eyes 

compensating for the positive lens in preference to the negative lens (Winawer and 

Wallman 2002).  Confirmation of the potency of myopic defocus is seen by the fact 

that as little as 8 to 12 minutes of myopic defocus during a 12 hour day of negative 

lens wear is enough to prevent ocular growth in chicks (Zhu, Winawer et al. 2003).  

When both myopic and hyperopic defocus are presented simultaneously to the retina, 

the eye emmetropises to an end point between the two powers, although the myopic 

defocus has a greater influence on the response (Tse, Lam et al. 2007).   

 

As myopic defocus appears to be a more potent signal for ocular growth the normal 

emmetropisation process may use myopic defocus as a natural stop growth signal.  The 
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development of myopia in humans might thus be an inherent malfunction of the 

detection of the sign of defocus or the stop growth signal.  Recently in tree shrews it 

has been shown that 45 minutes of unrestricted viewing of further than one meter was 

sufficient to prevent development of myopia induced by a -5 D lens worn for the 

remainder of the 14 hour light cycle (Norton, Siegwart et al. 2006).   

 

1.2.10 Environment and Myopia: The Effect of Nearwork 
  
Children born with a myopic refractive error and who subsequently emmetropise in the 

presence of normal visual stimulation are more likely to become myopic later in life 

(Gwiazda, Thorn et al. 1993).  This myopia development seems to show a normal 

emmetropisation process taking place, which then appears to break down later in life 

resulting in a regression back to myopia.  One of the major stimuli for this myopia 

development is thought to be the role of nearwork and under-accommodation (e.g. 

(Gwiazda, Thorn et al. 1993)).  However, a detailed review of environmental causes of 

myopia development and treatments based on these causes is beyond the scope of this 

thesis, and the reader is directed to some excellent reviews as an introduction to this 

widely investigated field (Zadnik and Mutti 1995; Saw, Gazzard et al. 2002; Morgan 

and Rose 2005). 

 

1.3 The Sclera 
 
The development of myopia is a complex interaction of a host of different variables 

that have yet to be fully disentangled.  Whatever the stimulus or factors involved in the 

determining refractive development, it has emerged that elongation of the vitreous 

chamber involves changes to the scleral tissue, be it via passive stretch or active 

remodelling.  This section outlines the anatomy and composition of the normal scleral 

tissue, and the following section addresses the changes that occur to the sclera during 

the development of myopia.  The composition, structure, and maintenance of the sclera 

are integral to the function and optical focus of the eye; as little as one sixth of a 

millimetre change in retinal position in the human eye is enough to result in a change 

of 0.5 D in the refractive status (Goss 2000).   
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1.3.1 Scleral Function 
 
The primary role of the sclera is to provide a firm, semi-rigid, and tough coating that is 

at the same time flexible, in order to protect and support the delicate intraocular 

components of vision (Watson and Young 2004).  The sclera must be able to withstand 

a perpendicular insult from an external foreign body hitting the eye, and its consistency 

has to be such that it can deform on impact and yet maintain a degree of 

circumferential tensile strength and elasticity so as to resist rupture of the globe 

(McBrien and Gentle 2003).  The sclera must also be able to resist the intraocular 

pressure (IOP) of the eye, as well as the forces exerted upon it by the extraocular 

muscles and the ciliary muscle, whilst maintaining a constant shape and size (Meek 

and Fullwood 2001; Watson and Young 2004).   

 

1.3.2 Gross Scleral Anatomy 
 
The sclera, being a typical connective tissue, consists of few cells and an abundant 

extracellular matrix composed almost entirely of collagen (as reviewed by (Watson 

and Young 2004).  The sclera can be divided into three layers: the episclera, the scleral 

stroma, and the lamina fusca (Pipe and Rapley 1984).  The lamina fusca, the innermost 

layer of the sclera adjacent to the choroid, consists of collagen fibres and fibroblasts, as 

well as a large number of melanocytes that give the inner scleral layers a darker 

appearance (Watson and Hazleman 1976; Pipe and Rapley 1984).  The episclera, the 

outermost layer of the sclera, is a thin, vascularised, loose connective tissue consisting 

collagen fibres which are continuous with the underlying stroma (Watson and 

Hazleman 1976; Pipe and Rapley 1984).   

 

The scleral stroma, the bulk of the scleral tissue, blends imperceptibly with the 

overlying episclera (Watson and Hazleman 1976).  In humans, the sclera starts off 

thicker near the limbus at approximately 0.53 mm thick, before thinning to around 0.3 

mm thick at the equator, and finally increasing again to a maximum thickness of 

approximately 1 mm at the posterior pole (Olsen, Aaberg et al. 1998).  The scleral 

matrix, being a typical connective tissue, displays the same main elements as other 

connective tissues consisting of insoluble fibres to resist tensile force (collagen and 

elastin), and interfibrillar polymers allowing resistance to compressive forces 

(proteoglycans) (Komai and Ushiki 1991; Watson and Young 2004). 



 15

1.3.3 Scleral Anatomy: Collagen  
 
Collagen makes up the majority of the scleral dry weight in mammals, although the 

exact quantity remains unclear.  Studies have found various quantities ranging from 

50% to 70%, to as much as 90% of the scleral dry weight being collagen (Schmut 

1977; Keeley, Morin et al. 1984; Norton and Miller 1995).  However, the general 

consensus today is at the upper range of these levels, at approximately 90% collagen 

(McBrien and Gentle 2003).  Collagen in the sclera is arranged into fibres which show 

regular spacing in the inner sclera becoming more irregular in the outer sclera 

(Spitznas, Luciano et al. 1971).   

 

The collagen fibres are made up of bundles of collagen fibrils, which range in width 

from approximately 25 nm to 280 nm (Curtin, Iwamoto et al. 1979; Komai and Ushiki 

1991).  There is a gradient of the collagen fibril diameter across the sclera, being 

smallest in the inner sclera and becoming thicker towards the outer sclera, with an 

average diameter of 96, 148, and 161 nm in the inner, middle, and outer scleral stroma 

respectively (Spitznas 1971; Curtin, Iwamoto et al. 1979).  However, in tree shrews it 

has been shown that this gradient is not apparent at birth, but appears over the first 6 

months of development, remaining constant from 6 months of age to the oldest animals 

studied at 21 months (McBrien, Cornell et al. 2001).  Interestingly, it appears that the 

attainment of a mature adult eye size coincides with the maturation of the collagen 

ultrastructure, something that does not appear to occur by chance (McBrien, Cornell et 

al. 2001).  Indeed, in has been reported that in developing human skin the collagen 

fibril diameter is small, becoming larger with the maturation of the tissue (Smith, 

Holbrook et al. 1986), so it is possible that the same pattern of fibre development that 

is seen in the tree shrew also occurs in the human sclera.   

 

The collagen fibrils themselves are made up of billions of staggered collagen 

molecules, and it is beyond the scope of this thesis to cover the formation of these 

molecules in detail.  The reader is directed to an excellent review on collagen for 

further information (Kielty and Grant 2002).  In brief, collagen molecules are first 

synthesised and secreted by fibroblasts as larger molecules, the procollagens, which 

are then cleaved into the final collagen molecule by specific proteinases (Layman, 

McGoodwin et al. 1971; Prockop and Kivirikko 1995).  The formation of collagen 
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fibrils by the grouping together of collagen molecules is through a self assembly 

process that is still poorly understood.  What is known, however, is that there are 

around 33 different collagenous polypeptides that combine in groups of three to form 

the typical triple-helical domain of collagen molecules (as reviewed by (Kielty and 

Grant 2002)).  So far 28 different collagen subtypes have been identified, based on the 

structure of their triple-helix (Veit, Kobbe et al. 2006). 

 

The main collagen subtype present in the sclera is type I collagen, with types III, V, 

VI, VII, and XIII also being present (Marshall, Konstas et al. 1993; Gentle, Liu et al. 

2003).  Type I collagen makes up as much as 90% or more of the total scleral collagen 

content, while type III collagen provides less than 5% of the total collagen content, 

with minimal amounts of types V and VI present (Lee and Davison 1981; Keeley, 

Morin et al. 1984).  Type I and III collagens are generally found within the fibrils, 

while the triple helical domain of type V is localised within the fibrils with their NH2-

terminal domains extended to the fibril surface (Linsenmayer, Gibney et al. 1993; 

Marshall, Konstas et al. 1993).  Type V also forms long bridges between adjacent fibril 

bundles, while type VI only localises to the periphery of the fibrils with occasional 

association with short interfibrillar bridges. 

 

The relative amounts of the different collagen types found in the sclera are of structural 

and compositional importance.  For instance, type III collagen, shown to be required in 

elastic tissues that experience expansion and/or expansive forces to maintain the tissue 

elasticity and integrity, always coexists with type I collagen (Tengroth, Rehnberg et al. 

1985; Marshall, Konstas et al. 1993).  Type III collagen is essential for type I collagen 

fibrillogenesis, and the presence of type III collagen appears to regulate the diameter of 

type I collagen fibrils such that larger fibrils form in the absence of type III collagen 

(Lapiere, Nusgens et al. 1977; Liu, Wu et al. 1997).  Indeed, the diameter of the 

collagen fibrils is smaller in the inner sclera, and there are greater amounts of type III 

collagen found in this region (Spitznas 1971; Curtin, Iwamoto et al. 1979).  Type V 

collagen also has a regulatory effect on type I collagen fibril diameter (Adachi and 

Hayashi 1986; Birk, Fitch et al. 1990).  It is highly plausible that both type III and type 

V collagens interact with type I collagen to produce the observed scleral fibril diameter 

gradient due to the co-localisation of all three collagen types in human sclera (Spitznas 

1971; Curtin, Iwamoto et al. 1979; Marshall, Konstas et al. 1993). 
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1.3.4 Scleral Anatomy: Elastin 
 
Elastin comprises up to 2% of the sclera, with the elastic fibres forming a meshwork of 

polypeptide chains that run parallel to the collagen fibrils (Watson and Hazleman 

1976; Moses, Grodzki et al. 1978).  The density of elastin in the peripapillary sclera of 

normal human eyes is approximately 7.6 fibres per 100 square microns, falling to 

almost no elastin in the equatorial sclera (Quigley, Dorman-Pease et al. 1991).  Like 

collagen, the elastic fibres are formed through a self-assembly process mediated by a 

number of different cytokines, such as transforming growth factor-beta (TGF-β), after 

secretion from fibroblasts as microfibrils (Kahari, Olsen et al. 1992; Kielty, Sherratt et 

al. 2002).   

 

1.3.5 Scleral Anatomy: Proteoglycans 
 
Another important constituent of the non-collagenous component of the sclera is the 

proteoglycans.  Proteoglycans are the main component of the ground substance 

surrounding the collagen fibres, and act to bulk out the connective tissue structure 

(Watson and Hazleman 1976).  However the proteoglycans are not merely filler 

molecules, with extremely strong adhesive force achieved between two proteoglycan 

molecules (Iozzo and Murdoch 1996).  They also influence collagen fibril formation, 

numbers, and thicknesses (as reviewed by (Ihanamaki, Pelliniemi et al. 2004)). 

 

The proteoglycans consist of a central protein core with one or more 

glycosaminoglycan (GAG) side chains covalently attached, with the different GAG 

side chains mediating the varied functions of the proteoglycan itself (Ihanamaki, 

Pelliniemi et al. 2004).  The main GAGs found in human sclera are heparan sulphate (2 

to 12%), dermatan sulphate (29 to 49%), hyaluronic acid (18 to 33%), and chondroitin 

sulphate (28 to 48%), with the relative concentration of each varying dependant upon 

location in the sclera (Trier, Olsen et al. 1990). 

 

The main proteoglycan found in human sclera is decorin, making up approximately 

74% of the scleral proteoglycan content, with biglycan making up 20%, and aggrecan 

approximately 6% (Rada, Achen et al. 1997).  Biglycan and decorin have been shown 

to co-localise in mature human scleral tissue, and both have been shown to associate 

with and bind to type I collagen fibrils (Schonherr, Hausser et al. 1995; Schonherr, 
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Witsch-Prehm et al. 1995).  Decorin has been shown to regulate the fibrillogenesis of 

type I collagen fibres in vitro, slowing the rate of collagen molecule assembly resulting 

in thinner collagen fibrils (Pogany, Hernandez et al. 1994; Schonherr, Hausser et al. 

1995).  A decrease in the amount of collagen fibril associated decorin is required to 

allow fibril growth and the production of mature tissue (Iozzo and Murdoch 1996).  

When proliferating fibroblast cells move to a quiescent non-proliferative phase there is 

an up-regulation of the decorin gene (Mauviel, Santra et al. 1995).  Biglycan has been 

shown to associate with cells in connective tissue matrices, often with greater 

frequency than to collagen fibrils, indicating a different function to decorin (Bianco, 

Fisher et al. 1990). 

 

1.3.6 Scleral Anatomy: Glycoproteins 
 
Glycoproteins are another important constituent of the extracellular matrix, and 

fibronectin is one of the most important glycoproteins (Yamada 1983).  Fibronectin is 

present in human sclera, is synthesised by human fibroblasts, is associated with 

fibroblast cell surfaces, and co-localises with type I collagen (Bornstein and Ash 1977; 

Yue, Kurosawa et al. 1988).  It appears as if there is an interaction between the 

interstitial collagen and fibronectin in the formation of the fibrillar ECM, with 

fibronectin often being laid down prior to collagen synthesis in the same area 

(McDonald, Kelley et al. 1982).  Fibronectin molecules are known to have binding 

sites for both collagen and the GAG side chains of the proteoglycans, and all three 

have been shown to interact intimately (Yue, Kurosawa et al. 1988).  Fibronectin has 

many diverse roles, having been implicated in cell-to-substrate adhesion, mediating 

cell attachment and spreading on collagen, promotion of phagocytosis, binding to a 

series of ligands such as collagen and actin in what is thought to allow communication 

between cells and the ECM, and stimulation of cell movement (Dallas, Chen et al. 

2006; Vakonakis and Campbell 2007).   

 

1.3.7 Scleral Anatomy: Fibroblasts 
 
While there are a number of different extracellular components that interact to form the 

sclera, there is only a relatively small cellular population (Spooner 1957; Bron, 

Tripathi et al. 1997).  The cell types found in the sclera are macrophages, mast cells, 

plasma cells, and fibroblasts (Watson and Hazleman 1976).  More recently, 
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myofibroblasts have also been localised to the sclera (Poukens, Glasgow et al. 1998; 

Phillips and McBrien 2004).  There is a gradient in the number of fibroblasts through 

the thickness of the sclera, being most populous in the inner sclera and decreasing in 

number towards the outer sclera (Spitznas, Luciano et al. 1971).  They are responsible 

for the synthesis of the extracellular fibrous and amorphous components, including the 

production and release of procollagens, elastin, proteoglycans, and glycoproteins 

(Bloom and Fawcett 1975; Ham and Cormack 1987; Cormack 1993; McAnulty 2007).  

The fibroblasts also have a degradative role in the maintenance of the sclera, in that 

they also produce collagenases to break down the collagen matrix, which they are then 

able to phagocytose (Ham and Cormack 1987; Cormack 1993; McAnulty 2007).  They 

typically have a fusiform shape (spindle shaped and tapering at each end) but they can 

also appear as flattened, stellate shaped cells that have multiple slender processes.  

Unlike epithelial cells the fibroblast secretory process is not polarised, meaning 

fibroblasts are able to secrete products from any part of their surface (Ham and 

Cormack 1987).   

 

Fibroblasts express integrins such as α1, α2, and β1 subtypes, and it is hypothesised 

that clustering of the integrin receptors to form focal adhesion contacts allows 

communication between the cell and the ECM and vice versa (McBrien, Metlapally et 

al. 2006; Metlapally, Jobling et al. 2006).  Communication between fibroblasts, 

however, appears to be mediated via growth factors such as transforming growth 

factor-beta (TGF-β) and fibroblast growth factor-2 (FGF-2) (Gentle and McBrien 

2002).  The fibroblast phenotype is also capable of differentiating into the 

myofibroblast phenotype, which is covered in detail in Section 1.6. 

 

1.3.8 Maintenance of the Sclera 
 
That fibroblasts can both synthesise and degrade collagen demonstrates that the scleral 

extracellular matrix is a dynamic tissue able to undergo substantial remodelling.  

Indeed, the sclera must constantly remodel in order to maintain its normal functions.  

The continual turnover of the extracellular matrix is not unique to the sclera, and in 

fact the synthesis of new matrix components with concurrent degradation of the old is 

an essential feature of all connective tissues (Murphy and Reynolds 2002; Ihanamaki, 

Pelliniemi et al. 2004).  The turnover rate for collagens in humans varies, with a half-
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life of 15 years in skin, to as long as 117 years in cartilage (Verzijl, DeGroot et al. 

2000).  The rate at which collagen is turned over in the sclera or the eye in general has 

not been widely studied.  One report from rabbit corneas showed that developing eyes 

had a half-life as short as 24 to 58 hours, increasing to a number of weeks in older 

rabbits, indicating a change in collagen production and remodelling rates with 

increasing age (Lee and Davison 1981).  While in tree shrew sclera the half-life has 

been shown to be approximately 75 days in animals that have reached approximately 

90% of adult size (McBrien and Gentle 2003). 

 

Due to the supportive and protective role of the sclera there must be a finely controlled 

balance between the degradative and synthetic processes in the remodelling of the 

scleral extracellular matrices (Woessner 1991; Guggenheim and McBrien 1996).  This 

balance is achieved by the antagonistic actions of, primarily, the matrix 

metalloproteinases (MMPs) and their antagonists, the tissue inhibitors of 

metalloproteinases (TIMPs) (as reviewed by (Nagase and Woessner 1999; Murphy and 

Reynolds 2002)). 

 

1.3.9 Maintenance of the Sclera: The Matrix Metalloproteinases  
 
The matrix metalloproteinases are a family of zinc-containing enzymes that are able to 

cleave one or more of the components of the extracellular matrix, with each having 

distinct specificities for certain parts of the ECM (Woessner 1991; Di Girolamo, Lloyd 

et al. 1997).  They are able to work together to digest the major molecules of 

connective tissue matrices, with the remaining fragments either phagocytosed for 

further intracellular degradation or further degraded where they are.  All MMPs are 

initially secreted as inactive pro-enzymes, known as zymogens, which must be 

activated by proteolytic cleavage of an inhibitory domain before they can affect the 

connective tissue (Nagase and Woessner 1999).   

 

The MMP family is further categorised into smaller family subgroups, based upon 

their structural similarities and functional specificity: the collagenases, MMP-1, 8, and 

13; the stromelysins, MMP-3, 7, 10, 11, and 12; the gelatinases, MMP-2 and 9; and the 

membrane type MMPs, MMP-14 and 16 (Di Girolamo, Lloyd et al. 1997; Murphy and 

Reynolds 2002).  The MMPs are synthesised and released by fibroblasts (Murphy and 
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Reynolds 2002).  Of these MMP-1, MMP-2, MMP-3, MMP-9, and MMP-14 have 

been shown to be present in human and/or tree shrew sclera (Guggenheim and 

McBrien 1996; Smine and Plantner 1997; Gaton, Sagara et al. 1999; Siegwart and 

Norton 2002).  The MMPs thus far demonstrated in the sclera have a wide range of 

activities (see review by (Murphy and Reynolds 2002)).   

 

Each MMP is capable of degrading a large number of matrix components.  The action 

of MMPs on other MMPs is the result of their release as pro-enzymes, wherein an 

inhibitory domain must be cleaved in order to produce an active enzyme (Woessner 

1991).  That many of the scleral matrix components are able to be degraded by a 

number of different MMPs highlights the synergistic nature of matrix degradation, 

with a number of MMPs acting at different stages in the degradation of a single 

protein.   

 

1.3.10 Maintenance of the Sclera: The Tissue Inhibitors of Matrix 
Metalloproteinases 

 
The tissue inhibitors of matrix metalloproteinases act by forming a non-covalent 

complex with the target MMP, preventing it from performing any protein cleaving 

activity (Gomis-Ruth, Maskos et al. 1997).  The rate at which these complexes form 

determines the level of activity of the MMPs, with the functional activity being 

dependent upon the relative concentrations of active MMP to its regulatory TIMP.  

There are four different TIMPs classified to date, with each showing little specificity to 

which group of MMPs they deactivate, as all TIMPs are generally capable of inhibiting 

most of the different MMPs (Sethi, Bailey et al. 2000; Murphy and Reynolds 2002).  

However, the TIMPs appear to have a much more complex role in connective tissues 

than purely inhibition of the MMPs, as evidenced by the interaction between MT1-

MMP and TIMP-2 in the activation of MMP-2 (Nagase 1998). 

 

As with the MMPs, the TIMPs are produced and secreted by fibroblasts (Stricklin and 

Welgus 1983; Di Girolamo, Lloyd et al. 1997).  TGF-β has been shown to stimulate 

the production of TIMPs while also down-regulating MMP production (Murphy and 

Reynolds 2002).  TIMP-1 is considered the major regulator of MMP activity in tissue, 

and it has been shown to be produced by scleral fibroblasts in vitro (Di Girolamo, 

Lloyd et al. 1997).  In human scleral culture, mRNA expression for TIMP types 1, 2, 
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and 3 has been shown, but TIMP-4 was not found to be present in human sclera 

(Weinreb, Lindsey et al. 2004).  It can be seen from the number of complex roles and 

interactions of the many constituents of the sclera that, far from being the 

metabolically inert tissue it has often been considered, it is actually a dynamic and 

intricate tissue.   

 

1.4 The Sclera in Myopia 
 
Myopia is most frequently correlated with an axial length that is too long for the focal 

power of the refractive components of the eye, and it has emerged that changes to the 

scleral tissue result in increases in the vitreous chamber depth.  The three main theories 

behind the increased vitreous chamber depth in myopia are the passive stretch theory 

the active remodelling theory, and the active growth theory. 

 

1.4.1 Passive Scleral Stretch 
 
While the biomechanical properties of the sclera are reviewed in greater detail in 

Section 1.5, the following is an outline of the forces held responsible for axial 

elongation in the passive stretch theory of myopia.  The theory of passive scleral 

stretch comes from the belief that some mechanical force such as excessive 

accommodation or convergence directly results in distortion of the posterior sclera 

leading to scleral creep and myopia (Greene 1980).  This may be due to the posterior 

sclera being mechanically weak, concentrated forces acting only in the posterior sclera, 

or a combination of the two.  Indeed, many of the pathological findings in myopia such 

as myopic crescents and posterior staphyloma supertraction have been suggested as 

evidence of this, but the evidence is merely circumstantial (Bell 1978; Bell 1993).   

 

An approximation of the forces experienced by the scleral tissue due to the intraocular 

pressure can be calculated using Laplace’s law.  The calculated force is equivalent to 

1.2 g/mm2 in a globe with transmural pressure of 15 mmHg, 12 mm globe radius, and 

1 mm shell thickness (Greene 1980).  Based on theoretical values for muscle forces, 

attachment widths, and scleral thickness of 1 mm the range of mechanical stresses 

induced by the oblique muscles are between 0.36 g/mm2 to 4 g/mm2 with a thinner 

sclera resulting in greater stresses (Greene 1980).   
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1.4.2 Passive Scleral Stretch: Role of Intraocular Pressure 
 
A number of studies have shown a positive association between IOP and myopia, 

although no causal link has been demonstrated (Wong, Klein et al. 2003; Nomura, 

Ando et al. 2004).  One study found higher IOP in myopes only subsequent to the 

development of myopia implying it was not a causative factor (Edwards and Brown 

1996), while other studies have shown no relationship between IOP and myopia (Lee, 

Saw et al. 2004; Manny, Deng et al. 2008). 

 

While IOP alone does not appear to be correlated with myopia development, transient 

increases in IOP leading to slow scleral creep have been suggested to occur with 

convergence and accommodation (Coleman 1970; Greene 1980; Ku and Greene 1981).  

This theory is backed by studies which have shown increases in vitreous chamber 

pressure with accommodation and convergence (Coleman 1970; Young 1975; Young 

1977; Young and Leary 1991b).  However, significant sustained decreases in IOP 

during accommodation have also been found, which goes against these theories 

(Armaly and Rubin 1961; Mauger, Likens et al. 1984).  A final observation that 

provides some evidence against the passive stretch and gradient pressure theory of 

myopia is that in hyperopes, who have to constantly accommodate to see in the 

distance, there is no slow progression towards emmetropia and then myopia.  This 

effect may be explained by those people who remain hyperopic having sclera that is 

more able to resist the stresses it experiences than those people who progress to 

become myopic (Bell 1980).   

 

1.4.3 Active Scleral Remodelling 
 
In humans thinning of the sclera, especially at the posterior pole, has been known for a 

long time to be of great importance in the development of myopia, with the sclera 

becoming thinner the more myopic an eye becomes (Curtin and Karlin 1971; Avetisov, 

Savitskaya et al. 1984; McBrien, Cornell et al. 2001; McBrien and Gentle 2001).  With 

the advent of reliable methods for measuring DNA content and incorporation of 

labelled precursors into proteins, the role of remodelling the sclera in myopia 

development has been studied in depth.  There are three main possibilities to explain 

changes in the scleral composition with myopia development: remodelling of existing 
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tissue; growth of the sclera with remodelling; and loss of tissue with remodelling of 

remaining tissue. 

 

Histological examinations of myopic sclera have revealed key changes in scleral 

morphology in addition to simple scleral thinning, suggesting scleral remodelling.  In 

the eyes of long-term myopic tree shrews there is a loss of the normal adult collagen 

fibril gradient as seen in mature emmetropic tree shrew sclera, with the fibrils 

becoming similar in diameter across the entire sclera resembling that of young, 

developing tree shrew eyes (Spitznas 1971; McBrien, Cornell et al. 2001).  This loss in 

collagen fibril diameter gradient is similar to changes in collagen fibre diameter 

observed in human eyes with myopia (Curtin, Iwamoto et al. 1979).  Myopia 

development thus appears to result in a return to an immature scleral collagen 

morphology. 

 

In myopic eyes as well as reduced scleral thickness, there is also a reduction in both 

collagen content and hexosamines, a major component of the glycosaminoglycans 

(Avetisov, Savitskaya et al. 1984).  Additionally, the amount of soluble collagen 

fractions, precursors of mature collagen, is increased in myopic compared with 

emmetropic sclera, suggesting a higher degree of collagen biosynthesis and/or 

degradation in myopic eyes.  However, post-mortem studies of human eyes can reveal 

only the changes that occur with myopia development, and it is not readily possible to 

determine the time-course of these changes and whether or not they are a cause or 

consequence of myopia development.  As a consequence, a great deal of work has 

been conducted using animal models of myopia development. 

 

1.4.4 Active Scleral Growth: The Chick as an Animal Model 
 
Unlike the fibrous sclera of mammals the chick sclera comprises an inner cartilaginous 

layer surrounded by an outer fibrous layer, and therefore great caution should be taken 

in interpreting these results (Kusakari, Sato et al. 1997).  A concomitant increase in 

chondrocyte numbers (the cartilaginous equivalent of fibroblasts) and decrease in their 

density, provides evidence for increased extracellular matrix synthesis and hence an 

active growth process (Gottlieb, Joshi et al. 1990).  Furthermore, significant increases 

in both the dry and wet scleral weights of myopic compared with control eyes have 
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been reported, indicating increased scleral growth in myopia development (Christensen 

and Wallman 1991; Kusakari, Sato et al. 1997).  Likewise, incorporation of 

radiolabeled methionine and thymidine into myopic scleras revealed increases in 

newly synthesised protein levels and increased DNA synthesis respectively compared 

to control sclera levels (Christensen and Wallman 1991).  These findings indicated an 

increased growth rate of the myopic eyes relative to control eyes, although much of 

this may be ascribed to growth of the cartilaginous component.  The fibrous 

component of chick eyes thins due to the induction of myopia, while the cartilaginous 

component thickens, resulting in no net change in sclera thickness (Gottlieb, Joshi et 

al. 1990). 

 

Proteoglycans are of great structural importance to the sclera, as outlined in Section 

1.3.8, and their synthesis in the chick sclera has been investigated through 

measurement of the incorporation of radiolabeled sulphate (35SO4) (Rada, Thoft et al. 

1991; Rada, McFarland et al. 1992; Rada, Matthews et al. 1994b).  No difference in 

the incorporation of 35SO4 was found in either the cornea or anterior sclera of form 

deprived eyes, but significantly increased incorporation was found in the posterior 

sclera, mainly due to newly synthesised aggrecan (Rada, Thoft et al. 1991).  The total 

amount of aggrecan increased, while decorin turnover increased despite the overall 

levels remaining constant.  This increase in proteoglycan synthesis with form 

deprivation gives further evidence to active growth, and is likely to be due to a post-

transcriptional mechanism (Rada and Matthews 1994a). 

 

Production of the GAG side chains of proteoglycans have also been shown to increase 

with form deprivation after as little as 24 hours (Rada, McFarland et al. 1992).  This 

change in GAG synthesis is sign dependant, with hyperopic defocusing lenses 

increasing GAG synthesis, and myopic defocus reducing GAG synthesis (Nickla, 

Wildsoet et al. 1997).  While providing evidence of active growth, it also points 

towards a retinal stop/grow signal that is able to detect the sign of defocus and direct 

scleral growth accordingly.  A recent paper has shown that during recovery from 

myopia there is an increased permeability of the choroidal blood vessels that is 

coincident with decreased GAG synthesis, indicating the choroid may have a role in 

the delivery of growth signals in the chick (Rada and Palmer 2007). 
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1.4.5 Active Scleral Loss: Scleral Thinning in Mammalian Models 
 
While the chick model has provided strong arguments for active growth of the sclera in 

myopia development, the results provide little information as to the human condition 

due to the inherent differences in scleral composition.  As such, many studies have 

been conducted using mammalian models, most frequently the tree shrew.  In 

mammals there is a thinning of the sclera associated with the development of myopia, 

much like that seen in the fibrous portion of the chick sclera (Hayes, Fitzke et al. 1986; 

Gottlieb, Joshi et al. 1990; McBrien, Cornell et al. 2001).  While early post-mortem 

investigations of human sclera revealed scleral changes (Curtin, Iwamoto et al. 1979), 

investigating the time course of these changes has only recently been possible using 

animal models. 

 

Myopia development in tree shrews induces a significant reduction in scleral thickness 

both with short term (12 days) and long term (6 to 20 months) deprivation (McBrien, 

Cornell et al. 2001).  This thinning of the sclera is regionally specific, such that only 

the posterior region shows a reduction while the equatorial region remains the same 

thickness as control eyes.  The thinning is the result of significant loss of tissue, with a 

significant reduction in scleral dry weight overall (being more pronounced in the 

posterior pole region), rather than a redistribution of the existing tissue (McBrien, 

Cornell et al. 2001).   

 

Long term deprivation also reduces the outer collagen fibril diameter and gives the 

sclera a more immature gradient pattern as also happens in human myopia 

development (Spitznas 1971; Curtin, Iwamoto et al. 1979; McBrien, Cornell et al. 

2001).  The loss of gradient is a slow process, present only after 3 to 6 months of 

deprivation, leading to the possibility that active changes to the sclera with myopia 

development have rapid and slow components.  During the fast phase of myopia 

development it appears there is no size specific collagen fibril degradation occurring 

due to the maintenance of the fibril gradient, but that more specific degradation occurs 

in the later phases.  Indeed, a pilot study indicates that the initial reduction in scleral 

thickness is the result of whole collagen fibril bundle loss, with progressive thinning of 

the remaining bundles in the slower phase (McBrien and Gentle 2003).   
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1.4.6 Active Scleral Regulation: Proteoglycans in Mammalian Models 
 
In marmosets, like humans, the main proteoglycan is decorin, which has been shown to 

have a role in regulating type I collagen fibrillogenesis by slowing development and 

producing thinner fibres, as well as regulating the topographical organisation of 

collagen fibrils in the ECM (Pogany, Hernandez et al. 1994; Schonherr, Hausser et al. 

1995; Rada, Nickla et al. 2000).  In form deprived marmoset eyes there is a reduction 

in the synthesis rates of proteoglycans in the posterior sclera, but not the anterior or 

equatorial sclera, with the faster growing eyes showing a greater reduction in 

proteoglycan synthesis (Rada, Nickla et al. 2000).  While this could be taken as an 

artefact of a thinned sclera, normalisation of proteoglycan synthesis rates to the total 

collagen content show reduced proteoglycan production in the posterior sclera, 

indicating this is not the result of the thinned sclera (Rada, Nickla et al. 2000).  Due to 

the regulatory role of decorin on collagen fibrillogenesis a reduction in proteoglycan 

synthesis would lead to significant changes in scleral metabolism and organisation that 

could result in changes to the mechanical strength of the tissue.   

 

1.4.7 Active Scleral Regulation: Glycosaminoglycans in Mammalian Models 
 
While the levels of proteoglycans are important to the structure of the sclera, it is the 

glycosaminoglycan side chains that mediate most of the functions of the proteoglycans 

(Trier, Olsen et al. 1990).  It has been shown that there is reduced accumulation of 

newly synthesised GAGs in the sclera of myopic eyes (Norton and Rada 1995).  

Moreover there are also reduced rates of collagen deposition in the posterior pole of 

myopic eyes, indicating the production rate is lower than the rate of degradation.  

Evidence for active regulation is seen through decreases in the proteoglycan to 

collagen and proteoglycan to DNA ratios, indicating the changes observed in myopia 

development are more likely due to reductions in GAG rather than passive stretch, 

under which the ratios would be expected to remain fairly constant (Norton and Rada 

1995). 

 

Other studies have also shown decreases in glycosaminoglycan synthesis with the 

development of myopia both in form deprived and defocus induced models (McBrien, 

Gentle et al. 1999; McBrien, Lawlor et al. 2000; Troilo, Nickla et al. 2006; Moring, 

Baker et al. 2007).  There are conflicting reports of GAG levels during recovery from 
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induced myopia, with reports of levels increased above control levels or returning to 

control levels (McBrien, Gentle et al. 1999; McBrien, Lawlor et al. 2000; Moring, 

Baker et al. 2007).  However, one consensus is that the changes to GAG synthesis rates 

are a rapid response occurring in myopia development.  Optical correction of myopic 

eyes maintains the decreased levels of GAG synthesis, which does not return to control 

levels (McBrien, Gentle et al. 1999).  This provides evidence for a sign sensitive 

stop/grow signal based on optical defocus, and further strengthens the case for an 

active regulation of scleral growth and turnover in myopia development. 

 

1.4.8 Active Scleral Remodelling: DNA and Gene Expression in Mammalian 
Models 

 
The aforementioned results show there are changes to the extracellular matrix that 

occur with myopia development, so the next logical step is to investigate whether there 

are changes in the gene expression of these matrix components.  Radiolabeled 

thymidine incorporation was used to measure the amount of DNA synthesis during 

myopia development in tree shrews, and it was found that in both form deprived and 

defocus induced myopic eyes there was reduced incorporation into the sclera (Gentle 

and McBrien 1999).  The reduction occurred mainly in the posterior pole region, and 

synthesis rates increased during recovery.  Furthermore, it has been demonstrated 

using radiolabeled proline, a collagen precursor, that there is significantly reduced 

collagen production and non-significantly increased rates of collagen degradation in 

myopic eyes compared to control eyes (Gentle, Liu et al. 2003).  Both these findings 

point to active remodelling of the sclera during myopia development. 

 

Further investigations using mRNA levels have looked at the relative change in the 

expression of the collagen subtypes during myopiagenesis.  There is a significant 

decrease in the expression of mRNA coding for type I collagen, but no change in type 

III or type V collagens (Siegwart and Norton 2001; Gentle, Liu et al. 2003).  This 

decrease in type I collagen results in an increase in the type III/type I ratio of 22%, and 

an increase in the type V/type I ratio of 25%.  Changes to these ratios have important 

implications for the composition of the sclera, as the presence of increasing levels of 

type III and type V collagens have been shown to result in reduced type I collagen 

fibril diameters (Lapiere, Nusgens et al. 1977; Adachi and Hayashi 1986; Birk, Fitch et 

al. 1990).  Indeed, for a relative increase in type V collagen of 20% a relative decrease 
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in fibril diameter of type I collagen of 36% has been demonstrated, which is 

comparable to the 34% decrease in collagen fibril diameter seen in the outer posterior 

sclera of myopic tree shrews (Birk, Fitch et al. 1990; McBrien, Cornell et al. 2001; 

Gentle, Liu et al. 2003). 

 

1.4.9 Active Scleral Remodelling: Matrix Metalloproteinases and Their 
Inhibitors in Mammalian Models 

 
Increased collagen degradation has been shown to occur during myopia development, 

and this raises the question as to what changes happen to the collagen degrading 

enzymes or their inhibitors within the sclera (Gentle, Liu et al. 2003).  In chick eyes 

developing myopia it has been shown that there is increased activity of latent MMP-2 

in the posterior sclera, in part due to increased levels in the sclera, as well as less 

inhibitory activity from the TIMPs (Rada and Brenza 1995).  In normal tree shrews 

there is no difference in the amount of MMP-2 found in the posterior and equatorial 

sclera, but there is more active versus latent MMP-2 in the posterior sclera compared 

to the equatorial sclera (Guggenheim and McBrien 1996).  The majority of MMP-2 in 

the normal sclera is in the latent form.  In FDM, the levels of latent MMP-2 are no 

different from control levels, but there is a significant increase in the amount of active 

MMP-2 in both the equatorial and posterior sclera.  The activity of MMP-2 in 

degrading scleral collagen is thus greatly increased during myopia development, and 

reduces during recovery.  This suggests there is either an up-regulation of MMP-2 

expression or decreased degradation of MMP-2 during myopia development 

(Guggenheim and McBrien 1996).   

 

Likewise in lens induced myopia in tree shrews there is an increase in MMP-2 mRNA 

levels during development, as well as elevated levels of MT1-MMP mRNA, while 

TIMP-3 mRNA levels are significantly decreased (Siegwart and Norton 2005).  These 

findings highlight the active nature of scleral remodelling during myopia development, 

and point to modulation of gene expression by visual signals. 

 

1.5 Scleral Biomechanics 
 
Considering the number of changes that occur to the scleral biochemistry and 

structural composition associated with the development of myopia, it is to be expected 
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that changes would also occur in the biomechanical properties of the sclera.  The 

biomechanical properties of the sclera are determined by a number of the components 

of the extracellular matrix that can be broadly summarised as the scleral structure 

(thickness, collagen fibril dimensions and organisation, scleral matrix turnover rate), 

the level of scleral hydration, and the fibroblast and myofibroblast cells within the 

sclera (Curtin 1969; Phillips and McBrien 2004). The sclera being a connective tissue 

displays a typical viscoelastic biphasic response to applied stress, wherein it initially 

demonstrates a rapid lengthening elastic response, followed by a viscid slow stretching 

or creep response (Curtin 1969; Bron, Tripathi et al. 1997).   

 

1.5.1 Scleral Biomechanics: Scleral Elasticity 
 
In order to get an indication of the elastic properties of the sclera the stress-strain 

relationship has been investigated.  The elasticity of a tissue is calculated as Young’s 

modulus, where E = stress/strain, and the modulus is then calculated as the secant to 

the resultant curve (Phillips and McBrien 1995).  The amount of stress (σ) experienced 

by the tissue is a calculation of the force per square meter the tissue is subjected to 

(load per unit area), while the strain (ε) is the change in length of the tissue per unit 

length of the tissue (extension per unit length) (McEwen and St Helen 1965; Brown, 

Smallwood et al. 1999).  In other words, scleral elasticity is a measure of load versus 

extension of the tissue, the immediate response of a tissue to a load. 

