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        While interest in human myopia has a long history [ 1 ], 
research into experimental myopia in animal models is much 
more recent. After some early attempts at experiments in ani-
mals [ 2 ,  3 ], the fi eld took off after the publication of two 
papers – the fi rst a paper on induced myopia in primates in 
1977 by Wiesel and Raviola [ 4 ], which was an offshoot of the 
research on visual pathways which later won Hubel and 
Wiesel the Nobel Prize. This was rapidly followed by a paper 
by Wallman and colleagues on experimental myopia in 
chickens [ 5 ]. Since then, experimental myopia has been 
expanded to a much wider range of species, including com-
mon laboratory animals such as mice [ 6 ,  7 ] and guinea pigs 
[ 8 ,  9 ], as well as more exotic species such as tree shrews [ 10 ]. 

 While experimental myopia is a biologically interesting 
problem in its own right [ 11 ], we will deal primarily with 
what experimental myopia can tell us about human myopia. 
This perspective means that the ideal animal model should 
reproduce the developmental features of human myopia in 
the time-course of change in the ocular determinants of 
refraction and use methods of inducing experimental myopia 
which mimic those important in human myopia – although 
departures from this ideal do not doom a model to 
irrelevance. 

4.1     Refractive Development 
and Incident Myopia in Children 

 Given these criteria, a brief overview of refractive develop-
ment in children is necessary. Children are born with a nor-
mal (Gaussian) distribution of spherical equivalent refraction 
(SER), with a mean hyperopic refraction [ 12 ]. Rapid changes 
over the fi rst year or two after birth result in a narrower distri-
bution of SER, often described as leptokurtotic, due to a 
reduction in both myopic and highly hyperopic refractive 
errors [ 13 – 15 ]. These changes involve loss of corneal power, 
loss of lens power and axial elongation. While the mean SER 
moves towards emmetropia, at the end of this developmental 
period the mean SER remains distinctly hyperopic. From 
then on, the cornea stabilises, and up to the age of 5–6, these 
characteristic features of the distribution of SER (hyperopic 
mean SER and narrow distribution) are seen in all popula-
tions that have been studied, even those that subsequently 
become highly myopic [ 16 ]. By the age of 5–6, the distribu-
tion of the ratio of AL to CR is also narrow, suggesting that an 
important part of the changes up to this age involves matching 
the axial length of the eye to the corneal power, but the under-
lying distributions of AL and CR remain normal [ 17 ]. In 
 general, the prevalence of myopia is low over this period. 

 After the cornea stabilises, axial elongation can continue 
for as much as 20 years, at rates which seem to be infl uenced 
by the environments in which the children are growing up 
[ 18 ,  19 ]. This period of development appears to create the 
marked differences in the prevalence of myopia currently 
seen around the world [ 16 ]. Up to 10–12 years, there are 
rapid decreases in lens thickness and power [ 18 ,  20 ], which 
minimise increases in myopia associated with axial elonga-
tion. The rate of loss of lens power decreases after the age of 
10–12, and the lens starts to thicken. Mutti and colleagues 
[ 21 ] have reported that, close to the onset of myopia, loss of 
lens power ceases abruptly, but this phenomenon has not 
been reported in all studies [ 22 ]. After this age, with a slower 
rate of loss of lens power, axial elongation is translated 
almost completely into myopic shifts in refraction. 
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 It is important to note that most human myopia appears 
after the age of 5–6 across a range of ethnic groups [ 16 ]. In 
children of European origin, the prevalence is generally less 
than 1 % up to the age of 5–6 [ 23 ]. In children of African- 
American and Hispanic origin in the United States [ 23 ,  24 ], it 
has been reported that the prevalence of myopia is higher up 
to this age (5–10 %). In particular the prevalence of myopia is 
higher in neonates and drops during development. Particularly 
high myopia prevalence rates, as high as 20 %, have been 
reported in children of Chinese origin in this age group in 
Singapore [ 25 ]. At present, it is not clear whether these differ-
ences represent genuine ethnic differences, whether they are 
specifi c features of the sites examined or whether they are due 
to problems with cycloplegia in children with dark irises, but 
it should be noted that little myopia is detected in children of 
Chinese origin when more rigorous cycloplegia is used [ 26 ]. 