 

Young’s modulus in human sclera is between 1.8 × 106 and 2.9 × 106 Pa, and the 

stress-strain relationship is approximately linear (Friberg and Lace 1988).  The 

posterior sclera has only approximately 60% of the stiffness of the anterior sclera, and 

average scleral stiffness increases with age.  Other studies in human sclera have shown 

ranges of elastic modulus between 5.20 × 106 Pa and 40.21 × 106 Pa (Phillips and 

Quick 1960; Arciniegas, Amaya et al. 1980).  The scleral elastic modulus has also been 

calculated in tree shrew, with a mean value of Young’s modulus of 2.72 × 106 Pa being 

quite similar to the human (Friberg and Lace 1988; Phillips and McBrien 1995).  The 

anterior and equatorial regions of tree shrew sclera are more extensible than the 

posterior sclera, with the load required to extend the posterior sclera the same amount 

as the anterior or equatorial sclera being much greater, approaching twice the required 

load.  However, when myopic sclera is compared to contralateral control and normal 
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eyes there is no significant difference in Young’s elastic modulus (Phillips and 

McBrien 1995).  Eyes that are developing or recovering from lens induced myopia also 

show no difference in the elastic modulus with normal eyes (Siegwart and Norton 

1999). 

 

A major influence on scleral physiology would result from the thinning of the sclera 

that occurs in myopia.  Despite no difference in Young’s modulus in myopic eyes 

there is a lower fail load and increased extensibility in myopic sclera, indicating these 

effects are due to the thinned sclera rather than changes in the particular properties of 

the sclera (Phillips and McBrien 1995).  Finite element modelling of normal and 

myopic eyes was performed using parameters determined from the load versus 

extension, stress versus strain, and thickness measurements in tree shrew eyes (Phillips 

and McBrien 1995).  When the eyes were subjected to an IOP of 20 mmHg the model 

predicted that the elastic axial expansion of the myopic eye compared to control would 

account for less than 20% of the observed axial expansion in the deprived tree shrew 

eye (Phillips and McBrien 1995).  The interpretation is that simple elastic expansion of 

the globe can account for at most 20% of the expansion observed in myopia 

development, and demonstrates that scleral thinning alone cannot account for the 

changes observed in myopia (Phillips and McBrien 1995). 

 

1.5.2 Scleral Biomechanics: Scleral Creep 
 
The elastic modulus is a stress-strain relationship that occurs over much shorter 

periods than physiological myopia development.  Of greater physiological relevance is 

the measure of scleral creep rate, the usually linear slow extension of a tissue under 

constant load over time (Greene and McMahon 1979; Phillips, Khalaj et al. 2000).  

The creep rate is determined by the response of a tissue to a constantly applied load 

over a period of time, which is assumed to reflect the in vivo condition of the sclera 

(Greene and McMahon 1979; Ku and Greene 1981).   

 

In a tissue with no propensity to creep there will be an initial elastic expansion, 

followed by a constant length for the duration of load application, and a return to the 

initial tissue length on cessation of the load (Brown, Smallwood et al. 1999).  In a 

tissue with propensity to creep there will be an initial viscoelastic expansion, followed 
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by a slow expansion of the tissue under constant load, and a shortening on release of 

the load but with the tissue ending up longer than its initial length.  This increased 

length is known as permanent plastic strain (Greene and McMahon 1979; Brown, 

Smallwood et al. 1999).  In some materials there is hysteresis, whereby the stress-

strain curves for loading and unloading the material are different, with a rapid 

viscoelastic relaxation followed by a slow creep back to the initial length, rather than 

permanent plastic strain resulting (Brown, Smallwood et al. 1999).    

 

The first in vitro creep experiments were performed on whole, enucleated eyes (Greene 

and McMahon 1979; Ku and Greene 1981).  Increasing the IOP results in an initial 

viscoelastic expansion, before displaying slow tissue creep, while cycling the IOP 

between 15 mmHg and 80 mmHg results in permanent plastic strain (Greene and 

McMahon 1979).  Normal IOPs (approximately 15 mmHg) fall within the viscoelastic 

region of the scleral tissue where reversible deformation occurs, but outside of these 

values scleral creep takes place with plastic stress induced (Ku and Greene 1981).   

 

Another method of measuring the in vitro scleral creep is to use strips of tissue cut 

from the sclera.  The creep rate from normal tree shrew sclera is seen to decrease with 

age, partly due to scleral thickening with age, but possibly also due to changes in the 

scleral collagen fibril architecture with age (Siegwart and Norton 1999).  With myopia 

induction, either by form deprivation or defocusing lenses, there is a rapid increase in 

creep rate from control levels, while there are significantly lower creep rates during 

recovery from myopia (Siegwart and Norton 1999).  Interestingly there is a low creep 

rate stress dependence of form deprived eyes, indicating that the raised creep rates 

cannot be explained by thinning of the sclera and must be due to some other change(s) 

in scleral composition.  One potential mediator of the rapid changes in creep rate could 

be the decrease in glycosaminoglycans, and hence proteoglycans, that is seen with the 

development of myopia (Norton and Rada 1995; Siegwart and Norton 1999; Rada, 

Nickla et al. 2000; Moring, Baker et al. 2007).  It has been proposed that the GAGs, 

particularly hyaluronan, modulate the biomechanical properties of the sclera by 

controlling the slip of the collagen lamellae relative to each other, and that changes in 

the levels of GAGs result in alterations to the scleral creep rate (Moring, Baker et al. 

2007). 
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In tree shrew eyes there is a correlation between the creep rate and axial elongation 

when the difference between the deprived and control eye is considered (Phillips, 

Khalaj et al. 2000).  Likewise there is a correlation between the level of myopia 

developed and the creep rate.  This does not necessarily give a causal relationship 

between axial elongation and changes in scleral creep rate, but does add support to the 

hypothesis of altered scleral creep rate mediating myopia development.   

 

1.5.3 Scleral Biomechanics: In vivo Measurements 
 
The mechanical behaviour of a curved piece of tissue tested in a uniaxial manner like 

the in vitro creep studies mentioned above would be quite different to the complex 

interaction of forces on the tissue in vivo (Greene 1985).  Even the post-mortem 

enucleated eye mechanics would differ from a living tissue situation.  Consequently, a 

number of studies have investigated the in vivo mechanical behaviour of the eye 

through the examination of ocular compliance (Nickla, Wildsoet et al. 1998; 

Papastergiou, Schmid et al. 1998; Phillips and McBrien 2004).  Ocular compliance is a 

measure of the change in axial length for a given change in intraocular pressure 

(Nickla, Wildsoet et al. 1998).  However, ocular compliance can also be broken down 

into its component parts as an in vivo measurement of whole eye viscoelastic 

expansion, creep, and viscoelastic relaxation, using IOP as the load force.   

 

In chicks the mean ocular compliance for axial length has been measured at 4, 8, and 9 

± 1 µm/mmHg in different studies (Nickla, Wildsoet et al. 1998; Papastergiou, Schmid 

et al. 1998; Phillips and McBrien 2004).  In the tree shrew the compliance is much 

less, at approximately 1 µm/mmHg (Phillips and McBrien 2004).  However, and quite 

surprisingly, on increasing the IOP, tree shrew eyes underwent initial viscoelastic 

expansion as expected, but on maintaining the increased IOP for a period of one hour 

the eyes actually became shorter; a negative creep compliance.  On average the eyes 

shortened by 64 µm, and on returning the IOP to normal levels the eyes were shorter 

than baseline levels.  In chicks under the same conditions the eyes showed positive 

creep compliance, and elongated under increased IOP conditions as predicted by 

scleral strip experiments (Phillips and McBrien 2004).   
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The finding of a reduction in axial length is not without precedent, as a number of 

studies have reported shortening of the vitreous chamber depth in eyes recovering from 

myopia, rather than just a cessation of growth in the myopic eye (Guggenheim and 

McBrien 1996; Gentle and McBrien 1999; McBrien, Lawlor et al. 2000).  The act of 

ocular shortening over the time course of recovery from induced myopia leads to the 

possibility that extracellular matrix remodelling (McBrien, Lawlor et al. 2000), scleral 

hydration levels (Jones, Thompson et al. 1996),  or some contractile element in the 

choroid or sclera (Phillips and McBrien 2004), either alone or in combination facilitate 

the reduction in axial length.  Myofibroblasts are differentiated fibroblasts with 

contractile ability, and their presence has been demonstrated in human, monkey, and 

tree shrew sclera but not in chick sclera (Poukens, Glasgow et al. 1998; Tomasek, 

Gabbiani et al. 2002; Phillips and McBrien 2004).  These scleral cells could be 

responsible for the observed reductions in axial length, and explain the different 

responses of chick and tree shrew sclera to increased IOP.  If myofibroblasts are 

responsible for the changes in axial length, then it is possible they play an important 

role in the regulation of axial length and refractive error development. 

 

1.6 Myofibroblasts 
 
Myofibroblasts are a specialised, differentiated, contractile form of fibroblasts that are 

usually found in wound healing and granulation tissue, but have also been shown in 

vivo in specialised normal connective tissue such as bone marrow stroma and the 

capsule of the liver (Tomasek, Gabbiani et al. 2002).  Myofibroblasts have also been 

demonstrated in the sclera of humans, monkeys, and tree shrews (Poukens, Glasgow et 

al. 1998; Phillips and McBrien 2004). 

 

1.6.1 Myofibroblast Morphology 
 
Myofibroblasts were first observed in granulation tissue from healing wounds, and the 

majority of studies into their properties have subsequently been carried out in wound 

models, and more recently as tissue cultures in collagen lattices that simulate in vivo 

conditions (Gabbiani, Ryan et al. 1971; Schürch, Seemayer et al. 1997).  Early work 

on the contraction of granulation tissue found that muscle contracting stimuli (such as 

histamine, angiotensin, and norepinephrine) had minimal effect on normal tissue, but 

did contract granulation tissue, with the main candidate from morphological studies 



 35

being these modified fibroblasts (Majno, Gabbiani et al. 1971; Gabbiani, Hirschel et al. 

1972).  The modified fibroblasts possessed an extensive fibrillar system, nuclei with 

deep folds and pinches, intercellular connections, and hemidesmosomes with basement 

membrane-like surroundings, indicating they had contractile properties (Gabbiani, 

Ryan et al. 1971).  The name myofibroblast was proposed for these cells, coming from 

the Greek word myos meaning muscle, the Latin word fibra meaning fibre, and the 

Greek word blastos meaning germ or sprout (Majno, Gabbiani et al. 1971; Dorland 

2003). 

 

The shape of un-differentiated fibroblasts depends upon the tissue in which they are 

found, but they are usually located parallel to the collagen fibres (Bloom and Fawcett 

1975; Novotny and Gnoth 1991).  Fibroblast morphology is described in detail in 

Section 1.3.7.  A number of changes occur to the typical fibroblast morphology during 

their differentiation into myofibroblasts.  An extensive fibrillar system in the 

cytoplasm consisting of bundles of parallel fibrils resembling those seen in smooth 

muscle cells appears in myofibroblasts (Gabbiani, Hirschel et al. 1972).  These fibrils 

are usually arranged parallel to the long axis of the cell, and occupy a large portion of 

the cell’s cytoplasm.  The remainder of the cytoplasm is occupied by rough 

endoplasmic reticulum.  A large number of intercellular connections can also be seen 

between myofibroblast cells (Gabbiani, Hirschel et al. 1972). 

 

1.6.2 Myofibroblast Morphology: The Fibrillar System 
 
Myofibroblasts display similar fluorescence patterns to smooth muscle cells (Gabbiani, 

Hirschel et al. 1972).  The common antigen between myofibroblasts and smooth 

muscle cells is α-smooth muscle actin (α-SMA), the expression of which occurs de 

novo (Skalli, Ropraz et al. 1986; Darby, Skalli et al. 1990).  α-SMA is expressed in a 

cells whose main function is contraction, and given that the presence of α-SMA in 

granulation tissue coincides with the induction of contraction of the tissue, it seems 

likely that the presence of α-SMA in myofibroblasts provides them with their 

contractile properties (Darby, Skalli et al. 1990; Serini and Gabbiani 1999).   

 

The mechanism whereby muscle cells contract is based on cross-bridging between 

actin and myosin filaments (Huxley 1969).  The ability of myofibroblasts to contract 
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then relies on the expression of not only α-SMA but also of myosin.  Indeed, 

myofibroblasts from liver, kidney, and lung have been shown to express sarcomeric 

myosin heavy chains (Mayer and Leinwand 1997; Rice and Leinwand 2003).  

Myofibroblasts also express the embryonic isoform of smooth muscle myosin 

(SMemb), but they do not express the adult isoform, S2, which is a marker of 

differentiated smooth muscle cells (Frangogiannis, Michael et al. 2000).  Differentiated 

myofibroblasts in granulation tissue stain positive for both actin and smooth muscle 

myosin, and the parallel increase in expression of actin and myosin filaments provides 

further evidence of the contractile or locomotive properties of myofibroblasts 

(Gabbiani, Chaponnier et al. 1978).   

 

The three components that make up the fibrillar contractile system are the 

microfilaments, the intermediate filaments, and the microtubules (Powell, Mifflin et al. 

1999).  Smooth muscle cells express α and γ smooth muscle actins as well as β and γ 

cytoplasmic actins, fibroblasts express only the β and γ cytoplasmic actins, while 

myofibroblasts express the β and γ cytoplasmic actins as well as α smooth muscle 

actin, with some even expressing the γ smooth muscle isoform as well (Skalli, Ropraz 

et al. 1986; Skalli, Vandekerckhove et al. 1987; Kohnen, Kertschanska et al. 1996).   

Myofibroblasts do not, however, express any skeletal muscle actin isoforms, 

negatively staining for α-cardiac and α-skeletal muscle actin (Powell, Mifflin et al. 

1999; Rice and Leinwand 2003).  Stress fibres found in (myo)fibroblasts are the result 

of the accumulation of filaments into bundles containing actin, myosin, and other 

fibrillar components (Abercrombie, Heaysman et al. 1971; Heath and Dunn 1978; 

Izzard and Lochner 1980; Singer 1982). 

 

1.6.3 Myofibroblast Morphology: Myofibroblast Classification 
 
The issue of myofibroblast composition must be approached with caution as the make 

up of the myofibroblast can vary widely according to the tissue it is found in, the 

species it is from, and even the local tissue environment (Powell, Mifflin et al. 1999).  

The majority of myofibroblasts are able to express α-SMA, but they do not have to 

express it constantly (Sappino, Schurch et al. 1990).  In fact, there appears to be 

something of a continuum of expression of the components found in myofibroblasts, 

such that a classification system based upon the immunohistochemical staining profiles 
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of the myofibroblasts is possible (Powell, Mifflin et al. 1999).  The form of a 

myofibroblast can be classified based on expression of one or more of these 

components such as vimentin, desmin, myosin, α-SMA, and γ-SMA (Sappino, Schurch 

et al. 1990; Kohnen, Kertschanska et al. 1996; Powell, Mifflin et al. 1999).   

 

A less specific classification system has also been suggested, as a continuum from 

fibroblasts, to proto-myofibroblasts, and finally to differentiated myofibroblasts 

(Tomasek, Gabbiani et al. 2002).  Proto-myofibroblasts contain stress fibres and 

immature focal adhesions on the cell surface, but no α-SMA, whereas differentiated 

myofibroblasts posses α-SMA containing stress fibres, and mature or supermature 

focal adhesions on the cell surface (Tomasek, Gabbiani et al. 2002). 

 

1.6.4 Myofibroblast Morphology: Fibronectin 
 
One of the major changes in the formation of myofibroblasts is their histological 

appearance, becoming large, spindle-shaped cells, often stellate in shape with several 

long cytoplasmic extensions (Schürch, Seemayer et al. 1997).  The stress fibres found 

within these cytoplasmic processes express both α-SMA and fibronectin at the cell 

surface (Singer, Kawka et al. 1984).  Fibronectin is a glycoprotein found in 

collagenous extracellular matrices where it performs a wide range of functions such as 

communication between cells and the ECM as outlined in Section 1.3.6.  The densely 

staining fibronectin fibres are observed in the extracellular matrix in close proximity to 

myofibroblasts, introducing the concept that the internal α-SMA stress fibres of the 

myofibroblasts interact with the extracellular fibronectin through fibronexuses on the 

cell surface (Singer, Kawka et al. 1984). 

 

1.6.5 Myofibroblast Morphology: Focal Adhesions 
 
The fibronexuses, or focal adhesions as they are also called (the distinction sometimes 

being made for in vivo and in vitro myofibroblasts respectively), are an important 

feature of myofibroblast contractile ability (Dugina, Fontao et al. 2001; Hinz, Dugina 

et al. 2003).  The first description of a fibronexus was in a study of stress fibres in 

(myo)fibroblasts, where the intracellular stress fibres appeared in close association 

with the extracellular fibronectin bundles (Singer 1979).  Individual 5 nm thick actin 

microfilaments travelled from the thicker cytoplasmic stress fibres to the inner portion 
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of the cell membrane, where they appeared to connect to the thicker, external 

fibronectin-containing fibres.  This co-linear connection of the internal and external 

fibres was facilitated through a well defined membrane (Singer 1979).   

 

This tandem fibronexus type had an end-on-end attachment between the stress fibres 

and fibronectin, while future investigations revealed fibronexus types displaying track-

like and plaque-like connections (Singer, Kawka et al. 1984).  When considered from a 

structural engineering viewpoint, the butt joint of the tandem fibronexuses might be 

expected to be weaker than the lap joint of the plaque and track-like fibronexuses (Fig. 

1.1).  Most definitions of these adhesions now refer to immature focal adhesions, 

mature focal adhesions, and supermature focal adhesions (Geiger, Bershadsky et al. 

2001; Tomasek, Gabbiani et al. 2002; Hinz and Gabbiani 2003).  The importance of 

focal adhesion complexes is the provision of a route whereby force developed by 

myofibroblast contraction, facilitated by α-SMA, can be transmitted to the extracellular 

matrix, and force in the surrounding tissue can be transmitted to the myofibroblast. 

 

 
Fig.  1.1  Schematic of myofibroblast fibronexus/focal adhesion attachments (FA) 
between intracellular stress fibres (SF) and extracellular fibronectin (F).  Shown are the 
butt joint tandem fibronexus (A) and the lap joint plaque and track-like fibronexuses (B). 

 

1.6.6 Myofibroblast Morphology: Focal Adhesion Composition 
 
While focal adhesions are composed of a very large number of proteins, the main 

transmembrane components are the integrins, a large family of αβ heterodimeric 

transmembrane glycoprotein receptors (Petit and Thiery 2000; Zamir and Geiger 

2001a; Zamir and Geiger 2001b).  Both the α and β subunits of the integrins are 

transmembrane glycoproteins, each consisting of a single hydrophobic transmembrane 
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component, a small cytoplasmic domain, and a large extracellular domain (Hynes 

1992).  It is the extracellular domains of different α and β subunits that combine to 

form the αβ heterodimer, and the combination of the subunits creates the binding 

specificity for different components of the ECM (Zamir and Geiger 2001a).  A specific 

component of the ECM, such as fibronectin or collagen, can be bound by more than 

one integrin, and specific integrins can generally bind to more than one component of 

the ECM (Hynes 1992; Petit and Thiery 2000; Zamir and Geiger 2001a). 

 

It appears as if the integrins mediate information transfer from the extracellular matrix 

into the cell (Hynes 1992; Lygoe, Norman et al. 2004; Znoyko, Trojanowska et al. 

2006).  Integrin receptors can undergo conformational changes between an inactive 

(closed) state and an active (open) state, and only when in its active state are integrins 

able to bind their ligands (Hynes 1992).  Signalling may be from inside the cell to 

outside the cell by changing integrin conformation to either open or closed, and from 

outside the cell to inside the cell by ligand occupation of the integrin receptor (Hynes 

1992).  Importantly, integrin expression has been shown in the sclera of tree shrews 

(McBrien, Metlapally et al. 2006). 

 

There are other proteins found in focal adhesions in much smaller quantities than 

integrins that have important roles in focal adhesion functions.  Vinculin, for example, 

is a cytoskeletal protein that mediates cell adhesion and motility, with an absence of 

vinculin resulting in cells that are immobile (Petit and Thiery 2000; Zamir and Geiger 

2001a; Zamir and Geiger 2001b).  Tensin, another cytoskeletal protein, binds to 

vinculin within focal adhesions, and has been shown to be an actin regulatory protein, 

with over-expression resulting in retardation of actin filament assembly.  Paxillin, also 

a cytoskeletal protein, is believed to act as an adaptor protein with implications in 

reorganisation of the actin cytoskeleton and cell motility (Petit and Thiery 2000; Zamir 

and Geiger 2001a; Zamir and Geiger 2001b).   

 

Focal adhesion kinase (FAK) is a tyrosine kinase found in focal adhesions that 

interacts with a number of other proteins including paxillin (Petit and Thiery 2000; 

Zamir and Geiger 2001a; Zamir and Geiger 2001b).  FAK tyrosine phosphorylation 

has a central role in the mediation of focal adhesion signal transduction.  Additionally, 

kinase activity of FAK has been shown to be stimulated by integrin-dependant binding 
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at the focal adhesion, providing one of the external to internal signalling pathways.  

FAK is involved in many cellular events including cell spreading, migration, and 

proliferation, with decreased levels of FAK increasing the number of focal adhesions 

while increased levels of FAK leads to increased cell motility.  It also may be required 

for cell survival, as anti-FAK antibodies lead to cell apoptosis (Petit and Thiery 2000; 

Zamir and Geiger 2001a; Zamir and Geiger 2001b).   

 

1.6.7 Myofibroblast Morphology: Further Focal Adhesion Classification 
 
Focal adhesions have been classified based upon electron microscopic appearance, as 

well as on their molecular composition (Singer, Kawka et al. 1984; Geiger, 

Bershadsky et al. 2001; Tomasek, Gabbiani et al. 2002; Hinz and Gabbiani 2003).  

However, they can also be classified, albeit arbitrarily, based upon their size (Dugina, 

Fontao et al. 2001).  Immature focal adhesions are defined as having an area of ≤ 2 

µm2, and are usually present in α-SMA negative cells.  The smallest adhesions are 

associated with β-cytoplasmic actin (Dugina, Fontao et al. 2001).  They are positive for 

vinculin and paxillin, while most of the actin bundles in contact with the immature 

focal adhesions are related with thin, ED-A fibronectin positive fibres.  ED-A 

fibronectin is a polymorphic variant of fibronectin resulting from splicing of the 

fibronectin type III segment subunit (Serini, Bochaton-Piallat et al. 1998). 

 

Mature focal adhesions are defined as having an area of 2 to 6 µm2, and are mainly 

present in cells staining positive for α-SMA (Dugina, Fontao et al. 2001).  The 

adhesions are attached to α-SMA positive and α-SMA negative stress fibres, with the 

adhesions themselves staining positive for vinculin, paxillin, tensin, and FAK.  The 

focal adhesions are also attached to extracellular parallel fibres of ED-A fibronectin on 

the basal surface of the cells (Dugina, Fontao et al. 2001). 

 

Supermature focal adhesions are defined as having an area > 6 µm2, and are present 

only in cells staining positive for α-SMA (Dugina, Fontao et al. 2001).  They are 

positive for vinculin, paxillin, tensin, and FAK, and form conical structures 

surrounding the ends of the α-SMA positive stress fibres within the myofibroblasts.  

The ends of the α-SMA positive bundles are often related to ED-A fibronectin fibres 
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outside of the cell.  The differentiation of myofibroblasts is associated with the 

maturation and modulation of the focal adhesions (Dugina, Fontao et al. 2001). 

 

The transmission of force from myofibroblasts into the extracellular matrix thus relies 

not only on the actin/myosin contractile apparatus, but also the maturation state of the 

focal adhesions attaching the cells to the surrounding matrix.  This is important for 

myopia research as the maturation state of the focal adhesions will determine the force 

transmission into the sclera.  Likewise, reduced focal adhesion maturity also leads to 

reduced α-SMA recruitment to stress fibres, and less force development potential. 

 

1.6.8 Myofibroblast Differentiation: Fibroblasts to Proto-myofibroblasts 
 
There is a continuum in differentiation from fibroblasts to myofibroblasts.  For 

consistency the sections on myofibroblast differentiation will use the classification 

system proposed by Tomasek et al. of progression from fibroblasts, through proto-

myofibroblasts, to differentiated myofibroblasts (Tomasek, Gabbiani et al. 2002).  

While α-SMA is also expressed in smooth muscle cells, it is currently the most 

effective marker of the myofibroblast phenotype (Skalli, Ropraz et al. 1986; Sappino, 

Schurch et al. 1990; Tomasek, Gabbiani et al. 2002). 

 

The modulation of fibroblasts into proto-myofibroblasts, and eventually into 

differentiated myofibroblasts, is under the control of local stimuli such as growth 

factors, cytokines, adhesion molecules, and even the extracellular matrix (Serini and 

Gabbiani 1999).  The main stimulus for the formation of stress fibres in fibroblasts 

becoming proto-myofibroblasts is mechanical tension in the extracellular matrix.  The 

induction of tension in wound healing in vivo results in earlier stress fibre formation 

while removing the tension results in a gradual decrease in the amount of stress fibres 

present (Hinz, Mastrangelo et al. 2001; Tomasek, Gabbiani et al. 2002).  The stress 

fibres present in proto-myofibroblasts consist of cytoplasmic actin, with no α-SMA 

present (Serini, Bochaton-Piallat et al. 1998).   

 

In addition to stress fibres, proto-myofibroblasts also have immature, and occasionally 

some mature, focal adhesions (Tomasek, Gabbiani et al. 2002).  The regulation of focal 

adhesion development, along with other stimuli such as cytokines, is also governed by 
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the mechanical tension exerted on the focal adhesion (Bershadsky, Balaban et al. 

2003).  It has been demonstrated that focal adhesions act as typical mechanosenors, 

increasing in size and hence adhesive ability upon application of force, and shrinking 

upon relaxation of force (Bershadsky, Balaban et al. 2003).  Additionally, the size of 

the focal adhesion has been shown to modulate the recruitment of α-SMA to stress 

fibres in a tension-dependent fashion (Goffin, Pittet et al. 2006). 

 

While mechanical tension is an important regulator of proto-myofibroblast 

differentiation, platelet-derived growth factor (PDGF) also plays a key role (Tomasek, 

Gabbiani et al. 2002).  PDGF has been shown to be a chemotactic and mitogenic agent 

for fibroblasts, inducing cell movement and cell mitosis/transformation respectively 

(Ross, Bowen-Pope et al. 1990; Serini and Gabbiani 1999; Dorland 2003).  PDGF has 

also been implicated in collagen production, increased collagenase activity, and the 

production of integrins, which are the main components of focal adhesions (Ross, 

Bowen-Pope et al. 1990; Xu and Clark 1996).  Interestingly, in in vivo models of 

PDGF-null mice there is a complete lack of myofibroblasts in tissues that normally 

contain them, such as alveoli, and the lack of myofibroblasts results in dilation of these 

structures (Serini and Gabbiani 1999).  If myofibroblasts help the sclera resist 

expansion due to IOP, then it would be interesting to compare the refractive status of 

PDGF-null mice lacking myofibroblasts to that of wild-type mice. 

 

In normal dermal fibroblasts, expression of fibronectin mRNA is present, but it lacks 

the splices for ED-A fibronectin which has been shown to associate with immature, 

mature, and supermature focal adhesions, and with α-SMA positive stress fibres 

(Ffrench-Constant, Van de Water et al. 1989; Dugina, Fontao et al. 2001).  However, 

initiation of wound healing results in inclusion of the splices for ED-A fibronectin into 

the mRNA, resulting in de novo expression of ED-A fibronectin around the (proto-

myo)fibroblasts (Ffrench-Constant, Van de Water et al. 1989; Serini, Bochaton-Piallat 

et al. 1998).   

 

In summary, the three main factors resulting in the development of proto-

myofibroblasts from fibroblasts are mechanical tension resulting in stress fibre 

formation, PDGF stimulation of focal adhesion formation, and expression of ED-A 

fibronectin.  If mechanical tension becomes too low then the proto-myofibroblast 
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rapidly loses its stress fibres and focal adhesions and returns to a fibroblastic 

phenotype (Tomasek, Haaksma et al. 1992; Eastwood, Mudera et al. 1998; Goffin, 

Pittet et al. 2006).  However, the proto-myofibroblast can also be stimulated to further 

develop into a differentiated myofibroblast. 

 

1.6.9 Myofibroblast Differentiation: Proto-myofibroblasts to Myofibroblasts 
 
Differentiated myofibroblasts are characterised by the de novo expression of α-SMA, 

as well as increased stress fibre formation, ED-A fibronectin accumulation, and focal 

adhesion formation (Tomasek, Gabbiani et al. 2002).  While PDGF is essential to the 

formation of proto-myofibroblasts, transforming growth factor-beta (TGF-β) has been 

found to play a key role in the formation of the myofibroblast phenotype (Sappino, 

Schurch et al. 1990; Serini and Gabbiani 1999).   

 

PDGF alone is not sufficient to stimulate the expression of α-SMA in myofibroblasts, 

while TGF-β has been shown both in vitro and in vivo to induce α-SMA expression 

and result in the differentiation of (proto-myo)fibroblasts into myofibroblasts 

(Desmouliere, Geinoz et al. 1993; Jester, Huang et al. 2003).  TGF-β stimulation of α-

SMA expression works in a dose-dependant fashion, with a time lag of 4 days between 

exposure to TGF-β and α-SMA expression in vitro, decreasing to 24 hours in the 

presence of type I collagen (Ronnov-Jessen and Petersen 1993).  However, once 

formed α-SMA in stress fibres can be disassembled or reassembled within one minute 

due to changing stresses in the tissue (Costa, Hucker et al. 2002).  TGF-β appears to 

work at a transcriptional level, with mRNA transcription preceding synthesis of α-

SMA.  Inhibition of PDGF completely blocks TGF-β induced expression of α-SMA, 

actin filament reorganisation, and focal adhesion formation (Jester, Huang et al. 2003).  

PDGF interaction with TGF-β is thus necessary for the formation of α-SMA and 

mature focal adhesions (Jester, Huang et al. 2002; Jester, Huang et al. 2003).   

 

Mechanical tension in the tissue is needed in order to stimulate myofibroblast 

differentiation.  The greater the amount of mechanical tension present, the greater the 

amount of α-SMA induced by TGF-β, with removal of tension resulting in a decrease 

in α-SMA (Arora, Narani et al. 1999).  As long as TGF-β and tension levels are kept 

constant, the presence of α-SMA is maintained.  On loss of tension in wound tissue 
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myofibroblasts undergo apoptosis, while corneal fibroblasts have been shown to 

dedifferentiate back into α-SMA negative fibroblasts (Desmouliere, Redard et al. 1995; 

Hinz 2007).  ED-A fibronectin is also necessary in the formation of myofibroblasts, 

allowing expression of α-SMA (Serini, Bochaton-Piallat et al. 1998; Serini and 

Gabbiani 1999).  Inhibition of ED-A fibronectin completely inhibits the induction of 

α-SMA by TGF-β, while TGF-β modulated increases in type I collagen mRNA 

expression are also inhibited.  ED-A fibronectin on its own is unable to stimulate 

α-SMA expression, indicating a combinatorial signal pathway occurs from outside the 

cell to the inside, initiated by TGF-β and carried in by ED-A fibronectin (Serini, 

Bochaton-Piallat et al. 1998).   

 

However, even in the presence of TGF-β and ED-A fibronectin mechanical tension is 

still required to induce myofibroblast differentiation (Hinz, Mastrangelo et al. 2001).  

Interestingly, TGF-β is able to stimulate ED-A fibronectin production, so if there is 

only a small level of extracellular TGF-β present for a short period of time there will 

be no α-SMA expression, as the TGF-β will initially be producing ED-A fibronectin 

(Li, Tripathi et al. 2000; Vaughan, Howard et al. 2000).  If the TGF-β continues to be 

present for a longer period of time, then α-SMA will be expressed, meaning 

differentiated myofibroblasts will only be produced if they are definitely required to 

aid in extracellular matrix contraction. 

 

1.6.10 Myofibroblast Differentiation: Focal Adhesions 
 
Differentiated myofibroblasts express both mature and supermature focal adhesions 

(Dugina, Fontao et al. 2001).  PDGF and mechanical tension are necessary for the 

development of immature, and some mature, focal adhesions in proto-myofibroblasts, 

with the size of the focal adhesion remaining proportional to the degree of tension it 

experiences (Xu and Clark 1996; Serini and Gabbiani 1999; Bershadsky, Balaban et al. 

2003).  The content of vinculin and paxillin, indicating a more mature form of focal 

adhesion, as well as the size of the focal adhesions are increased through the action of 

TGF-β (Dugina, Fontao et al. 2001).  Supermature focal adhesion formation is 

dependent upon the presence of TGF-β, and they form via longitudinal growth of 

adhesion complexes as well as the joining of smaller adhesions together to form a 

larger complex (Dugina, Fontao et al. 2001).   
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Incorporation of α-SMA into stress fibres results in faster maturation of focal 

adhesions, produces more stable focal adhesions, and creates (myo)fibroblasts that 

have greater adhesion potential than those cells negative for α-SMA (as reviewed by 

(Hinz, Dugina et al. 2003)).  The adhesion of fibroblasts increases with increased 

expression of α-SMA indicating α-SMA may increase the mechanical strength of focal 

adhesions by increasing the contractile ability of the stress fibres (Balaban, Schwarz et 

al. 2001).  The enlargement of focal adhesions results in a more efficient force 

transmission from the myofibroblasts into the surrounding extracellular matrix (Hinz, 

Dugina et al. 2003).  Knowing the maturation state of myofibroblast focal adhesions in 

the sclera might thus help in determining the degree to which these cells are 

responsible for scleral resistance to forces such as the IOP.  

 

1.6.11 Myofibroblast Function and Physiology 
 
The myofibroblast phenotype is generally thought of as a contractile cell, and while 

this is one of its primary functions it must not be forgotten that it is a derivative of 

fibroblasts, which are responsible for the formation and turnover of the extracellular 

matrix in connective tissues (Bloom and Fawcett 1975; Ham and Cormack 1987; 

Cormack 1993; Tomasek, Gabbiani et al. 2002).  There is a correlation between the 

level of α-SMA expression and the contractility of granulation tissue, with the onset of 

greatest contractility occurring subsequent to the de novo expression of α-SMA (Hinz, 

Mastrangelo et al. 2001).  Treatment of cells with TGF-β results in increased cell 

contraction concurrent with increased α-SMA expression, while blocking endogenous 

TGF-β results in a reduction in contractile ability (Hinz, Celetta et al. 2001).  These 

findings indicate α-SMA plays a crucial role in the modulation of myofibroblast 

contractile ability. 

 

The degree of force transmission of individual focal adhesions has been determined, 

with a single focal adhesion able to transmit between 10 and 30 nN of force to a 

collagen gel (Balaban, Schwarz et al. 2001).  The stress found at the focal adhesion, a 

measure of the force developed for a certain focal contact area, was found to be fairly 

constant regardless of the maturity of the focal adhesion at approximately 5.5 ± 2 

nN/µm2 (Balaban, Schwarz et al. 2001).  The time period for changes in force and 
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focal adhesion intensity was found to be a matter of seconds, indicating that 

conformational changes in focal adhesion composition appear to be due to the hiding 

or exposing of specific binding sites in the focal adhesion structure. 

 

1.6.12 Myofibroblast Function and Physiology: Contraction 
 
The contraction of myofibroblasts is due to stress fibres within the cell, while the force 

transmitted to the ECM through focal adhesions is linearly correlated to the size of the 

focal adhesion (Balaban, Schwarz et al. 2001; Hinz, Celetta et al. 2001; Hinz, 

Mastrangelo et al. 2001).  The contraction of (myo)fibroblasts appears to be facilitated 

by depolymerisation of the microtubule cytoskeleton of the fibrillar system (Danowski 

1989; Kolodney and Wysolmerski 1992).  It is hypothesised that the microtubules act 

like a rigid scaffold within the cell, allowing increased contraction when this support is 

reduced by depolymerisation.  Further investigation has suggested that 

depolymerisation of the microtubules also directly activates actomyosin contraction 

through enhanced myosin light chain (MLC) phosphorylation (Kolodney and Elson 

1995).  Phosphorylation of the MLC results in an increase in the actin activated 

myosin adenosine triphosphatase (ATPase) activity in both smooth muscles and 

fibroblasts, providing evidence as to the role myosin phosphorylation plays in the 

control of the actin-myosin interaction (Adelstein and Conti 1975). 

 

Myosin light chain kinase (MLCK) is the enzyme responsible for phosphorylation of 

MLC, but it must first be activated via binding of calmodulin in the presence of Ca2+ in 

order to induce a conformational change (Hathaway and Adelstein 1979; Adelstein and 

Klee 1981).  The phosphorylation of MLC by activated MLCK occurs at two points in 

the myosin light chain, known as serine 19 and threonine 18 (Pearson, Jakes et al. 

1984; Ikebe, Hartshorne et al. 1986; Tan, Ravid et al. 1992).  The addition of pre-

activated MLCK into a single smooth muscle cell is a sufficient and necessary trigger 

for contraction of the cell, illustrating the role that MLC phosphorylation plays in the 

contraction of the actin-myosin stress fibres within smooth muscle and non-muscle 

cells such as myofibroblasts (Itoh, Ikebe et al. 1989).   

 

Phosphorylation of the MLC serine 19 site by MLCK results in an increase in ATPase 

activity, an increase in the rate of movement of the myosin chain, and changes the 
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conformation of myosin from a folded rod-like form of myosin (10S) into the extended 

form (6S) which may promote filament formation (Ikebe, Koretz et al. 1988; Tan, 

Ravid et al. 1992).  Threonine 18 phosphorylation stabilises the extended form of 

myosin, and may also promote myosin filament formation.  ATPase is produced by 

phosphorylation of both sites, and acts to break down adenosine triphosphate (ATP), 

the bodies’ energy supply, to provide energy to the actomyosin system allowing the 

development of cellular force (Siegman, Butler et al. 1980; Tan, Ravid et al. 1992).  

Each myosin molecule may be thought of as a myosin cross-bridge which will use a 

single ATP molecule for a single cycle of detachment and re-attachment to produce the 

contraction of the actomyosin system (Siegman, Butler et al. 1980).  This cycling of 

the myosin bridges occurs during contraction and also during maintenance of an 

induced isometric force.  With a loss of MLC phosphorylation there is a decrease in 

the amount of ATPase produced, decreasing the amount of myosin cross-bridge 

cycling, and in turn a loss of contraction and/or force (Siegman, Butler et al. 1980).  

 

The formation of stable myosin filaments in accumulating stress fibres, and the 

resultant contractile force, is dependant upon large amounts of MLCK.  However, the 

contractions produced by MLCK tend to be rapid and short lived due to the transient 

nature of the increases in Ca2+ responsible for calmodulin activation of the kinase 

(Tomasek, Gabbiani et al. 2002).  Additionally, dephosphorylation of the MLC stops 

the change in conformation, and the contractility induced in the cell, by removal of the 

phosphate group from the MLC (Burridge and Chrzanowska-Wodnicka 1996; 

Tomasek, Gabbiani et al. 2002).  In order for sustained cell contraction to occur there 

must be an additional mechanism present, and in myofibroblasts this is the Rho-kinase 

system (Burridge and Chrzanowska-Wodnicka 1996; Tomasek, Gabbiani et al. 2002).   

 

Ras homology (Rho) is a small GTP-binding protein that is a member of the ras 

superfamily of proteins, and it has been shown to regulate focal adhesion and stress 

fibre formation (Ridley and Hall 1992; Burridge and Chrzanowska-Wodnicka 1996).  

Rho appears to be a necessary regulator of the organisation of the cytoskeletal network 

responsible for cell shape, especially the actin filament network, with stress fibre 

formation occurring within half an hour of injecting Rho into quiescent fibroblasts 

(Paterson, Self et al. 1990; Ridley and Hall 1992).  Rho-kinase acts as a 

serine/threonine kinase for Rho, facilitating the Rho-dependant signalling pathway to 
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cycle between the inactive GDP-Rho and the active GTP-Rho, in which state it can 

bind specific targets to induce its effect (Nobes and Hall 1994; Amano, Ito et al. 1996; 

Matsui, Amano et al. 1996).   