 An important feature of human myopia is that, although 
the term emmetropisation is widely used [ 27 ], the end point 
of refractive development is not, in fact, emmetropia [ 16 ]. 
Rather the “normal” refractive state is mild hyperopia (any-
where in the range of +0.5 D to +2.00 D) – a level at which 
normal visual acuity can be achieved through accommoda-
tion by most people up to the age of about 40 [ 28 ]. In popula-
tions where the prevalence of myopia is low, this refractive 
state persists into at least the early adult years, provided that 
cycloplegia is used [ 29 ,  30 ]. In contrast, in populations which 
later develop signifi cant myopia, the refractive distribution 
shifts towards myopia, but emmetropia rarely becomes the 

dominant refractive category, because it appears that, as 
some children enter the emmetropic category, others pass 
from emmetropia to myopia [ 16 ].

   Thus, in human refractive development, we need to con-
sider several developmental phases defi ned by changes in 
refraction and in the biometric components of refraction. At 
least four phases can be distinguished (Fig.  4.1 ). The bound-
aries between these stages are not tightly defi ned but provide 
an important point of reference for studies on experimental 
myopia.  

4.2     Experimental Myopia 

4.2.1     The Basic Paradigms in Experimental 
Myopia 

 The basic methods for research in experimental myopia, and 
the results obtained, have been extensively reviewed [ 11 ]. 
Wiesel and Raviola [ 4 ] carried out their pioneering studies 
on monkeys with sutured eyelids, an approach with analo-
gies to the myopia associated with infantile ptosis [ 31 ]. In 
contrast, Wallman and colleagues placed translucent diffus-
ers over the eyes of chickens to induce myopia [ 5 ]. Roughly 
10 years later, a different technique for inducing experimen-
tal myopia was introduced, in which negative lenses were 
placed over the eyes, and compensatory changes in eye 
growth were observed [ 32 ]. 

Birth Age 2–3 years Age 10–12 years Age 25–30 years Age 50–60 years on

This is the most plastic stage of refractive development.
Corneal and lens power decrease rapidly, while axial
length increases. Axial length is matched to corneal

power, producing narrow distributions of mean spherical
equivalent refraction and the ratio of axial length to corneal

radius of curvature (AL/CR)

Cornea is stable, but axial
elongation can be rapid. It is
largely matched by rapid loss

of lens power

Cornea is stable, but there is
continuing, but slower, axial

elongation. Lens power
slowly decreases

Cornea is stable, and axial elongation
has ceased. There is continusing slow
loss of lens power, accompanied by

lens thickening

  Fig. 4.1    Phases of refractive development in humans. Four phases can 
be distinguished. A highly plastic neonatal stage lasts 2–3 years, after 
which the cornea stabilises. Following this, axial elongation can con-
tinue for at least 20 years. For some of this time, loss of lens power 
tends to minimise the myopic refractive shift associated with axial 

 elongation, but around the age of 10–12, the rate of loss of lens power 
decreases but is then maintained at a slow rate for several decades. This 
results in hyperopic shifts for much of adult life, except where marked 
increases in lens power associated with cataract lead to marked myopic 
shifts in the elderly       
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 These studies have led to general use of two paradigms 
for inducing experimental myopia. 

4.2.1.1     Form-Deprivation Myopia (FDM) 
or Deprivation Myopia (DM) 

 This paradigm uses translucent diffusers, fi tted over the 
experimental eye, which allow considerable light through, 
typically with a reduction of light intensity of less than one 
log unit. These diffusers, however, markedly reduce spatial 
contrast, and, in moving animals, the reduced spatial contrast 
translates automatically into reduced temporal contrast. This 
kind of manipulation results in rapid development of 
myopia – for example, in chickens as much as 20 D of 
 myopia is achieved in less than 2 weeks, although the 
develop ment of myopia is somewhat slower in other animals. 
As in humans, the development of myopia in this paradigm 
primarily depends on axial elongation and particularly elon-
gation of the vitreous chamber.  

4.2.1.2     Lens-Induced Myopia (LIM) 
 When negative lenses are fi tted over the developing eye, the 
eye responds rapidly with compensatory increased growth, 
which continues until the imposed defocus has been neutral-
ised [ 32 ,  33 ]. Thus the experimental eyes move towards 
emmetropia with the lens in place and develop an intrinsic 
refractive error which, after the lens is removed, corresponds 
to the power of the lens fi tted. This occurs largely through 
modulation of vitreous chamber depth. The compensation of 
imposed defocus achieved in LIM appears to be quite 
precise.  

4.2.1.3     How Different Are FDM and LIM? 
 These paradigms differ in several ways. Eyes fi tted with dif-
fusers have no way of overcoming the reduced spatial and 
temporal contrast to which they are exposed, for this is not 
affected by axial elongation. Thus, continued growth does 
not reduce the level of the stimulation towards growth, and 
the eyes continue to grow until natural reductions in body 
growth terminate the process. Accommodation does not 
seem to be important for the development of FDM [ 34 ,  35 ]. 
This is therefore an open loop process, in which there is no 
feedback to limit growth. 

 In contrast, in LIM, the eyes are generally fi tted with 
lenses of powers that are within the accommodative capac-
ity of the eyes. It is therefore expected that, for at least part 
of the time, the animals use accommodation to neutralise 
the imposed defocus to produce focused images. This 
accommodative response does not appear to be a crucial 
factor, since eyes with impaired accommodation seem to 
develop lens-induced myopia [ 36 ,  37 ]. It is thus generally 
assumed that the growth responses are stimulated by the 
magnitude or the sign of defocus, which is detected in some 

way by the retina, although the mechanisms involved are 
not understood. Since axial elongation leads to compensa-
tion for the imposed hyperopic defocus, as the eye grows 
there is a constant reduction in the stimulus to growth, and 
the process terminates when growth has compensated for 
the imposed refractive error. In other words, this is a closed 
loop system. 

 Despite the different properties of the paradigms at the 
level of visual input and feedback, the responses in FDM and 
LIM are very similar at the cellular and molecular levels [ 38 , 
 39 ], suggesting that many of the pathways leading to axial 
elongation and myopia are shared between the two systems. 
But, this is currently a controversial area, and the many simi-
larities do not mean that they are identical.  

4.2.1.4     Recovery from Experimental 
Myopia (REC) 

 After the introduction of the FDM paradigm, it was discov-
ered that if the diffusers were removed, provided that the ani-
mals were still young, the eyes responded by slowing the rate 
of axial elongation [ 40 ]. As a result, the refractive state could 
return to, or at least towards, emmetropia, due to continued 
development of the anterior segment of the eye. This process 
does not appear to be driven by the different shape of the 
myopic eye but is driven by the defocus, because optical cor-
rection of the myopic defocus prevents the changes in eye 
growth [ 41 ,  42 ]. Unlike the FDM paradigm used to induce 
the myopia initially, this is therefore also a closed loop 
paradigm.  

4.2.1.5     Lens-Induced Hyperopia (LIH) 
 In the same set of experiments that introduced LIM [ 32 ,  33 ], 
the effects of fi tting positive lenses were examined. This 
should impose myopic defocus on the eye, which cannot be 
corrected by accommodation, and in this case, the rate of 
axial elongation slows. Since the anterior segment of the eye 
continues to develop, associated loss of corneal and lens 
power can lead to hyperopic shifts in refraction. As with 
LIM, this is a closed loop paradigm, and compensation for 
the imposed lens appears to be quite precise.  

4.2.1.6     How Similar Are the REC 
and LIH Paradigms? 

 These two paradigms enable investigation of the processes 
leading to reduced rates of eye growth. It is generally 
assumed that the paradigms involve reductions in or cessa-
tion of the rate of axial elongation, but recently strong evi-
dence that a proportion of eyes can actually become shorter 
through active remodelling of the sclera has been published 
[ 43 ]. These paradigms which involve reduced axial elonga-
tion. The REC paradigm involves an eye and a retina which 
have already been supporting an excessive rate of eye growth, 
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and thus they are in a different state to that of a normal eye, 
at both the retinal and scleral levels. In contrast, the eye and 
retina in the LIH paradigm are effectively in their control 
state. Much less work has been done on the cellular and 
molecular basis of these paradigms, but there are some indi-
cations that they may be different.   

4.2.2     What Is the Best Model in Terms of 
Stimulus Relevance to Human Myopia? 

 The unfortunate answer to this question is “probably none”. 
With the exception of the very low percentage of myopia 
associated with congenitally blurred vision, such as with pto-
sis, congenital cataract or corneal scarring, children do not 
grow up with the equivalent of translucent plastic goggles 
over their eyes, and thus the FDM model is not regarded as a 
good model of human myopia. In contrast, it is generally 
believed that LIM provides a better model, because the 
imposed hyperopic defocus generated by fi tting negative 
lenses over the eye can be regarded as analogous to the 
demands placed on children’s eyes by too much near work. 
But the evidence that near-work demands and myopia are 
linked has become much weaker, as more quantitative stud-
ies have been performed [ 44 ]. 

 Initially, it was believed that the increased accommoda-
tion associated with high levels of near work might be the 
important factor. But studies on animals have shown that 
experimental myopia can be induced in species without 
accommodative capacity [ 34 ], or with experimental interrup-
tions to accommodation [ 36 ], and that atropine can block eye 
growth in a species (chicken) in which it does not block 
accommodation [ 35 ]. Collectively, this is strong evidence 
that active accommodation is not a crucial factor in the 
development of myopia. 