 

Rho-kinase acts in the same manner as MLCK, increasing MLC phosphorylation at the 

serine 19 and threonine 18 sites in both smooth muscle cells and fibroblasts (Amano, 

Ito et al. 1996; Chihara, Amano et al. 1997; Tomasek, Gabbiani et al. 2002).  Rho-

kinase mediated phosphorylation of the MLC takes place in the presence or absence of 

Ca2+, providing an important calcium-independent contraction route (Katoh, Kano et 

al. 2001).  However, Rho-kinase phosphorylation of MLC may only be a smaller 

secondary effect, with phosphorylation of the myosin-binding subunit of myosin 

phosphatase, thereby inactivating the dephosphorylation of the MLC and inducing 

sustained contraction, potentially being its primary effect (Amano, Ito et al. 1996; 

Katoh, Kano et al. 2001).  It appears as if myofibroblast contraction may be mediated 

via two pathways, with an initial fast contraction induced by calcium-dependant 

MLCK, while a slower sustained contraction is developed by modulation of myosin 

phosphatase levels by Rho-kinase. 

 

1.6.13 Myofibroblast Function and Physiology: Connective Tissue Contracture 
 
There are two forms of tissue shortening that can occur in the body: muscle based 

contraction, and connective tissue contracture.  Connective tissue contracture is a slow, 

often permanent shortening process that requires little energy and involves mainly 

extracellular events like matrix remodelling (Tomasek, Gabbiani et al. 2002).  

Contracture is mainly due to myofibroblasts, and it appears as though myofibroblasts 

contract at the same time as new collagen is being laid down (Ryan, Cliff et al. 1974; 

Tomasek, Gabbiani et al. 2002).  This provides a ‘lock-step’ system which results in 

shortening and shrinkage of the whole tissue, although the cell contracture events do 

not need to occur as coordinated contracture between all cells, rather as slow, 

independent, localised cell contractures resulting in overall tissue contracture (Ryan, 

Cliff et al. 1974; Tomasek, Gabbiani et al. 2002).  This leads to a model whereby small 

regions of localised remodelling occur over time, rather than large amounts of collagen 

matrix being broken down all at once. 
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1.6.14 Myofibroblast Function and Physiology: Extracellular Matrix Turnover 
 
The natural turnover of collagenous extracellular matrices is discussed in detail in 

Section 1.3.  While this is usually thought of as being carried out by fibroblasts, 

myofibroblasts are merely further differentiated forms of fibroblasts possessing all the 

potential of their less-differentiated founders.  As such, myofibroblasts have been 

shown to synthesise and release MMPs (MMP-2 and MMP-9), TIMPs (TIMP-1 and 

TIMP-2), procollagens (Type I, III, and V), and proteoglycans (biglycan and decorin), 

with many of these functions under the control of TGF-β (Oda, Gown et al. 1988; Oda, 

Gown et al. 1990; Kahari, Larjava et al. 1991; Zhang, Rekhter et al. 1994; 

Funderburgh, Funderburgh et al. 2001; Soini, Satta et al. 2001; McKaig, McWilliams 

et al. 2003).  These findings demonstrate that there is an extremely complex interaction 

of growth factors and other stimuli that result in tissue matrix remodelling and the 

control of myofibroblasts, with myofibroblasts able to contract the extracellular matrix, 

hold it in place, degrade the matrix, and synthesise and secrete new matrix 

components.  Myofibroblasts appear to work like scaffolding that holds the tissue in 

place during degradation and rebuilding, and in some cases shortening the tissue before 

rebuilding.  This scaffolding aspect would be most pertinent in tissues that are 

subjected to constant stresses during remodelling, such as the sclera, to prevent tissue 

creep on degradation of the matrix. 

 

1.6.15 Myofibroblasts in the Sclera 
 
The presence of myofibroblasts in normal tissues such as lung alveoli and sclera can be 

understood due to these tissues being under constant tension, one of the requirements 

for myofibroblast formation (Poukens, Glasgow et al. 1998; Serini and Gabbiani 1999; 

Tomasek, Gabbiani et al. 2002; Phillips and McBrien 2004).  Stable populations of 

myofibroblasts have been noted in a number of specialised connective tissues, 

including bone marrow stroma and the liver capsule (Tomasek, Gabbiani et al. 2002).  

Myofibroblasts were first described in the sclera of humans and monkeys in 1998, but 

since then there has been little research into their role in this tissue (Poukens, Glasgow 

et al. 1998).  Myofibroblasts are located throughout the sclera, being concentrated in 

the inner sclera posteriorly near the fovea.  They appear in human sclera at some time 

between 17 months and 4 years of age with no myofibroblasts present in foetal sclera, 
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and are hypothesised to appear around the age of 3, which is about the time when 

infant eyes do not expand due to raised IOP (Poukens, Glasgow et al. 1998).   

 

Increasing the IOP in tree shrews over a period of 1 hour results in a gradual 

shortening of the axial length, while in chicks there is an increase in the axial length 

(Phillips and McBrien 2004).  Myofibroblasts are present in tree shrew sclera, but 

appear to be absent from chick sclera, implicating a possible role in axial length 

modulation for myofibroblasts.  Increasing IOP in tree shrew might result in a 

mechanotransduction signal being delivered to myofibroblasts, resulting in their 

contraction which is translated to the surrounding sclera and shortening the axial 

length (Phillips and McBrien 2004). 

 

Another interesting finding is of an extensive network of NADPH-diaphorase positive 

axons terminating around the scleral myofibroblasts, suggesting a parasympathetic, 

nitroxidergic innervation of the cells (Poukens, Glasgow et al. 1998).  Nitric oxide 

(NO) results in decreased numbers of myofibroblasts and decreased collagen 

production, while TGF-β has been shown to inhibit NO production and increase the 

number of myofibroblasts (Hogaboam, Gallinat et al. 1998; Vernet, Ferrini et al. 

2002).  NO is a known relaxant of stomach muscles, the ciliary muscle, and 

extraocular muscles, and is involved in neurotransmission and phototransduction in the 

eye (Kamata, Kohzuki et al. 1993; Becquet, Courtois et al. 1997; Masuda, Tamaoki et 

al. 1997; Beauregard, Liu et al. 2001; Kaminski and Richmonds 2002).  Interestingly, 

the relaxation of stomach muscles in mice is mediated by the release of NO induced by 

neuronal muscarinic M1 receptors, and this relaxation is inhibited by the M1 selective 

muscarinic antagonist pirenzepine (Stengel and Cohen 2003).  The non-toxic 

mechanism of myopia prevention induced by pirenzepine (Tan, Lam et al. 2005) may 

thus be a result of inhibition of scleral M1 receptor mediated NO release, preventing 

myofibroblast relaxation and hence scleral expansion.  Due to their contractile 

potential, the myofibroblasts in the sclera may have a role in the development and 

maintenance of the refractive state of the eye. 
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1.7 The Guinea Pig 
 
As outlined in Section 1.2 a number of different animal species have been utilised as 

animal models for the development of myopia.  More recently the guinea pig has 

emerged as a reliable model of myopia development, with advantages over the classic 

chick and tree shrew models.  The guinea pig, Cavia porcellus, has long been used as a 

medical research model (Harper 1976; Wagner 1976).  They are generally held to be of 

the order Rodentia, although this is still debated, with distinct differences between the 

domesticated species (Cavia porcellus) and their wild ancestors (Cavia aperea and 

Cavia rufescens) (Wagner 1976; Graur, Hide et al. 1991; Reyes, Pesole et al. 2000).  

They are fast breeding, obtaining sexual maturity as early as 4 to 5 weeks in females 

and 8 to 10 weeks in males, having on average 3 to 4 young per litter (Ediger 1976).  

Typically gestation takes on average 63 to 65 days but can be longer, with newborn 

guinea pigs able to walk and eat solid food immediately after birth (Rowlands 1949; 

Solomon 1971; Harper 1976).  The optimal time for weaning is 2 to 3 weeks of age, 

but weaning can occur as early as 4 to 7 days (Sluckin 1968; Sluckin and Fullerton 

1969; Ediger 1976).  Guinea pigs tend to be active all the time, regardless of the light 

cycle, being a rarity amongst mammals in that they sleep for only very short periods 

(Allen 1904; Nicholls 1922; Harper 1976; White, Balk et al. 1989).  Despite their 

widespread use as animal research models, very little work has been done on guinea 

pig vision. 

 

1.7.1 The Guinea Pig Eye 
 
Post-natal axial growth of the guinea pig eye and emmetropisation occurs at similar 

rates to that seen in marmosets, tree shrews and humans when age-equivalence is 

factored in, with rapid elongation that slows in an approximately logarithmic fashion 

(Howlett and McFadden 2007).  The axial eye length increases with increasing body 

weight, from approximately 7.3 mm at 2 days of age (105 g) up to an adult length of 

9.6 mm at 1 year of age (946 g) (Howlett and McFadden 2007).  The normal 

intraocular pressure of guinea pigs is on average 14.4 ± 3.5 mmHg (Taskintuna, 

Banker et al. 1997).  Guinea pigs have successfully had their IOP raised to 60 mmHg 

via a saline manometer and a 25 gauge needle inserted into the anterior chamber over a 

4 hour period for glaucoma research (Ou, Ohno et al. 1998). 
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In the normal resting state the guinea pig cornea sits more or less in the centre of the 

palpebral fissure (Choudhury 1978).  This leads to a visual field of approximately 120° 

horizontally and 60° vertically.  The development of the retina begins around day 23 of 

gestation, reaching its maximum thickness by 34 days (Spira 1975).  Photoreceptors 

have formed inner segments after 40 days gestation, with a further 9 days required for 

outer segment formation.  The retina appears mature by day 51 to 57 of gestation, 

which is at least one week before birth, indicating the newborn guinea pig may posses 

close to adult visual function (Spira 1975; Ediger 1976; Harper 1976).   

 

The retina of guinea pigs is around 140 µm thick and, unlike in humans, is avascular, 

receiving all its oxygen from the choroid (Chase 1982; Buttery, Hinrichsen et al. 1991; 

Yu, Cringle et al. 1996).  Guinea pigs posses a visual streak, a region of higher 

ganglion cell density which suggests higher concentrations of cones, found between 1 

to 2 mm below the optic nerve head, and extending from approximately 2.5 mm 

nasally to 6 mm temporally from the edge of the optic nerve head (Choudhury 1978).  

However, the exact location of this streak is debated, as horizontal cells show greater 

density superior to the optic nerve head (Peichl and Gonzalez-Soriano 1994).  The 

concentration of ganglion cells reduces into the periphery, although the retina remains 

the same thickness no matter where in the globe it is measured (Choudhury 1978; 

Chase 1982).   

 

The majority of photoreceptors in the guinea pig retina are rods, with a wavelength of 

maximum absorbance (λmax) of 494 to 500 nm (Jacobs and Deegan 1994; Peichl and 

Gonzalez-Soriano 1994; Parry and Bowmaker 2002).  A coarse sample of 

photoreceptor densities reveals cone densities of between 9,000/mm2 and 30,000/mm2, 

while rod densities are in the range of 90,000/mm2 to 290,000/mm2 (Peichl and 

Gonzalez-Soriano 1994).  Cones comprise between 9% and 17% of the entire 

photoreceptor population.  Initially it was thought that guinea pigs had an absence of 

colour vision, but it has subsequently been shown that they posses two types of cones, 

one expressing a short wavelength opsin (λmax 400 to 429 nm) and the other expressing 

a medium wavelength opsin (λmax 529 to 532 nm) (Miles, Ratoosh et al. 1956; Jacobs 

and Deegan 1994; Rohlich, van Veen et al. 1994; Parry and Bowmaker 2002).  The M 

cones predominate in the upper half of the retina, while the rarer S cones predominate 

in the lower half of the retina (Rohlich, van Veen et al. 1994).  The functional 
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significance of this segregation is not known, but it is hypothesised to be a result of the 

differing visual environment and tasks performed between the inferior and superior 

retina (Szel, Rohlich et al. 1992).  Interestingly, the transitional zone between the S 

and M cones contains a number of cones that express both the S and M opsins, 

although the function of these dual-opsin cones has yet to be determined (Rohlich, van 

Veen et al. 1994; Parry and Bowmaker 2002). 

 

1.7.2 Guinea Pig Visual Function 
 
The visual ability of guinea pigs has not been studied in any great detail.  It has been 

suggested that “vision in the guinea pig serves primarily for orientation, and for 

detecting the presence of moving objects” (Allen 1904).  Young guinea pigs, however, 

have been shown to obtain a degree of visual imprinting during the first few days of 

life, implying they have at least some degree of functional vision even at a young age 

(Sluckin 1968; Gaston, Stout et al. 1969; Sluckin and Fullerton 1969).  Furthermore, 

involuntary optokinetic nystagmus (OKN) eye movement responses have been elicited 

in guinea pigs, although while the grating size was reported the test distance was not, 

preventing calculation of acuities (Hayes and Ireland 1969).  Likewise, whole head 

movement nystagmus has also been elicited in guinea pigs (Smith 1940; Smith 1941). 

 

Retinal function has been explored in guinea pigs using the electroretinogram (ERG) 

technique (Huang, Wyse et al. 1990; Bui and Vingrys 1999; Armitage, Bui et al. 2001; 

Vingrys and Bui 2001; Lei 2003).  The ERG response first develops around 55 to 56 

days gestation, developing over the next nine days to have a recognisable a-wave by 60 

days, and a recognisable b-wave by 64 days, which is around the end of the average 

gestation period (Ediger 1976; Harper 1976; Huang, Wyse et al. 1990).  At birth, the a- 

and b-wave responses are around half of their adult values, maturing to adult levels 

within 10 to 12 days (Bui and Vingrys 1999; Vingrys and Bui 2001).  Guinea pigs 

show a weak I-type response compared to the typical I-type response seen in humans 

and primates, indicating that the retinal response of guinea pigs, while similar to 

humans is not truly comparable (Lei 2003).  Having said that, however, guinea pig rod 

and cone responses to flicker show similar temporal sensitivity functions, with 

comparable critical fusion frequencies to humans (Armitage, Bui et al. 2001).  
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Moreover, the maturation of rod and cone responses is similar in humans and guinea 

pigs when age-equivalence is factored in based on these electrophysiology results. 

 

1.7.3 The Guinea Pig as a Model of Myopia 
 
The guinea pig is emerging as a reliable animal model for the investigation of 

refractive errors, in particular myopia development.  The placid nature, ease of 

handling, and rapid development of the guinea pig make them a more attractive model 

than the tree shrew.  Until recently there was little information on the natural refractive 

status of the guinea pig.  Early reports suggested that a proportion of the population 

had naturally occurring myopia of greater then 2 D (5 out of 26 eyes), although neither 

the degree nor age was provided (Barrett 1932).  A detailed investigation has revealed 

an average refraction of +4.40 ± 0.40 D two days after birth, which emmetropises at a 

rate of approximately -0.17 D/day to achieve a refraction of +0.70 D by 30 days of age 

(Howlett 2003; Howlett and McFadden 2007). 

 

The first reported cases of visual form deprivation in guinea pigs are from experiments 

carried out not for myopia research, but investigating the development of the auditory 

space map and vestibular compensation (e.g. (Smith, Darlington et al. 1986)).  The 

first report of myopia induction in guinea pigs used lens induced defocus (McFadden 

and Wallman 1995).  The guinea pigs compensated for low myopic defocus, but higher 

powers acted like form deprivation.  These results have since been confirmed, showing 

that guinea pigs are sensitive to the sign and direction of induced blur, with better 

responses to hyperopic than myopic defocus (Howlett and McFadden 2002; Howlett 

2003; McFadden, Howlett et al. 2004). 

 

Visual form deprivation is a successful means of inducing myopia in guinea pigs, with 

repeatable levels of myopia being induced via diffusers, facemasks, and lid suture 

(McFadden 2002; Howlett 2003; McFadden, Howlett et al. 2004; Le, Cheng et al. 

2005; Howlett and McFadden 2006; Lu, Zhou et al. 2006; Liu, Wu et al. 2007; Zhou, 

Lu et al. 2007; Wu, Liu et al. 2007a; Wu, Liu et al. 2007b).  The degree of myopia 

induced varies between studies, possibly due to different ages at beginning of 

induction.  Translucent occluders are most successful (between approximately -3.50 D 

and -7.00 D for 6 to 34 days of occlusion), while facemask and lid suture techniques 
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produce lower degrees of myopia (-2.20 D to -4.38 D and -2.30 D to -4.75 D 

respectively for 2 to 8 week periods) (Howlett and McFadden 2006; Lu, Zhou et al. 

2006; Zhou, Lu et al. 2007).  In all cases the myopia induced by form deprivation is 

correlated with increased axial length. 

 

Additionally, guinea pigs are amenable to recovery from form deprivation myopia, 

with rapid recovery in the first day or two, followed by full recovery, at a slower rate, 

within 6 to 8 days (Howlett and McFadden 2006; Zhou, Lu et al. 2007).  Pirenzepine 

has been shown to retard myopia development in guinea pigs by reducing vitreous 

elongation, much like in tree shrews (Cottriall and McBrien 1996; Le, Cheng et al. 

2005).  Interestingly, like the chick, guinea pigs form deprived in only half the visual 

field develop elongated axial lengths and myopia in the deprived region only, implying 

a local control of ocular growth in this mammalian model (McFadden 2002).  Other 

studies have investigated the effect of flashing light, deprivation time effects, and 

opsin production in myopia development, but these do not have English translations 

available and are not presented here in any detail (Ouyang, Chu et al. 2003; Cheng, Li 

et al. 2004a; Cheng, Li et al. 2004b; Li, Chu et al. 2007).  Hyperbaric oxygen treatment 

has also been reported to induce myopic shifts in guinea pigs, although these appear to 

be lenticular in nature and transient, disappearing with further treatment (Bantseev, 

Oriowo et al. 2004). 

 

As can be seen the guinea pig is still an emerging model of myopia development, but 

an easily handled and apparently effective one.  The guinea pigs’ potential as a model 

of hyperopia, however, remains unconvincing.  As yet few studies have utilised the 

guinea pig in myopia development, and more research is required to determine the full 

nature and capabilities of this exciting new model. 
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2 Thesis Aims and Overview 
 
The guinea pig was chosen as the animal model for this thesis due to inherent 

advantages over the classic chick and tree shrew models.  Unlike the tree shrew, 

guinea pigs have a placid nature and are relatively inexpensive, while like chicks, they 

develop rapidly from birth.  However, being a mammal the guinea pig sclera is closer 

to that of humans than chicks.  There are some excellent papers on the development of 

normal refraction and myopia in guinea pigs (Howlett and McFadden 2006; Howlett 

and McFadden 2007).  The first part of this thesis builds on these works, investigating 

refraction in guinea pigs. 

 

Aim 1: To quantify and characterise in detail the sphero-cylindrical refractive 

status of visually form deprived guinea pig eyes in comparison to contralateral 

control eyes and age-matched normal eyes. 

 

This aim was achieved through detailed analysis of the sphero-cylindrical ocular and 

corneal refractions using power vectors, with a focus on the astigmatic components 

which have received minimal investigation in guinea pigs.  Statistical analysis was 

performed to investigate the interaction of the ocular components and refraction, using 

linear mixed model analysis to compare the different treatment groups.  The methods 

employed are detailed in Chapter 3, with the results presented in Chapter 4. 

 

Once a detailed picture of the refractive status was completed, the in vivo 

biomechanical response of the eye was investigated.  Normal chick and tree shrew 

eyes show differential in vivo biomechanical responses to raised IOP (Phillips and 

McBrien 2004),  but the effect of myopia on the response has not previously been 

investigated. 

 

Aim 2: To investigate the response of the ocular axial components to increased 

intraocular pressure both immediately and over time, with particular attention 

to the differences or similarities between visually form deprived, contralateral 

control, and age-matched normal, guinea pig eyes. 
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This aim was addressed by raising the intraocular pressure of anaesthetised guinea pigs 

via a Ringer’s trap attached to a needle inserted into the vitreous chamber.  Ultrasound 

measures of the axial components at baseline, at 10 minute intervals with increased 

IOP, and on return to baseline allowed calculation of the immediate viscoelastic, slow 

creep, and immediate viscoelastic recovery responses of the tissue in vivo.  The 

methods employed are detailed in Chapter 3, with the results presented in Chapter 5. 

 

Having collected the biomechanical responses of the sclera under different refractive 

states the sclera was investigated for any anatomical correlates of the biomechanical 

findings.  Myofibroblasts have been hypothesised to play a role in the development of 

myopia (Phillips and McBrien 2004), yet the effect of refraction on scleral cell 

populations has not previously been investigated.  

 

Aim 3: To quantify the total cell numbers in a region of the sclera in visually 

form deprived, contralateral control, and age-matched normal guinea pig eyes. 

 Aim 4: To confirm the presence of myofibroblasts in the sclera of guinea pigs. 

Aim 5: To quantify the number of myofibroblasts in a region of the sclera in 

visually form deprived, contralateral control, and age-matched normal guinea 

pig eyes. 

 

These aims were achieved by immunohistochemical labelling of sections of scleral 

tissue using DAPI to label all cells and antibody against α-SMA to label 

myofibroblasts.  Comparisons of the total cell numbers, total myofibroblast numbers, 

percentage of the total cell population that were myofibroblasts, and cell densities were 

compared between the three treatment groups using linear mixed model analysis.  The 

methods employed are detailed in Chapter 6, with the results presented in Chapter 7. 
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3 Methods: Refractive Status and Biomechanics 
 
3.1 Experimental Subjects 
 
Pigmented guinea pigs (Cavia porcellus) were chosen to provide a mammalian model 

of myopia development, and were all obtained from a single breeding colony at the 

University of Auckland.  No record was made of gender.  The guinea pigs were 

maternally reared until one week of age, at which time they were weaned and housed 

with their litter mates in groups of three to four.  The guinea pigs were kept in a 

temperature controlled room in open topped cages that had an overhang providing 

cover.  Free access to food, in the form of guinea pig food pellets and hay, and water 

with added vitamin C, was provided.  Occasionally fresh fruit and vegetables were 

added to their diet.  Guinea pigs were weighed daily to ensure they continued to grow 

and gain weight normally.  Failure to thrive resulted in early termination of the 

experiment for that animal.  Lighting was provided by ceiling fluorescent lamps set to 

a 12 hr/12 hr light/dark cycle at a nominal level of 350 lux.  All experimental 

procedures were approved by the Animal Ethics Committee of The University of 

Auckland, and adhered to the ARVO Statement for the Use of Animals in Ophthalmic 

and Vision Research. 

 

3.1.1 Experimental Subjects: Induction of Myopia 
 
The protocol chosen to induce form deprivation myopia (FDM) was to raise guinea 

pigs with a translucent diffuser over one eye for two weeks from one week of age, as 

this period has been shown to include the active emmetropisation period in guinea pigs 

(Howlett 2003; Howlett and McFadden 2006).  The diffuser was a translucent piece of 

moulded plastic that allowed light, but no form images, to pass through (Hodos, Fitzke 

et al. 1985; Siegwart and Norton 1994).  Average transmission of the diffuser over the 

visible spectrum (380 to 670 nm) was 24.45 ± 5.20 % (± SD) measured with a Hitachi 

U-2000 Spectrophotometer (Hitachi, Japan).  Each guinea pig was assigned a diffuser 

to either the right or left eye.  The induction of myopia in different eyes between 

successive animals was done in order to minimise any errors that may have resulted 

from recording artefacts between the two eyes.  The contralateral eye received normal 

visual input during the two weeks of MD and acted as an intra-animal control. 
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Twenty nine guinea pigs underwent monocular form deprivation, providing refractive 

data for 29 deprived and 29 control eyes.  In addition, 9 guinea pigs acted as 

age-matched normal controls.  These animals were weaned at one week of age and 

reared under the same conditions as the FDM animals for two weeks with both eyes 

receiving normal visual input, providing refractive data for 18 normal eyes.  In all 38 

animals the non-cycloplegic refractive status was checked prior to the two week 

experimental period to make sure no gross visual defects were present.  An account of 

the measurements made on each guinea pig can be found in Appendix 1.  No power 

calculations were performed to determine the number of subjects used, but serially 

consistent findings allow the utilisation of smaller sample sizes (Anderson and Vingrys 

2001).  Using p = 0.05 as the statistical criteria, then the sample of 9 normal animals 

can be extrapolated to a minimum of 72% of the population.  The findings from the 29 

guinea pigs that were form deprived can be extrapolated to 90% of the population 

(Anderson and Vingrys 2001). 

 

3.1.2 Experimental Subjects: Diffuser Rearing 
 
To mount the diffusers in front of the eye the fur around the eye was first trimmed.  A 

small piece of self-adhesive ‘duct’ tape with a central hole was attached to the fur 

around the eye.  A small self-adhesive Velcro® ring was then mounted on the duct 

tape (Fig. 3.1A).  The duct tape provided a better adhesive surface for the Velcro®, 

allowing a more secure attachment of the diffuser.  Additionally, the duct tape 

provided better attachment to the head of the guinea pig through a greater surface area 

of adhesion than the Velcro® ring alone provided.  The diffuser was attached to a 

mount consisting of a matching Velcro® ring which attached to the ring on the guinea 

pig (Fig. 3.1B).  

 

Diffusers were worn constantly for two weeks, except for short periods once a week 

when the diffuser was removed to facilitate cleaning.  Guinea pigs were checked twice 

daily to monitor diffuser wear, once in the morning and once at night.  Occasionally 

the mount was removed by the guinea pigs and had to be re-attached (once a week per 

guinea pig, but in a minority up to 3 to 4 times per week), providing brief periods of 

unrestricted vision to the form deprived eye, usually overnight in the dark.  To date, no 

published diffuser or lens interruption studies have been carried out in guinea pigs.   
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Fig.  3.1  Image of a guinea pig wearing an insulation tape mount and Velcro© ring (A), 
onto which a translucent diffuser was attached (B) for the induction of form deprivation 
myopia. 

 

Initially an Elizabethan collar was fitted as has previously been used in mice 

(Schaeffel, Burkhardt et al. 2004), however greater compliance was achieved without 

the use of the collar.  Non-cycloplegic refraction was measured before attaching the 

diffusers to ensure no extreme refractive error was already present (e.g. cataract 

induced myopic shift). 

 

3.2 Measurement of Refractive Status 
 
Previous studies of myopia development in animal models have often used retinoscopy 

along the horizontal and vertical meridians, taking the average of these two findings as 

the mean sphere result in dioptres (D) (Troilo and Judge 1993; McBrien, Gentle et al. 

1999; Phillips, Khalaj et al. 2000; Smith, Hung et al. 2002; Howlett and McFadden 

2006).  In order to provide a more objective measure, the refractive status of the eyes 

in this study was determined using an infrared (IR) optometer (Topcon RM100, 

Tokyo, Japan).  Optometers have been used previously as objective measures of the 

refractive status of the eye (Wallman and Adams 1987; McBrien and Norton 1992; 

Norton and McBrien 1992). 

 

Two drops of 1% atropine (Sigma Pharmaceuticals Pty Ltd, Australia) were applied 5 

to 10 minutes apart to both eyes to induce cycloplegia.  Twenty minutes later, 

refraction was measured in awake guinea pigs with the IR optometer at 0, 45, 90, and 

135 degrees in the right eye, and then along the same meridians in the left eye.  This 

procedure was repeated four times, and the scale for measuring power on the IR 

optometer was set to zero before every single measurement to also help reduce any 
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observer bias.  No study to determine the time-course of atropine cycloplegia and 

degree of residual accommodation was performed. 

 

Using these data points, the solver function in Excel (Excel 2002, Microsoft, USA) 

was used to plot the sinusoidal function of the refractive status (Fig 3.2).  The solver 

function minimised the sum of squared errors to fit the best sinusoid to the data points, 

and produced three values: Offset, Phase, and Amplitude (see Fig. 3.2).  Offset 

corresponded to mean sphere, and amplitude to half the cylindrical power.  The 

sphero-cylindrical power could thus be calculated as: Sphere = Offset + Amplitude; 

Cylinder = -2 × Amplitude; Axis = Phase + 45 degrees.  The closer the sum of squared 

errors became to zero the better the fit of the sinusoid to the data points was, and the 

more regular the astigmatism could be considered. 

 

Each of the four sphero-cylindrical results for each eye were converted to power 

vectors represented by M, J0, and J45 notation using Fourier analysis (Thibos, Wheeler 

et al. 1997).  The three components represented the mean sphere (M) and the cylinder  

 
Fig.  3.2  Example of the output from the solver function used to convert the IR optometer 
measures of refraction at 0, 45, 90, 135, and 180 degrees into a sphero-cylindrical 
refraction (in box).  The measured refraction and the best fitting sinusoid from least 
squared errors are illustrated. Also shown are the values used in the calculation of the 
sphero-cylindrical refraction: Offset (mean sphere), Phase (axis – 45°), and Amplitude 
(half the cylinder). 
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(J0 and J45), expressed as the two components of a Jackson Crossed Cylinder (JCC).  

As each of these components are vectors they can be summed, averaged, and 

statistically analysed individually, with the final product converted back to sphero-

cylindrical form to give the average sphero-cylindrical power of the eye (Fig 3.3).  No 

correction was made to the refractions for the small eye artefact (Glickstein and 

Millodot 1970).  However, experimental calculations have concluded that there is no 

small eye artefact present in adult guinea pigs (Howlett and McFadden 2007). 

 

Absolute refraction was not used to determine induced myopia.  Rather, the mean 

sphere of the control eye was subtracted from the deprived eye mean sphere to 

calculate the degree of myopia induced in the deprived eye relative to the control eye.  

In normal animals, one eye’s mean sphere was subtracted from the other, with the eye 

acting as the ‘deprived’ eye following the pattern of diffuser attachment of the 

experimental animals.  That is, if the previous experimental animal was deprived in the 

right eye, the left eye of the next, age-matched normal animal acted as the deprived eye 

for the purpose of determining the relative refractive error. 

 

 
Fig.  3.3  Example of the resultant average sphero-cylindrical sinusoid from four 
measurements after Fourier analysis using power vectors. 
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3.3 Measurement of Corneal Power 
 
A modified Javal-Schiotz style keratometer (SBISA 4184S, Italy) with a +7 D lens to 

extend its range into the small radii associated with the curvature of a guinea pig eye 

was used to calculate the power of the guinea pig cornea (Fig. 3.4).  The modified 

keratometer was calibrated by taking readings of the surface curvature of varying sizes 

of ball bearing, and plotting the radii against the actual curves measured with a digital 

micrometer.  A conversion factor was determined that was used in the calculation of 

the actual radius of curvature for the guinea pigs based upon the measured radius from 

the keratometer.  Corneal radius was measured at the same four locations as the 

refractive status (0, 45, 90, and 135 degrees), and was then converted into corneal 

power in dioptres (D).  A refractive index estimate of 1.3375 for the cornea was used 

in the calculation of corneal power as this has been shown to give a good estimate of 

the actual corneal power by taking into account that the posterior corneal power is 

equivalent to around 13% of the anterior corneal power (Lam and Douthwaite 2000). 

 

The same technique of calculating the sinusoidal function from the four power 

measurements that was used for the overall refractive status was used to calculate the 

corneal power, which was then averaged using Fourier analysis of power vectors as 

previously described (Section 3.2). 

 

 
Fig.  3.4  Modified keratometer with +7 D lens attached for determining corneal curvature 
in the guinea pig. 
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3.4 Measurement of Axial Components 
 
In humans, myopia is usually due to aberrant elongation of the axial length of the eye, 

resulting in images focusing in front of the retina (Sorsby, Leary et al. 1962; Edwards 

1998).  As such, axial components of the eye are of great interest in animal models of 

myopia development.  This part of the study utilised ultrasound of the eye in 

anaesthetised guinea pigs to examine the axial components responsible for the relative 

myopia induced by form deprivation. 

 

3.4.1 Measurement of Axial Components: Anaesthetic Protocol 
 
The anaesthetic protocol employed for providing deep anaesthesia for the ultrasound 

measurements and the ocular biomechanics experiment described in Section 3.5, was a 

modified protocol based on the Melbourne University Guidelines for guinea pig 

anaesthesia, together with the guidelines of Chaib et al. (Chaib, Charrueau et al. 2004).  

Guinea pigs have been reported to be one of the most difficult rodents to anaesthetise 

(Buchanan, Burge et al. 1998), and so a trial-and-error process was undertaken to find 

the best level of anaesthesia for these experiments.  Many of the published protocols 

for guinea pig anaesthesia are for adult guinea pigs, whereas this study used three week 

old juvenile guinea pigs.  A number of different dosages and protocols were tested 

before the final protocol providing adequate surgical anaesthesia was determined. 

 

The final anaesthetic protocol consisted of pre-medication with diazepam (5 mg/kg 

body weight) (Magne Pharma Pty Ltd, Australia) administered as an intraperitoneal 

(IP) injection using a BD Precision Glide 23 gauge needle (Becton Dickinson, USA).  

This was a single dosage administered 10 minutes prior to the main anaesthetic to relax 

the guinea pig and to help maintain the respiratory rate during anaesthesia.  Surgical 

anaesthesia was induced by a combination of 52.5 mg/kg body weight ketamine 

(Phoenix Pharma Distributors Ltd, New Zealand) and 3.5 mg/kg body weight xylazine 

(Phoenix Pharma Distributors Ltd, New Zealand).  This dosage represented 70% of 

that required for fully grown adult guinea pigs (Chaib, Charrueau et al. 2004). 

 

The presence of adequate anaesthesia was determined by loss of the ear pinch 

response, as well as loss of the leg twitch response to applied pressure (Buchanan, 

Burge et al. 1998).  Maintenance doses of ketamine/xylazine were given 
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intramuscularly (IM) into the gastrocnemius hind leg muscle as required to maintain 

areflexia, approximately every 15 minutes, at a dose ¼ that of the loading dose.  

Additional IP doses at approximately ½ loading dose were given prior to removal of 

eyelids for ocular biomechanics experiments (see Section 3.5.1).  The anaesthetic 

protocol was approved by the resident veterinarian of the Animal Research Unit, The 

University of Auckland. 

 

3.4.2 Measurement of Axial Components: Ultrasound 
 
Once adequate anaesthesia was induced, the guinea pigs were transferred to a heat mat 

and covered with a blanket to maintain their body temperature.  The head of the 

anaesthetised guinea pig was supported and secured in the normal upright position by a 

non-traumatic head holder (Fig. 3.5A; Narishige, Japan).  The eyes of anaesthetised 

guinea pigs have been observed to rotate in an inferonasal position (Choudhury 1978), 

and an eyelid retractor fashioned from highly sprung wire was used to allow better 

access to the cornea with the ultrasound probe (Fig. 3.5B).  The eyelid retractor was 

not in contact with the cornea, although it is possible that some small distortion of the 

corneal surface was induced. 

 

 
Fig.  3.5  Image of the non-traumatic head holder used to support the guinea pigs during 
ultrasound measurements (A).  A guinea pig in the head holder with the eyelid retractor in 
place is also pictured (B). 

 

Ultrasound was performed using a Panametrics-NDT V313 15 MHz ultrasound probe 

with a 0.25 inch contact area, and a spherical focal length of 1 inch (Olympus NDT 

Inc, USA).  This was driven by a Panametrics 5073 amplifier (Olympus NDT Inc, 

USA).  To reduce the contact area to allow for the small eye size of the guinea pig, a 
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17 mm standoff was attached to the end of the probe, providing a smaller contact area 

(Fig. 3.6).  Saline was pumped into the standoff via a Razel A-99.EHZ syringe pump 

(Razel Scientific, USA), and acted as a coupling fluid between the ultrasound probe 

and the cornea.  The ultrasound traces were collected and analysed using custom 

MyopiaAnalysis software (Kerry King, New Zealand) written in LabVIEW version 7 

(National Instruments, USA).  For each determination of axial dimensions, a minimum 

of 8-10 measurements were collected and averaged.  The probe was hand-held, and 

was removed and re-aligned at least once at each measurement time point.  In order to 

accept an ultrasound trace for measurement there had to be a strong reflection from the 

posterior lens surface to indicate axial alignment, in conjunction with a defined peak 

from the retinal component. 

 

The reference points collected to determine the axial components of the eye were the 

anterior corneal surface, the anterior and posterior surfaces of the lens, and the inner 

limiting membrane of the retina (Fig. 3.7).  These reference points allowed the 

calculation of the anterior chamber depth (AC; anterior cornea to anterior lens), lens 

thickness (Lens; anterior lens to posterior lens), vitreous chamber depth (VCD; 

posterior lens to anterior retina), and axial length (AXL; the sum of AC, Lens, and 

VCD lengths).  The time for signal return in microseconds was used to calculate 

distances based upon the speed of the ultrasound signal through the aqueous humour 

(1534 m/s), lens (1774 m/s), and vitreous humour (1534 m/s) (Howlett and McFadden 

2006). 

 

3.5 Measurement of Ocular Biomechanics 
 
Ocular compliance is a measure of the changes in axial dimensions induced by changes 

in the intraocular pressure (IOP) (Nickla, Wildsoet et al. 1998; Papastergiou, Schmid 

et al. 1998).  It can be expressed as a change in axial length for a given change in 

intraocular pressure, or ∆AXL/∆IOP in µm/mmHg.  An advantage of ocular 

compliance measurements is that they can be made in vivo in anaesthetised animals.  

Ocular compliance can also be broken down into its component parts as an in vivo 

measurement of whole eye viscoelastic expansion, creep, and viscoelastic recovery, 

using IOP as the load force.   
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Fig.  3.6  Image showing the ultrasound probe with the 17 mm standoff attached.  At left 
is the tube for delivering saline solution as a coupling fluid.  Note the small contact area 
the standoff provides to account for the small eye size of the guinea pig. 

 

 
 

Fig.  3.7  Typical ultrasound trace showing the time in seconds for the return of the signal 
from the anterior cornea, anterior and posterior lens, and the retina.  From these times, the 
anterior chamber depth (AC), lens thickness (Lens), and vitreous chamber depth (VCD) 
are calculated, the sum of which gives the overall axial length. 
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3.5.1 Measurement of Ocular Biomechanics: Initial Setup 
 
After baseline ultrasound measurements had been taken, the guinea pigs were prepared 

for ocular biomechanics measurements.  An IP injection of ketamine/xylazine at half 

the loading dose was given 10 to 15 minutes prior to removal of the eyelids.  Both 

upper and lower eyelids were removed to expose the globe of one eye.  The form 

deprived eye was always measured first for consistency between subjects.  Once the 

globe was exposed, the conjunctiva was removed to expose the sclera.  A 27 gauge BD 

Precision Glide needle (Becton Dickinson, USA), connected via a Ringer’s trap to a 

mercury sphygmomanometer (SK Minataur 300B; Speidel-Keller, Germany), was 

inserted into the vitreous chamber through the superior equator of the globe at an angle 

of approximately 45 degrees to the optic axis to avoid contact with the lens (Fig. 3.8).  

This technique has been described previously in chicks and tree shrew (Phillips and 

McBrien 2004). 

 

The sphygmomanometer and Ringer’s trap set-up allowed accurate control and 

maintenance of the IOP within the eye.  On insertion of the needle the pressure within 

the system was set to 15 mmHg, as this has been shown to be the average normal IOP 

in guinea pigs (Taskintuna, Banker et al. 1997).  There was no need to seal the needle 

entry point into the globe as the sclera closed around the needle and provided a secure 

seal that did not leak.  In preliminary experiments the conjunctiva was not removed 

before insertion of the needle, but this frequently led to leakage from the globe and 

massive chemosis of the conjunctiva.  The conjunctiva somehow hindered the self-

sealing of the sclera around the needle, and was thus removed prior to needle insertion.  

Maintenance of pressure within the globe was monitored both by checking for constant 

pressure on the sphygmomanometer, and checking for any fluid leaking from around 

the needle insertion point.   

 

Once the needle was inserted, an ophthalmoscope was used to check the needle was 

sufficiently far enough away from the optical axis to ensure it did not interfere with the 

ultrasound measurements of axial length, and was adjusted accordingly if it was found 

to be in the way.  Unfortunately due to the avascular nature of guinea pig retina the 

method of checking for patency of the needle using restriction of retinal blood flow on 

raising the IOP employed by Phillips and McBrien was not possible (Phillips and 
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McBrien 2004).  The patency of the needle could thus only be checked on removal 

from the eye on completion of the experiment.  The needle proved to be patent in all 

instances. 