 In parallel with these developments, while there is a con-
sistent correlation between schooling and educational out-
comes and myopia [ 45 ], attempts to quantify the association 
using precise measurement of near-work exposures have 
produced less than stunning results, and some have con-
cluded that near work may have little role [ 44 ]. Emphasis 
then shifted to the idea that, rather than accommodation 
itself, it was accommodative lag in periods of near work 
which was important. However, while accommodation is 
less accurate in children with myopia than in those with 
emmetropic refractions [ 46 ], there is confl icting evidence on 
whether this difference precedes or follows the development 
of myopia [ 47 – 50 ]. Overall, it is far from clear that the 
mechanisms involved in LIM are really similar to those 
involved in human myopia. More recently, attention has 
shifted to the interplay in space and time between hyperopic 
and myopic defocus on the retina, where myopic defocus 
appears to be a stronger stimulus [ 51 – 53 ]. But it is not clear 
how this would work in detail in the human context. 

 Quite recently, it has been shown that chickens raised on 
light-dark cycles in which the light phase consists of dim 
light (50 lx), slowly become myopic [ 54 ,  55 ]. There has been 
some interest in this as a model for human myopia, but chil-
dren becoming myopic are not generally exposed to condi-
tions of this kind, even where there is an epidemic of myopia. 
It is, in fact, clear that human myopia involves a response to 
environmental exposures, which needs to be part of a good 
animal model. 

 Overall, none of the animal models fi ts well with what we 
know about human myopia. A simple but powerful illustra-
tion of this point is that in both FDM and LIM [ 56 – 58 ], brief 
removal of the optical devices prevents the development of 
myopia. In contrast, it seems almost certain that children are 
not constantly exposed to risk factors such as near work or 
low light intensities, and periods without these conditions do 
not seem to block the development of myopia. Equally, given 
the strong effect of imposed myopic defocus, there is a para-
dox, because the ability of myopic defocus to slow axial 
elongation and the recovery observed in the REC paradigm, 
if simply applied to human myopia, would suggest that 
human myopia should be a self-limiting condition, which it 
clearly is not. 

 Another important difference is that, while compensation 
appears to be quite precise in the LIM and LIH paradigms, 
the same precision is not obvious in human emmetropisa-
tion, given that characteristically in 3–5-year-olds, the mean 
SER is distinctly hyperopic. Thus some of the principles 
which appear to apply to experimental myopia do not seem 
to apply to human myopia. 

 Clearly, none of the existing paradigms provides an ade-
quate model of human myopia, which means that human epi-
demiology will continue to play a critical role as the point of 
reference. But this does not mean that these models are use-
less. Irrespective of the mechanism by which myopia is 
induced, these models can be used to study the nature of the 
changes in ocular components and the corresponding details 
of changes in gene expression and biochemistry, at a level 
which is simply impossible in humans.  

4.2.3     Which Is the Best Species to Study 
for Relevance to Human Myopia? 

 At one level, the answer to the question about the most rele-
vant species is self-evident – non-human primates or mon-
keys. Detailed studies of the development of the refractive 
components of the eye in rhesus monkeys have shown that 
humans and monkeys share common processes of early loss 
of corneal power, followed by stabilisation, and more pro-
longed loss of lens power and thickness, followed by relative 
stabilisation, as well as a mean SER which is in the mildly 
hyperopic rather than emmetropic range [ 59 ]. They have also 
shown that development of myopia in humans and  monkeys 
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predominantly depends on changes in axial length [ 60 ]. But 
while the pattern of change is similar, the absolute timing is 
different (Table  4.1 ). In humans, corneal power (radius of 
curvature) stabilises at about 700 days, while in monkeys it 
stabilises at around 200 days. This difference is not surpris-
ing given the relative differences in maturation and life span 
and is quite consistent with the data on time of half- change. 
It is particularly important to note that most studies on mon-
keys have been carried out in this early developmental 
period, typically from 21 days up to around 140 days, cor-
responding to a developmental period which does not corre-
spond to that in which most myopia develops in humans.