 
Fig.  3.8  Schematic diagram of the configuration of the 27 gauge needle, Ringer’s trap, 
and sphygmomanometer for raising the IOP during ocular biomechanics experiments; 
after Phillips and McBrien, 2004.  The rubber bulb was used to increase the pressure 
within the system.  The amount of pressure was monitored by the sphygmomanometer.  
The valve was used to reduce the pressure within the system. 

 

3.5.2 Measurement of Ocular Biomechanics: Experimental Protocol 
 
On insertion of the needle the system was set to 15 mmHg, the average normal IOP for 

guinea pigs (Taskintuna, Banker et al. 1997).  Ultrasound measurements, as described 

in Section 3.4.2 were taken immediately after needle insertion and setting the pressure 

to 15 mmHg.  The IOP was maintained at 15 mmHg for 20 minutes, providing a 

settling period for the globe after needle insertion, at the end of which ultrasound 

measurements were taken again.  The IOP was then increased to 50 mmHg.  This 

pressure was chosen as the 100 mmHg used by Phillips and McBrien (Phillips and 

McBrien 2004) produced results that were too variable to be analysed (data not 

presented).  Ultrasound recordings were made as soon as 50 mmHg had been reached 

in the eye to measure the immediate viscoelastic expansion response.  The pressure 

was then maintained at 50 mmHg for one hour, with ultrasound measurements being 

taken every 10 minutes to measure the slow creep response.  At the end of one hour, 

the pressure was reduced to 15 mmHg again, and ultrasound measurements were 

made.  The viscoelastic recovery was examined by maintaining the IOP at 15 mmHg 
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for 20 minutes, before ultrasound measurements were made a final time.  The needle 

was removed from the eye, and checked for patency.  The same procedure was then 

performed on the contralateral eye.  The form deprived eye was always measured 

before the control eye, while one normal eye was measured prior to the other.   

 

The guinea pigs were then killed with a single 0.3 mL IP dose of sodium 

pentobarbitone (Pentobarb 300, 300 mg/mL, National Vetinary Supplies, New 

Zealand), and the eyes were prepared for anatomical examination as described in 

Chapter 5. 

 

3.6 Statistical Analysis 
 
The SAS System for Windows version 8.02 (SAS Institute Inc., USA) was used to 

analyse the refraction, ultrasound, and biomechanics data.  Due to the fact that the 

same subject was used for multiple measurements (deprived and control eyes of the 

same subject) a more complex model than a simple ANOVA analysis was required 

(Brown and Prescott 2006b).  A Linear Mixed Model approach was chosen as this 

allowed for both random effects (animal number and litter number) and fixed effects 

(treatment: deprived, control, normal) to be incorporated into the analysis (Mols 2003; 

Jiang 2007).  Computation of the linear mixed model in SAS was achieved using the 

PROC MIXED function.  For a full review of the theory behind linear mixed model 

analysis see Appendix 1. 

 

3.6.1 The Linear Mixed Model Used 
 
The linear mixed model used to analyse the biomechanics data was the PROC MIXED 

function in SAS.  Treatment (age-matched normal, monocular form deprivation, or 

contralateral control) was the fixed effect variable.  Animal number and litter number 

were the random effect variables.  The addition of a REPEATED statement to the SAS 

code accounted for the repeated measurement of the same variable over time.  The R 

matrix was from the classical model (Equation 1.3, Appendix 1.1.1).  The G matrix 

covariance structure was variance components (Fig. 1.1B, Appendix 1.1.2).  REML 

was used as the estimation method.  An example of the SAS syntax follows: 
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PROC MIXED COVTEST RATIO; CLASS Treatment Animal_Number Litter_Number Time; 

MODEL AC = Treatment Time Treatment*Time / DDFM=SATTERTH; 

RANDOM Animal_Number Litter_Number / Subject = Litter_Number Type = VC; 

REPEATED / SUB=Animal_Number*Time Type = AR(1) R; 

LSMEANS Treatment Time Treatment*Time/ DIFF PDIFF CL; 

Title ‘Percentage Change in Anterior Chamber Depth’; 

run; 

 

3.6.2 Linear Mixed Model Summary 
 
In summary, the significance of treatment on ocular biomechanics was determined 

using a linear mixed model which accounted for both fixed (treatment) and random 

(animal number and litter number) effects (Appendix 1.1.1).  The PROC MIXED 

procedure in SAS was used for analysis (see SAS code above).  The variance 

components covariance structure was used to model the random effects (Appendix 

1.1.2).  The type 3 tests of fixed effects (Type 3 Tests) were used to determine any 

overall effect of treatment, while differences of least squares means (Differences of 

LSM) were used to determine any pair-wise differences between the treatment groups 

(Appendix 1.1.4). 

 

3.6.3 Statistical Power 
 
The statistical powers of the linear mixed model analyses were calculated for each of 

the measurements performed.  A table summarising the statistical power for each of 

the refractive and biomechanical analyses can be found in Appendix 1.3.  The power 

was found using the F statistic by adding an output statement to the syntax given in 

Section 3.6.1 (ODS OUTPUT tests3 = a;), and calculated using previously described 

methods (Stroup 1999; Kononoff and Hanford 2006).  See Appendix 1.3 for an 

example of the SAS syntax used to determine the statistical power. 
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4 Results: Refractive Status 
 
The aim of this part of the study was to induce myopic refractive error in the guinea 

pig as a mammalian model of myopia development, and to further characterise the 

sphero-cylindrical refractive status of the eye.  In order to achieve this aim the relative 

degree of myopia induced by monocular deprivation (MD) was calculated, the axial 

changes associated with induced myopia were measured, and the effect of induced 

myopia on the corneal and refractive sphero-cylindrical characteristics were examined.   

 

4.1 Refractive Status 
 
Myopia was induced by two weeks of monocular form deprivation as detailed in 

Section 3.1.  In total 29 guinea pigs were monocularly form deprived, with the 

contralateral control eye acting as an intra-animal control.  In addition, nine age-

matched normal animals that did not undergo any visual manipulation were also 

studied.  For many of the following results the data is presented as relative myopia, 

which was calculated as the mean sphere refraction in the deprived eye minus that in 

the control eye.  As a larger guinea pig might naturally have a larger eye than a smaller 

guinea pig, the relative difference between the eyes gives a more accurate picture of 

the effect of MD as it removes this large animal versus small animal disparity.  The 

eye in which myopia was induced was alternated between the right and left eyes in 

successive guinea pigs, and in the case of age-matched normal animals the ‘deprived’ 

eye for calculating relative refractive difference was also determined by following this 

pattern. 

 

4.1.1 Refractive Status: Sphero-Cylindrical Refraction 
 
In each eye four measurements of the refraction were taken, and the average of these 

four measurements was calculated using power vectors as outlined in Section 3.2.  Due 

to the nature of the sphero-cylindrical refraction, statistical analysis was not able to be 

performed directly.  Instead the mean sphere refraction determined by power vectors 

was used for statistical analysis.  The sphero-cylindrical refractions for each of the four 

measures per eye were calculated using the sinusoidal profile of the refraction.  The 

goodness of fit of the sinusoid to the measured refraction points gave an indication of 

how regular the astigmatism could be considered.  The average right eye sum of 
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squared errors over the three treatment groups, four measures per eye, was 0.33 ± 0.71 

(n = 156; ± SD), while the left eye average was 0.26 ± 0.45.  The average error for 

each data point away from the fitted sinusoid was 0.136 D (for an example see Fig. 

3.2).  Given that the cylindrical power was typically around -1.00 DC (see below) the 

small average error for each point indicates that the sinusoid was a reasonable fit to the 

measured refraction points.  This suggests that the refractive astigmatism present in 

guinea pigs can be considered regular. 

 

In humans there is anatomical symmetry between the eyes in the axis of astigmatism, 

such that a 10° cylinder axis say in the right eye is equivalent to a 170° cylinder axis in 

the left eye, although this symmetry may be less frequent than commonly held (Meiss 

and Muhlendyck 1989; McKendrick and Brennan 1997; Harris 2007).  It is clear that 

the right and left eyes should thus be investigated individually to determine if any 

symmetry in cylindrical axis is present in guinea pigs.  The average sphero-cylindrical 

refraction for the deprived right eyes was -0.15/-1.36 × 133 (n = 13; sphere 

[DS]/cylinder [DC] × axis [degrees]), compared with +4.09/-0.52 × 152 in the control 

right eyes (n = 16; Fig. 4.1).  Age-matched normal right eyes were similar to control 

eyes with an average sphero-cylindrical refraction of +3.47/-0.57 × 172 (n = 9).   

 

Measures for the left eyes were of similar magnitude to the right eyes, but displayed 

anatomical symmetry of the cylindrical axis (Fig. 4.2).  The average sphero-cylindrical 

refraction for the deprived left eyes was +0.40/-1.44 × 22 (n = 16), compared with 

+3.45/-0.66 × 33 in the control left eyes (n = 13).  The age-matched normal left eyes 

were very similar to the control left eyes with an average sphero-cylindrical refraction 

of +3.56/-0.65 × 13 (n = 9). 

 

4.1.2 Refractive Status: Cylindrical Component 
 
As can be seen from Figures 4.1 and 4.2, the average sphero-cylindrical refraction 

from right and left eyes of guinea pig eye appears to show the symmetry of 

astigmatism axes seen in the human eye.  Visualisation of right and left eye cylindrical 

powers on polar plots confirmed the anatomical symmetry of the astigmatic axes (Fig. 

4.3).  The graphs indicate that the axes are clustered roughly along the oblique 

meridians.   
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Fig.  4.1  Graphical representation of the sinusoidal function for the average sphero-
cylindrical right eye refraction of form deprived, contralateral control and age-matched 
normal eyes.  n = 13, 16, and 9 respectively.  Nasal (N) and temporal (T) locations are 
indicated. 

 

 
Fig.  4.2  Graphical representation of the sinusoidal function for the average sphero-
cylindrical left eye refraction of form deprived, contralateral control and age-matched 
normal eyes.  n = 16, 13, and 9 respectively.  Nasal (N) and temporal (T) locations are 
indicated. 
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Fig.  4.3  Polar plots of refractive astigmatism from the right (A, C, and E) and left (B, D, 
and F) eyes of form deprived (A and B), control (C and D), and age-matched normal (E 
and F) eyes (n =29, 29, and 18 in total respectively).  The radius represents the magnitude 
of the astigmatism, and the polar position represents the axis of astigmatism in degrees.  
Note the mirror symmetry between right and left eyes for the axis of astigmatism.  
Ellipses in G and H represent the right and left eye palpebral aperture angles with respect 
to horizontal overlaid on the plots from A and B respectively.  The astigmatic axes closely 
match the natural orientation of the palpebral apertures. 
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The axes for the right and left eyes appear anatomically symmetric, clustered around 

opposing oblique axes.  However, there are exceptions within each group that 

precludes using the average of the axis positions.  Taking the average, with outliers 90 

degrees from the majority of axes, would move the result from axes being closer to 

horizontal (as seen in Fig. 4.3) to axes being closer to vertical.  The median axis 

position thus minimises the bias induced by these outliers.  In the deprived eye the 

median axis position of the right eye was 128.00° compared with 41.27° in the left eye.  

The anatomical symmetry can be clearly seen by reflecting the left eye axis by 90 

degrees which gives 131.27°, almost identical to the right eye axis of 128.00°.  

Anatomical symmetry was also seen between the right and left eyes of control 

(126.00° versus 61.00°) and normal (154.64° versus 59.00°) guinea pigs.   

 

It should be noted that the natural head position of the guinea pig is pitched down by 

around 30° from horizontal, and the palpebral apertures also follow this depression 

such that the medial canthus is lower than the lateral canthus (Cooper and Schiller 

1975; Curthoys, Curthoys et al. 1975; Curthoys, Betts et al. 1999).  Measurement of 

the refractive status was performed in awake guinea pigs, maintaining a natural head 

position.  The axes presented above are with respect to horizontal, but the oblique axes 

of the refractive astigmatism closely matches the natural orientation of the palpebral 

apertures (right eye add 30°, left eye subtract 30°; see Fig. 4.3 G and H). 

 

Type 3 tests of fixed effects linear mixed modelling (Type 3 Tests; as detailed in 

Appendix 1) showed a significant effect of treatment on the degree of astigmatism 

present (p = 0.028).  Close inspection of this effect using differences of least squares 

means linear mixed modelling (Differences of LSM) revealed this was due to the 

variability in the deprived left eye values as seen in Figure 4.3 B.  The deprived left 

eye astigmatism was significantly greater than that seen in the right and left eyes of 

control animals (p = 0.006 and p = 0.026), or the right eye of normal animals 

(p = 0.006).  There were no significant differences amongst any of the other inter-eye 

comparisons.   

 

To summarise the refractive astigmatism in guinea pigs, the axes tend to be oblique 

and there is anatomical symmetry between the axes of the right and left eyes.  Form 

deprivation does not alter the axis positions, but does appear to induce greater 
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variability in the degree of astigmatism present compared to control and age-matched 

normal eyes. 

 

4.1.3 Refractive Status: Mean Sphere Refraction and Power Vectors 
 
While the sphero-cylindrical refraction is useful for looking at the optics of each eye 

individually, when it comes to analysing the refraction statistically the power vectors 

provide better functionality.  Type 3 Tests revealed a significant treatment effect on 

mean sphere refraction for combined right and left eyes (p < 0.001).  The average 

mean sphere refraction for deprived eyes (-0.55 ± 0.51 D; n = 29, ± SEM) was 

significantly more myopic than either contralateral control eyes (+3.51 ± 0.30 D; 

n = 29, p < 0.001) or age-matched normal eyes (+3.21 ± 0.27 D; n = 18, p < 0.001) by 

Differences of LSM (Fig. 4.4).  There was no significant difference in the average 

mean sphere refraction between control and normal eyes (p = 0.817), indicating 

monocular form deprivation induced its effect in the treated eye only. 

 

To investigate the astigmatic components of the power vectors, J0 and J45, the eyes 

were again divided into right and left in order to account for the anatomical symmetry.  

The results of the Differences of LSM are presented in Table 4.1.  As expected there 

 
Fig.  4.4  Average mean sphere refraction for deprived, contralateral control, and age-
matched normal eyes.  n = 29, 29, and 18 respectively.  Error bars are SEM.  * p < 0.001 
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was little difference between the M components (mean sphere) for the right and left 

eyes, showing similar probabilities to the pooled data presented above.  Of greater 

interest were the J0 and J45 results.  J0 was positive in both the right and left eyes for all 

treatments (the very small negative result in deprived right eyes is approximately zero 

when the large SEM is taken into account), indicating that the axes of astigmatism tend 

towards horizontal (Huynh, Kifley et al. 2006).  There were no significant differences 

between any of the treatment groups.   

 

The right eye average J45 was negative, indicating the axis was oblique along 

approximately 135°, which is in keeping with the findings in Section 4.1.2.  The 

significant differences seen between the deprived eyes and both the control and age-

matched normal eyes indicates that the deprived eyes, with a more negative value, are 

closer to 135° than either the control or normal eyes.  The normal eyes J45 value being 

close to zero indicates the axis is less oblique, and tends more towards horizontal, as 

seen in Figure 4.3.   

 

The left eye average J45 was positive, indicating the axis was oblique around 45°, again 

in line with the findings of Section 4.1.2.  That there were no significant differences in 

the left eye values, unlike the right eye J45 results, indicates that there was less spread 

of the axes in the left eye.  In the right eye the deprived eyes tended more towards 135° 

while the control and normal eyes tended more towards 180°.  In the left eye, the axes 

all tended more towards 45° than 0°, hence no significant differences in the J45 results.   

 
4.1.4 Refractive Status: Corneal Sphero-Cylindrical Refraction 
 
Analysis of the absolute refractive power of the eye revealed a significant effect of 

monocular form deprivation on the mean sphere, but minimal effect on the astigmatic 

component, other than making the right eye axes more oblique.  In order to further 

investigate this finding, analysis of the corneal power, as calculated from corneal 

radius measurements, was conducted.  The goodness of fit of the sinusoid to the 

measured keratometry points gave an indication of how regular the astigmatism could 

be considered.  The average right eye sum of squared errors over the three treatment 

groups, four measures per eye, was 1.95 ± 3.43 (n = 152; ± SD), while the left eye 

average was 2.15 ± 4.27.  These values indicate that the sinusoid was not a good fit to 

the measured refraction points, and that the corneal astigmatism present in guinea pigs  
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may be considered irregular.  However, many of the individual sum of squared errors 

results indicated very good fits.  Additionally, within eyes there was often great 

variability from one measurement to the next, with a very good fit being followed by a 

very bad fit and vice versa.  This suggests that the corneal astigmatism is in fact 

regular, but that there is a large variability within the results.   

 

One explanation for this variability is the small palpebral aperture size in guinea pigs.  

If the keratometry mires were too close to the lid margins then the results might be 

affected by any tear prism located in this region.  In other words, the measurements 

might not have represented the central corneal curvature.  Additionally, the 

repeatability of measures of corneal curvature in human subjects is dependant upon 

active fixation of the subject, something which is unable to be controlled in measures 

on animals.  Another explanation for this variability is the quality of the guinea pig tear 

film, as the reflected images from keratometry appeared poor in quality.  Guinea pigs 

have a very low blink rate, with as little as 2 to 5 blinks per 20 minutes, and have very 

low corneal sensitivity (Trost, Skalicky et al. 2007).  It may be that these factors result 

in a poor optical quality tear film, leading to poor quality keratometry images, and 

therefore the high amount of variability observed.  The reliability of the corneal 

readings is thus highly questionable, and they are not covered in any great detail here. 

 

Polar plots of the corneal cylindrical power and axes are presented in Figure 4.5.  

These plots show a much higher degree of variability, both in the axis position and the 

amount of astigmatism compared to that seen in the refractive astigmatism (Section 

4.1.2 and Figure 4.3).  The deprived and control eye axes also showed an apparent shift 

relative to the refractive axes that was not seen with normal eyes.  These differences 

appear to be a result of the highly variable fit of the sinusoid to the keratometry 

readings.  As detailed in Section 4.1.2 the palpebral apertures are depressed medially 

by 30° relative to horizontal, resulting in some axes becoming aligned closer to the 

apertures, while others become less aligned with the apertures (Fig. 4.5 G and H). 

 

4.1.5 Refractive Status: Cylindrical Components (Refractive versus Corneal) 
 
A further indication of the disparity between the refractive and corneal astigmatic 

components was seen by direct comparison of the astigmatism, J0, and J45 components.  
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Fig.  4.5  Polar plots of corneal astigmatism from the right (A, C, and E) and left (B, D, 
and F) eyes of form deprived (A and B), control (C and D), and age-matched normal (E 
and F) eyes (n =29, 29, and 18 in total respectively).  The radius represents the magnitude 
of the astigmatism, and the polar position represents the axis of astigmatism in degrees.  
Note the high degree of variability, and the apparent 90 degree shift of the major axes in 
the deprived and control eyes compared to the refractive axes seen in Figure 4.3.  Ellipses 
in G and H represent the right and left eye palpebral aperture angles with respect to 
horizontal overlaid on the plots from A and B respectively.  The astigmatic axes are not 
closely matched to the natural orientation of the palpebral apertures. 
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The degree of refractive and corneal astigmatism and the Jackson Crossed Cylinder 

components (J0 and J45) were all poorly correlated with each other for pooled right and 

left eye data.  R2 values of less than 0.1 were found in all cases, except for the control 

eyes J45 with an R2 value of 0.159 (Fig. 4.6).  The figure shows there is small variation 

in all components for refractive astigmatism, but large variation present in all 

components for corneal astigmatism in every treatment group.  Separating right and 

left eyes did not improve the R2 values (data not shown).  

 

Interestingly, the deprived eyes were the only ones to show any significant differences 

by paired t-tests between the refractive and corneal J0 and J45 components (Table 4.2).  

This indicates that the mount used for attaching the form deprivation occluder may be 

responsible for the high degree of variation seen, as has been previously reported in 

guinea pigs (Howlett 2003).  However, this does not account for the variability of axes 

and cylindrical power seen in control eyes, or the greater spread of cylindrical powers 

seen in normal eyes (see Fig. 4.3 and 4.5).  More detailed investigation into the guinea 

pig tear film and corneal surface profile might be warranted for future investigations of 

corneal changes with induced myopia development.  The relative contribution of all 

the refractive components of the eye was initially performed using principal 

component analysis, but owing to the poor corneal power results the validity of these 

findings is questionable, and do not warrant inclusion. 

 
Fig.  4.6  Correlation between refractive and corneal astigmatism for the degree of 
astigmatism (A), and the Jackson Crossed Cylinder components J0 (B) and J45 (C) for 
deprived, control, and age-matched normal guinea pigs.  n = 28, 28, and 18 respectively.  
All comparisons were poorly correlated, with R2 < 0.1 in all cases (except control eyes J45, 
R2 = 0.159).  Diagonal lines represent R2 = 1.00 
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4.1.6 Refractive Status: Relative Refractive Error 
 
The comparisons of refractive error presented above are based on the absolute 

refraction measured.  This however does not take into account the fact that a larger 

body size may result in a larger eye size, thus representing a possible difference in the 

natural emmetropisation process due to advanced maturation despite equivalent ages.  

The correlation between weight, as a measure of body size, and refraction and axial 

components was thus conducted (Fig. 4.7).  It can be seen that when all treatment 

groups were pooled that there was no significant correlation between weight and mean 

sphere refraction (R2 = 0.0002, p = 0.903; n = 76 eyes), nor was there any significant 

correlation when each treatment was examined individually (Fig 4.7A and F).  When 

all treatment groups were pooled it was found that there was no correlation between 

weight and anterior chamber depth (R2 = 0.0430, p = 0.072), while the lens thickness, 

vitreous chamber depth, and overall axial length were all significantly positively 

correlated with weight (R2 = 0.3154, 0.2320, and 0.3691 respectively, all p < 0.001).  

There were varied within treatment correlations, but these are dealt with in detail in 

Section 4.2.1.  Eye size but not refractive status is correlated with body weight, and 

hence guinea pig size, indicating a need to take into account the impact of body size on 

the ocular components.   

 

To take the disparity in body size into account it was effectively removed as a factor 

by finding the relative axial dimensions between the two eyes (deprived eye minus 

control eye).  Due to the lack of correlation between weight and mean sphere refraction 

it would not appear necessary to find relative refractive error.  However, finding the 

relative refractive error precludes the need to correct for the small eye artefact of 

retinoscopy.  The average form deprived relative ocular mean sphere refraction 

(deprived eye minus control eye) was -4.06 ± 0.35 D (n = 29, ± SEM) which was 

significantly more relative myopia than the average age-matched normal relative mean 

sphere (difference between eyes) of +0.00 ± 0.19 D (n = 9; p < 0.001) by Type 3 Tests.  

The finding of effectively zero relative refraction in normal animals indicates that the 

two eyes have the same refractive error.  The relative myopia in form deprived animals 

is thus due to the deprived eye as the contralateral control eyes are not significantly 

different from normal eyes in absolute refraction (Section 4.1.3). 
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Fig.  4.7  Correlations between guinea pig weight (and indirectly guinea pig body size) 
and absolute mean sphere (A), anterior chamber depth (B), lens thickness (C), vitreous 
chamber depth (D), and axial length (E) for all eyes (n = 76).  Correlations by specific 
treatment (form deprived, contralateral control, and age-matched normal; n = 29, 29, and 
18 respectively) are presented in F (significant correlations in bold). 

 

The relative mean sphere refraction of the cornea was also examined.  In form 

deprived animals the average relative mean sphere corneal refraction (deprived eye 

minus control eye) was +1.87 ± 0.42 D (n = 29, ± SEM), which was not significantly 

different from the average relative mean sphere corneal refraction of age-matched 

normal eyes of +0.36 ± 0.48 D (n = 9; p = 0.069) by Type 3 Tests.  As the difference in 

corneal power between the two eyes was not significantly different between the form 
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deprived and age-matched normal groups, the implication is that the relative myopia 

seen in the ocular refraction is the result not of the cornea but some other optical 

component.  

 

4.2 Axial Dimensions 
 
The axial dimensions of the eye, anterior chamber depth (AC), lens thickness (Lens), 

vitreous chamber depth (VCD), and axial length (AXL), were examined to determine 

the probable cause of the relative myopia induced by form deprivation in the guinea 

pigs. 

 

4.2.1 Axial Dimensions: Absolute Axial Dimensions 
 
The average axial dimensions for deprived, control, and normal eyes presented in this 

section are absolute values.  A caveat for interpreting these findings in regards to the 

cause of the induced myopia is that a larger guinea pig may naturally have a larger eye 

than a smaller guinea pig.  They are presented here to provide an overview of the 

refractive components of the guinea pig eye, with the cause of induced myopia being 

examined via the relative axial dimensions (Section 4.2.2).   

 

There was a significant overall effect of treatment on both the anterior chamber depth 

(p = 0.002) and vitreous chamber depth (p = 0.001) seen with Type 3 Tests, while the 

treatment effect on lens thickness approached, but did not reach, significance 

(p = 0.097).  Pair-wise comparisons of the treatments by Differences of LSM revealed 

form deprivation induced an increase in the average AC and VCD compared to both 

the age-matched normal and contralateral control eyes (Fig. 4.8 and Table 4.3).  The 

control eyes had significantly deeper AC, but not VCD compared to normal eyes.  The 

lens thickness in normal eyes was significantly less compared to both deprived and 

control eyes, which were not significantly different from each other.  Normal eyes 

were thus shorter than deprived eyes in all three of the axial dimensions (AC, Lens, 

and VCD), but shorter than control eyes in only AC and Lens, and not VCD.  The axial 

length, calculated as the summation of the AC, Lens, and VCD dimensions, showed a 

significant treatment effect (p < 0.001).  Form deprivation significantly increased the 

AXL compared to both control (p < 0.001) and normal (p = 0.001) eyes, while normal 

eyes were also significantly shorter than control eyes (p = 0.026).   
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Fig.  4.8  Comparison of the average axial dimensions from form deprived, contralateral 
control, and age-matched normal eyes (n = 29, 29, and 18 respectively).  The three main 
components making up the axial length are presented: anterior chamber depth (AC), lens 
thickness (Lens), and vitreous chamber depth (VCD).  Error bars are SEM.  * p < 0.05  
** p < 0.01 

 

Section 4.1.6 introduced the effect of body weight, and hence indirectly animal size, on 

the axial components.  Across all treatment regimes there was no significant 

correlation between weight and anterior chamber depth (Fig. 4.7; R2 = 0.0430, 

p = 0.072; n = 76 eyes).  There was a significant positive correlation, such that the 

heavier a guinea pig was the longer the component was, between weight and lens 

thickness, vitreous chamber depth, and overall axial length (R2 = 0.3154, 0.2320, and 

0.3691 respectively, all p < 0.001).  There were no significant within treatment 

correlations in the AC for any treatment group.  The lens, on the other hand, showed a 

significant correlation with weight for both deprived and control animals (p < 0.001 

and p = 0.002), but not normal animals (p = 0.754).  The VCD was correlated with 

weight in control and normal animals (p = 0.006 and p = 0.021) but not deprived 

animals (p = 0.141).  Axial length, like the lens, was significantly correlated with 

weight in deprived and control animals (p = 0.018 and p < 0.001), but approached 

significance in normal animals (p = 0.075).  The significant effects seen in the axial 

dimensions between treatment groups may thus represent size differences and not true 

treatment effects.  The relative axial dimensions must thus be assessed in order to 

eliminate the disparity induced by relative size differences. 
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4.2.2 Axial Dimensions: Relative Axial Dimensions 
 
The relative difference in anterior chamber depth in form deprived animals (deprived 

eye minus control eye) was 23.19 ± 7.30 µm (n = 29, ± SEM), which was significantly 

greater than the relative difference in normal animals of -29.48 ± 18.27 µm (n = 9; 

p = 0.015).  This indicates that there was a small but significant increase in the anterior 

chamber depth induced by form deprivation myopia, although the small size of the 

difference, and noting that a different selection of ‘deprived’ and ‘control’ eye in the 

normal animal group would give a closer result still, suggests this may not be a real 

treatment effect.  Additionally, the AC effect could not be accounted for by changes in 

the lens, as there was no significant difference in the relative lens thickness between 

form deprived (4.96 ± 11.55 µm) and normal (48.10 ± 31.93 µm) animals (p = 0.142).  

The deprived eye vitreous chamber depths were elongated relative to the contralateral 

control eyes by 168.79 ± 49.37 µm, and this lengthening was significant compared to 

the relative VCD difference of -95.41 ± 60.84 µm in normal eyes (p = 0.015).  When 

the overall relative axial length was compared between the deprived and normal 

animals there was likewise a significant relative elongation in myopic eyes compared 

to normal eyes (196.95 ± 49.85 µm compared with -76.79 ± 50.58 µm; p = 0.013). 

 

4.3 Refractive Status and Axial Dimensions 
 
Having established that form deprivation induced relative myopia in the guinea pigs 

(Section 4.1.6), and that there was also a relative elongation of the vitreous chamber 

depths due to the form deprivation (Section 4.2.2), the next logical step was to 

determine if there was any correlation between the effects.  The usual method of 

comparing the refraction and axial components is using a simple linear regression 

(Horner, Soni et al. 2000).  Correlation analysis revealed a strong negative correlation 

between the mean sphere and VCD (R2 = 0.4295, p < 0.001; Fig. 4.9).  There was also 

a weak negative correlation between the mean sphere and AC (R2 = 0.1155, 

p = 0.037), but no correlation with the Lens (R2 = 0.0274, p = 0.321).  The AC showed 

a strong negative correlation with the Lens (R2 = 0.2325, p = 0.002), and a strong 

positive correlation with the VCD (R2 = 0.1597, p = 0.013).  There was also a strong 

negative correlation between the Lens and VCD (R2 = 0.1438, p = 0.19). 
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Fig.  4.9  Linear regression correlation between relative mean sphere and relative axial 
dimensions (deprived eye minus control eye).  Correlations were determined between 
relative mean sphere and anterior chamber depth (A), lens thickness (C), and vitreous 
chamber depth (E).  Additionally, correlations amongst the axial dimensions were also 
examined between the anterior chamber depth and lens thickness (B), and vitreous 
chamber depth (D), as well as between lens thickness and vitreous chamber depth (F).  
The equation for the trend line is present, as well as the goodness of fit statistic (squared 
Pearson correlation, R2).  n = 38, comprising 29 form deprived and 9 age-matched normal 
guinea pigs. 
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4.4 Refractive Status Summary 
 
A novel method of determining the sphero-cylindrical refraction employing plotting of 

the sinusoidal representation of the refraction and power vectors to average the 

resulting refractions was used (Section 4.1).  The average mean sphere refraction for 

deprived eyes (-0.55 ± 0.51 D) was significantly more myopic than either contralateral 

control eyes (+3.51 ± 0.30 D; p < 0.001) or age-matched normal eyes (+3.21 ± 0.27 D; 

p < 0.001).  The average relative mean sphere refraction (deprived eye minus control 

eye) was -4.06 ± 0.35 D (n = 29, ± SEM) which was significantly more relative 

myopia than the average age-matched normal relative mean sphere (difference 

between eyes) of +0.00 ± 0.19 D (n = 9; p < 0.001).  This finding had high statistical 

power (0.999), indicating the likelihood these results were not significantly different 

was very small. 

 

Detailed investigation of the astigmatism revealed oblique, anatomically symmetric 

axes (Section 4.1.2).  There was more variability induced by form deprivation, with 

greater degrees of astigmatism induced, although the axes were not affected.  The 

corneal astigmatism was not investigated in any detail as examination of the sum of 

squared errors for the sinusoidal representation was high, indicating either the corneal 

astigmatism was irregular or that greater variability was induced by either the 

keratometry mire location or the poor quality of the guinea pig tear film (Section 

4.1.4).  The high variability seen within eyes (between the four measures made per 

eye) suggests increased measurement variability rather than irregularity of the 

astigmatism.  Further detailed investigation of the guinea pig tear film and corneal 

surface would be warranted for future studies into corneal contributions to myopia 

development in the guinea pig. 

 

The relative myopic refractive error induced was found to be the result of mainly 

vitreous chamber depth elongation (Section 4.2).  Linear regression confirmed this 

finding (Section 4.3), showing a negative correlation between relative mean sphere and 

relative VCD (R2 = 0.4295, p < 0.001).  That is, the greater the difference in VCD 

between the deprived and control eye, the higher the degree of relative myopia that 

was present.   
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5 Results: Biomechanics 
 
The aim of this part of the study was to investigate the in vivo biomechanical 

properties of the sclera.  The ocular compliance model employed by others of 

increasing the intraocular pressure (IOP) and measuring the change in axial dimensions 

for a set change in IOP was used (Phillips and McBrien 2004).  However, ocular 

compliance can also be broken down into its component parts as an in vivo 

measurement of whole eye viscoelastic expansion, creep, and viscoelastic recovery, 

using IOP as the load force.  The scleral biomechanics presented in this section are 

thus the viscoelastic and creep responses elicited using the ocular compliance IOP 

stimulus model. 

 

5.1 Ocular Biomechanics 
 
Having shown that the relative mean sphere myopia induced by monocular form 

deprivation was not corneal (Section 4.1.6), and that there was a significant correlation 

between the relative myopia and increases in the vitreous chamber depth (Section 

4.3.1), the next step was to examine the in vivo ocular biomechanics.  The ocular 

biomechanical response to increased IOP had three phases: immediate viscoelastic 

expansion, slow creep, and immediate viscoelastic recovery.  The immediate 

viscoelastic expansion was the initial response of the tissue, measured as the short-

term changes in axial dimensions, to an increase in the intraocular pressure (IOP).  The 

creep component was the slow response of the tissue, again measured as changes in the 

axial dimensions, to a longer-term increase in IOP over the course of one hour.  

Finally, the immediate viscoelastic recovery, measured as the short-term changes in 

axial dimensions to decreasing the IOP to baseline levels, was investigated.   

 

The effect of guinea pig weight, and thus size, on the axial components was 

demonstrated in Sections 4.1.6 and 4.2.1.  In order to remove any disparity in axial 

dimensions, resulting from disparate weights, as a confounding factor, the ocular 

biomechanical responses were computed for each eye as percentage change in axial 

component length, relative to the 15 mmHg measurement taken at 20 minutes (Fig. 5.1 

to 5.4).  The individual response of every eye (both absolute change and percentage 

change) for each of the ocular components can be found in Appendix 3. 
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Fig.  5.1  Ocular biomechanics ultrasound measurements of the percentage change in AC 
relative to 15 mmHg (after 20 minutes) in form deprived, contralateral control, and age-
matched normal animals.  n = 8 eyes per group.  Error bars are SEM. 

 
Fig.  5.2  Ocular biomechanics ultrasound measurements of the percentage change in lens 
thickness relative to 15 mmHg (after 20 minutes) in form deprived, contralateral control, 
and age-matched normal animals.  n = 8 eyes per group.  Error bars are SEM. 
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Fig.  5.3  Ocular biomechanics ultrasound measurements of the percentage change in 
VCD relative to 15 mmHg (after 20 minutes) in form deprived, contralateral control, and 
age-matched normal animals.  n = 8 eyes per group.  Error bars are SEM. 

 
Fig.  5.4  Ocular biomechanics ultrasound measurements of the percentage change in 
overall axial length relative to 15 mmHg (after 20 minutes) in form deprived, contralateral 
control, and age-matched normal animals.  n = 8 eyes per group.  Error bars are SEM. 
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As the deprived eye was always measured prior to the control eye, systematic errors 

may have been introduced into the results of the control eye due to the length of time 

under anaesthesia.  To refute the presence of any systematic error the normal eyes were 

examined in a pair-wise fashion, which revealed minimal variability in the response of 

the first eye versus the second eye examined (see Appendix 4). 

 

5.2 Ocular Biomechanics: Immediate Viscoelastic Expansion due to 
Increased Intraocular Pressure 

 
After insertion of the needle attached to a Ringer’s trap into the vitreous chamber (see 

Methods Section 3.5) the IOP was maintained at 15 mmHg for 20 minutes as a settling 

period to account for changes in the axial dimensions due to needle insertion itself.   

Ultrasound measures taken at the 20 minute post-insertion time point acted as the 

baseline for the biomechanics results.  Linear mixed model analysis of the type 3 tests 

of fixed effects (Type 3 Tests) was used to examine pair-wise comparisons of 

treatments (deprived, control, and normal) at the two time points (15 mmHg 20 

minutes and 50 mmHg initial), the results of which are discussed below.  

 

5.2.1 Ocular Biomechanics: Immediate Viscoelastic Expansion of the Anterior 
Chamber Depth 

 
Examination of the anterior chamber depth revealed a significant increase in depth 

when the IOP was increased (Fig. 5.1 and Table 5.1).  This was seen in deprived 

(+3.75 ± 0.64 %; n = 8, ± SEM), control (+3.34 ± 0.51 %), and normal (+2.52 ± 

0.32 %) eyes (p < 0.001 in all cases).  Table 5.1 shows there was no significant 

difference between the 50 mmHg initial relative percentage changes of control eyes 

and either deprived or normal eyes.  However, the deprived and normal eyes were 

significantly different from each other (p = 0.019), indicating there was a greater 

increase in the AC of deprived eyes due to increased IOP compared with normal eyes. 

 

5.2.2 Ocular Biomechanics: Immediate Viscoelastic Expansion of the Lens 
Thickness 

 
Examination of the lens thickness revealed a significant decrease in thickness when 

the IOP was increased (Fig. 5.2 and Table 5.2).  This was seen in deprived (-0.77 ± 

0.10 %), control (-0.99 ± 0.18 %), and normal (-1.04 ± 0.11 %) eyes (p < 0.001 in all 
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cases).  Unlike the AC, there was no significant difference between the three treatment 

groups at the 50 mmHg initial time point, indicating the change in lens thickness was 

not affected by treatment (Table 5.2). 

 

5.2.3 Ocular Biomechanics: Immediate Viscoelastic Expansion of the Vitreous 
Chamber Depth 

 
Interestingly, examination of the VCD revealed a significant increase in depth when 

the IOP was increased in deprived (+2.65 ± 1.24 %; p = 0.017) and control (+3.07 ± 

0.74 %; p = 0.07) eyes (Fig. 5.3 and Table 5.3).  Normal eyes, however, were not 

 

 
Table 5.1  Table showing probabilities for the immediate viscoelastic response of the AC 
to increased IOP in form deprived (Dep.), contralateral control (Con.), and age-matched 
normal (Nor.) eyes.  The within treatment (e.g. Dep. 15 T20 versus Dep. 50 T0) and 
between treatment (e.g. Dep. 50 T0 versus Con. 50 T0) percentage changes in anterior 
chamber depth on increasing the IOP are compared. n = 8 eyes per group.  Significant 
differences are highlighted. 

 

 
Table 5.2  Table showing probabilities for the immediate viscoelastic response of the 
Lens to increased IOP in form deprived (Dep.), contralateral control (Con.), and age-
matched normal (Nor.) eyes.  The within treatment (e.g. Dep. 15 T20 versus Dep. 50 T0) 
and between treatment (e.g. Dep. 50 T0 versus Con. 50 T0) percentage changes in lens 
thickness on increasing the IOP are compared. n = 8 eyes per group.  Significant 
differences are highlighted. 
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significantly different from baseline (-0.42 ± 1.10 %; p = 0.696).  The 50 mmHg initial 

relative percentage changes of both deprived and control eyes were significantly 

different from normal eyes (p = 0.009 and p = 0.004 respectively), but not from each 

other (p = 0.701). This indicates that normal eyes showed significantly less response to 

increased IOP than deprived and control eyes, while the deprived and control eyes both 

responded equally to increased IOP.  

 

5.2.4 Ocular Biomechanics: Immediate Viscoelastic Expansion of the Overall 
Axial Length 

 
When the axial length was examined as a whole, the response was similar to that 

observed with the VCD (Fig. 5.4 and Table 5.4).  There was significant elongation of 

both the deprived (+1.35 ± 0.58 %; p = 0.007) and control (+1.37 ± 0.33 %; p = 0.006) 

eyes, while the normal eyes were not significantly different from baseline (-0.25 ± 

0.46 %; p = 0.612).  As with the VCD there was a significantly greater response to 

increased IOP in deprived and control eyes compared with normal eyes (p = 0.002 in 

both instances).  The deprived and control eye percentage increases in axial length 

were not significantly different (p = 0.701).   

 

5.2.5 Ocular Biomechanics: Immediate Viscoelastic Expansion Summary 
 
These findings suggest that the elastic response of the globe to increased IOP does not 

differ greatly with treatment in the anterior chamber depth or lens thickness, and that 

the vitreous chamber depth shows the most significant differential effect between 

treatments.  The similarity between the VCD and axial length effects is such that the 

over-riding axial length response appears to be governed by the VCD.  This implies 

that the response of the AC and Lens are opposite, and almost equal in their effects.  

Indeed, if the absolute change in dimensions for the AC (Deprived +49.96 ± 7.75 µm; 

Control +41.17 ± 5.94 µm; Normal +30.66 ± 3.89 µm, ± SEM) and Lens (Deprived 

-29.51 ± 4.09 µm; Control -37.87 ± 7.02; Normal -36.78 ± 3.93 µm, ± SEM) are 

examined, the equal but opposite response of the two dimensions is apparent.  This 

suggests there is minimal effect on the anterior chamber and lens viscoelastic 

properties as a result of myopia induction, but that there appears to be an increased 

viscoelastic response in the vitreous chamber depth due to myopia induction.   
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This does not explain, however, why a similar response was observed in both form 

deprived and contralateral control eyes.  It is possible that despite accounting for globe 

size differences by using the percentage change in VCD there were still some eye size 

effects present that made the control eye response appear similar to the deprived eyes 

instead of the smaller normal eyes.  Alternatively, this could represent an inter-eye 

growth signal that resulted in the control eyes’ scleral biomechanical properties being 

altered in a similar manner to the contralateral form deprived eye.   

 

 

 
Table 5.3  Table showing probabilities for the immediate viscoelastic response of the 
VCD to increased IOP in form deprived (Dep.), contralateral control (Con.), and age-
matched normal (Nor.) eyes.  The within treatment (e.g. Dep. 15 T20 versus Dep. 50 T0) 
and between treatment (e.g. Dep. 50 T0 versus Con. 50 T0) percentage changes in 
vitreous chamber depth on increasing the IOP are compared. n = 8 eyes per group.  
Significant differences are highlighted. 

 

 
Table 5.4  Table showing probabilities for the immediate viscoelastic response of the 
overall axial length to increased IOP in form deprived (Dep.), contralateral control (Con.), 
and age-matched normal (Nor.) eyes.  The within treatment (e.g. Dep. 15 T20 versus Dep. 
50 T0) and between treatment (e.g. Dep. 50 T0 versus Con. 50 T0) percentage changes in 
overall axial length on increasing the IOP are compared. n = 8 eyes per group.  Significant 
differences are highlighted. 
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5.3 Ocular Biomechanics: Slow Creep Response due to Increased 
Intraocular Pressure 

 
The slow creep response of the globe was examined by maintaining the IOP at the 

raised 50 mmHg level for one hour.  Measurements were taken every 10 minutes, and 

again the results were analysed as percentage change in axial dimensions from the 

15 mmHg 20 minutes baseline in order to eliminate the effects of different eye sizes.   

 

5.3.1 Ocular Biomechanics: Slow Creep Response of the Anterior Chamber 
Depth 

 
Type 3 Tests of the anterior chamber revealed a significant increase in depth with time 

when all eyes were pooled (p < 0.001), but there was no treatment by time interaction 

effect (p = 0.082).  Pair-wise examination of the treatment by time interaction revealed 

that there was no significant difference in the percentage change of the AC between 

any of the three treatment groups (form deprived, contralateral control, or age-matched 

normal) at any measurement point (Table 5.5).  An exception occurred at 50 minutes, 

when the normal eyes showed significantly less increase (+5.13 ± 0.69 %; n = 8, ± 

SEM) than deprived eyes (+7.66 ± 0.81 %; p = 0.045).  Treatment thus had minimal 

effect on the slow creep response of the AC. 

 

Also of interest was the within treatment changes that occurred over time (Table 5.5 

and Fig. 5.5).  In the deprived, control, and normal treatment groups the anterior 

chamber depth was significantly longer at the one hour time point (+7.90 ± 0.70 %, 

+7.72 ± 0.45 %, and +5.81 ± 0.70 % respectively) than immediately after the pressure 

was increased (+3.75 ± 0.64 %, +3.34 ± 0.51 %, and +2.52 ± 0.32 % respectively).  

However, only the change between the 10 and 20 minute measurements of normal eyes 

(+3.19 ± 0.58 % to +4.33 ± 0.53 %) was a significant increase (p = 0.002).  This 

finding indicates that the AC has a significant positive slow creep rate over time 

(increasing anterior chamber depth with time), but that the significant changes tend to 

occur over a time period greater than the 10 minute measurement intervals used. 
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Fig.  5.5  Ocular biomechanics ultrasound measurements of the percentage change in AC 
relative to 15 mmHg (after 20 minutes) in form deprived, contralateral control, and age-
matched normal animals.  n = 8 eyes per group.  Error bars are SEM.  * = Normal eyes 
significantly different from deprived eyes.   

 

5.3.2 Ocular Biomechanics: Slow Creep Response of the Lens Thickness 
 
As seen with the immediate viscoelastic response, the lens thickness slow creep 

response showed a similar but opposite trend to that observed in the AC.  There was a 

significant decrease in the lens thickness with time when all treatments were pooled 

(p < 0.001) as seen by Type 3 Tests.  With the Lens there was also a significant overall 

treatment by time interaction (p = 0.005).  Pair-wise comparison of the treatment by 

time interactions in the Lens revealed no significant difference in the percentage 

change of the Lens relative to baseline (15 mmHg 20 minutes) between any of the 

three treatment groups (Table 5.6).  This indicated that the slow creep response of the 

Lens was unaffected by treatment.   

 

Examination of the within treatment changes over time (Table 5.6 and Fig. 5.6) 

revealed that there were small but significant decreases in deprived, control, and 

normal eye lens thicknesses between when the pressure was initially increased (-0.77 ± 

0.10 %, -0.99 ± 0.18 %, and -1.04 ± 0.11 % respectively; n = 8 per group, ± SEM) and  
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Table 5.5  Table showing probabilities for the slow creep response of the AC to increased 
IOP in form deprived (Dep.), contralateral control (Con.), and age-matched normal (Nor.) 
eyes.  The percentage change in axial dimensions from baseline (15 mmHg 20 minutes) 
measured every 10 minutes from when the pressure was increased to 50 mmHg (T 0) until 
the final reading at one hour (T 60) are compared. n = 8 eyes per group.  Significant 
differences are highlighted.  * = Significant difference in percentage change of the AC 
between different treatments at matched time points. 



 102

after one hour of increased IOP (-2.41 ± 0.22 %, -2.48 ± 0.20 %, and -1.91 ± 0.35 % 

respectively).  As for the AC, the changes in the Lens were on the whole too small to 

be significant between adjacent 10 minute measurement periods, with only three times 

giving significant changes: between the initial and 10 minute periods in deprived eyes 

and normal eyes, and between the 10 and 20 minute periods in normal eyes.  These 

findings suggest that the Lens has a significant negative slow creep rate (thinning of 

the lens with time), and that the significant changes occur over a time period greater 

than the 10 minute measurement intervals used. 

 

5.3.3 Ocular Biomechanics: Slow Creep Response of the Vitreous Chamber 
Depth 

 
When the vitreous chamber depth was investigated the effect of treatment was not so 

marked as in the AC and Lens.  Type 3 Tests did not show any significant time 

(p = 0.213) or treatment by time interaction (p = 0.899) effect.  However, while there 

were less significant treatment by time interactions using pair-wise comparisons, the 

results were no less interesting (Table 5.7 and Fig. 5.7).  Unlike the AC and Lens 

results, there was no significant elongation in the VCD relative to baseline over the 

hour of increased IOP.  The percentage change observed on increasing the pressure in 

deprived, control, and normal eyes (+2.65 ± 1.24 %, +3.07 ± 0.74 %, and -0.42 ± 1.10 

% respectively; n = 10, ± SEM) was not significantly different from the percentage 

change from baseline observed after one hour of increased IOP (+2.47 ± 0.95 %, 

+2.16 ± 1.13 %, and +0.97 ± 1.45 % respectively).   

 

However, there were a number of matched time point pair-wise comparisons that were 

significantly different (Table 5.7).  The percentage change from baseline seen in the 

normal eyes was significantly less than that seen in deprived eyes at 10, 20, and 40 

minutes of increased IOP, and significantly less than control eyes when the pressure 

was initially increased, and at 20 minutes of increased IOP.  The normal eyes showed 

less immediate viscoelastic expansion than either the deprived or control eyes (Section 

5.2.3) giving rise to the early differences in the matched time point creep responses 

between normal eyes and both deprived and control eyes.  Normal eyes then appear to 

show increased creep rates (VCD elongation) over time relative to the deprived and 

control eyes evidenced by the abolition of significant matched time point differences 

by 50 and 30 minutes respectively (Table 5.7 and Fig. 5.7).   
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Fig.  5.6  Ocular biomechanics ultrasound measurements of the percentage change in lens 
thickness relative to 15 mmHg (after 20 minutes) in form deprived, contralateral control, 
and age-matched normal animals.  n = 8 eyes per group.  Error bars are SEM. 

 
Fig.  5.7  Ocular biomechanics ultrasound measurements of the percentage change in 
VCD relative to 15 mmHg (after 20 minutes) in form deprived, contralateral control, and 
age-matched normal animals.  n = 8 eyes per group.  Error bars are SEM.  * = Normal 
eyes significantly different from deprived eyes.  # = Normal eyes significantly different 
from control eyes. 
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Table 5.6  Table showing probabilities for the slow creep response of the Lens to 
increased IOP in form deprived (Dep.), contralateral control (Con.), and age-matched 
normal (Nor.) eyes.  The percentage change in axial dimensions from baseline (15 mmHg 
20 minutes) measured every 10 minutes from when the pressure was increased to 50 
mmHg (T 0) until the final reading at one hour (T 60) are compared. n = 8 eyes per group.  
Significant differences are highlighted.   
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Table 5.7  Table showing probabilities for the slow creep response of the VCD to 
increased IOP in form deprived (Dep.), contralateral control (Con.), and age-matched 
normal (Nor.) eyes.  The percentage change in axial dimensions from baseline (15 mmHg 
20 minutes) measured every 10 minutes from when the pressure was increased to 50 
mmHg (T 0) until the final reading at one hour (T 60) are compared. n = 8 eyes per group.  
Significant differences are highlighted.  * = Significant difference in percentage change of 
the VCD between different treatments at matched time points. 
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This suggests that form deprivation may decrease the ability of the sclera to withstand 

increased IOP in its immediate viscoelastic response compared to normal sclera, but 

that normal sclera appears to show an increased slow creep rate until the immediate 

viscoelastic expansion seen in the deprived VCD has been matched.  Once the VCD 

expansion from baseline is no longer significantly different between treatment groups, 

the creep response appears to be the same regardless of treatment.  Possible reasons for 

why the control eyes behave in a similar manner to form deprived eyes and not like 

normal eyes are discussed in Section 5.2.5. 

 

5.3.4 Ocular Biomechanics: Slow Creep Response of the Overall Axial Length 
 
The effect of increased pressure on the axial length as a whole was much the same as 

that observed in the vitreous chamber depth alone (Table 5.8).  Type 3 Tests revealed 

no significant time (p = 0.433) or treatment by time interaction (p = 0.833) effects.  

There were no significant within treatment changes of the axial length from baseline 

levels over the one hour of increased IOP (Table 5.8 and Fig. 5.8).  The time point  

 
Fig.  5.8  Ocular biomechanics ultrasound measurements of the percentage change in 
overall axial length relative to 15 mmHg (after 20 minutes) in form deprived, contralateral 
control, and age-matched normal animals.  n = 8 eyes per group.  Error bars are SEM.  
* = Normal eyes significantly different from deprived eyes.  # = Normal eyes significantly 
different from control eyes. 
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Table 5.8  Table showing probabilities for the slow creep response of the overall axial 
length to increased IOP in form deprived (Dep.), contralateral control (Con.), and age-
matched normal (Nor.) eyes.  The percentage change in axial dimensions from baseline 
(15 mmHg 20 minutes) measured every 10 minutes from when the pressure was increased 
to 50 mmHg (T 0) until the final reading at one hour (T 60) are compared. n = 8 eyes per 
group.  Significant differences are highlighted.  * = Significant difference in percentage 
change of the AXL between different treatments at matched time points. 
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matched pair-wise comparisons revealed that the normal eyes had significantly less 

increase in axial length from baseline than deprived eyes initially, and at 10, 20, and 40 

minutes of increased IOP, and significantly less increase than control eyes initially and 

at 20 minutes of increased IOP (Table 5.8 and Fig. 5.8).   

 

5.3.5 Ocular Biomechanics: Slow Creep Response Summary 
 
As with the immediate viscoelastic response results, the slow creep response for the 

AC and Lens were opposite in direction, and almost equal in magnitude, with the 

major contributing factor to the overall axial length creep response being the vitreous 

chamber depth.  This suggests there is minimal effect on the anterior chamber and lens 

in vivo creep properties as a result of myopia induction.  As discussed in Section 5.3.3, 

the eye does not creep (get significantly longer) with time due to elevated IOP for any 

treatment group.  The normal eyes appear to have an increased VCD creep response 

over the first 20 to 40 minutes of increased IOP relative to the control and deprived 

eyes respectively.  This may be due to the fact that normal eyes did not show a 

significant immediate viscoelastic expansion (Section 5.2.3), as on attaining similar 

VCD lengthening relative to baseline as the deprived and control eyes the normal eyes 

acquired similar creep rates.  Normal eyes thus appear to show a slower response to 

increased IOP compared with deprived and control eyes, indicating there may be some 

changes to the sclera in these eyes that make them more susceptible to changes in IOP.  

While deprived and control eyes appear to mainly undergo immediate viscoelastic 

expansion, normal eyes appear to mainly undergo an increase in creep rate in vivo, 

although no significant within treatment changes in length were noted. 

 

5.4 Ocular Biomechanics: Immediate Viscoelastic Recovery due to 
Decreased Intraocular Pressure 

 
After maintaining the intraocular pressure at 50 mmHg for one hour the IOP was 

returned to the baseline pressure of 15 mmHg, at which point the immediate 

viscoelastic recovery response was measured.  A further measurement after 

maintaining the baseline pressure for 20 minutes was also made in order ascertain if 

there was any slow component to the viscoelastic recovery response.  Type 3 Tests 

revealed a significant change over time when the treatment groups were combined for 

the anterior chamber depth (p = 0.002), lens thickness (p = 0.034), and vitreous 
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chamber depth (p = 0.016), but not the axial length as a whole (p = 0.070).  This 

implied a decrease (AC), increase (Lens), and decrease (VCD) in length on reducing 

the IOP back to baseline.  However, when the treatment by time interaction was 

examined, no significant changes were found in any of the four axial dimensions (AC, 

p = 0.689; Lens, p = 0.570; VCD, p = 0.929; AXL, p = 0.978).  This suggests there 

were no significant differences in the recovery viscoelastic response induced by form 

deprivation myopia compared to control or normal eyes.  In order to confirm this 

suggestion, pair-wise comparisons of the three treatment groups were made for each of 

the axial dimensions investigated.   

 

5.4.1 Ocular Biomechanics: Immediate Viscoelastic Recovery of the Anterior 
Chamber Depth 

 
In the AC only the control eye showed a significant decrease in length, and only then 

between the final reading after one hour of increased IOP (+7.72 ± 0.45 %; n = 8, ± 

SEM) and the 20 minute recovery measurement (+4.67 ± 2.22 %; p = 0.022; Table 5.9 

and Fig. 5.9).  None of the treatment groups showed a significant decrease in AC depth 

immediately following the reduction in IOP.  On reducing the pressure the deprived 

and normal eyes actually showed a non-significant increase in the anterior chamber 

depth from the previous 50 mmHg measurement (Deprived, +7.90 ± 0.70 % increased 

to +9.23 ± 0.84 %, p = 0.307; Normal, +5.81 ± 0.70 % increased to +6.24 ± 0.55 %, 

p = 0.627).  However, this increase was greater in the deprived eye than the normal eye 

(p = 0.043).  These findings confirmed what the overall results suggested, in that the 

AC showed minimal viscoelastic recovery on reducing the IOP. 

 

5.4.2 Ocular Biomechanics: Immediate Viscoelastic Recovery of the Lens 
Thickness 

 
The lens thickness had even fewer significant changes than the anterior chamber depth 

(Table 5.10 and Fig. 5.10).  There were no significant within treatment changes in the 

deprived and normal eyes, and no significant between treatment changes for any of the 

treatments.  The control eye showed a significant increase in the lens thickness 

between the final increased pressure reading (-2.48 ± 0.28 %) and the 20 minute 

recovery measurement (-0.54 ± 1.35; p = 0.007).  The control eye thus had an 

approximately equal but opposite viscoelastic recovery response in the AC and Lens 

over the 20 minute recovery period. 



 110

 
Table 5.9  Table showing probabilities for the viscoelastic recovery response of the 
anterior chamber depth on returning the increased IOP to baseline in form deprived 
(Dep.), contralateral control (Con.), and age-matched normal (Nor.) eyes.  The percentage 
change in axial dimensions from 15 mmHg measured at 20 minutes was used as baseline 
to compare 50 mmHg 60 minutes (50 T60) with the immediate elastic recovery pressure 
(15 T0) and after 20 minutes of recovery (15 T20). n = 8 eyes per group.  Significant 
differences are highlighted.  * = Significant difference in percentage change of the 
anterior chamber depth between different treatments at matched time points. 

 

 
Fig.  5.9  Ocular biomechanics ultrasound measurements of the percentage change in AC 
relative to 15 mmHg (after 20 minutes) in form deprived, contralateral control, and age-
matched normal animals.  n = 8 eyes per group.  Error bars are SEM.  * = Normal eyes 
significantly different from deprived eyes.   
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Table 5.10  Table showing probabilities for the viscoelastic recovery response of the lens 
thickness on returning the increased IOP to baseline in form deprived (Dep.), contralateral 
control (Con.), and age-matched normal (Nor.) eyes.  The percentage change in axial 
dimensions from 15 mmHg measured at 20 minutes was used as baseline to compare 50 
mmHg 60 minutes (50 T60) with the immediate elastic recovery pressure (15 T0) and 
after 20 minutes of recovery (15 T20). n = 8 eyes per group.  Significant differences are 
highlighted.   

 

 
Fig.  5.10  Ocular biomechanics ultrasound measurements of the percentage change in 
lens thickness relative to 15 mmHg (after 20 minutes) in form deprived, contralateral 
control, and age-matched normal animals.  n = 8 eyes per group.  Error bars are SEM. 
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5.4.3 Ocular Biomechanics: Immediate Viscoelastic Recovery of the Vitreous 
Chamber Depth and Overall Axial Length 

 
The equal and opposite nature of the AC and Lens recovery responses was highlighted 

when the vitreous chamber depth responses were analysed, in which no significant 

changes were observed for any within or between treatment comparisons that were 

made (Table 5.11 and Fig. 5.11).  Likewise the axial length viscoelastic recovery 

results showed no significant differences (Table 5.12 and Fig 5.12).  These findings 

indicate that the changes to the axial components on increasing the intraocular pressure 

result in either permanent changes to the tissue, and hence the axial dimensions, or that 

the viscoelastic and creep responses take longer to recover than the 20 minute 

observation period employed in this study.  To ascertain whether the final axial 

dimension was different from baseline a further statistical analysis was conducted. 

 

5.5 Ocular Biomechanics: Overall Effect of Increased Intraocular 
Pressure on Axial Dimensions 

 
The final analysis that was conducted on the ocular biomechanical data investigated 

whether the final axial length components were different from the original baseline 

readings.  The anterior chamber depth was significantly elongated in all three treatment 

groups, indicating that there was significant expansion during increased IOP which did 

not recover to baseline levels on decreasing the IOP (Table 5.13; also see Fig. 5.9).  

The anterior chamber depth was +4.84 ± 0.66 % longer than baseline in normal eyes 

(p = 0.004; n = 8, ± SEM), +6.87 ± 0.66 % longer in deprived eyes (p < 0.001), and 

+4.67 ± 2.22 % longer in control eyes (p = 0.002). 

 

In the lens, only the deprived eye showed any significant thinning that did not recover 

on reducing the IOP (Table 5.14; see also Fig. 5.10).  The deprived eye lens thickness 

was -2.09 ± 0.14 % thinner than baseline after 20 minutes of recovery (p = 0.016; 

n = 8, ± SEM), while the normal eye lens was not significantly different from baseline 

at -1.34 ± 0.37 % thinner (p = 0.124), nor the control eye lens at -0.54 ± 1.35 % thinner 

(p = 0.508).  This suggests that the thinning of the lens seen on increasing the IOP 

shows a quick recovery back to baseline levels on decreasing the IOP, but that this is 

not present in form deprived eyes. 
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Table 5.11  Table showing probabilities for the viscoelastic recovery response of the 
vitreous chamber depth on returning the increased IOP to baseline in form deprived 
(Dep.), contralateral control (Con.), and age-matched normal (Nor.) eyes.  The percentage 
change in axial dimensions from 15 mmHg measured at 20 minutes was used as baseline 
to compare 50 mmHg 60 minutes (50 T60) with the immediate elastic recovery pressure 
(15 T0) and after 20 minutes of recovery (15 T20). n = 8 eyes per group.   

 

 
Fig.  5.11  Ocular biomechanics ultrasound measurements of the percentage change in 
VCD relative to 15 mmHg (after 20 minutes) in form deprived, contralateral control, and 
age-matched normal animals.  n = 8 eyes per group.  Error bars are SEM.   
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Table 5.12  Table showing probabilities for the viscoelastic recovery response of the axial 
length on returning the increased IOP to baseline in form deprived (Dep.), contralateral 
control (Con.), and age-matched normal (Nor.) eyes.  The percentage change in axial 
dimensions from 15 mmHg measured at 20 minutes was used as baseline to compare 
50 mmHg 60 minutes (50 T60) with the immediate elastic recovery pressure (15 T0) and 
after 20 minutes of recovery (15 T20). n = 8 eyes per group.   

 

 
Fig.  5.12  Ocular biomechanics ultrasound measurements of the percentage change in 
overall axial length relative to 15 mmHg (after 20 minutes) in form deprived, contralateral 
control, and age-matched normal animals.  n = 8 eyes per group.  Error bars are SEM.   
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Table 5.13  Table showing probabilities for the overall biomechanical response of the AC 
to increased IOP in form deprived (Dep.), contralateral control (Con.), and age-matched 
normal (Nor.) eyes.  The percentage change in axial dimensions from 15 mmHg measured 
at 20 minutes (15 T20) to 15 mmHg recovery measured at 20 minutes post-raised 
(15 P20) are compared. n = 8 eyes per group.  Significant differences are highlighted. 

 

 
Table 5.14  Table showing probabilities for the overall biomechanical response of the 
Lens to increased IOP in form deprived (Dep.), contralateral control (Con.), and age-
matched normal (Nor.) eyes.  The percentage change in axial dimensions from 15 mmHg 
measured at 20 minutes (15 T20) to 15 mmHg recovery measured at 20 minutes post-
raised (15 P20) are compared. n = 8 eyes per group.  Significant differences are 
highlighted. 

 

The vitreous chamber depth was not significantly different after 20 minutes of 

recovery from the baseline lengths in any of the three treatment groups (Table 5.15; 

see also Fig. 5.11).  Normal eyes were -0.75 ± 1.51 % shorter than baseline, but not 

significantly so (p = 0.609; n = 8, ± SEM).  Control eyes also ended up shorter than 

baseline by -1.20 ± 2.14 % (p = 0.466), with deprived eyes remaining slightly longer 

than baseline by +1.69 ± 1.09 % (p = 0.308).  This suggests that despite a significant 

viscoelastic expansion of the VCD on increasing the IOP coupled with no significant 

creep response or viscoelastic recovery in deprived and control eyes, there is enough 

recovery either as a non-significant slow creep and/or viscoelastic recovery, to return 



 116

the length back to approximately baseline levels.  This implies that the recovery 

response of the tissue is of a magnitude too small to be significant over the 10 minute 

measurement periods, but that additively it becomes significant.  Normal eyes appear 

to maintain a non-significantly different VCD length regardless of the level of the IOP.  

The results for the overall axial length were similar to the vitreous chamber depth in 

that the final lengths were not significantly different from baseline for any treatment 

group (Table 5.16; see also Fig. 5.12). 

 

 
Table 5.15  Table showing probabilities for the overall biomechanical response of the 
VCD to increased IOP in form deprived (Dep.), contralateral control (Con.), and age-
matched normal (Nor.) eyes.  The percentage change in axial dimensions from 15 mmHg 
measured at 20 minutes (15 T20) to 15 mmHg recovery measured at 20 minutes post-
raised (15 P20) are compared. n = 8 eyes per group.   

 

 
Table 5.16  Table showing probabilities for the overall biomechanical response of the 
overall axial length to increased IOP in form deprived (Dep.), contralateral control (Con.), 
and age-matched normal (Nor.) eyes.  The percentage change in axial dimensions from 15 
mmHg measured at 20 minutes (15 T20) to 15 mmHg recovery measured at 20 minutes 
post-raised (15 P20) are compared. n = 8 eyes per group.   

 

 



 117

5.6 Biomechanics Summary 
 
Three phases of scleral biomechanical response were investigated: the immediate 

viscoelastic expansion on increasing IOP (Section 5.2), the slow creep response to 

raised IOP over one hour (Section 5.3), and the immediate viscoelastic recovery 

response on reducing the IOP back to baseline (Section 5.4).  The immediate 

viscoelastic response showed an increase in the anterior chamber depth (Section 5.2.1) 

and a decrease in lens thickness (Section 5.2.2) from baseline in all three treatment 

groups, and the response of the two components was approximately equal and opposite 

in amplitude.  The VCD expanded in both deprived and control eyes, but remained the 

same as baseline in normal eyes (Section 5.2.3).  The response of the overall axial 

length was the same as for the VCD, further emphasising the equal and opposite 

responses of the AC and Lens (Section 5.2.4). 

 

Examination of the slow creep response over one hour of raised IOP revealed a 

positive creep response in the AC, with a significant increase in length with time in all 

three treatment groups (Section 5.3.1).  The Lens showed a negative creep response, 

with a significant decrease in thickness with time in all three treatment groups (Section 

5.3.2).  Again the response was approximately equal and opposite in nature.  There 

were no significant creep responses in either the VCD or AXL over time within 

treatment (Sections 5.3.3 and 5.3.4).  However, there were significant differences in 

the increases in both VCD and AXL at matched time points between the normal eyes 

and both the deprived and control eyes.   

 

These findings suggested that there were differential responses to sustained increased 

IOP induced by form deprivation.  The deprived and control eyes displayed increased 

percentage changes from baseline over the normal eyes for a number of the earlier 

measurements over the hour long measurement period.  Eventually the normal eyes 

‘caught up’ to the other treatment groups, but this implies that normal eyes are better 

able to withstand the immediate insult of increased IOP than form deprived eyes.  The 

results suggest the deprived and control eyes experienced rapid viscoelastic expansion 

on increasing the IOP that normal eyes did not experience.  When the increased IOP 

was maintained, the normal eyes creep to a similar percentage change from baseline 

(seen as no more significant differences between the groups in percentage change).  
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This suggests that the deprived and control eyes experience lower creep rates than 

normal eyes initially, and that the normal eye creep rate slows once a similar 

magnitude of expansion to that achieved by the deprived and control eyes on 

immediate viscoelastic expansion has been reached.  This also suggests that there may 

be either some cross-talk between form deprived eyes and the contralateral control 

eyes, as there were no significant differences induced between deprived and control 

eyes, or effects of eye size differences despite attempting to account for these with 

percentage changes instead of absolute values.  Additionally, as can be seen in 

Appendix A3, there was a great deal of variability in the ultrasound measurements, 

even within eyes over time.  It is possible that this measurement variability resulted in 

masking the detection of the true creep properties of the tissue, and the interpretation 

of these results must be approached with caution as a result. 

 

In the viscoelastic recovery analyses it was found that the AC did not show any 

significant recovery in the normal and deprived eyes on decreasing the IOP, but that 

after 20 minutes of recovery the control eye was significantly shorter than the final 

increased IOP measurement (Section 5.4.1).  In the Lens, again only the control eye 

showed a significant increase in lens thickness on returning the IOP to baseline levels, 

with deprived and normal eyes remaining thinner (Section 5.4.2).  The VCD and AXL 

did not show any significant recovery in all three treatment groups (Section 5.4.3).  

However, what is striking is that while there was no statistical significance to the 

recovery, in every component examined there was greater recovery of the normal and 

control eyes than the deprived eyes.  In all instances the control and normal eyes ended 

up approximately the same length.  Both control and normal eye lengths differed from 

the deprived eye lengths, indicating there may be some difference(s) in the tissue of the 

deprived eyes that lead to differing responses too small to be observed statistically in 

this sample. 

 

Examination of the change in axial components between the baseline and final 

recovery measurements revealed that the AC remained significantly longer in all three 

treatment groups after the 20 minute recovery period (Section 5.5).  In the Lens, the 

deprived eye remained significantly thinner, but the normal and control eyes were not 

significantly different from baseline.  The VCD and AXL measurements after 20 

minutes of recovery were not significantly different from baseline.  This implies that, 
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while there were no significant changes in the slow creep response or viscoelastic 

recovery, what small changes there were combined to return the component lengths to 

baseline levels.  The creep response and viscoelastic recovery thus seem to be slow 

acting responses occurring over longer periods than those employed in this study. 
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6 Methods: Anatomy 
 
6.1 Tissue Preparation 
 
Guinea pigs that had undergone biomechanical investigation as described previously 

(Section 3.5) were killed with a single 0.3 mL IP dose of sodium pentobarbitone 

(Pentobarb 300, 300 mg/mL, National Vetinary Supplies, Auckland).  The eyes were 

enucleated immediately following death.  Before enucleation the superior position of 

the globe (12 o’clock) was marked with a suture.  The eyes were cleaned of any 

extraneous orbital tissue, and an incision was made just posterior to the limbus at the 1 

o’clock position.  A cut was made circumferentially following the limbus from the 1 

o’clock incision to the 11 o’clock position.  The eyes were then placed immediately 

into 4% paraformaldehyde (PFA) fixative in 0.1 M phosphate buffered saline (PBS) 

for one hour at room temperature.  Following fixation the eyes were placed into three 

successive 10 minute washes in 0.1 M PBS at room temperature.  The tissue was 

cryoprotected by overnight immersion in 30% sucrose solution in 0.1 M PBS at 4°C, 

and stored in this solution at 4°C until cryosectioning.  Placing the tissue into a 30% 

sucrose solution and letting it sink overnight allowed infiltration of the solute into the 

tissue which retarded the formation of ice crystals during freezing, thus preventing loss 

of the anatomical structure (Doebbler 1966; Rosene, Roy et al. 1986). 

 

6.2 Cryosectioning 
 
The eyes were removed from the 30% sucrose solution and prepared for sectioning by 

separating the vitreous humour from the retina.  A transverse scleral strip of 

approximately 3 mm height, centred on the optic nerve, and spanning from the nasal 

ora serrata to the temporal ora serrata was removed from each eye.   These strips were 

then frozen, with the superior aspect at the top, in a 1:1 solution of 30% sucrose in 0.1 

M PBS and optimal cutting temperature (OCT) compound (Jung Tissue Freezing 

Medium, Leica Microsystems, Germany).  These blocks were then stored at -80°C 

until required for sectioning. 

 

Freezing microtome sectioning was performed using a Leica CM3050 S cryostat.  The 

blocks were mounted with the superior aspect uppermost onto the cryostat chucks 
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using a 1:1 solution of 30% sucrose in 0.1 M PBS and OCT.  Every second transverse 

section at 20 µm thickness was collected using Superfrost Plus slides (Esco, Biolab 

Scientific, USA).  The sections that were processed for immunohistochemistry 

contained the optic nerve head (ONH) to ensure the same general location for future 

cell counting.  One section per eye, centred on the ONH, was used for cell counting.  

The slides were stored at -20°C until needed for immunohistochemistry.   

 

6.3 Immunohistochemistry 
 
Slides were removed from the -20°C storage and thawed at room temperature for one 

hour to ensure tissue adherence to the slide.  Tissue sections were circled with a 

hydrophobic Liquid Blocker Super PAP Pen (Daido Sangyo Co., Ltd, Japan) to create 

a well into which the antibodies were applied.  For the remainder of the 

immunohistochemistry protocol slides were stored flat in a slide box with 0.1 M PBS 

below to prevent sections from drying out.  In order to prevent non-specific binding of 

the antibodies, sections were pre-incubated with 10% normal goat serum (NGS) in 

0.1 M PBS containing 0.1% Triton X-100 detergent for one hour at room temperature.  

Triton X-100 was added to the solution as it enhances the penetration of antibodies 

through cell membranes by removing lipids (Weruaga, Alonso et al. 1998).  It also 

improves the positive labelling by reducing non-specific staining of the tissue 

(Hartman 1973). 

 

6.3.1 Immunohistochemistry: Identifying Myofibroblasts 
 
Alpha-smooth muscle actin (α-SMA) mouse monoclonal [1A4] antibody directly 

conjugated with Fluorescein Isothiocyanate (FITC) secondary antibody (GeneTex, 

USA) was used to detect α-SMA in myofibroblasts.  α-SMA has been shown to be the 

best marker of differentiated myofibroblasts (Sappino, Schurch et al. 1990; Tomasek, 

Gabbiani et al. 2002).  The α-SMA reactivity of the myofibroblast phenotype has been 

demonstrated to be due to the formation of stress fibres within the cell cytoplasm that 

extend the length of the elongated spindle-shaped cell body characteristic of 

myofibroblasts (Majno, Gabbiani et al. 1971; Gabbiani, Hirschel et al. 1972; Jester, 

Rodrigues et al. 1987; Eddy, Petro et al. 1988; Bochaton-Piallat, Kapetanios et al. 

2000; Mar, Roy et al. 2001).  The α-SMA antibody was diluted 1:500 in 0.1 M PBS 

with 0.1% Triton X-100 and added to the sections overnight at 4°C in the dark.  The α-



 122

SMA antibody was then removed and the sections were given three 10 minute washes 

in 0.1 M PBS at room temperature in the dark.  When the traditional washing method 

of immersing the slides in PBS inside a slide mailer was used a large proportion of the 

tissue sections came loose from the glass slides.  Washes were thus performed by 

filling the PAP Pen wells with PBS instead of the usual total immersion technique. 

 

6.3.2 Immunohistochemistry: Identifying All Cells 
 
Labelling of all cells within the scleral section was achieved using 4′,6-diamidino-2-

phenylindole (DAPI; Invitrogen, USA) to label DNA in all cell nuclei (Lin, Comings 

et al. 1977).  The DAPI was diluted 1:300 in 0.1 M PBS with 0.1% Triton X-100 and 

added to the sections, which had previously been labelled for α-SMA, for 2 minutes at 

room temperature in the dark.  The DAPI was then removed and the sections were 

given two 5 minute washes in 0.1 M PBS at room temperature in the dark.   

 

The slides were mounted using CitiFluor (Alltech, New Zealand) glycerol/PBS 

solution, coverslipped with 25 x 50 mm #1 coverslips (Menzel-Glasser, Germany), and 

sealed with nail polish.  Slides were then stored for one hour to overnight at 4°C in the 

dark before microscopy and photography was performed. 

 

6.4 Microscopy 
 
Microscopy to visualise the sections that were labelled for both α-SMA and DAPI was 

performed using a Leica DMRA2 microscope powered by a Leica CTRMIC power 

source.  UV light for immunofluorescence was provided by a 100 W compressed 

mercury vapour arc lamp (Global Science, New Zealand) driven by an ebq 100 

Isolated Electronic Ballast (Leistungselektronik Jena GmbH, Germany).  The α-SMA 

antibody labelled with FITC was imaged using the Leica Microsystems GFP excitation 

filter (BP 470/40 nm, dichromatic mirror 500 nm), while the total cell population as 

determined by nuclei labelling with DAPI was imaged using the Leica Microsystems 

D excitation filter (BP 355-425 nm, dichromatic mirror 455 nm).  

Immunohistochemically prepared sections were observed under a 40× oil immersion 

lens using Leica Immersion Oil (Leica Microsystems, Germany).  The depth of focus 

of the lens, using an optimal coverslip thickness of 0.17 mm, was 0.1 mm.  

Immunofluorescent images were captured using a Leica DC500 camera, which utilised 
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the Leica DC IM50 software through Adobe Photoshop version 6.0 (Adobe Systems 

Incorporated, USA).  However, seven out of thirty sections were photographed using 

the 40× oil immersion lens in addition to a 1.6× modifying lens within the optical path. 

 

Overlapping photographs were taken of the sclera from the nasal ora serrata to the 

temporal ora serrata, around 100 photographs per eye.  To prevent bleed through of the 

DAPI immunofluorescence into the α-SMA channel, all the α-SMA photos for an 

entire montage were taken prior to all the DAPI photos being taken.  The microscope 

was focused at a set plane in the tissue and all the α-SMA photos were taken, then the 

microscope filter was changed and all the DAPI photos were taken at the same focal 

plane.  Montages of the photos were made using Adobe Photoshop version 8.0 (Adobe 

Systems Incorporated, USA).   

 

6.5 Cell Counts 
 
The montaged images were imported into ImageJ version 1.37 (National Institutes of 

Health, USA) for cell counting using the Cell Counter plugin.  Before undertaking cell 

counts the sclera was outlined using the Polygon Selection tool in ImageJ, allowing the 

removal of the retina, choroid, and extraneous orbital tissue from the image.  The 

margins of the sclera were distinctly visible due to the highly vascular nature of the 

choroid and extraneous orbital tissue relative to the sclera, which was thus imaged 

much brighter with the α-SMA antibody.  In most cases the potential suprachoroidal 

space between the choroid and the sclera was also visible.  Removal of non-scleral 

tissue from the images ensured that only the cells within the sclera were counted, and 

also allowed the calculation of the cross-sectional area of the sclera using the 

Measurement function in ImageJ.  Due to slight variances in the montages between 

α-SMA and DAPI, a polygonal outline was made for both cases.  The α-SMA outline 

was made first, as it was easier to determine the margins of the sclera, and this was 

used as the framework for the DAPI outline.  An example of the photo montaging 

process can be seen in figure 5.1 as a portion of the section before (Fig.  3.1A and Fig.  

3.1C) and after (Fig.  3.1B and Fig.  3.1D) removal of the extraneous orbital tissue. 
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Fig.  6.1  Images illustrating the montaging process, showing a portion of the nasal sclera 
from one section double labelled with α-SMA (A and B) and DAPI (C and D).  Figures A 
and C show the section before removal of the extraneous orbital tissue, while B and D 
show only the sclera from the same area.  The individual photographs taken with 40× oil 
immersion magnification can be seen in figures A and C.  ONH = optic nerve head.  
Scale bar = 1mm. 
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Cell counts of both myofibroblast numbers (α-SMA) and the total scleral cell 

population (DAPI) were made by hand using the ImageJ Cell Counter of the entire 

available sclera.  Cells located around blood vessels were excluded from both counts 

as there was no way to positively identify whether or not they were associated with the 

blood vessel.  This mainly involved the posterior ciliary arteries that pierced the sclera 

to supply the choroid.  In addition, cells labelled for α-SMA had to demonstrate the 

spindle-shaped, elongated cell body typical of myofibroblasts (Schürch, Seemayer et 

al. 1997) in order to be counted.  Cells that labelled for α-SMA but did not display the 

elongated spindle-shape typical of myofibroblasts, and instead appeared round or 

slightly oval in shape, were excluded from the count.  While these cells may have been 

myofibroblasts that had been cut on an angle across the cell body instead of along it, 

there was no means of distinguishing them from small scleral blood vessels.  No 

attempt was made to exclude DAPI labelled immune cells from the cell counts, 

potentially inflating the total cell population to a small degree. 