   This difference in developmental age also applies to the 
other species that are studied. As a general rule, studies on 
experimental myopia have overwhelmingly been carried out 
during developmental periods that correspond most closely 
to the neonatal period of development in humans, for the 
simple reason that large and rapid changes can be observed 
in this period. In humans, this is a period in which neonatal 
myopia is naturally reduced or eliminated, signifi cant hyper-
opia is substantially reduced, and there is loss of corneal 
power, major loss of lens power and substantial matching of 
the axial length of the eye to the corneal and lens powers, to 
produce a tight distribution of refraction. In contrast, during 
the period in which myopia typically develops in humans, 
corneal power is stable, lens power loss decreases and after 
the age of 10–12 slows even further. It would therefore not be 
surprising if there were substantial differences in the regula-
tory processes in operation. For example, a simple resolution 
of the paradox that myopic defocus does not prevent the 
development of myopia in humans, although recovery from 
both FDM and LIM is effective in experimental myopia, may 
be that the signals generated by myopic defocus are weaker 
or nonexistent at later developmental stages. There is very 
limited experimental support for this idea [ 61 ], but there is 

also  evidence that myopic defocus can still exert effects later 
in human development [ 22 ]. 

 In the other species that are commonly studied as models 
of experimental myopia, the developmental events deviate 
more markedly from the human pattern, and their use is con-
sequently more contestable. Guinea pigs [ 8 ,  9 ,  62 ] and mice 
[ 7 ,  63 – 65 ] show thickening of the crystalline lens, in contrast 
to humans, although lens power decreases in all three. 
However, tree shrews show the human pattern of combina-
tion of loss of lens power and thinning of the crystalline lens 
but otherwise have a complicated pattern of development, 
including a period after eye opening where experimental 
myopia develops very slowly [ 66 ,  67 ]. 

 Again, this does not mean that the use of models other than 
non-human primates is irrelevant. Experimentation on mon-
keys is limited by justifi ed ethical concerns, as well as by 
logistic and other considerations, and other species have their 
advantages. Chickens are easy and cheap to obtain, and 
induction of experimental myopia is extremely rapid. Mice 
are easy to obtain, but induction and monitoring of myopia is 
more diffi cult. The great advantage of mice lies in the existing 
detailed knowledge of the mouse genome and of their cellular 
and molecular biochemistry. Guinea pigs provide a diurnal 
mammalian model, although they probably differ most in 
terms of the changes in ocular components from the human 
model. Tree shrews provide a diurnal mammalian model and 
are close to the primate line, but again their developmental 
profi le does not correspond closely to the human model, and 
they require specialised breeding facilities. However, pro-
vided that allowance is made for the different responses of the 
ocular components of refraction, these models can be used to 
usefully address many basic questions about changes at the 
cellular and molecular levels which lead to myopia. 

 One important limitation on the use of animal models is 
that most vertebrates, including birds, have a sclera which 
consists of two components – a fi brous layer and a cartilagi-
nous layer [ 68 ,  69 ]. In lower vertebrates, the dominant 
response of the sclera involves expansion of the cartilaginous 
layer, whereas the fi brous layer appears to become thinner. 
Mammals, including humans, appear to have lost the carti-
laginous layer, and thus the scleral response consists only of 
thinning and weakening of the fi brous layer. Thus, chickens 
are not a good model in which to study changes in the sclera.   

4.3     Important Features of Experimental 
Myopia 

4.3.1     Local Control and Spatial Localisation 

 One of the most striking discoveries from experimental 
myopia is that the control of eye growth primarily occurs 
within the eye, presumably involving interactions between 
the retina and sclera, with little impact from central 

   Table 4.1    Temporal characteristics of refractive development in 
humans and monkeys (Time to reach the midpoint between the measure 
at birth and the measure at the developmental plateau, assuming non-
linear regression) [ 59 ]   

 Human (days)  Monkey (days) 

 Ocular component 

 Refraction  276  213 
 Corneal power  251  75 
 Axial length  584  196 
 Anterior chamber depth  384  133 
 Vitreous chamber depth  815  258 

  Data were taken from a study of refractive development in rhesus mon-
keys. Asymptotic regression models were used to defi ne the half-time 
to a developmental plateau. Data on humans was taken from a range of 
studies on humans. Original references are given in the paper on rhesus 
monkeys. The time to half-plateau is higher in humans than in mon-
keys. Studies on humans may overestimate some of these parameters 
because of continuing axial elongation and development of myopia, 
which does not normally occur in monkeys    
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 pathways. In both FDM and LIM, there is minimal impact 
of sectioning of the optic nerve, cutting off the eye from 
 centrifugal input [ 36 ,  70 ]. Equally, lesions to the ciliary 
nerve have little effect [ 36 ]. 