 

Cell counting was limited to the posterior sclera because changes in the growth of the 

myopic eye in humans occurs mainly in the posterior 25% of the globe (Gilmartin, 

Logan et al. 2007).  In order to ensure the counted area was proportionally the same 

between eyes regardless of axial length, cells were counted within a 50 degree angular 

subtense from the edge of the ONH.  Had counting been conducted over a set arc 

length from the edge of the ONH, this would have resulted in a 25.98% difference in 

the relative proportions of the globe being investigated (Fig.  6.2).   

 

Every cell counted using ImageJ was associated with an XY coordinate which was 

used to determine whether the cell fell within either of the 50 degree regions away 

from the edge of the ONH.  To perform this task the sclera was assumed to be an arc of 

a circle, the radius of which was equivalent to half the axial length of the eye being 

counted.  The centre of this circle was determined by finding the mid-point of the 

ONH, and drawing a line the length of the radius perpendicular to a line passing 

through the ONH (Fig.  6.3).  Figure 6.4 shows the trigonometry used to calculate the 

XY origin point (0,0).  The coordinate points (x1,y1) and (x2,y2) represent the 

junction of the sclera and the ONH, determined using the ImageJ cell counter.  These 

coordinates were used to calculate the centre of the ONH, (x3,y3), from which the 

origin point (x4,y4) was calculated.  Using the origin point, polar coordinates (r,θ)  
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Fig.  6.2  Simplified schematic eye showing the relative size difference between smallest 
eye (7818 µm axial length) and largest eye (10152 µm axial length).  The 50 degree area 
from the edge of the ONH for cell counting on the nasal or temporal sclera is shown on 
the right.  While the larger eye has a greater arc length than the smaller eye (4429.65 µm 
versus 3411.25 µm), the area covers the same proportion of the circumference in both 
eyes.  If an arc length of 3000 µm was used as shown on the left, there was a 25.98% 
difference in the proportion of the circumference counted between the largest and smallest 
eyes.  Angular subtense was thus used for determining the count area in preference to arc 
length. 
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Fig.  6.3  Typical example of origin position (0,0).  Normal line drawn through optic 
nerve head (ONH), with a line half the axial length drawn perpendicular to this (AXL/2).  
Polar coordinates (r,θ) shown for a single cell as the radius, r, and angular subtense, θ. 

 

 
Fig.  6.4  Diagram showing calculation of origin point (x4,y4) from the vector coordinates 
of the sclera/optic nerve head (ONH) junction; (x1,y1) and (x2,y2).  Simple trigonometry 
was used to first calculate the centre of the ONH (x3,y3) from which the origin was 
calculated using a hypotenuse length of half the axial length (AXL/2). 
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were calculated for each cell position. The angular component of the polar coordinates 

(θ) was used to identify the cells located 50 degrees either side of the ONH.   

 

6.5.1 Cell Distribution 
 
Once the angular position of each cell was determined it was easy to calculate the 

number of cells in each 10 degree region away from the nerve, allowing a distribution 

profile of scleral cells away from the nerve to be compiled (Fig. 6.5).  The polar 

coordinates also provided sufficient information to utilise the Line Selection and 

Measurement tools in ImageJ to calculate the dehydrated scleral thickness out to 50 

degrees in 10 degree steps.  The tangent to the origin was used to identify the angular 

location for scleral thickness measurement, but the measures were taken perpendicular 

to the scleral margins in order to prevent oblique errors being induced.  It should also  

 

 

 
Fig.  6.5  Typical example of the division of nasal and temporal sclera into 10 degree 
regions, centred on the origin position (0,0).  This illustrates that the optic nerve head 
(ONH) was not included in the posterior 100 degree cell counting area, and that the edge 
of the ONH acted as the zero degree position. 
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be noted that cellular stains were used to image the margins of the sclera, and as such 

these thicknesses are likely to be smaller than if a marker of the collagen bundles had 

been used.  Cell density measurements were obtained by modifying the polygonal 

outlines used to isolate the sclera such that they encompassed only the 50 degree 

regions of the nasal and temporal sclera, instead of extending to the ora serrata.  The 

Measurement tool in ImageJ was then used to compute the dehydrated scleral areas 

using these outlines. 

 

Finally the sclera was divided into anterior (closest to the choroid) and posterior 

(closest to Tenon’s capsule) halves to investigate cell gradients through the thickness 

of the sclera.  The Polygonal Line tool in ImageJ was used to draw a best fit line, by 

sight, dividing the sclera in half within the 50 degree measurement area.  The Cell 

Counter tool was then used to determine the number of myofibroblasts and the total 

cell numbers in the anterior and posterior regions of the sclera. 

 

6.6 Statistical Analysis 
 
The SAS System for Windows version 8.02 (SAS Institute Inc., USA) was used to 

analyse the cell count data.  Due to the fact that the same subject was used for multiple 

measurements (deprived and control eyes of the same subject) a more complex model 

than a simple ANOVA analysis was required (Brown and Prescott 2006b).  A Linear 

Mixed Model approach was chosen as this allowed for both random effects (animal 

number and litter number) and fixed effects (treatment: deprived, control, normal) to 

be incorporated into the analysis (Mols 2003; Jiang 2007).  Computation of the linear 

mixed model in SAS was achieved using the PROC MIXED function. For a full 

review of the theory behind linear mixed model analysis see Appendix 1. 

 

6.6.1 The Linear Mixed Model Used 
 
The linear mixed model used to analyse the anatomy data was the PROC MIXED 

function in SAS.  Treatment (age-matched normal, monocular form deprivation, or 

contralateral control) was the fixed effect variable.  Animal number and litter number 

were the random effect variables.  The R matrix was from the classical model 

(Equation 1.3, Appendix 1.1.1).  The G matrix covariance structure was variance 
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components (Fig. 1.1B, Appendix 1.1.2).  REML was used as the estimation method.  

An example of the SAS syntax follows: 

 
PROC MIXED COVTEST RATIO; CLASS Treatment Animal_Number Litter_Number; 

MODEL DAPI = Treatment / DDFM=SATTERTH; 

RANDOM Animal_Number Litter_Number / Subject = Litter_Number Type = VC; 

LSMEANS Treatment / DIFF PDIFF CL; 

Title ‘DAPI Cell Counts – Posterior 100 Degrees’; 

run; 

 

In order to analyse the cell distribution away from the ONH, an additional fixed effect 

of eccentricity was added to the syntax.  The treatment by eccentricity interaction 

(treatment*eccentricity) was used to determine any effect of treatment on cell numbers 

with eccentricity.  An example of the SAS syntax follows: 
 

PROC MIXED COVTEST RATIO; CLASS Treatment Eccentricity Animal_Number Litter_Number; 

MODEL DAPI = Treatment Eccentricity Treatment*Eccentricity / DDFM=SATTERTH; 

RANDOM Animal_Number Litter_Number / Subject = Litter_Number Type = VC; 

LSMEANS Treatment Eccentricity Treatment*Eccentricity / DIFF PDIFF CL; 

Title ‘DAPI Cell Counts with Eccentricity – Posterior 100 Degrees’; 

run; 

 

6.6.2 Linear Mixed Model Summary 
 
In summary, the significance of treatment on cell populations was determined using a 

linear mixed model which accounted for both fixed (treatment) and random (animal 

number and litter number) effects (Appendix 1.1.1).  The PROC MIXED procedure in 

SAS was used for analysis (see SAS code above).  The variance components 

covariance structure was used to model the random effects (Appendix 1.1.2).  To 

analyse the effect of eccentricity on cell numbers, an additional treatment*eccentricity 

interaction was added to the fixed effects.  The type 3 tests of fixed effects (Type 3 

Tests) were used to determine any overall effect of treatment, while differences of least 

squares means (Differences of LSM) were used to determine any pair-wise differences 

between the treatment groups (Appendix 1.1.4). 
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6.6.3 Statistical Power 
 
The statistical power of the linear mixed model analyses were calculated for each of 

the measurements performed.  A table summarising the statistical power for each of 

the refractive and biomechanical analyses can be found in Appendix 1.3.  The power 

was found using the F statistic by adding an output statement (ODS OUTPUT tests3 = 

a;) to the syntax given in Section 3.6.1, and calculated using previously described 

methods (Stroup 1999; Kononoff and Hanford 2006).  See Appendix 1.3 for an 

example of the SAS syntax used to determine the statistical power. 
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7 Results: Anatomy 
 
The aim of this part of the study was to investigate the effect of induced myopia on the 

cell populations in the sclera, with particular emphasis on the myofibroblast cell type.  

In order to achieve this aim the total scleral cell population from a section of the sclera 

was determined, the absolute number of myofibroblasts in the same sample region of 

the sclera was determined, and the proportion of the total cell population that were 

myofibroblasts was calculated from these sample populations.  As described in 

Chapter 6, the sclera used for the sample region was a transverse section centred on the 

ONH.  The count area spanned 50 degrees from the edge of the optic nerve in both the 

nasal and temporal directions, giving an overall cell count area covering the posterior 

100 degrees of the sclera. 

 

7.1 Cell Imaging 
 
The total scleral cell population in the sample section was determined by labelling all 

cell nuclei with DAPI, which binds to DNA in the nucleus (Fig. 7.1B, E, and H).  The 

sub-population of myofibroblasts contributing to this total population was determined 

by labelling the α-SMA positive stress fibres in the myofibroblast cytoplasm, which 

are imaged as elongated spindle-shaped fibres running parallel to the scleral collagen 

(Fig. 7.1A, D, and G).  Immunofluorescent control images are shown in Fig. 7.2. 

 

7.2 Cell Numbers: Posterior 100 Degrees 
 
7.2.1 Posterior 100 Degrees: Total Cell Numbers 
 
Cell counts from three week old normal guinea pig eyes revealed the average total cell 

population in the posterior 100 degrees from a section of the sclera to be 2212 ± 76 

cells (n = 10, ± SEM).  The total cell population from the same scleral region of eyes 

that had been form deprived for two weeks was 2209 ± 107, while the contralateral 

control eye population was 2296 ± 90 (Fig. 7.3).  Linear mixed models analysis of the 

type 3 tests of fixed effects (Type 3 Tests; see Section 6.6 and Appendix 1) revealed no 

significant difference in the total cell numbers between any of the three treatment 

groups (p = 0.704).  Looking at the pair-wise comparisons using the differences of 

least squares means (Differences of LSM; see Section 6.6 and Appendix 1) there was  
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Fig.  7.1  Typical immunohistochemical staining patterns for form deprived (A, B, and C), 
contralateral control (D, E, and F) and age-matched normal guinea pig sclera (G, H, and 
I).  Sections are double labelled with DAPI for all cell nuclei (B, E, and H), and with 
α-SMA for myofibroblast stress fibres (A, D, and G).  Co-localisation of DAPI and 
α-SMA is also shown (C, F, and I).  The arrows indicate some of the myofibroblasts in the 
tissue sections, while the stars indicate some of the cells that are not myofibroblasts (not 
positive for α-SMA).  Arrowheads show the borders of the sclera.  BV = choroidal blood 
vessel.  The choroid has separated from the sclera in normal eyes (G, H, and I) and is not 
present in the images.  Scale bar is 50 µm. 
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Fig.  7.2  Images showing staining patterns when labelled for α-SMA only (A, B, and C) 
and DAPI only (D,E, and F).  A small degree of background fluorescence can be seen in 
the α-SMA channel when staining for DAPI only (D).  Inset shows a comparison of 
Fig. 7.2 D (Inset A) and Fig 7.1 D (Inset B) corrected equally for brightness and contrast 
using Adobe Photoshop version 8.0 (Adobe Systems Incorporated, USA), indicating the 
minimal effect this background has on the real staining pattern (Inset B).  Arrowheads 
show the borders of the sclera.  Scale bar is 50 µm. 

 

 
Fig.  7.3  Average cell numbers in the posterior 100 degrees of scleral sections from 
deprived, control, and age matched normal eyes (n = 10 per group).  The total cell 
population (DAPI) and the myofibroblast sub-population (α-SMA) are both represented.  
(Type 3 Tests, p = 0.704 and p = 0.553 respectively).  Error bars are SEM. 
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no significant difference between the normal and deprived treatment groups (p = 

0.843), the normal and control treatment groups (p = 0.825), or the deprived and 

control treatment groups (p = 0.396). 

 

7.2.2 Posterior 100 Degrees: Myofibroblast Numbers 
 
Similarly, the total number of myofibroblasts in the posterior 100 degrees of the sclera 

showed statistically insignificant differences between the three groups.  On average 

there were 1305 ± 38 (n = 10, ± SEM) myofibroblasts in the posterior 100 degrees of 

normal sclera, compared with 1493 ± 106 myofibroblasts in deprived sclera, and 1493 

± 118 myofibroblasts in control sclera (Fig. 7.3).  Linear mixed model analysis 

demonstrated no significant difference among the three groups (p = 0.553).  Pair-wise 

comparisons were closer to significance than with the total cell population, but still did 

not reach statistical levels of significance between the normal and deprived groups 

(p = 0.330), the normal and control groups (p = 0.328), or the deprived and control 

groups (p = 0.995). 

 

7.2.3 Posterior 100 Degrees: Percentage of Myofibroblasts in the Total 
Population 

 
To further quantify the makeup of the scleral cell population, the proportion of 

myofibroblasts contributing to the total cell population was investigated.  The majority 

of cells in the normal guinea pig sclera, 59.23 ± 1.41 % (n = 10, ± SEM), were 

myofibroblasts (Fig. 7.4).  This proportion was increased in eyes that had undergone 

monocular form deprivation to 67.30 ± 2.93 %.  Untreated control eyes had a 

myofibroblast population between that of normal and deprived eyes, consisting of 

64.49 ± 3.48 % of the total cell population.  While the percentage of the total cell 

population that were myofibroblasts approached statistical significance much closer 

than the absolute cell numbers did, they were still not significant via Type 3 Tests 

(p = 0.199).  The pair-wise difference between the normal and deprived eyes came the 

closest to showing a significant finding (p = 0.075), while the normal and control 

treatment groups (p = 0.233), and control and deprived treatment groups (p = 0.386) 

also showed no significant differences. 
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Fig.  7.4  Proportion of the total scleral cell population in the posterior 100 degrees of the 
globe that are myofibroblasts (positive for α-SMA) in normal, form deprived, and control 
eyes (n = 10 per group).  (Type 3 Tests, p = 0.199).  Error bars are SEM. 

 

7.3 Cell Numbers: Nasal and Temporal Distribution 
 
The cell distribution was broken down further into nasal and temporal regions in order 

to investigate any regionally specific changes in the cell populations that might occur 

with myopia development.  As a note on interpreting the following findings, in the 

human eye the posterior pole and macula region are located temporal to the ONH 

(Snell and Lemp 1998).  The guinea pig, however, has a temporally displaced nerve 

such that the posterior pole lies in the nasal sclera (Cooper and Schiller 1975; Zhou, 

Qu et al. 2006).  The nasal sclera in the guinea pig model of myopia is thus analogous 

to the temporal sclera in humans, which is the main region of interest in the 

pathogenesis of high myopia in humans (McBrien and Gentle 2003). 

 

7.3.1 Nasal and Temporal Distribution: Total Cell Numbers 
 
When the posterior 100 degrees was separated into nasal and temporal regions each 

spanning 50 degrees, with the edge of the ONH taken as the zero point for consistency 

in localisation, the total number of cells was found to be approximately equally divided 

between the two regions (Fig. 7.5).  In normal eyes there was no significant difference 

in the total cell numbers in the nasal (1136 ± 32 cells; n = 10, ± SEM), compared with 
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the temporal (1076 ± 58 cells) 50 degree regions (p = 0.343).  Likewise in the deprived 

eye the nasal (1075 ± 71 cells) and temporal (1134 ± 55 cells) total cell populations 

were not significantly different (p = 0.346).  The control eyes also showed this even 

distribution, with the nasal 50 degrees possessing on average 1136 ± 62 cells, 

compared to 1160 ± 39 cells on average in the temporal sclera (p =0.700).   

 

Treatment had no significant effect on the total cell populations in either the nasal 

(p = 0.622) or temporal regions (p = 0.544) as determined by Type 3 Tests.  There 

were no statistically significant variations in cell numbers in the pair-wise comparisons 

of the nasal 50 degrees of normal and deprived (p = 0.554), normal and control 

(p = 0.924), or deprived and control (p = 0.357) treatment groups.  The temporal 50 

degree region pair-wise comparisons also showed no significant differences in cell 

numbers between normal and deprived (p = 0.447), normal and control (p = 0.276), or 

deprived and control (p = 0.706) treatment groups.  

  

7.3.2 Nasal and Temporal Distribution: Myofibroblast Numbers 
 
The difference in the total number of myofibroblasts in the posterior 100 degrees of the 

sclera when separated into nasal and temporal regions was more variable than the 

overall cell number, but was still divided approximately equally between the two 

regions.  In the nasal sclera from age-matched normal eyes there were 678 ± 39 

myofibroblasts on average (n = 10, ± SEM) in comparison to the 627 ± 31 

myofibroblasts found in the temporal sclera (Fig. 7.5), which was not significantly 

different (p = 0.430).  In the deprived eyes the distribution of myofibroblasts between 

the nasal and temporal sclera was also approximately equal, with 760 ± 76 and 732 

± 40 myofibroblasts in each region respectively (p = 0.669).  The distribution of 

myofibroblasts in the control eyes showed a slight weighting towards the temporal 

sclera, with 776 ± 59 myofibroblasts compared with 717 ± 78 myofibroblasts in the 

nasal region, although this difference was not significant (p = 0.364). 

 

Statistically, there was no significant difference in myofibroblast numbers within 

either the nasal (p = 0.749) or temporal (p = 0.238) regions induced by the different 

treatment paradigms as assessed by Type 3 Test.  As with the total cell counts, there  
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Fig.  7.5  Relative proportions of the total cell population (DAPI positive cells) that are 
myofibroblasts (α-SMA positive cells) in the posterior 100 degrees of scleral sections 
from deprived, control, and age-matched normal eyes (n = 10 per group).  The nasal and 
temporal regions each subtend a 50 degree angle from the edge of the ONH.  Error bars 
are SEM.  

 

were no differences in either the nasal or temporal sclera respectively by means of 

pair-wise comparisons of normal and deprived treatment groups (p = 0.490, p = 0.208), 

normal and control treatment groups (p = 0.746, p = 0.104), or deprived and control 

treatment groups (p = 0.616, p = 0.426).   

 

7.3.3 Nasal and Temporal Distribution: Percentage of Myofibroblasts in the 
Total Population 

 
A similar trend to the posterior 100 degree region was seen in the nasal and temporal 

areas in the proportion of the total cell population that were myofibroblasts (Fig. 7.5).  

The normal eyes had fewer myofibroblasts in the total population (59.65 ± 2.98 %; 

n = 10, ± SEM) compared with deprived eyes (69.93 ± 3.57 %) in the nasal region, but 

this difference only approached statistical significance (p = 0.059).  Likewise in the 

temporal region the normal eyes (58.64 ± 1.91 %) had a lower number of 

myofibroblasts in the total population compared to deprived eyes (64.86 ± 2.75 %), but 

again this difference was not significant (p = 0.202). The proportions found in the 

control eye were between the normal and deprived eyes in the nasal sclera with 
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62.01 ± 4.36 %, but slightly higher than the deprived eye in the temporal sclera with 

66.46 ± 3.73 % of the total cell population being myofibroblasts.  The pair-wise 

comparison of the nasal and temporal regions between the normal and control groups 

(p = 0.655 and p = 0.114 respectively), and between the deprived and control groups 

(p = 0.141 and p = 0.571 respectively) did not show any significant differences.   

 

As expected from the total cell population and myofibroblast numbers there were no 

significant proportional differences in either the nasal (p = 0.139) or temporal 

(p = 0.279) regions of the sclera between the three treatment groups via Type 3 Tests.  

When the effects of treatment on the overall percentage of myofibroblasts between the 

nasal and temporal regions were calculated, no significant treatment effects were noted 

in either normal (p = 0.804), deprived (p = 0.215), or control (p = 0.274) eyes. 

 

7.4 Cell Numbers: Distribution with Eccentricity 
 
The cell counts were further divided into 10 degree regions in order to give a greater 

understanding of the effect of eccentricity on the distribution of cells within the sclera.  

The posterior part of the globe was divided into nasal and temporal regions each 

subtending 50 degrees from the edge of the ONH.  The nasal and temporal regions 

were further divided into five equal regions each to produce the 10 degree areas of 

interest (Fig. 7.6).   

 

7.4.1 Distribution with Eccentricity: Total Cell Numbers 
 
Initial observations did not reveal any obvious trends in the distribution of cells with 

eccentricity.  However, repeated measures linear mixed modelling of the effect of 

treatment, eccentricity, and the treatment by eccentricity interaction 

(treatment*eccentricity) on total cell numbers revealed a significant effect from both 

eccentricity (p = 0.006) and the treatment*eccentricity interaction (p = 0.003) on cell 

numbers.  Investigation of the effect of eccentricity, averaged over the three treatment 

groups, on total cell numbers revealed that the 40 to 50° region of the temporal sclera 

had significantly reduced cell numbers from all other locations (ranging from 

p < 0.001 to p = 0.021) (see Fig. 7.6).  There were no significant differences between 

any of the other locations, indicating that the significant effect of eccentricity on total 

cell numbers was solely due to reduced cell numbers in the temporal 40 to 50° region.   
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Fig.  7.6 Cont.  Graphical representations of the effect of eccentricity on the cell 
populations in the posterior 100 degrees of the sclera.  The total number of all cells 
(DAPI) and the total number of myofibroblasts (α-SMA) were divided into 10 degree 
regions.  The complete area of interest subtended 50 degrees from the edge of the ONH in 
both the nasal and temporal directions.  Each column represents a single treatment 
modality: monocularly deprived eyes; contralateral control eyes; and age-matched normal 
eyes (n = 10 per group).  GP = guinea pig number, RE = right eye, LE = left eye.  Note 
that GP511 and GP512 did not undergo biomechanical testing prior to anatomical 
investigation. 

 



 142

When the interaction of treatment and eccentricity on total cell numbers was 

scrutinised it was found that the majority of the effect was due to variances between 

treatment groups of unmatched regions (Table 7.1).  However, when the eccentricities 

were matched between treatments, it was found that only the region between the ONH 

and 10 degrees on the nasal sclera of deprived eyes had significantly reduced numbers 

of cells from the same region in both normal (p = 0.004) and control eyes (p = 0.049).  

The average number of cells in the deprived eyes for the region between the ONH and 

10 degrees was 177 ± 14 cells (n = 10, ± SEM), compared with 265 ± 12 cells in 

normal eyes, and 215 ± 12 cells in control eyes.  The difference between the normal 

and control eyes was not significant (p = 0.060).  This finding is extremely significant, 

as the 10 degree region next to the ONH on the nasal sclera in guinea pigs is equivalent 

to the region where scleral crescents form next to the nerve on the temporal sclera in 

human high myopia (Curtin and Karlin 1971; Zhou, Qu et al. 2006). 

 

7.4.2 Distribution with Eccentricity: Myofibroblast Numbers 
 
Analysing the number of myofibroblasts with eccentricity in the same manner as the 

total cell population revealed a significant effect from eccentricity only (p = 0.037).  

Looking at the effect of eccentricity averaged over the three treatment groups in detail 

revealed that, like the total cell numbers, the temporal 40 to 50° region had 

significantly fewer cells than the other regions (p = 0.002 to p = 0.033).  Additionally, 

the nasal region between the ONH and 10° also showed a significant reduction in 

myofibroblast numbers from other eccentricities (p = 0.014 to p = 0.047). 

 

Unlike the total cell population, there was no significant treatment*eccentricity 

interaction for the myofibroblast sub-population (p = 0.408).  When the interactions 

were examined in greater depth, a similar pattern of significant interactions to the total 

cell population emerged (Table 7.2).  However, there were fewer significant 

interactions than the total cell population case which could account for the lack of an 

overall significance.  While the temporal 40 to 50° region of normal eyes was 

significantly different from most other regions, there were few significant differences 

in the nasal region between the ONH and 10° of the deprived eyes.  When the 

eccentricities were matched with respect to location it was found that treatment had no 

significant effect on myofibroblast numbers for any of the ten eccentricities examined.   
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Table 7.1  Table showing probabilities for total cell populations (DAPI) from the 
posterior 100 degree scleral sections of normal (Nor.), form deprived (Dep.), and control 
(Con.) eyes. Comparisons between every 10 degree region from the ONH to 50 degrees 
eccentricity are made from the nasal (N) and temporal (T) sclera.  Significant differences 
in cell numbers are highlighted.  * = Significant difference in cell numbers between 
matched regions.  Note: the nasal 10 degree region (N 10) is equivalent to the position of 
scleral crescent formation in high myopia in humans. 
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The ONH to 10 degree region of the nasal sclera, the location of the significant 

decrease in total cell numbers, did not show any significant changes in myofibroblast 

numbers.  Additionally, where the total cell population showed significant within-eye 

differences for the normal population, there were no distinct within-eye effects for 

myofibroblast numbers with eccentricity.   

 

7.4.3 Distribution with Eccentricity: Percentage of Myofibroblasts in the Total 
Population 

 
The same analysis was then carried out on the percentage of the total population that 

were myofibroblasts, and it was found that there were no significant differences in the 

effect of treatment (p = 0.053), eccentricity (p = 0.759), or the treatment*eccentricity 

interaction (p = 0.782).  Examination of the pair-wise treatment*eccentricity 

interactions (Table 7.3) revealed no distinct pattern of significant effects.  However, 

when matched regions were compared it was found that only two regions showed any 

significant treatment*eccentricity interaction.  The region between the ONH and 10° in 

the nasal sclera of deprived eyes had a significantly greater percentage of 

myofibroblasts (68.88 ± 6.53%; n = 10, ± SEM) compared to the same region in 

normal eyes (54.04 ± 2.35%; p = 0.031).  The percentage of myofibroblasts in the 40 

to 50° region in the nasal sclera of deprived eyes was also significantly greater than the 

same region in control eyes (72.72 ± 4.68% versus 59.37 ± 5.52%; p = 0.021). 

 

7.4.4 Distribution with Eccentricity: Summary 
 
The most important finding to come from looking at the distribution of cells with 

eccentricity away from the ONH was that there were significant changes induced in the 

region between the ONH and 10 degrees by the development of form deprivation 

myopia.  The total number of cells in this region was significantly reduced by form 

deprivation compared to the populations in control and age-matched normal eyes.  

There was, however, no significant change to the number of myofibroblasts in this 

region.  This lead to an increase in the percentage of the total cell population that were 

myofibroblasts in deprived eyes compared to normal eyes (but not control eyes), 

despite no net change in myofibroblast numbers.  This region is of interest as it is the 

equivalent position to scleral crescent formation in high myopia in humans. 
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Due to the well documented contribution of tension in the formation of stress fibres (as 

reviewed by (Tomasek, Gabbiani et al. 2002)) it could be argued that the high numbers 

of myofibroblasts seen in the tissue might be the result of the prior biomechanical 

experimentation on the eyes.  However, two eyes per treatment were counted without 

prior biomechanical testing of the scleral tissue (see Appendix 1 for disposition).  

Statistical analyses were performed, within treatment groups, to determine whether 

increasing the IOP significantly affected the cell population counts. 

 

In the form deprivation group Type 3 Tests showed there was no significant treatment 

(p = 0.986), or treatment*eccentricity interaction (p = 0.0681) between the eyes that 

had undergone prior biomechanical investigation and eyes that had not.  Likewise for 

the myofibroblast numbers in form deprived eyes there was no significant treatment 

(p = 0.558), or treatment*eccentricity interaction (p = 0.207).  Similar results were 

seen in the contralateral control eye group for treatment (p = 0.717 and p = 0.943), or 

treatment*eccentricity interactions (p = 0.737 and p = 0.916) for the total cell 

population and myofibroblast numbers respectively.  In the age-matched normal 

animals the total cell population also showed no significant treatment (p = 0.328) or 

treatment*eccentricity interaction (p = 0.199).  The myofibroblast population was not 

significantly different for Type 3 Tests of treatment (p = 0.513), while it approached, 

but did not reach, significance for the treatment*eccentricity interaction (p = 0.051). 

 

These results indicate that, at least in the case of the age-matched normal animals, 

there may be some small impact of increasing the scleral tension by increasing the IOP 

on the myofibroblast population present in the sclera.  However, these effects are 

small, and in no case did they reach statistical significance.  This finding suggests that 

the samples of the cell populations presented in the preceding chapters is indicative of 

the true population, and that the experimental manipulation carried out prior to cell 

counting had minimal effect on the cell counts. 
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Table 7.2  Table showing probabilities for myofibroblast populations (α-SMA) from the 
posterior 100 degree scleral sections of normal (Nor.), form deprived (Dep.), and control 
(Con.) eyes. Comparisons between every 10 degree region from the ONH to 50 degrees 
eccentricity are made from the nasal (N) and temporal (T) sclera.  Significant differences 
in cell numbers are highlighted.  Note: the nasal 10 degree region (N 10) is equivalent to 
the position of scleral crescent formation in high myopia in humans. 
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Table 7.3  Table showing probabilities for the percentage of the total cell population 
(DAPI) that was myofibroblasts (α-SMA) from the posterior 100 degree scleral sections 
of normal (Nor.), form deprived (Dep.), and control (Con.) eyes. Comparisons between 
every 10 degree region from the ONH to 50 degrees eccentricity are made from the nasal 
(N) and temporal (T) sclera.  Significant differences in percentages are highlighted.  
* = Significant difference in percentage between matched regions.  Note: the nasal 10 
degree region (N 10) is equivalent to the position of scleral crescent formation in high 
myopia in humans. 
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7.5 Cell Numbers: Distribution Gradient through the Thickness of 
the Sclera 

 
Having established a significant effect of form deprivation myopia on cell populations 

in the region between the ONH and 10 degrees of the nasal the sclera, the next step 

was to determine whether there was any change in the distribution of cells through the 

thickness of the sclera.  To grossly examine cell distribution gradients the sclera was 

divided in half into anterior and posterior layers; the anterior region was closest to the 

choroid, and the posterior region was nearest Tenon’s capsule. 

 

7.5.1 Distribution Gradient through the Thickness of the Sclera: Total Cell 
Numbers 

 
Examination of the gross distribution of the total cell numbers in the section of sclera 

from the posterior pole region of the globe revealed a definite anterio-posterior 

gradient (Table 7.4).  Pair-wise comparison using linear mixed model analysis with a 

fixed effect of treatment*position showed that there were significantly more cells 

present in the anterior layer compared to the posterior layer.  This finding was 

consistent between all treatment modalities (age-matched normal, form deprived, and 

contralateral control eyes), and for every region examined (nasal 50 degrees, temporal 

50 degrees, and posterior 100 degrees), with a probability of p ≤ 0.001 in all cases.   

 

7.5.2 Distribution Gradient through the Thickness of the Sclera: Myofibroblast 
Numbers 

 
When the gross distribution of myofibroblasts through the thickness of the sclera was 

examined the anterio-posterior gradient observed for total cell numbers was not seen 

(Table 7.5).  For every region examined (nasal 50 degrees, temporal 50 degrees, and 

posterior 100 degrees) under each of the treatment conditions (age-matched normal, 

form deprived, and contralateral control eyes) there was no significant difference in the 

number of myofibroblasts between the anterior and posterior layers with one 

exception.  The posterior 100 degree region of the scleral section in normal eyes did 

show a significantly greater number of myofibroblasts in the anterior 50% of the sclera 

compared to the posterior 50% (p = 0.022).   
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7.5.3 Distribution Gradient through the Thickness of the Sclera: Percentage of 
Myofibroblasts in the Total Population 

 
As one would expect from a gross distribution pattern that showed more total cell 

numbers in the anterior layer than the posterior layer while showing no difference in 

myofibroblast numbers between the two regions, there was a significant gradient 

difference in the percentage of the total cell population that were myofibroblasts 

(Table 7.6).  Apart from the temporal 50 degree region of normal eyes which had no 

significant difference in the proportion of myofibroblasts between the anterior and 

posterior 50% of the sclera (p = 0.105), all the regions examined (nasal 50 degrees, 

temporal 50 degrees, and posterior 100 degrees) for every treatment modality (age-

matched normal, form deprived, and contralateral control eyes) showed a significantly 

greater percentage of myofibroblasts in the total population in the posterior 50% of the 

sclera.   

 

The sclera showed a distinct gross distribution gradient of cells going from the anterior 

(adjacent to the choroid) to posterior (adjacent to Tenon’s capsule) aspect.  There was 

a decrease in total cell numbers away from the choroid, but this was inversely related 

to the percentage of myofibroblasts in the total population which increased away from 

the choroid.  Myofibroblast numbers remained constant through the sclera. 

 

7.5.4 Nasal 50 Degrees: Distribution Gradient through the Thickness of the 
Sclera 

 
Having established a significant difference between the anterior and posterior scleral 

layers for total cell numbers and the percentage of myofibroblasts in the total 

population, but not for myofibroblast numbers, the next analysis looked at whether 

treatment had any effect on the cell populations within these regions.  Examination of 

the nasal 50 degree region of the sclera via Type 3 Tests revealed no significant 

treatment effects on total cell numbers in the anterior (p = 0.674) or posterior 

(p = 0.672) regions.  The pair-wise comparisons of treatment effects are summarised in 

Table 7.7.  Treatment also had no significant effect on the myofibroblast populations 

in either the anterior (p = 0.703) or posterior (p = 0.378) regions.  Likewise the Type 3 

Tests revealed no significant treatment effects on the proportion of myofibroblasts in 

the total population for the anterior (p = 0.347) or posterior (p = 0.126) sclera.  The 

pair-wise comparison did however find that the posterior 50% of the sclera from the  
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Table 7.7  Comparison of the effect of treatment between age-matched normal (Nor.), 
form deprived (Dep.), and contralateral control (Con.) eyes on the distribution of cells 
within the anterior and posterior 50% of the nasal 50 degree region in a section of the 
sclera.  Assessed are total cell numbers (DAPI), myofibroblast numbers (α-SMA), and the 
percentage of the total cell population that are myofibroblasts (Percentage) within the 
scleral section.  The only significant treatment effect was an increase in the percentage of 
the total cell population that were myofibroblasts in deprived eyes compared to age-
matched normal eyes.  n = 10 eyes per group, ± SEM. 

 

nasal 50 degree region in deprived eyes had a significantly greater percentage of 

myofibroblasts in the total population than the same region in normal eyes (p = 0.044).   

 

7.5.5 Temporal 50 Degrees: Distribution Gradient through the Thickness of the 
Sclera 

 
The effect of treatment on cell populations in the anterior and posterior scleral layers 

from the temporal 50 degree region was much the same as the nasal region.  The Type 

3 Tests were not significant for the total cell population in either the anterior (p = 

0.388) or posterior (p = 0.874) regions due to treatment effects.  The pair-wise 

comparisons of treatments were not significant (Table 7.8).  Myofibroblast numbers in 

the anterior (p = 0.417) and posterior (p = 0.173) scleral layers were also not 
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significantly altered by the effect of treatment.  There was also no significant treatment 

effect on the proportion of the total cell population that were myofibroblasts for the 

anterior (p = 0.909) or posterior (p = 0.349) 50% of the sclera.  Likewise there were no 

significant pair-wise comparisons of treatment effects for either myofibroblast 

numbers, or their proportions of the total cell population. 

 

 

 

 
Table 7.8  Comparison of the effect of treatment between age-matched normal (Nor.), 
form deprived (Dep.), and contralateral control (Con.) eyes on the distribution of cells 
within the anterior and posterior 50% of the temporal 50 degree region in a section of the 
sclera.  Assessed are total cell numbers (DAPI), myofibroblast numbers (α-SMA), and the 
percentage of the total cell population that are myofibroblasts (Percentage) within the 
scleral section.  There was no significant treatment effect present. n = 10 eyes per group, 
± SEM. 
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7.6 Cell Numbers: Cell Density 
 
While the eccentricity measurements covered a proportionally equal angular subtense 

of each globe, which translates to an equal linear distance proportional to the entire 

circumference, the absolute linear distance is greater in larger eyes compared to 

smaller eyes.  The dehydrated cross-sectional scleral area was thus calculated for each 

eye in order to determine the density of cells in the nasal and temporal 50 degree 

regions to reflect this difference in absolute linear distance. 

 

7.6.1 Dehydrated Cross-sectional Area of the Sclera 
 
The average dehydrated cross-sectional area was calculated for normal, deprived, and 

control eyes from the photo montages of scleral sections used for cell counting.  

Separate cross-sectional areas were calculated from both α-SMA and DAPI labelled 

photos of the same section due to slight variations in the montages.  The average 

dehydrated cross-sectional scleral area for each of the treatment groups from the nasal 

and temporal 50 degree regions can be seen in Table 7.9.  Type 3 Tests of the effect of 

treatment on cross-sectional area revealed no significant differences for the DAPI 

labelled sections in either the nasal (p = 0.480), temporal (p = 0.621), or posterior 100 

degree (p = 0.830) regions.  Pair-wise comparisons of the different treatments also 

revealed no significant differences in cross-sectional area (Table 7.9). 

 

Likewise, for the α-SMA labelled sections there was no significant effect of treatment 

on the average cross-sectional area from either the nasal (p = 0.707), temporal 

(p = 0.753), or posterior 100 degree (p = 0.865) regions when analysed using type 3 

tests of fixed effects.  Comparing the pair-wise effects of treatment using the 

differences of least squares means also revealed no significant between-treatment 

differences in the dehydrated cross-sectional areas (Table 7.9). 

 

7.6.2 Dehydrated Cross-sectional Scleral Cell Densities 
 
Using the cell count data of the total cell populations and myofibroblast numbers, 

combined with the cross-sectional areas calculated from the DAPI and α-SMA labelled 

montages respectively, dehydrated scleral cell densities were calculated.    The cell 

densities, calculated as cells per square millimetre cross-sectional area, are collated in  
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Table 7.10.  Type 3 Tests to determine the effect of treatment on total cell density in 

the scleral sections found no overall significant effect in either the nasal 50 degree 

(p = 0.096), temporal 50 degree (p = 0.583), or posterior 100 degree (p = 0.192) 

regions.  However, when pair-wise comparisons between treatments were made (see 

Table 7.10) it was found that there was a significantly greater density of cells in the 

control eyes compared with the deprived eyes in both the nasal 50 degree and posterior 

100 degree regions.  There were no significant differences between the age-matched 

normal eyes and either the deprived, or control eye densities. 

 

Examination of the myofibroblast densities for treatment effects via type 3 tests of 

fixed effects showed no significant differences for any of the nasal 50 degree 

(p = 0.360), temporal 50 degree (p = 0.295), or posterior 100 degree (p = 0.573) 

regions.  Unlike the total cell number densities, there were no significant pair-wise 

treatment differences in the myofibroblast densities between any of the three 

treatments (Table 7.10).   

 

7.7 Scleral Thickness 
 
The final anatomical measurement that was made on the tissue sections was to 

calculate the dehydrated scleral thickness at ten degree intervals over the posterior 100 

degrees of the sclera.  As with the cross-sectional area calculations, measurements of 

the dehydrated scleral thickness were made in both the DAPI and α-SMA labelled 

montages due to subtle differences in the photographs and subsequent montages.  

However, no differences were observed between the two measurements and only the 

measurements from DAPI labelled photographs are presented here. 

 
Initial observation of the scleral thickness revealed minimal differences between 

deprived (133.17 ± 3.59 µm; ± SEM), control (124.84 ± 3.16 µm), and normal (129.18 

± 2.80 µm) eyes (Fig. 7.7).  This observation was confirmed by repeated measures 

linear mixed modelling of the effect of treatment with a non-significant type 3 tests of 

fixed effects (p = 0.195).  This finding of no significant treatment effect on scleral 

thickness is surprising given the significant differences in vitreous chamber depth 

induced by form deprivation (see Chapter 4.2), and the well documented finding of  
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Fig.  7.7  Average dehydrated scleral thickness for the posterior 100 degrees in normal, 
form deprived, and contralateral control eyes.  Measurements made on scleral sections 
labelled with DAPI.  n = 10 eyes per group.  Error bars are SEM. 

 

scleral thinning due to myopia development in other species (Funata and Tokoro 1990; 

McBrien, Cornell et al. 2001).   

 

Analysis of the effect of eccentricity on sclera thickness (Fig. 7.8) revealed significant 

differences in the dehydrated scleral thickness at different eccentricities when the 

average of all treatments was examined (p < 0.001).  Closer examination of the effect 

of eccentricity on dehydrated scleral thickness, averaged over all subjects regardless of 

treatment, revealed a significant difference between the nasal and temporal scleral 

thicknesses.  The average thickness for each eccentricity and the differences of least 

squares means probabilities are collected in Table 7.11.  The thickness of the nasal 

sclera did not vary significantly with eccentricity, while the temporal sclera became 

significantly thinner with progression away from the edge of the ONH.  Additionally, 

the temporal sclera between 10 and 30 degrees was significantly thicker than the 

equivalent region of the nasal sclera, but with greater eccentricity the temporal sclera 

became significantly thinner than the nasal sclera.  There was no significant 

treatment*eccentricity effect on scleral thickness between the normal, deprived, and 

control groups as determined by Type 3 Tests (Table 7.12; p = 0.073).   
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Fig.  7.8  Average dehydrated scleral thickness every 10 degrees nasally and temporally 
from the optic nerve head in normal, form deprived, and contralateral control eyes.  
Measurements made on scleral sections labelled with DAPI.  n = 10 eyes per group.  Error 
bars are SEM. 

 

 
Table 7.11  Average dehydrated scleral thicknesses from all treatment groups as a 
function of eccentricity.  Measurements of thickness were made every 10 degrees out 
from the edge of the ONH for 50 degrees in both the nasal and temporal directions from 
DAPI labelled sections.  The differences of least squares means probabilities are 
presented, with significant differences in scleral thickness being highlighted.  n = 30 eyes 
per measurement, ± SEM. 
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Table 7.12 Table showing probabilities for dehydrated scleral thicknesses for the 
posterior 100 degree scleral sections labelled with DAPI of normal (Nor.), form deprived 
(Dep.), and control (Con.) eyes. Comparisons between every 10 degree region from the 
ONH to 50 degrees eccentricity are made from the nasal (N) and temporal (T) sclera.  
Significant differences in scleral thickness are highlighted.   
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7.8 Anatomy Summary 
 
The first finding was that myofibroblasts are present in guinea pig sclera (Section 7.1).  

These cells have previously only been shown in human, monkey, and tree shrew sclera 

(Poukens, Glasgow et al. 1998; Phillips and McBrien 2004).  The induction of myopia 

by monocular form deprivation had a minimal effect on the cell populations (Section 

7.2).  The total number of cells in the sample region was not significantly different 

overall between normal, deprived, and control eyes.  Likewise, treatment had no 

significant effect on the myofibroblast population overall.  There were also no 

significant differences in the dehydrated cross-sectional density of either the total cell 

population or myofibroblasts between treatment groups (Section 7.6).  An 

unexpectedly high proportion of the total cell population in the sample were 

myofibroblasts (Fig 7.4).  On average over the three treatment groups 63.67 ± 1.65% 

of the scleral cells were myofibroblasts expressing α-SMA (n = 30, ± SEM). 

 

Eccentricity had little impact on the number of cells present (Section 7.3 and 7.4).  

However, there was a significant reduction in the total number of cells found in the 

region between the ONH and 10 degrees on the nasal sclera of form deprived eyes 

compared with both age-matched normal and contralateral control eyes (Section 7.4.1).  

This region is equivalent to the location of myopic scleral crescent formation in human 

high myopia, and this reduction in cell numbers could represent an early functional 

change in the sclera of guinea pigs prior to scleral crescent formation.  The power of 

this test was high (0.99012), indicating this is likely to be a true finding. 

 

Also of interest was that in the sample region from this study there was a gross 

gradient distribution of cells through the thickness of the sclera, with significantly 

more cells located in the anterior 50% (closest to the choroid) compared to the 

posterior 50% (closest to Tenon’s capsule) of the sclera (Section 7.5).  This gradient 

was not altered by treatment.  However, there was no gradient distribution of 

myofibroblasts, leading to a higher percentage of the total population expressing 

α-SMA in the posterior 50% of the sclera due to lower total cell numbers in this 

region.  This is in contrast to the clustering of myofibroblasts in the sclera near the 

choroid reported in monkeys and humans (Poukens, Glasgow et al. 1998). 
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8 Discussion 
 
The results presented in the preceding chapters suggest that an eye with experimentally 

induced myopia is, in effect, simply an eye with an abnormally long vitreous chamber 

depth.  This was illustrated by the fact that both the overall and contractile cell 

populations within the sclera were relatively unchanged by the development of 

myopia.  However, the immediate viscoelastic response of the vitreous chamber depth 

to increased intraocular pressure differed between the normal eyes and both the form 

deprived and control eyes.  This suggests that cell numbers per se do not impact upon 

the short-term biomechanical properties of the sclera that were investigated.  The 

implications of these findings, and their relevance and interpretation in the context of 

myopia development, are discussed below. 

 

8.1 Refractive Status 
 
8.1.1 Absolute Refractive Status 
 
The myopia induced by form deprivation in this study is of comparable magnitude to 

previous deprivation studies in guinea pigs (Howlett 2003; Howlett and McFadden 

2006; Lu, Zhou et al. 2006; Zhou, Lu et al. 2007).  The average sphero-cylindrical 

refraction in normal, three week old guinea pigs was found to be +3.50/-0.57 × 3 

giving an average mean sphere refraction of +3.21 ± 0.27 D (average ± SEM).  This 

finding is in keeping with the reported normal guinea pig refractive status, wherein two 

day old guinea pigs have an average refraction of +4.40 ± 0.40 D that emmetropises at 

a rate of approximately -0.17 D/day (Howlett 2003; Howlett and McFadden 2007).  

The normal refraction reported here is thus more hyperopic than predicted by this rate 

of emmetropisation (Howlett 2003; Howlett and McFadden 2007), but is 

approximately the same as normal eyes from other studies (+3.08 ± 0.87 D) (Zhou, Lu 

et al. 2007).  The contralateral control eyes of guinea pigs undergoing monocular form 

deprivation were not significantly different from the age-matched normal refractions.  

The average sphero-cylindrical refraction of control eyes was +3.65/-0.28 × 3 giving 

an average mean sphere refraction of +3.51 ± 0.30 D.   

 

One potential disadvantage of this study was the fact that normal animals were not 

litter mates of animals undergoing form deprivation.  When the axial length was 
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investigated it was found that the control eyes were significantly longer than the age-

matched normal eyes, despite no differences being present in the refraction.  Closer 

examination revealed the control eyes had significantly deeper anterior chambers (AC) 

and thicker lenses (Lens) than normal eyes, but that there were no differences in 

vitreous chamber depth (VCD).  While this may be a litter effect, the normal animals 

were also significantly lighter than the treatment animals (324.45 ± 46.03 g versus 

279.33 ± 38.36 g; average ± SD, p = 0.011) indicating they were smaller and might 

thus be expected to have smaller eyes.  No significant correlation was found between 

weight and mean sphere refraction for any treatment group (deprived, control, and 

normal).  However, significant positive correlations (p < 0.001) were found between 

weight and lens thickness, vitreous chamber depth, and overall axial length when all 

animals were pooled, with varying degrees of correlation within each treatment group 

(Section 4.1.8, Fig. 4.11).  The results indicate that eye size, but not refractive status, is 

correlated with body weight.  Similar correlations between body weight and eye size 

have been shown in a number of species (Howland, Merola et al. 2004), while the 

effect of body weight on refraction in humans shows significant variation between 

studies (Ojaimi, Morgan et al. 2005; Wu, Gupta et al. 2007; Dirani, Islam et al. 2008). 

 

Interestingly the normal versus control eye findings are in contrast to a study on 

interocular yoking with monocular form deprivation (MD) in the guinea pig (Howlett 

and McFadden 2006).  Interocular yoking, wherein refractive changes imposed on one 

eye result in changes, albeit to a lesser extent, in the untreated fellow eye has been seen 

in both chicks (Wildsoet and Wallman 1995) and monkeys (Bradley, Fernandes et al. 

1999).  Howlett and McFadden showed a significant increase in the VCD of 

contralateral control eyes in guinea pigs compared to age-matched normal litter mates 

after 16 days of form deprivation (Howlett and McFadden 2006).  In contrast there was 

no significant difference in VCD between control and normal eyes in this study.  

Howlett and McFadden found non-significant increases in AC depth between control 

and normal eyes (21 µm after 16 days MD) which is comparable to the significant 

increase seen in this study (34 µm after 14 days MD), however they found 

significantly thinner lenses in control eyes compared with normal eyes while this study 

found significantly thicker lenses (Howlett and McFadden 2006).   
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One possible source of this disparity between the studies is that the weights of guinea 

pigs in the MD group in this study were significantly greater than in the age-matched 

normal group, while the weights were not-significantly different in Howlett and 

McFadden’s study (Howlett and McFadden 2006).  While this could go some way to 

explaining the opposite lens thickness findings, it does not help in explaining the 

differences in VCD noted.  In Howlett and McFadden’s study, the average weight of 

the two groups was 250 to 259g, with significantly longer VCD in the control eyes 

compared to normal eyes (Howlett and McFadden 2006).  In this study, the MD group 

was approximately 325g versus 279g in the normal group, and yet the control and 

normal eyes’ VCD were not significantly different.  Weight alone therefore does not 

explain the differences observed between the two studies, and the genetic implications 

of the normal animals not being litter mates of the visual deprivation animals may 

account for the disparity seen in the results.  The findings of this study do not support 

the interocular yoking of the VCD in contralateral control eyes of MD guinea pigs 

reported by Howlett and McFadden, and are instead similar to other studies of myopia 

development in the guinea pig (Howlett and McFadden 2006; Zhou, Lu et al. 2007). 

 

Another factor that could be responsible for the observed differences in results 

between the studies is the strain of guinea pig used.  It is well known that the domestic 

guinea pig (Cavia porcellus) is distinctly different from its wild relative (Cavia 

tschudii), but differences exist also within the domesticated line (Spotorno, Marin et al. 

2006).  The guinea pigs for this study came from a single, self-contained breeding 

colony of tri-coloured guinea pigs bred by the Vernon Jansen Unit at the University of 

Auckland.  There is no report of the strain of guinea pig used in the other studies, but it 

is likely that there are some genetic differences between these groups (Howlett and 

McFadden 2006; Zhou, Lu et al. 2007).  It is possible that different strains of guinea 

pig may respond differently to imposed defocus.  Indeed, a recent study has reported 

spontaneously occurring myopia in a strain of wild-type guinea pigs, which contrasts 

to the hyperopia seen in other strains (Howlett and McFadden 2007; Jiang, Schaeffel et 

al. 2008). 

 

That the VCD and mean sphere refractions of normal and control animals were the 

same despite different overall axial lengths implies a correlation between the two 

components; and while the AC and Lens showed significant differences between the 



 166

normal and control eyes, they must have maintained similar proportions to each other 

in order for equal refractions to be found.  These findings are not unexpected as it has 

been shown that guinea pigs at 20 to 26 days of age have no significant difference in 

refraction compared to guinea pigs at 355 days of age, despite an average of 1.5 mm 

difference in axial length, indicating coordinated growth of the ocular components 

(Howlett 2003).   

 

8.1.2 Absolute Refractive Status: Astigmatism 
 
No study has investigated the refractive and corneal astigmatism in guinea pigs 

developing form deprivation, with reports of difference in mean sphere and overall 

corneal power only (Howlett 2003; Howlett and McFadden 2006; Lu, Zhou et al. 

2006; Zhou, Lu et al. 2007).  The use of sinusoidal plotting of refraction from five data 

points and the use of power vectors for averaging refraction in this study has meant a 

more detailed examination of the refractive status of the guinea pig eye was possible.   

 

The refractive astigmatism showed anatomical symmetry of the astigmatic axes like 

that seen in humans (Meiss and Muhlendyck 1989; McKendrick and Brennan 1997; 

Harris 2007).  In the guinea pig the axes are clustered along the oblique meridians (45 

and 135°) with a tendency towards horizontal (180°).  The oblique nature of the axes is 

comparable to findings from experimentally induced myopia in rhesus monkeys and 

chicks, although the chick eyes tended more towards vertical axes (Kee, Hung et al. 

2005; Kee and Deng 2008).  However, if the axes are considered relative to the 

palpebral aperture rather than true horizontal, the axis of astigmatism in guinea pigs 

closely matches the palpebral aperture to the normal head position of the guinea pig 

being depressed by 30° (see Section 4.1.2) (Curthoys, Curthoys et al. 1975).  External 

force on the cornea from the eyelids has long been proposed as a causative factor in the 

development of astigmatism (Grosvenor 1978), and more recently a correlation 

between the angle of the palpebral aperture and the axis of astigmatism has been 

demonstrated in humans (Read, Collins et al. 2007).  There was a greater variability 

and magnitude of astigmatism in the deprived eyes compared to either the contralateral 

control or age-matched normal eyes in both right (-1.36 DC, -0.52 DC, and -0.57 DC 

respectively) and left (-1.44 DC, -0.66 DC, and -0.65 DC respectively) eyes.  This is in 

keeping with findings from the rhesus monkey study that showed higher amounts of 
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astigmatism were associated with higher spherical refractive errors (Kee, Hung et al. 

2005).   

 

The refractive astigmatism was also examined in detail using power vectors as has 

previously been reported in humans (Huynh, Kifley et al. 2006).  The power vectors J0 

and J45 provided the basis for a detailed statistical analysis.  Again, all eyes showed 

oblique axes, tending towards the horizontal, with right eye axes clustered around 135° 

and left eyes around 45°.  Normal eyes were closer to 180° than either deprived or 

control eyes.  These axis locations are similar to those seen in both monkeys and 

chicks (Kee, Hung et al. 2005; Kee and Deng 2008).  Corneal astigmatism was not 

investigated in any detail for the reasons discussed previously (see Section 4.1.4). 

 

8.1.3 Relative Refractive Status 
 
The degree of relative myopia between monocularly form deprived and contralateral 

control eyes found in this study (-4.06 ± 0.35 D), was significantly greater than the 

relative difference found between age-matched normal eyes (+0.00 ± 0.19 D).  The 

degree of relative myopia induction after 14 days form deprivation was similar to 

values seen in other guinea pig deprivation studies (-6.6 D, over 11 days) (Howlett and 

McFadden 2006), (-2.21 ± 2.11 D, over 2 weeks; ± SD) (Lu, Zhou et al. 2006), (-3.93 

D, over 4 weeks) (Zhou, Lu et al. 2007).  

  

8.1.4 Refractive Status and Axial Dimensions 
 
This study found that monocular form deprivation induced relative myopia in guinea 

pigs, and that there was no significant difference in relative corneal power between 

monocularly deprived and normal animals.  A strong negative correlation between 

mean sphere and VCD (meaning an increase in vitreous chamber depth leads to 

increased levels of myopia) was seen in the guinea pig as has been described in other 

models of myopia development (Raviola and Wiesel 1985; Troilo, Gottlieb et al. 1987; 

McBrien and Norton 1992).   
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8.2 Anatomy 
 
The anatomy will be discussed prior to the biomechanical results due to the potential 

implications of differing contractile cell numbers on scleral biomechanical properties. 

 

8.2.1 Scleral Cell Populations 
 
This study has shown that myofibroblasts, identified by the expression of α-smooth 

muscle actin (α-SMA), are present in the sclera of guinea pigs.  This finding is in 

keeping with the observation of myofibroblasts in the sclera of other mammals 

(human, monkey, and tree shrew), although none of these studies quantified the scleral 

myofibroblast populations (Poukens, Glasgow et al. 1998; Phillips and McBrien 2004).  

In this study a surprisingly large proportion of the total cell population was found to be 

myofibroblasts, with on average over the three treatment groups 63.67 ± 1.65% of the 

population within the posterior 100 degree region of the transverse scleral sections 

being myofibroblasts (see Section 7.2).  However, there were no significant differences 

in the total cell numbers, total myofibroblast numbers, or percentage of the population 

that were myofibroblasts between any of the three treatment groups (monocularly form 

deprived, contralateral control, age-matched normal) for the posterior 100 degree 

sample regions. 

 

The finding of no significant treatment effect on the overall sample cell populations 

has implications for the scleral biomechanical findings.  Significant differences in the 

biomechanical response of the tissue were seen between the different treatment groups.  

One potential biochemical mediator of these differences could be the decrease in 

glycosaminoglycans that is seen with the development of myopia (Norton and Rada 

1995; Siegwart and Norton 1999; Rada, Nickla et al. 2000; Moring, Baker et al. 2007).  

While the cell population findings suggest that cell number alone does not play a role 

in the scleral biomechanical differences, this is not to say that there is no cellular role 

in the scleral viscoelastic and creep responses.  Functional changes to the scleral cells 

may be occurring in parallel with the well documented scleral biochemical changes in 

myopia development, with both factors contributing to the effect of myopia on the 

scleral biomechanical properties. 
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8.2.2 Scleral Cell Populations with Eccentricity 
 
While no overall global differences were seen in cell numbers, it is possible that local, 

regionally specific changes in the cell populations could result from myopia induction.  

Simply plotting the cell numbers in every 10 degree region within the posterior 100 

degrees (see Section 7.4, Fig 7.5) showed a tendency for cell numbers to increase away 

from the 10 degree region next to the optic nerve, before reducing in number towards 

the equatorial regions.  However, the temporal region between 40 and 50° was the only 

region, pooled over all treatment groups, which showed any significant decline in total 

cell numbers and myofibroblast numbers compared to the other regions.  The 

implication is that cell numbers remain fairly constant throughout the sclera with 

eccentricity.   

 

One possible explanation for the consistency in cell numbers throughout the nasal 

sclera, pooled over all treatment groups, can be drawn from measures of the 

dehydrated scleral thickness. The nasal sclera showed no significant change in 

dehydrated thickness, measured every 10 degrees, away from the optic nerve head.  If 

cell numbers are determined by relative separation form each other and, by association, 

scleral area and tensile stress within the sclera, then a consistent scleral thickness, and 

hence area, would be expected to result in consistent scleral numbers (see Section 8.2.5 

for a discussion on cell density).  In contrast, there was a significant progressive 

thinning of the temporal dehydrated scleral thickness away from the nerve, which 

would account for the reduction in cell numbers seen in the 40 to 50° region of the 

temporal sclera only.   

 

8.2.3 Scleral Cell Populations in the Location of Future Myopic Crescent 
Formation 

 
Of greatest interest from the cell population data with eccentricity is the finding that 

the nasal region between the optic nerve head and 10 degrees possessed significantly 

fewer cells in the form deprived eyes compared to either the control or normal eyes.  

The nasal sclera in guinea pigs in analogous to the temporal sclera in humans, which is 

the main region of interest in the pathogenesis of high myopia in humans.  Moreover, 

the development of myopic scleral crescent (peripapillary atrophy) in high myopia in 

humans usually occurs in the region temporal to the optic nerve head, which would be 
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nasal to the nerve in guinea pigs (Curtin and Karlin 1971; Cooper and Schiller 1975; 

Zhou, Qu et al. 2006).  The decrease in cell numbers observed may represent scleral 

changes with the formation of crescents, in addition to the classical tissue 

misalignment seen in the overlying layers (Fantes and Anderson 1989).   

 

Interestingly there were no differences in the number of myofibroblasts present in the 

nasal 10 degree region between any of the three treatment groups, increasing the 

relative percentage of the population that possessed contractile markers in deprived 

eyes.  In human myopic eyes it has been shown that there is decreased choroidal blood 

flow in the region of the myopic crescent (Yasuzumi, Ohno-Matsui et al. 2003), and it 

is possible that this reduction in blood supply is responsible for the decrease in cell 

numbers.  It is unclear why fibroblasts would be preferentially targeted.  It is possible 

that some myofibroblasts were lost, but given the mechanosensory nature of stress 

fibre formation, some fibroblasts may have differentiated into the myofibroblast 

phenotype to replace them (Hinz, Mastrangelo et al. 2001; Goffin, Pittet et al. 2006).  

Loss of myofibroblasts might result in increased stress within the tissue that could 

trigger fibroblast differentiation.   

 

The unexpectedly high proportion of the total sample population that are 

myofibroblasts (that is invariant with treatment), leads to the possibility of a 

correlation between cell number and the tensile stress experienced by the tissue.  The 

formation of myofibroblasts from fibroblasts is reliant on the induction and 

maintenance of tensile force within the extracellular matrix, with loss of force resulting 

in a return to the undifferentiated form (Hinz, Mastrangelo et al. 2001; Goffin, Pittet et 

al. 2006).  From a hypothetical point of view, if the tensile stress within the sclera is 

constant, the number of myofibroblasts would be expected to be constant also.   

 

It should be noted that myofibroblasts, like fibroblasts, are responsible for the normal 

turnover of collagen extracellular matrices, being able to produce and degrade the 

same matrix components as fibroblasts (for reviews see (Hinz 2007; McAnulty 2007)).  

Continual turnover of the extracellular matrix is an essential feature of all connective 

tissues (Murphy and Reynolds 2002).  Turnover requires the degradation of the 

collagen matrix by the matrix metalloproteinases (MMPs) and secretion of new 

collagen fibrils (Guggenheim and McBrien 1996; Di Girolamo, Lloyd et al. 1997).  In 
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order to prevent rapid expansion of the tissue when the integrity of the matrix is 

broken by MMP digestion of parts of the collagen structure, it is likely the 

myofibroblasts act as scaffolding taking up the role of the collagen until new matrix is 

synthesised.  Indeed tissue contracture has been shown to be the result mainly of 

independent, isolated myofibroblasts, which contract at the same time as new collagen 

is being laid down, ultimately resulting in shortening of the tissue (Ryan, Cliff et al. 

1974; Tomasek, Gabbiani et al. 2002).  If there was reduced contractility of 

myofibroblasts it is possible that on degrading part of the collagen matrix the 

myofibroblasts surrounding that region may not be able to develop the required 

contractile force to maintain the matrix position, and so a small amount of expansion 

might occur.  Repeat episodes of this could eventually lead to a slow expansion of the 

axial length, and further myopia development. 

 

8.2.4 Scleral Cell Population Distribution Gradient through the Thickness of the 
Sclera 

 
Examination of the distribution gradient through the thickness of the sclera revealed 

that in all treatments there were significantly more DAPI staining cells in the anterior 

50% of the sclera closest to the choroid than the posterior 50% of the sclera.  This is in 

keeping with findings from rabbit sclera showing a decrease in cell numbers from the 

inner to outer sclera (Spitznas, Luciano et al. 1971).  However, in contrast to the 

findings of Poukens et al. that the majority of myofibroblasts in human and monkey 

sclera are clustered near the choroid (Poukens, Glasgow et al. 1998), there was no 

significant difference between the numbers of α-SMA staining myofibroblasts in the 

anterior or posterior 50% of the scleral thickness.   

 

8.2.5 Scleral Cell Densities 
 
There was no significant treatment effect on the dehydrated cross-sectional area for the 

posterior 100 degree sample regions, and there only were significantly greater 

dehydrated, cross-sectional, total cell densities in the control eyes compared to 

deprived eyes.  There were no other significant differences in cell densities for either 

the total cell numbers or myofibroblast numbers.  The lack of significant difference in 

cell densities provides evidence towards the proposal in Section 8.2.3 that the number 
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of cells within the sclera is determined by the relative separation of the cells resulting 

from the scleral area and tensile stress within the sclera. 

 

A theoretical model of the tensile stress within the sclera based on Laplace’s law was 

carried out to investigate this further.  Calculations were made of the tensile stress (τ) 

within the sclera using Laplace’s law as has been utilised for theoretical modelling of 

susceptibility to glaucomatous damage (Equation 8.1) (Cahane and Bartov 1992).  

 

       (8.1) 

 

where τ is the tensile stress in the sclera (mmHg/µm2) , IOP is the intraocular pressure, 

r is the radius of the globe, and h is the thickness of the sclera.  The assumptions made 

for this theoretical model were that the globe approximated a sphere and that the 

scleral thickness was uniform throughout the globe.  For each eye the IOP was taken as 

15 mmHg, and radius was calculated as half the axial length of the eye measured with 

the IOP at 15 mmHg.  The dehydrated α-SMA scleral thickness of each eye was 

averaged over the ten points measured to give h.  The resulting scleral tensile stress 

computed for each eye was plotted versus the cell density for both total cell numbers 

(Fig. 8.1) and myofibroblast numbers (Fig. 8.2). 

 

Interestingly, the contralateral control eyes and age-matched normal eyes showed good 

correlation between scleral tensile stress and both total cell numbers and myofibroblast 

numbers.  However, this correlation was completely lost in form deprived eyes, which 

showed no correlation for either total cell numbers or, more importantly, myofibroblast 

numbers.  These findings suggest that there is some mechanosensory component based 

on the stress experienced by the sclera that helps in the determination of the density of 

cells, and hence cell number, in the sclera.  The loss of correlation seen in form 

deprived eyes could represent a loss of the mechanosensory mechanism between the 

extracellular matrix (ECM) and the cells. 

 

The elastic modulus of deprived eyes has been shown to be unchanged by form 

deprivation in tree shrews, although the sclera demonstrated greater extensibility under 

constant load (Phillips and McBrien 1995).  The authors ascribed this difference in 

extensibility to the reduction in scleral thickness seen in myopic eyes.  Mathematical  
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Fig.  8.1  Correlation between total cell density in the sclera and scleral tensile stress in 
deprived (R2 = 0.0715), control (R2 = 0.3394), and normal (R2 = 0.6505) eyes.  
Correlation over all treatment groups, R2 = 0.2067.  n = 8 eyes per group. 

 

 
Fig.  8.2  Correlation between myofibroblast density in the sclera and scleral tensile stress 
in deprived (R2 = 0.0003), control (R2 = 0.7937), and normal (R2 = 0.4814) eyes.  
Correlation over all treatment groups, R2 = 0.3001.  n = 8 eyes per group. 
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modelling has shown scleral thickness to have the greatest effect on stress within the 

tissue, such that reduced scleral thickness results in increased stress (David, Smye et 

al. 1997).  This would predict that higher degrees of myopia would result in greater 

scleral stress, although the results from human studies show only small differences 

(Lee and Edwards 2000; Schmid, Li et al. 2003).  However, even with constant scleral 

thickness there were significantly higher levels of scleral stress in the more myopic 

eyes (Lee and Edwards 2000).  These findings indicate that with increasing myopia the 

cells in the sclera are subjected to increasing levels of stress, even with constant scleral 

thickness due to the increased axial dimensions of the globe, and that decreased scleral 

thickness will act to increase further the stress these cells experience.  An alteration in 

the attachment of the scleral cells to the surrounding matrix in eyes already 

experiencing increased levels of stress, in conjunction with biochemical changes to the 

sclera, could help explain the differences seen in the biomechanical properties of 

myopic eyes as reviewed in Section 1.5. 

 

The mechanosensors in fibroblasts and myofibroblasts are the focal adhesions (for a 

good review see (Hinz 2007)).  These structures communicate with the stress fibres 

within the cells, and connect to the ECM via fibronectin.  The loss of correlation 

between the stress in the ECM and the myofibroblast numbers may be due to a  

dysfunction or down regulation in form deprived eyes of, for example, the focal 

adhesions themselves, fibronectin, or focal adhesion kinase (FAK), which is 

responsible for focal adhesion signal transduction (Petit and Thiery 2000; Zamir and 

Geiger 2001a; Zamir and Geiger 2001b).  Indeed, a reduction in the expression of 

integrin subunits, the main components of focal adhesions, has been seen after as little 

as 24 hours of form deprivation in tree shrews (McBrien, Metlapally et al. 2006). 

 

Changes to the focal adhesions, fibronectin, or FAK would have a two-fold effect.  

Firstly, there would be a reduction in the signal from the surrounding tissue to the cells 

indicating that there were increasing levels of stress in the tissue and that more α-SMA 

should be recruited to the stress fibres.  Secondly, there would be a reduction in the 

transmission of the force developed by stress fibre contraction into the surrounding 

matrix.  Both these factors could result in the myofibroblasts being unable to maintain 

the required tension in the tissue to counteract the force exerted on it, leading to a slow 

creep of the tissue, and eventual axial elongation.    
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Furthermore, levels of transforming growth factor-β (TGF-β) have been shown to be 

reduced during the development of myopia in tree shrews (Jobling, Nguyen et al. 

2004).  TGF-β stimulates the expression of α-SMA in myofibroblasts (Desmouliere, 

Geinoz et al. 1993; Jester, Huang et al. 2002; Tomasek, Gabbiani et al. 2002), 

modulates increases in type I collagen mRNA expression (Serini, Bochaton-Piallat et 

al. 1998),  and promotes focal adhesion formation and association with fibronectin 

(Dugina, Fontao et al. 2001).  Thus, the observed reduction in TGF-β with myopia 

development is consistent with the idea of reduced mechanosensing and force 

transmission by myofibroblasts in myopic sclera due to a reduction in α-SMA and 

focal adhesions. 

 

The potential role of myofibroblasts in myopia development can also provide a 

possible explanation for the anti-myopiagenic effects of atropine and pirenzepine.  An 

extensive network of NADPH-diaphorase positive axons has previously been shown to 

terminate around the scleral myofibroblasts, suggesting a parasympathetic, 

nitroxidergic innervation of these cells (Poukens, Glasgow et al. 1998).  Nitric oxide 

(NO) is a known relaxant of stomach muscles, the ciliary muscle, and the extraocular 

muscles, as well as resulting in decreased numbers of myofibroblasts and decreased 

collagen production in the lung and culture (Kamata, Kohzuki et al. 1993; Hogaboam, 

Gallinat et al. 1998; Beauregard, Liu et al. 2001; Kaminski and Richmonds 2002; 

Vernet, Ferrini et al. 2002).  The relaxation of stomach muscles in mice is partly 

mediated by NO release induced by muscarinic M1 receptors, and this relaxation is 

inhibited by the M1 selective muscarinic antagonist pirenzepine (Stengel and Cohen 

2003).   

 

The inhibition of scleral M1 receptor mediated NO release by pirenzepine might thus 

be a pathway preventing myofibroblast relaxation, and hence preventing scleral 

expansion.  Critically, the activity of nitric oxide synthase, and hence NO, has also 

been shown to be increased in the retina, choroid, and sclera during form deprivation 

myopia development in guinea pigs (Wu, Liu et al. 2007a).  However, studies that 

have shown the inhibition of NO production using nitric oxide synthase inhibitors 

during form deprivation or lens induced myopia in chicks prevents the development of 

myopia and choroidal thickening (Fujikado, Kawasaki et al. 1997; Fujikado, 

Tsujikawa et al. 2001; Nickla and Wildsoet 2004).  This implies that scleral M1 
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receptor mediated NO release acting on myofibroblasts may not be the route of 

pirenzepine action, at least in the chick, as scleral myofibroblasts (Phillips and 

McBrien 2004) and the M1 receptor gene (Yin, Gentle et al. 2004) have not been 

demonstrated in the chick. 

 

An increase in muscarinic receptor subtypes M1 and M4 has been shown with myopia 

induction in the posterior sclera of guinea pigs (Qiong, Jie et al. 2007),  and human 

scleral fibroblasts have been shown to express M1 receptors (Abstract only (Zhou, 

Zhang et al. 2005)).  Additionally, in human lung fibroblasts atropine has been shown 

to reduce fibrosis and remodelling due to chronic inflammation by preventing 

cholinergic fibroblast proliferation, while other anticholinergics have been shown to 

have a similar effect on myofibroblasts, and pirenzepine has been shown to reduce skin 

fibroblast proliferation (Casanova, Furlan et al. 2006; Matthiesen, Bahulayan et al. 

2007; Pieper, Chaudhary et al. 2007).  Scleral myofibroblasts may thus represent the 

target for pirenzepine induced reductions in myopia development. 

 

8.2.6 Scleral Thickness 
 
The induction of form deprivation myopia in guinea pigs had no significant effect on 

the dehydrated scleral thickness.  This finding is in keeping with the ultrasound 

findings of Howlett and McFadden who found no significant treatment effect on 

scleral thickness in vivo (Howlett and McFadden 2006).  That no significant change in 

scleral thickness is seen with significant degrees of myopia development in the guinea 

pig is contrary to the findings from monkeys (Funata and Tokoro 1990), tree shrews 

(McBrien, Cornell et al. 2001), and humans (Curtin and Karlin 1971; Avetisov, 

Savitskaya et al. 1984).  There exists, then, a possible inter-species difference in 

response of the sclera to form deprivation myopia.  In the tree shrew the thinning of the 

sclera occurs after as little as 12 days of form deprivation, with on average -11.8 ± 0.7 

D of induced myopia (McBrien, Cornell et al. 2001).  In the slower growing monkeys 

a similar degree of induced myopia was developed over a 23 to 38 month period 

(Funata and Tokoro 1990).   

 

While the tree shrew data suggests the time frame for scleral thinning can be quite 

rapid (McBrien, Cornell et al. 2001), the degree of myopia induced may be a more 
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important factor in determining the amount of scleral thinning observed, as seen with 

the monkeys (Funata and Tokoro 1990).  The apparent inter-species difference in 

scleral response seen in the guinea pig may thus be due to the lower degree of myopia 

induced (on average -4.06 ± 0.35 D) rather than a true response difference.  The guinea 

pig retina is avascular, unlike the vascularised monkey and tree shrew retinas 

(Samorajski, Ordy et al. 1966; Chase 1982; Provis, Diaz et al. 1998).  It is possible, 

given local control of ocular growth (Raviola and Wiesel 1985; Norton, Essinger et al. 

1994; McFadden 2002), that this difference in retinal vasculature could in some way 

be responsible for the differential scleral thinning response between these species.  

Regardless of the cause, this is an interesting finding for future investigation. 

 

8.3 Biomechanics 
 
The hypothesis put forward by Phillips and McBrien was that scleral myofibroblasts 

might be responsible for the reduction in axial length seen in tree shrews during in vivo 

ocular compliance measurements (Phillips and McBrien 2004).  The hypothesis for 

this study was based on this prediction, and conjectured that form deprivation would 

lead to a decrease in myofibroblast numbers, and hence an increase in the axial length 

due to in vivo scleral creep on increasing the intraocular pressure.  However, as 

outlined in Section 8.2, there were no significant differences in the number of 

myofibroblasts present in the sample region of sclera from form deprived, contralateral 

control, or age-matched normal eyes.  Based on this finding, the hypothesis suggests 

there would be no difference in the biomechanical response of the eyes to increased 

IOP between the three treatment groups.  This was obviously not the case, suggesting 

that functional aspects of the cells and/or changes to the biochemical properties of the 

sclera are responsible for the observed differences in biomechanical properties of the 

sclera with form deprivation myopia. 

 

8.3.1 Immediate Viscoelastic Expansion 
 
Increasing the IOP significantly increased the depth of the anterior chamber, which 

was almost entirely accounted for by a significant decrease in lens thickness for all 

three treatment groups (see Section 5.2).  The changes in the vitreous chamber depth 

were thus mainly responsible for the changes in overall axial length observed.  Indeed, 

the responses of both the VCD and AXL to increased IOP were approximately the 
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same.  The equal but opposite response of the AC and Lens to increased pressure is 

similar to that reported in chick eyes, but not tree shrew eyes which showed a decrease 

in both axial component dimensions on increasing the IOP (Phillips and McBrien 

2004).  Interestingly, in the guinea pigs there was a significant increase in the VCD of 

form deprived and contralateral control eyes on increasing the IOP, but the age-

matched normal eyes were not significantly different from the baseline 15 mmHg 

length.  This is in contrast to the normal eyes of both chick and tree shrew which both 

showed increases in VCD on increasing the IOP (Phillips and McBrien 2004).  A 

possible reason for the different behaviour of the guinea pig eyes compared to chick 

and tree shrew eyes is the pressure used to induce the changes.  A pressure of 100 

mmHg (an increase of 85 mmHg) was used in the chicks and tree shrews (Phillips and 

McBrien 2004), but only 50 mmHg (an increase of 35 mmHg) was used in the guinea 

pigs.  It should be noted that a pilot study at 100 mmHg in guinea pigs was undertaken 

(see Section 3.5.2), but this did not replicate the findings of Phillips and McBrien 

(Phillips and McBrien 2004). 

 

The increase in VCD in deprived and control eyes but not normal eyes rejects the null 

hypothesis that equal numbers of myofibroblasts would result in equal viscoelastic 

responses of the sclera.  This poses the question then of what is occurring in the 

deprived and control eyes that differs from the normal eyes.  In vitro measures on 

isolated tree shrew scleral strips have shown no significant differences in scleral elastic 

modulus between deprived, control and normal eyes (Phillips and McBrien 1995; 

Siegwart and Norton 1999).  However, the posterior sclera was less extensible than the 

anterior or equatorial sclera (Phillips and McBrien 1995).  It is possible that in normal 

guinea pig eyes the 50 mmHg IOP was too low to cause extension of the posterior 

sclera resulting in increases in VCD, but was able to expand the lower modulus 

equatorial sclera (which could account for some individual animals showing a decrease 

in VCD; see Appendix 3, Fig. 3.13B).   

 

The expansion seen in form deprived guinea pig eyes to increased IOP may be 

explained by the fact that form deprived tree shrew eyes, although showing no 

differences in elastic modulus, do show an increased scleral extensibility over normal 

tree shrew eyes (Phillips and McBrien 1995; McBrien and Gentle 2003).  There were 

no significant differences in scleral thickness in the posterior region of guinea pig 
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sclera between treatments, so this cannot be a contributing factor.  Additionally, creep 

rate experiments on isolated strips of tree shrew sclera have shown that the increased 

creep rates seen in myopic sclera compared to control and normal eyes cannot be 

attributable to scleral thinning alone, and that some other change in scleral composition 

must play a significant role (Siegwart and Norton 1999). 

 

Changes in scleral composition, and possibly changes to myofibroblast focal adhesions 

and levels of α-SMA expression, could account for the difference in scleral response of 

form deprived versus age-matched normal eyes to increased IOP (reflected in VCD 

expansion, or lack thereof).  However, the form deprived and contralateral control eye 

responses were not significantly different from each other; hence the contralateral 

control eyes showed a significant expansion in VCD compared to age-matched normal 

eyes.  This could be taken as evidence for an interocular yoking signal between the 

form deprived and contralateral control eyes, altering the biomechanical properties of 

the control sclera enough for it to respond differently to increased IOP, but not 

sufficiently to induce significant axial changes compared to age-matched normal eyes.  

Interocular yoking is not without precedent in myopia research, having been 

demonstrated in guinea pigs (Howlett and McFadden 2006), chicks (Sivak, Barrie et 

al. 1989; Wildsoet and Wallman 1995), and monkeys (Hung, Crawford et al. 1995). 

 

8.3.2 Slow Creep Response 
 
As for the immediate viscoelastic response, the creep response of the anterior chamber 

depth (significantly increasing depth with time) and lens thickness (significantly 

decreasing thickness with time) were approximately equal in magnitude and opposite 

in direction (see Section 5.3).  Again, there were no significant differences between 

treatments (except at 50 minutes in the AC between the normal and deprived eyes) 

indicating form deprivation has minimal effect on the corneal and lens biomechanical 

properties.  The form deprived and control eye vitreous chamber depths were not 

significantly different from each other, while both were different to the normal eyes.  