 This point is further emphasised by the evidence that use 
of partial diffusers and lenses produces differential growth 
changes. For example, half diffusers tend to produce exces-
sive growth in roughly half the eye, the half experiencing 
form deprivation [ 71 ], and the same is true of partial lenses 
[ 72 ]. These fi ndings place some important limitations on 
mechanisms, since global processes such as accommodation 
would not be expected to operate in this way. But, at the 
same time, it is not clear how precise this spatial localisation 
is, since most experiments have demonstrated differential 
control over quite large areas, and it should not be assumed 
that the spatial localisation is as precise as point-to-point 
neural pathways can be. Rather, it is probably best to think in 
terms of circles of infl uence for any pathway being consid-
ered, just as blur in the image turns a point focus into a blur 
circle. For example, if the release of dopamine from dopami-
nergic neurons in the retina is important, as the evidence 
strongly implies [ 39 ], then this could be controlled by spa-
tially precise modulation of activity within defi ned pathways 
linking photoreceptors to ON-bipolar cells to dopaminergic 
cells. However, once the transmitter has been released, then 
diffusion of the transmitter, including lateral spread of its 
effects within the retina and choroid, is likely to produce a 
circle of infl uence. How large this circle of infl uence is will 
depend on the speed with which the transmitter or messenger 
diffuses, but this principle is likely to apply at any stage in 
the growth control pathway where the message is transmitted 
by soluble, diffusible messengers.  

4.3.2     Choroidal Changes 

 Another important observation from animal experimentation 
is that, particularly in the chicken, there are major changes in 
the thickness of the choroid, which swells in response to 
myopic defocus and thins in response to hyperopic defocus 
[ 73 ,  74 ]. In chickens, the choroid can expand by some hun-
dreds of microns in response to myopic defocus, although 
thinning is of lesser magnitude. In other species, including 
non-human primates [ 75 ], changes in choroidal thickness are 
much less marked. This is also true for humans [ 76 ,  77 ]. 

 In chickens, it has been suggested that the swelling of the 
choroid in response to myopic defocus may act to reduce the 
level of myopic defocus on a time-scale intermediate between 
that of accommodation and changes in axial length, by bring-
ing the retina towards the myopic focal plane within minutes 
to hours of the imposition of myopic defocus, although the 
accuracy of the compensation is still to be determined. Given 
the smaller magnitude of the responses to hyperopic defocus, 
less effective compensation would be achieved. 

 Whatever, the reasons for these changes, they may be 
involved in the transmission of growth control signals from 
the retina to the sclera, since there is some evidence that cho-
roidal changes are linked to slowing of axial elongation in 
response to myopic defocus [ 78 – 81 ]. The role of the choroid 
has been extensively reviewed recently [ 82 ].  

4.3.3     Summary 

 Despite the many limitations and cautions on the use of 
 animal models of experimental myopia, studies on animal 
models can investigate issues that cannot be addressed in 
humans – in particular animal models of experimental myo-
pia can be used to elucidate details of the molecular and cel-
lular processes involved, which may open up opportunities 
for pharmacological intervention. 

 Of the various limitations of studies on experimental 
myopia, probably the most fundamental is that experimental 
myopia is generally induced during a different developmen-
tal phase to that in which human myopia appears. In addi-
tion, LIM involves a level of precision that does not appear to 
apply to human myopia. Specifi cally, the compensation pro-
cess in LIM (and LIH) appears to be very precise, but, in 
humans, refractive development appears to rather imprecise, 
with refractions in the range +0.5 to +2.0 D appearing after 
the fi rst 2–5 years of life. These are maintained into adult life 
in populations in which the prevalence of myopia is low. 

 The distinction concerning developmental period may be 
crucial. Pooled data from four leading laboratories in the fi eld 
of experimental myopia has shown that in the REC and LIH 
paradigms, there is evidence that the eyes can actually shrink 
in chickens, monkeys (both macaques and marmosets) and 
tree shrews [ 43 ], suggesting a more active remodelling pro-
cess than just the slowing of growth normally assumed. Not 
all eyes shrink however, and shrinking was more common in 
tree shrews than in the monkeys, which the authors attributed 
to the earlier developmental age of the tree shrews. All the 
studies were carried out in the rapid developmental period, 
and, given the evidence in the paper that this active remodel-
ling becomes less active with age, it is questionable whether 
anything like this would occur in human myopia, even if 
methods are developed for preventing myopic progression, 
given the differences in developmental stage.   