There were no significant differences between the VCD on increasing the IOP to 50 

mmHg and the VCD after one hour of increased IOP for any treatment group.  

However, there were non-significant decreases in the VCD of both the deprived and 

control eyes, compared to non-significant increases in the VCD of normal eyes.   
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These non-significant changes in VCD meant that while the normal eyes displayed 

significantly less difference between the 15 mmHg and 50 mmHg lengths than either 

the deprived and control eyes due to no immediate viscoelastic expansion, this gap 

reduced with time.  After 30 minutes creep the difference in VCD compared to 

baseline was no longer significantly different between normal and control eyes, while 

after 50 minutes creep the gap between normal and deprived eyes was also no longer 

significant.  This finding suggests that deprived and control eyes were behaving in a 

similar manner to normal tree shrew eyes with increased IOP, showing an immediate 

viscoelastic expansion followed by a slow creep reducing the VCD (Phillips and 

McBrien 2004).  The creep response of guinea pig eyes was however non-significant 

in comparison to the significant response seen in tree shrew eyes, possibly due to the 

lower increase in IOP used in this study.   

 

The normal guinea pig eyes, on the other hand, responded more like the chick eyes 

during the creep period, showing a slow creep response that increased the VCD 

(Phillips and McBrien 2004).  The increase in VCD of normal guinea pig eyes was 

again non-significant in comparison to the significant increase seen in chicks.  This 

finding does not, however, mean normal guinea pig eyes respond like normal chick 

eyes to sustained increases in IOP, as the guinea pigs did not show the immediate 

viscoelastic expansion seen in the chicks, tree shrews, or form deprived and control 

guinea pig eyes.  The slow expansive creep seen in normal guinea pig eyes may in fact 

be a slow response over time to the increased IOP, increasing the VCD by the same 

amount as the immediate viscoelastic expansion did in the deprived and control eyes 

but at a much slower rate.  Deprived and control eyes thus appear to mainly undergo 

immediate viscoelastic expansion, while normal eyes appear to mainly undergo slow 

creep.  The resultant change in VCD may be the same, but the timeframe and method 

for the changes appears to differ between the treatments. 

 

It appears that 50 mmHg is not a great enough increase in IOP for normal eyes to 

display the expected viscoelastic response, but that with time the eye expands to a 

similar degree as deprived and control eyes via a slow creep.  If the increase in IOP 

was greater in normal eyes it is possible that normal eyes would display a similar trend 

as deprived and control eyes with immediate viscoelastic expansion followed by 

reducing VCD due to scleral creep.  The deprived and control eye data indicates that 
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myofibroblasts may indeed be working to reduce the VCD, and that given time they 

may reduce it enough to give a significant result.  The guinea pig response appears to 

be slower than the tree shrew response, but given the increase in IOP was around half 

of that in the tree shrews, the creep response could be expected to likewise be reduced 

compared to the tree shrew response (Phillips and McBrien 2004). 

 

The difference in response between the normal eyes and the deprived and control eyes 

again appears to come down to changes in scleral composition and/or myofibroblasts 

(either in focal adhesions, levels of α-SMA expression, or some other factor).  There is 

a slower response to increased IOP in normal eyes, indicating the scleral changes may 

make the deprived (and control) eyes more susceptible to changes in IOP.  As for why 

the changes in form deprived eyes permit the development of myopia while the control 

eyes, which show the same biomechanical response, do not develop myopia may come 

down to the signal for myopia development.  This finding suggests there may be two 

signals that combine in the development of myopia.  The first may be a signal resulting 

in reduced contraction of myofibroblasts, with the second signal resulting in increased 

remodelling of the sclera.  If only the first signal was yoked interocularly, while the 

second signal was a purely local message, then the change in biomechanical properties 

of the contralateral control eyes compared to normal, without a myopic refractive error 

also developing, could be explained.  The interocular transfer of the first signal might 

also explain the yoking found in other myopia studies, with small degrees of expansion 

in the control eyes resulting from altered scleral biomechanics only, and not active 

remodelling or growth signals (Sivak, Barrie et al. 1989; Hung, Crawford et al. 1995; 

Wildsoet and Wallman 1995; Howlett and McFadden 2006).  It is possible that, despite 

attempting to account for initial eye size differences by examining the percentage 

change in axial dimensions, these differences in response are due to eye size effects.  It 

is, however, unlikely that the difference in response observed is due to systematic 

measurement errors from the protocol employed (see Appendix 4 for detailed 

discussion on systematic errors). 

 

8.3.3 Viscoelastic Recovery 
 
There was little of note from the recovery findings of any real significance (See 

Section 5.4).  The anterior chamber depth remained significantly increased on 
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returning the IOP to baseline levels in all treatment groups.  This could represent a 

permanent plastic strain of the cornea, or the tissue could display hysteresis with a 

recovery curve over a time-frame greater than the 20 minutes provided in this study 

(Greene and McMahon 1979; Brown, Smallwood et al. 1999).  The lens on the other 

hand was not significantly different from baseline after recovery in normal and control 

eyes, but remained significantly thinner in deprived eyes.  Again it is unclear as to 

whether this represents a permanent plastic strain, or slow recovery hysteresis. 

 

The vitreous chamber depth and overall axial length were not significantly different 

from baseline after 20 minutes of recovery, despite showing no significant changes 

over the hour of increased IOP or immediately following the reduction of IOP in any 

of the three treatment groups.  This indicates that the creep and recovery responses 

affect the sclera in a slow manner, with changes occurring over longer intervals than 

the 10 or 20 minute measurement points used for creep and viscoelastic recovery 

employed in this study respectively.  This highlights the fact that if there are scleral 

biomechanical factors involved in the development of myopia in humans the effect at 

normal IOP levels will be very small and cumulative over longer periods of time. 

 

8.4 Limitations and Future Investigations 
 
No study is without limitations, and these along with future directions for investigation 

are discussed below.  As discussed in detail in Appendix 4 there is the potential 

systematic measurement error effect of always measuring the deprived eye before the 

control eye.  While this effect was shown to be minimal, future investigation should 

alter the eye examined first in order to alleviate this potential.  Likewise, the fact that 

the age-matched normal animals were not litter mates of the experimental animals 

might have induced a degree of bias into the measurements.  This limitation was dealt 

with to a degree by the linear mixed model used, although it would be wise in future 

studies to ensure that one animal from each litter was used as an age-matched normal 

animal.  If further investigations were to examine the functional aspect of the scleral 

cells, then it would also be important to account for gender differences that were not 

regarded in this study. 
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Atropine was chosen as the cycloplegic for this study to ensure adequate cycloplegia 

was maintained throughout the entire course of the biomechanical measurements.  

However, no preliminary investigation was carried out to determine the time-course 

for atropine to induce cycloplegia.  Furthermore, the degree of cycloplegia and level of 

residual accommodation was not determined.  It would be prudent for future 

investigations to determine this as inadequate cycloplegia might allow for over-

estimation of the degree of myopia present.  However, the impact on this study would 

seem minimal due to the similarity of results compared to other studies of 

experimental myopia induction in guinea pigs (Howlett 2003; Howlett and McFadden 

2006; Lu, Zhou et al. 2006; Zhou, Lu et al. 2007).   

 

A final aspect of the guinea pig eye that would have been interesting to examine is the 

relative contribution of the components of the eye to the overall refractive status.  

Indeed, a principal component analysis was conducted to determine statistically the 

contributions.  However, due to the poor quality and variability of the corneal 

refraction (see Section 4.1.4) it was decided to omit this analysis from the thesis.  In 

future, a more robust method for measurement of the corneal refraction would allow 

for a more detailed examination of the relative components contributing to the 

refractive status of the guinea pig. 

 

A number of interesting findings have been presented in this study, providing a 

number of possible directions for future investigation.  If myofibroblast numbers are 

indeed determined by the tensile stress within the sclera (see Section 8.2.3, and 8.2.5), 

then there would be no change expected in their population with age in the guinea pig 

sclera.  If, on the other hand, the myofibroblasts are only present during the early 

developmental stages of the sclera (the critical period) then their presence in older 

guinea pigs would be expected to be reduced.  The latter is unlikely as the presence of 

myofibroblasts has been shown to increase in human sclera with advancing age, 

suggesting a significant role in the maintenance of the sclera throughout life, and not 

just early development (Poukens, Glasgow et al. 1998). 

 

Examination of focal adhesion numbers and differentiation state, α-SMA expression 

levels, and fibronectin expression in the sclera of form deprived eyes compared to 

control and normal eyes would be of great interest.  Based on the findings presented 
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here, it is predicted that a combination of one or more of these factors is altered during 

the development of myopia, either as a result or cause of myopia development.  

Furthermore, the effect of pirenzepine (and atropine) on these aspects of myofibroblast 

differentiation would be another route of investigation.  The presence of nitroxidergic 

innervation of the scleral myofibroblasts as demonstrated in humans would also be of 

interest (Poukens, Glasgow et al. 1998), in conjunction with the effect of pirenzepine 

on the levels of nitric oxide in the sclera.   

 

If pirenzepine affects its anti-myopiagenic action via prevention of myofibroblast 

relaxation, either directly or indirectly by inhibition of NO release, then changes would 

be expected to be seen in the biomechanical response of the sclera.  Changes in the 

expression of α-SMA expression in myofibroblasts have been shown to occur in 

culture in as little as 24 hours (Ronnov-Jessen and Petersen 1993).  If guinea pigs were 

monocularly deprived for two weeks as in this study, then as little 24 hours of 

concomitant pirenzepine treatment prior to measurement might be expected to result in 

changes to the scleral biomechanical response, compared to form deprived guinea pigs 

not treated with pirenzepine, in the direction of the response seen in normal eyes.  

Myofibroblasts, and their associated structures, provide a promising direction for 

future studies on the development of myopia. 
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Appendices 
 

A1 Disposition of Guinea Pigs 
 
 

 
Table A1.1  Table accounting for the measurements made on each of the 38 guinea pigs 
used in this thesis.  GP505 to GP611 were used in refining the ultrasound technique, 
anaesthetic protocol, and biomechanical technique.  These eyes also provided data for the 
refractive status and the axial dimension (ultrasound) results (see Chapter 4).  GP612 to 
GP705 yielded complete biomechanical data on both eyes (see Chapter 5).  The guinea 
pigs from each treatment group that were used for anatomical investigation are also 
indicated (see Chapter 7).   
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A2 Statistical Analysis 
 
The statistical techniques used in this study, while not new, are relatively novel to 

myopia research.  The complex nature of these methods and possible unfamiliarity 

justifies a review of the theory.  The variables within any study are considered as 

factors, and the effects of these factors can be either fixed or random (Littell, Milliken 

et al. 1996; O'Rourke, Hatcher et al. 2005).  An effect can be considered fixed if the 

levels of a variable represent all possible conditions; that is, it is not a sample from a 

larger population.  The variable ‘treatment’ in a form deprivation myopia study for 

instance, wherein a subject is assigned to one of two treatment groups (wearing 

occluder or not wearing occluder), is considered a fixed effect as the treatment 

conditions are not sampled from a larger population of treatments (O'Rourke, Hatcher 

et al. 2005).   

 

An effect is considered random if the levels of the variable are a random sample of a 

larger population (Littell, Milliken et al. 1996).  A random effects model draws 

conclusions about the entire population based on the sample of the population that was 

investigated (O'Rourke, Hatcher et al. 2005).  Again using the example of a form 

deprivation myopia study, the random effects would include the animals used and the 

litter each animal came from, as these are a sample of all the possible animals and 

litters within a population.  In a paired-eye design study, wherein one eye receives 

treatment and the other acts as an untreated control, or where data is collected from 

both eyes of one individual, independence between measures on the separate eyes is 

not present (Littell, Pendergast et al. 2000; Yang, Wang et al. 2006).  The repeated 

nature of the measures necessitated by collecting information from a single subject 

twice to study both eyes is also considered a random effect (O'Rourke, Hatcher et al. 

2005). 

 

It can be seen that by taking into account only fixed effects in the analysis of data, the 

larger population from which a sample is drawn is not considered.  In a fixed effects 

model conclusions can be made about only the treatment conditions studied, whereas 

in a random effects model conclusions can be made about the entire population from 

which the sample was drawn (O'Rourke, Hatcher et al. 2005).  An analysis of variance 
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(ANOVA) model, as is frequently used in myopia studies, only accounts for either 

fixed effects or random effects (Knight 2000).  A linear mixed model builds on the 

simpler ANOVA model, allowing both fixed and random effects to be used in 

accepting or rejecting the null hypothesis (Littell, Pendergast et al. 2000; Brown and 

Prescott 2006a).  The estimation of both overall treatment effects and repeatedly 

measured effects over time can be achieved through the use of a single linear mixed 

model (Brown and Prescott 2006b).   

 

Furthermore, there are certain assumptions about the population that must be fulfilled 

for an accurate conclusion to be made using an ANOVA analysis.  One of these 

assumptions is that of independence between observations (Cardinal and Aitken 2006).  

Repeated measures on one subject (such as a paired-eye design, or serial measurements 

over time) are not independent of each other, while subjects drawn from the same 

family/litter may also not be considered independent from each other.  A repeated 

measures ANOVA can help in dealing with non-independence, but again this comes 

with certain assumptions about the observations (such as sphericity) that need to be 

tested and corrected for (Cardinal and Aitken 2006).  The inclusion of random effects 

along with the fixed effect(s) of interest in a linear mixed effects model allows the 

analysis of non-independent data as a single model (Brown and Prescott 2006b). 

 

A linear mixed model approach was thus chosen to analyse the data from this study as 

it allowed both random effects (animal number and litter number) and fixed effects 

(treatment: deprived, control, normal) to be incorporated into the analysis as used in 

other paired-eye, repeated measures studies (Owens, Garner et al. 2004; Phillips 2005; 

Yang, Wang et al. 2006). 
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A2.1 Linear Mixed Models 
 
A2.1.1 Linear Mixed Model Analysis: The Linear Mixed Model 
 
The linear mixed model can be expressed as:  

y = Xβ + Zυ + ε    (1.1) 

where y is a vector of all the observed data of length n, β is an unknown vector of the 

fixed effects, X is a matrix of known design, υ is an unknown vector of the random 

effects, Z is a matrix of known design, and ε is an unobserved error vector (Wolfinger 

1993; Jiang 2007).  Both the random effects, υ, and the errors, ε, are unobservable, 

have normal Gaussian distributions, with a mean of zero, a finite number of variances, 

and are assumed to be uncorrelated.  In the linear mixed model, the variances of the 

random effects and errors are represented by covariance matrices such that Var(υ) = G, 

and Var(ε) = R (Wolfinger 1993; Mols 2003).   This means that V, the variance of the 

observed data y, can be expressed as:  

V = ZGZ′ + R      (1.2) 

where Z′ is the transformed Z matrix (Wolfinger, Tobias et al. 1994). 

 

In the simpler linear regression model y = Xβ + ε, the expected value of y is modelled 

through the fixed effects of β (Wolfinger, Tobias et al. 1994; Jiang 2007).  The 

extension to this simple model that is provided by the linear mixed model is that the 

variance of y can be modelled through not only the fixed effects of β, but also through 

Z, G, and R which represent known design matrices of the random effects, the variance 

of υ, and the variance of ε respectively.  In the classical linear mixed model the known 

matrix R is represented by: 

 R= σ2I                   (1.3) 

where I represents the n × n identity matrix, n being the vector length of the observed 

data, y (Wolfinger 1993). 

 

The classical linear mixed model uses the aforementioned general formulation of R 

and models the variability in the data using the random effects.  In order to model the 

random effects, one must decide upon the covariance structure of G, the matrix of the 

variance of the random effects vector, υ.  There is no definitive method for selecting 

the covariance structure for G.  One method involves looking at the design of the 

study, the treatment structures, and the interpretation of the different covariance 
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structures in order to determine the best structure or structures to work with, while 

other methods involve examination of approximate Wald tests, likelihood ratio tests, 

and information criteria amongst other measures (Lee and Jennrich 1979; Wolfinger 

1993; Joreskog 1996; Kincaid 2005).  In general, the structure that has the least 

number of parameters and provides a good fit for the model is selected. 

 

A2.1.2 Linear Mixed Model Analysis: Covariance Structure Selection 
 
The selection of the covariance structure for the data sets was as follows:  The five 

main covariance structures were considered.  These were Variance Components (VC), 

Autoregressive(1) (AR(1)), Compound Symmetry (CS), Unstructured (UN), and 

Toeplitz (TOEP) (Kincaid 2005).  The UN and TOEP structures were discarded as 

convergence could not be obtained with the model (see Appendix 2.1.3).  The AR(1) 

structure deals with longitudinal time series data, and as such was not applicable to the 

data.  This left the CS and VC structures to consider. 

 

The major issue with the data is the fact that, for the experimental animals, one eye 

received treatment (monocularly form deprived eye) while the other did not 

(contralateral control eye).  Additionally, the age-matched normal animals had both 

eyes counted separately to provide an n of 10 eyes from five subjects.  As such, the 

random effects were selected to be the animal number to account for this repeated 

measurement on the same animal under different treatment effects, as well as the litter 

number, to account for any sibling-sibling correlations.  The CS structure (Fig. 1.1A), 

with its homogenous variance structure and correlation between two separate 

measurements (to account for correlation within litters), provided a good fit.  However, 

by including a SUBJECT statement in the PROC MIXED function (see Section 3.6.1 

and Section 6.6.1) the animal number effect was nested within the litter number, which 

accounted for the sibling correlations.  As such, the VC structure (Fig. 1.1B) provided 

the best fit for the model, and was thus selected for the covariance matrix, G (Personal 

communication, Associate Professor David Scott, Department of Statistics, University 

of Auckland). 
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Fig.  A2.1  Covariance structure matrices for G, the variance of the random effects.  
Shown here are the two structures considered for the linear mixed model, the compound 
symmetry (CS) structure (A) and the variance components (VC) structure (B).  The CS 
structure looks at litter, and assumes all animals within that litter are correlated, while the 
VC structure assumes the random effects are uncorrelated.  However, by nesting animal 
number within litter number this correlation is dealt with, and allows the use of the VC 
structure within the model. 

 

A2.1.3 Linear Mixed Model Analysis: Convergence Algorithm 
 
The method whereby the SAS PROC MIXED function, and indeed any programme 

utilising a linear mixed model, calculates probabilities is to run a maximisation 

algorithm to solve for V, the variance of the observed data, y (see Equation 1.1).  

Using the general formulation of R (Equation 1.3) and the selected covariance 

structure of G, V is found by θ, the vector of parameters in V (Wolfinger 1993).  Since 

θ is usually unknown it can be estimated by a maximum-likelihood approach.  Two 

methods for this approach are maximum likelihood (ML), which uses the maximum 

likelihood estimator (MLE), and restricted maximum likelihood (REML), also known 

as the residual maximum likelihood (Hemmerle and Hartley 1973; Wolfinger 1993; 

Jiang 2007).   

 

The ML and REML methods estimate θ in order to maximise the log-likelihood 

function.  (Many statistics programmes actually present the findings as a minimisation 

of the minus 2 times Gaussian log-likelihood function.  The ML approach minimises 

the minus 2 times concentrated log-likelihood function, and the REML approach 

minimises the minus 2 times restricted log-likelihood function).  The SAS PROC 

MIXED function uses the REML method to estimate θ. 

 

Regardless of the maximum-likelihood approach used, the estimation of θ is carried 

out by an optimisation algorithm to obtain convergence at the global maximum for the 

function.  There are a number of optimisation algorithms that can be employed, 
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although the two most common ones are the Newton-Raphson and Expectation-

Maximisation (EM) algorithms (Lindstrom and Bates 1988; Wolfinger, Tobias et al. 

1994; Jiang 2007).  In the case of the REML approach, these algorithms estimate θ so 

as to minimise the minus 2 times restricted log-likelihood function, L(θ), and obtain 

convergence. 

 

The Newton-Raphson algorithm seeks to find a minimisation of L(θ) by finding a root 

of the first derivative of that function i.e. the ML or REML estimation of θ that 

produces a result of zero (Wolfinger, Tobias et al. 1994).  In order to find a root of the 

first derivative the algorithm runs a series of iterations on the function until 

convergence at the zero point is reached, or until a specified number of iterations have 

run without obtaining convergence (Jiang 2007).  The convergence criteria are 

stopping rules that end the iteration process once they have been met.  In general, when 

the relative change in the values from successive iterations is small the algorithm 

stops.  These values for stopping are predetermined tolerances within the statistical 

package used.  Three of these criteria are: Log-likelihood Convergence; Parameter 

Convergence; and Hessian Convergence.  These are: the difference between the 

currently iterated log-likelihood, and the previously iterated log-likelihood; the 

difference between the estimate of θ and the previous estimate of θ; and the 

transformed gradient Hessian matrix respectively.  The convergence criteria thus look 

for stationary points on the L(θ) function (Jiang 2007). 

 

The outcome of minimising L(θ) may result in one of the following:  

(i) The solution is a global minimum 

(ii) The solution is a local minimum 

(iii) The solution is something else (e.g. a local maximum, saddle point, etc) 

Ideally we want to locate the global minimum for the function i.e. (i).  However, using 

the Newton-Raphson algorithm, we cannot guarantee that we have not found one of 

the other cases instead.  As such, the Hessian matrix is examined and this allows for, if 

not the global minimum, at least a local minimum to be found, thus eliminating case 

(iii) above.  Using the second derivatives test of the Hessian matrix (H) we can see: 

 (a) If f′′(H) > 0,  f (H) is a minimum 

 (b) If f′′(H) < 0,  f (H) is a maximum 

 (c) If f′′(H) = 0,  no conclusion can be made 
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When using the Newton-Raphson algorithm, the Hessian matrix is analysed to make 

sure it is positive definite i.e. (a) above.  If the Hessian matrix is either (b) or (c), then 

we know we have situation (iii).  If the Hessian matrix is (a), then we have either (i) or 

(ii), guaranteeing at least a local minimum (Wolfinger, Tobias et al. 1994; Jiang 2007). 

 

A2.1.4 Linear Mixed Model Analysis: Interpretation of Statistical Results 
 
The two main results from the linear mixed model for interpreting the statistical 

significance of the effect of treatment on the ocular compliance are the type 3 tests of 

fixed effects (Type 3 Tests), and the differences of least squares means (Differences of 

LSM).  The type 3 tests of fixed effects are based upon Fisher’s exact test, the 

F-statistic (Keselman, Algina et al. 1999).  In essence, the variances of the fixed effects 

are being compared, with the null hypothesis that there are no differences in the 

variances and hence the populations are equal.  In the case of say ocular compliance, 

the F-statistic is comparing the effect the fixed effect treatment has on the compliance.  

The F-statistic is calculated using the residual sum of squares (RSS) that are calculated 

during the REML estimation of θ, which is the vector of parameters in V, which 

represents the variance of the observed data, y, as per Appendix 2.1.3 (Knight 2000).  

Once the F-statistic has been found, the F-distribution within degrees of freedom can 

be calculated.  The F-distribution is used to find the critical value of the F-statistic, and 

from this p values can be calculated from the tails of the F-distribution.  If the F-

statistic is greater than the critical value, the null hypothesis is rejected. 

 

The denominator degrees of freedom are set in this model by the Satterthwaite method 

(DDFM=SATTERTH in the SAS code, Section 3.6.1).  This approximation of the 

denominator degrees of freedom improves the poor statistical properties that are 

produced by small samples over large sample populations (Gomez, Schaalje et al. 

2005).  The approximation also helps to reduce Type I errors and makes the 

probabilities closer to their actual values if the wrong covariance structure has been 

selected. 

 

The type 3 portion of the fixed effects statistic is in reference to the method whereby 

the sum of the least squares means (RSS) is calculated during probability calculation.  

The type 3 RSS is the sum of the squared differences of the least squares means (Shaw 
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and Mitchellolds 1993).  In this respect, the effect of each factor is quantified and 

adjusted for every other factor in the model.  This is in contrast to type 1 and type 2 

methods which calculate the RSS based on the terms before it in the model, or the 

terms equal to and below it in the model respectively (Shaw and Mitchellolds 1993).  

The type 3 test is therefore generally more powerful than the other methods.  There is 

another method, type 4, but this is basically type 3, except that it accounts for missing 

data values. 

 

The other result of the PROC MIXED procedure of interest is the differences of least 

squares means.  The least squares means are the average values of each treatment 

group (Littell, Milliken et al. 1996).  The differences of least squares means are the 

pair-wise comparisons of each of the fixed effects, and p values as to the statistical 

significance of these differences are provided by t-tests (Littell, Milliken et al. 1996). 

 

A2.1.5 Linear Mixed Model Analysis: Summary 
 
In summary, the significance of treatment on the data was determined using a linear 

mixed model which accounted for both fixed (treatment) and random (animal number 

and litter number) effects (Appendix 2.1.1).  The PROC MIXED procedure in SAS 

was used for analysis (see SAS code above).  The variance components covariance 

structure was used to model the random effects (Appendix 2.1.2).  The type 3 tests of 

fixed effects were used to determine any overall effect of treatment, while differences 

of least squares means were used to determine any pair-wise differences between the 

treatment groups (Appendix 2.1.4). 
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A2.2 Statistical Power 
 
The statistical powers of the linear mixed model analyses were calculated for each of 

the measurements performed.  Statistical power is the probability of correctly rejecting 

the null hypothesis (no difference between treatments) (Kononoff and Hanford 2006).  

The F statistic found by linear mixed model analysis was used in the calculation of the 

statistical power following previously described methods (Stroup 1999; Kononoff and 

Hanford 2006).  An example of the output statement and statistical power calculation 

syntax follows: 

 
PROC MIXED COVTEST RATIO; CLASS Treatment Animal_Number Litter_Number Time; 

MODEL AC = Treatment Time Treatment*Time / DDFM=SATTERTH; 

RANDOM Animal_Number Litter_Number / Subject = Litter_Number Type = VC; 

REPEATED / SUB=Animal_Number*Time Type = AR(1) R; 

LSMEANS Treatment Time Treatment*Time/ DIFF PDIFF CL; 

Title ‘Percentage Change in Anterior Chamber Depth’; 

ODS OUTPUT tests3 = a; 

run; 

DATA power; SET a;  

alpha = 0.05; 

fcrit = finv(1-alpha,numdf,dendf); 

power = 1-probf(fcrit,numdf,dendf,numdf*fvalue); 

run; 

PROC PRINT data = power; 

run; 
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Table A2.1  Table presenting power calculations for the statistical tests performed in the 
main body of this thesis (Chapters 4, 5, and 7).  The relevant section and a brief 
description of the parameters that were tested are also provided.  It should be noted that 
the term treatment in the table refers to the effect of treatment on the parameters (i.e. the 
treatment effect of form deprivation versus control versus age-matched normal). 
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Table A2.1 Cont.  Table presenting power calculations for the statistical tests performed 
in the main body of this thesis (Chapters 4, 5, and 7).  The relevant section and a brief 
description of the parameters that were tested are also provided.  It should be noted that 
the term treatment in the table refers to the effect of treatment on the parameters (i.e. the 
treatment effect of form deprivation versus control versus age-matched normal). 
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A3 Ocular Biomechanics 
 
The following pages present graphs of all the ocular biomechanics ultrasound 

measurements highlighting the within-treatment variability of measurements.  Some of 

this variability is the result of differences in guinea pig body size, with larger animals 

tending to have greater axial dimensions as examined in Chapter 4.1.6 and Chapter 

4.2.1.  These graphs show the biomechanical data for each guinea pig, along with the 

average response, for both the absolute axial dimensions (A) and the percentage 

change relative to baseline of 15 mmHg (after 20 minutes) which removes this size 

disparity (B).  The results for anterior chamber depth, lens thickness, vitreous chamber 

depth, and axial length for form deprived, contralateral control, and age-matched 

normal eyes are all presented.  Comparisons of the average absolute axial dimensions 

between the three treatment groups are also presented. 

 

List of Figures: 

Fig. A3.1 Comparison of the average absolute anterior chamber depth results. 

Fig. A3.2 Comparison of the average absolute lens thickness results. 

Fig. A3.3 Comparison of the average absolute vitreous chamber depth results. 

Fig. A3.4 Comparison of the average absolute axial length results. 

Fig. A3.5 Form deprived eyes anterior chamber depth results. 

Fig A3.6 Contralateral control eyes anterior chamber depth results. 

Fig A3.7 Age-matched normal eyes anterior chamber depth results. 

Fig. A3.8 Form deprived eyes lens thickness results. 

Fig A3.9 Contralateral control eyes lens thickness results. 

Fig A3.10 Age-matched normal eyes lens thickness results. 

Fig. A3.11 Form deprived eyes vitreous chamber depth results. 

Fig A3.12 Contralateral control eyes vitreous chamber depth results. 

Fig A3.13 Age-matched normal eyes vitreous chamber depth results. 

Fig. A3.14 Form deprived eyes axial length results. 

Fig A3.15 Contralateral control eyes axial length results. 

Fig A3.16 Age-matched normal eyes axial length results. 
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Fig.  A3.1  Ocular biomechanics ultrasound measurements for the average absolute 
anterior chamber depth in form deprived, contralateral control, and age-matched normal 
animals.  n = 8 eyes per group.  Error bars are SEM. 

 
Fig.  A3.2  Ocular biomechanics ultrasound measurements for the average absolute lens 
thickness in form deprived, contralateral control, and age-matched normal animals.  n = 8 
eyes per group.  Error bars are SEM. 
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Fig.  A3.3  Ocular biomechanics ultrasound measurements for the average absolute 
vitreous chamber depth in form deprived, contralateral control, and age-matched normal 
animals.  n = 8 eyes per group.  Error bars are SEM. 

 
Fig.  A3.4  Ocular biomechanics ultrasound measurements for the average absolute 
overall axial length in form deprived, contralateral control, and age-matched normal 
animals.  n = 8 eyes per group.  Error bars are SEM. 
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Fig.  A3.5A  Ocular biomechanics ultrasound measurements for the anterior chamber 
depth in form deprived eyes.  n = 8 eyes.  Error bars on average line are SEM. 

 

 
Fig.  A3.5B  Ocular biomechanics ultrasound measurements of the percentage change in 
AC relative to 15 mmHg (after 20 minutes) in form deprived eyes.  n = 8 eyes.  Error bars 
in average line are SEM. 
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Fig.  A3.6A  Ocular biomechanics ultrasound measurements for the anterior chamber 
depth in contralateral control eyes.  n = 8 eyes.  Error bars on average line are SEM. 

 

 
Fig.  A3.6B  Ocular biomechanics ultrasound measurements of the percentage change in 
AC relative to 15 mmHg (after 20 minutes) in contralateral control eyes.  n = 8 eyes.  
Error bars in average line are SEM. 
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Fig.  A3.7A  Ocular biomechanics ultrasound measurements for the anterior chamber 
depth in age-matched normal eyes.  n = 8 eyes.  Error bars on average line are SEM. 

 

 
Fig.  A3.7B  Ocular biomechanics ultrasound measurements of the percentage change in 
AC relative to 15 mmHg (after 20 minutes) in age-matched normal eyes.  n = 8 eyes.  
Error bars in average line are SEM. 
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Fig.  A3.8A  Ocular biomechanics ultrasound measurements for the lens thickness in form 
deprived eyes.  n = 8 eyes.  Error bars on average line are SEM. 

 

 
Fig.  A3.8B  Ocular biomechanics ultrasound measurements of the percentage change in 
lens thickness relative to 15 mmHg (after 20 minutes) in form deprived eyes.  n = 8 eyes.  
Error bars in average line are SEM. 
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Fig.  A3.9A  Ocular biomechanics ultrasound measurements for the lens thickness in 
contralateral control eyes.  n = 8 eyes.  Error bars on average line are SEM. 

 

 
Fig.  A3.9B  Ocular biomechanics ultrasound measurements of the percentage change in 
lens thickness relative to 15 mmHg (after 20 minutes) in contralateral control eyes.  n = 8 
eyes.  Error bars in average line are SEM. 
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Fig.  A3.10A  Ocular biomechanics ultrasound measurements for the lens thickness in 
age-matched normal eyes.  n = 8 eyes.  Error bars on average line are SEM. 

 

 
Fig.  A3.10B  Ocular biomechanics ultrasound measurements of the percentage change in 
lens thickness relative to 15 mmHg (after 20 minutes) in age-matched normal eyes.  n = 8 
eyes.  Error bars in average line are SEM. 
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Fig.  A3.11A  Ocular biomechanics ultrasound measurements for the VCD in form 
deprived eyes.  n = 8 eyes.  Error bars on average line are SEM. 

 

 
Fig.  A3.11B  Ocular biomechanics ultrasound measurements of the percentage change in 
VCD relative to 15 mmHg (after 20 minutes) in form deprived eyes.  n = 8 eyes.  Error 
bars in average line are SEM. 
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Fig.  A3.12A  Ocular biomechanics ultrasound measurements for the VCD in contralateral 
control eyes.  n = 8 eyes.  Error bars on average line are SEM. 

 

 
Fig.  A3.12B  Ocular biomechanics ultrasound measurements of the percentage change in 
VCD relative to 15 mmHg (after 20 minutes) in contralateral control eyes.  n = 8 eyes.  
Error bars in average line are SEM. 
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Fig.  A3.13A  Ocular biomechanics ultrasound measurements for the VCD in age-
matched normal eyes.  n = 8 eyes.  Error bars on average line are SEM. 

 

 
Fig.  A3.13B   Ocular biomechanics ultrasound measurements of the percentage change in 
VCD relative to 15 mmHg (after 20 minutes) in age-matched normal eyes.  n = 8 eyes.  
Error bars in average line are SEM. 
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Fig.  A3.14A  Ocular biomechanics ultrasound measurements for the overall axial length 
in form deprived eyes.  n = 8 eyes.  Error bars on average line are SEM. 

 

 
Fig.  A3.14B  Ocular biomechanics ultrasound measurements of the percentage change in 
overall axial length relative to 15 mmHg (after 20 minutes) in form deprived eyes.  n = 8 
eyes.  Error bars in average line are SEM. 
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Fig.  A3.15A  Ocular biomechanics ultrasound measurements for the overall axial length 
in contralateral control eyes.  n = 8 eyes.  Error bars on average line are SEM. 

 

 
Fig.  A3.15B  Ocular biomechanics ultrasound measurements of the percentage change in 
overall axial length relative to 15 mmHg (after 20 minutes) in contralateral control eyes.  
n = 8 eyes.  Error bars in average line are SEM. 
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Fig.  A3.16A  Ocular biomechanics ultrasound measurements for the overall axial length 
in age-matched normal eyes.  n = 8 eyes.  Error bars on average line are SEM. 

 

 
Fig.  A3.16B  Ocular biomechanics ultrasound measurements of the percentage change in 
overall axial length relative to 15 mmHg (after 20 minutes) in age-matched normal eyes.  
n = 8 eyes.  Error bars in average line are SEM. 
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A4 Paired Normal Eye Ocular Biomechanics 
 
The following pages present graphs of all the age-matched normal eye ocular 

biomechanics ultrasound measurements paired within each animal.  This data is 

presented in order to address the potential systematic error induced by always 

measuring the deprived eye prior to the control eye in the biomechanical experiments 

(Chapter 5).  As such, the following figures indicate which eye was tested first out of 

the pair.  Linear mixed model analyses are also presented to show the effect of the time 

delay involved in testing two eyes sequentially. 

 

 
Fig.  A4.1  Ocular biomechanics ultrasound measurements of the percentage change in 
anterior chamber depth relative to 15 mmHg (after 20 minutes) in age-matched normal 
eyes.  Comparisons of right and left eye in individual guinea pigs, with indication of 
which eye was examined first. 
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Fig.  A4.2  Ocular biomechanics ultrasound measurements of the percentage change in 
lens thickness relative to 15 mmHg (after 20 minutes) in age-matched normal eyes.  
Comparisons of right and left eye in individual guinea pigs, with indication of which eye 
was examined first. 
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Fig.  A4.3  Ocular biomechanics ultrasound measurements of the percentage change in 
vitreous chamber depth relative to 15 mmHg (after 20 minutes) in age-matched normal 
eyes.  Comparisons of right and left eye in individual guinea pigs, with indication of 
which eye was examined first. 
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Fig.  A4.4  Ocular biomechanics ultrasound measurements of the percentage change in 
overall axial length relative to 15 mmHg (after 20 minutes) in age-matched normal eyes.  
Comparisons of right and left eye in individual guinea pigs, with indication of which eye 
was examined first. 

 

Preliminary observations showed there were minimal differences between the initial 

elastic response of the first eye compared with the second eye examined on increasing 

the intraocular pressure (IOP) to 50 mmHg.  This was confirmed using linear mixed 

model analysis of the type 3 tests of fixed effects (Type 3 Tests).  There was no 

significant difference between the first and second eye for the anterior chamber depth 

(AC; p = 0.278), lens thickness (Lens; p = 0.071), vitreous chamber depth (VCD; 

p = 0.192), and overall axial length (AXL; p = 0.187).  This finding shows that there 

was no significant systematic error induced in the elastic response of the ocular tissues 

due to the time delay of measuring one eye prior to the other. 

 

The slow creep response showed variability both within and between animals over the 

one hour of increased IOP.  Type 3 Tests revealed no significant difference between 

the first and second eye responses in the AC (p = 0.375) or Lens (p = 0.549).  There 
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were, however, significant differences in response between the first and second eye in 

the VCD (p = 0.005) and AXL (p = 0.007).  This indicates that there were possible 

systematic errors induced in the vitreous chamber depth measurements due to changes 

to the biomechanical properties of the sclera due to the time delay in measuring the 

second eye. 

 

The finding of a possible systematic error between measurements of the VCD from 

first versus second eye is important, as the form deprived eye was always measured 

first.  This could be responsible for the control eye response being more like the form 

deprived response than the age-matched normal response (see Chapter 5.2.5).  

However, the high degree of within- and between-animal variability warrants more 

detailed investigation of the difference between the first and second eye responses.  

The creep response of the VCD over the hour of increased IOP, measured as the slope 

of the linear regression line through the measured VCD points normalised to the 50 

mmHg initial time-point, was thus examined (Fig. A4.5). 

 

Type 3 Tests showed there was no significant difference in the linear regression slope 

between the first eye (0.95 ± 0.83 µm/minute; mean ± SEM) and second eye 

(1.17 ± 1.89 µm/minute) tested (p = 0.869).  This suggests that while the individual 

time points measured may show significant differences between the first and second 

eye responses, the overall trend in the slow creep response was not significantly 

affected.  In regards to the deprived versus control eyes this means that some small 

systematic error may have been induced by always measuring the control eye second, 

but that this error is unlikely to have any great impact on the overall creep responses 

observed. 

 

Investigation of the viscoelastic recovery showed no significant difference via Type 3 

Tests between the first and second eye examined for AC (p = 0.750) and Lens 

(p = 0.973).  Again, both the VCD (p = 0.030) and AXL (p = 0.041) were significantly 

different between the first and second eyes.  However, for the VCD the slope of the 

linear regression for the recovery response was not significantly different between the 

first eye (-3.27 ± 2.13 µm/minute; mean ± SEM) and second eye (-3.18 ± 0.45 

µm/minute) examined (Fig. A4.6; p = 0.968).  Again this indicates that some small 

systematic error in measurement may be present, but the impact is likely minimal. 
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Fig.  A4.5  Ocular biomechanics ultrasound measurements of the change in vitreous 
chamber depth relative to 50 mmHg (initial) in age-matched normal eyes.  Comparisons 
of right and left eye in individual guinea pigs, with indication of which eye was examined 
first.  Linear regression lines and slope (creep) are also shown. 
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Fig.  A4.6  Ocular biomechanics ultrasound measurements of the change in vitreous 
chamber depth relative to 50 mmHg (60 minutes) in age-matched normal eyes.  
Comparisons of right and left eye in individual guinea pigs, with indication of which eye 
was examined first.  Linear regression lines and slope (viscoelastic recovery) are also 
shown. 
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