4.4     Synergies Between Research on 
Human Myopia and Experimental 
Myopia 

 We suggest that greater integration of the results from these 
two streams of research, human myopia and experimental 
myopia, will increase understanding of the aetiology of myo-
pia and assist in achieving the ultimate goal of controlling 
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human myopia. The interaction is two way – sometimes start-
ing with discoveries in human epidemiology and sometimes 
with discoveries in human myopia. We will discuss some 
case studies which illustrate the synergies that have already 
occurred and suggest some areas that can be more systema-
tically explored in the future. Later, we propose and discuss a 
heuristic model of the control of refractive development 
(Fig.  4.2 ), which can be used for orientation at this stage.

4.4.1       Genes and Environment 

 One of the most immediate conclusions that could have been 
drawn from the animal models of myopia is that refractive 
development could be profoundly altered by changes to 
visual input – stressing the potential for environmental infl u-
ences. Unfortunately, there has often been little interchange 
between the two approaches to myopia research, and conclu-
sions about the tight genetic determination of myopia derived 
from twin studies [ 83 ] were not seriously contrasted with the 
evidence that refractive development was extremely respon-
sive to environmental manipulation. It is, of course, equally 
true that sensitivity to environmental manipulation in experi-
mental myopia does not prove that environmental variation 
makes a major contribution to phenotypic variation in 
humans, and the two confl icting conclusions simply coex-
isted. In fact, it took the emergence of an epidemic of myopia 
in developed parts of East and Southeast Asia to bring the 
issue to the fore [ 45 ]. The realisation of the implications of 
the rapid increase in the prevalence of myopia in East and 
Southeast Asia and the development of research in experi-
mental myopia covered much the same period, and, in com-
bination, they played a major role in the reassessment of the 
balance between genes and environment in the aetiology of 
myopia that has taken place over the past decade [ 84 ]. 

 So far, genetic studies on apparently genetic (generally 
early onset, severe and highly familial) forms of human myo-
pia have only identifi ed a limited set of genes, and there has 
been a major diffi culty in replicating many reported associa-
tions. These account for only a low percentage of myopia in 
most populations. This topic has been extensively reviewed 
[ 85 – 87 ]. Nevertheless, two clusters of mutations, one associ-
ated with scleral constituents and another associated with 
visual processing in the photoreceptor to ON-bipolar cell path-
way and in particular with various forms of stationary night 
blindness, have been identifi ed from candidate gene studies. 
Similarly, in GWAS studies, after some years with little return, 
two recent studies based on large cohorts have identifi ed a lim-
ited core group of around 30 genes that show signifi cant asso-
ciations with myopia, but which collectively explain less than 
5 % of phenotypic variation [ 88 ,  89 ]. There is some overlap 
between discoveries using GWAS in human myopia, results 
on the genetic basis of human syndromic myopias, and 
changes observed using microarray technology in experimental 

myopia in animals – in particular the identifi cation of the 
important role of changes in the outer retina and the sclera. 

 Further examination of changes in expression of at least 
some of these genes in animal models could be very illumi-
nating. For example, one of the genes implicated in the 
development of myopia in several studies is RASGRF1 [ 90 ]. 
It codes for a nuclear exchange factor that promotes the 
exchange of GTP for GDP on Ras family GTPases, and as 
such it is likely to be involved in a range of functions in a 
variety of tissues. Studies on gene expression in human eye 
tissue show strong expression in RPE, photoreceptors and 
choroid, leaving the site of action uncertain. Knockout 
mutants show defects in photoreception, which could be 
associated with myopia by analogy with other mutations, but 
equally these knockout animals show other changes such as 
an enlarged lens, which could equally impact on refractive 
status. RASGRF1 contains a phosphorylation site, where 
stimulation of muscarinic receptors leads to increased phos-
phorylation and increases exchange activity [ 91 ]. 

 GJD2 [ 92 ] provides a different example. It encodes con-
nexin36, a gap junction protein, which is expressed in both 
the outer and inner plexiform layers of the retina and appears 
to play a role in coupling and uncoupling of rods and cones, 
horizontal cells, amacrine cells and ganglion cells. Its func-
tion is regulated by phosphorylation, which is in turn con-
trolled by dopamine, which promotes uncoupling of cells to 
allow for higher-resolution vision under photopic conditions 
[ 39 ,  93 ]. D1-dopamine receptors are involved in this regula-
tion, whereas most dopaminergic effects in experimental 
myopia involve D2-dopamine receptors. 

 It is clear that to unravel the complexities of the retinal 
pathways involved in just these two examples requires the 
use of animal models. In both cases, the modulation of func-
tion involves second messenger systems and protein phos-
phorylation, which might not involve changes in mRNA 
expression, making it diffi cult to detect changes in microar-
ray experiments. The links of these two candidate genes to 
muscarinic and dopaminergic mechanisms are of consider-
able interest, since these mechanisms have been implicated 
in pathways controlling eye growth (see below), and these 
should certainly be explored. 

 Studies of changes in gene expression in experimental 
myopia can help to defi ne the site of action of mutant genes 
identifi ed for human myopia, since they can defi ne, at least 
in some cases, where relevant changes in the expression of 
genes and gene products take place. The link between sites 
of mutations which affect myopia in humans and where 
changes in gene expression take place in experimental myo-
pia is not likely to be absolute, but substantial overlap would 
be anticipated. Where genes identifi ed in human myopia 
studies correspond to those in which changes in expression 
are reported in experimental myopia, the case will be par-
ticularly strong. There are many more opportunities for syn-
ergies, since, as of March 2013, the OMIM database listed 
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Photoreceptors and ON-Bipolar cells
Mutations decrease ON-bipolar cell input
to the dopaminergic amacrine cells

Reduced stimulation of photoreceptors by
lower temporal and spatial contrast (FDM 
and LIM) decreases input to the dopaminergic 
amacrine cells

Reduced stimulation of ON-bipolar cells at
low light intensities decreases input to the
dopaminergic amacrine cells

Dopaminergic amacrine cell
Reduced dopamine release

Glucagonergic amacrine cell
Decreased expression of Egr-1
increased release of glucagon

Choroid

Sclera

Changes in retinoic acid synthesis

Regulation of TGF-beta

Regulation of extracellular matrix metabolism

On
RBC

On
CBC

Circadian
circuit AII - AC

ACh - AC DA - AC

Gluc - AC

  Fig. 4.2    A schematic diagram of a general pathway that may be impor-
tant in control of eye growth. A key element is the link from photo-
receptors though ON-bipolar cells and dopaminergic amacrine cells 
into the inner retina, where the fi rst stages of growth signal cascades, 
which ultimately control scleral metabolism and growth, are generated. 
Animal studies strongly support a role for dopaminergic amacrine cells 

in growth control, and recent studies on the protective effect of time out-
doors in children also suggest that dopamine may be involved in human 
myopia.  Key :  C  Cone photoreceptor,  R  Rod photoreceptor,  On CBC  
On-cone bipolar cell,  On RBC  On-rod bipolar cell,  All-AC  All amacrine 
cell,  Ach-AC  Acetylcholine amacrine cell,  DA-AC  Dopaminergic ama-
crine cell,  Gluc-AC  Glucagonergic amacrine cell       
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300 inherited conditions in which myopia is a symptom, 
although not necessarily a defi ning symptom. 

 The reverse fl ow is also possible. Studies on animal mod-
els have identifi ed a list of candidate genes on the basis of 
changes in gene expression [ 87 ,  94 ,  95 ]. These need to be 
used as candidate genes in studies on human myopia, since 
the chances of the gene playing a signifi cant role seem likely 
to be higher if there are large changes in gene expression 
during the development of myopia. However, so far the list 
of changes in mRNA expression is relatively short, and they 
are small in magnitude. But parallel studies are bound to 
become more systematic in the future. 

 An interesting approach which is impossible in humans, 
but highly feasible in experimental animals, is selective 
breeding. After only two cycles of selective breeding of 
chickens which show large or small responses to form depri-
vation, the strains showed marked differences in their 
responses to FDM, indicating a strong genetic component to 
the differences [ 96 – 98 ]. Whether this is relevant to human 
myopia is not clear, since, for these characteristics to segre-
gate in human populations would require selective mating on 
the basis of sensitivity to develop FDM, which seems 
unlikely. Nevertheless, selectively bred strains could enable 
elegant dissection of the pathways involved. 

 Now that there is a common list of genes associated with 
myopia from the CREAM [ 89 ] and 23andMe studies [ 88 ], 
one of the important next steps is to examine whether there 
are any genetic differences in susceptibility between ethnic 
groups. So far, limited analysis suggests that there are no 
major differences between ethnic groups, consistent with the 
evidence on similar myopia prevalence values in the differ-
ent ethnic groups in Singapore, with Chinese, Malays and 
Indians all showing very high rates of myopia. Another 
important next step is to look for gene-environment interac-
tions involving these identifi ed SNPs and identifi ed environ-
mental factors such as education, near work and time 
outdoors.  

4.4.2     Site of Action of Atropine 

 Atropine was introduced to control the progression of myo-
pia, based on the idea that myopia was due to excessive 
accommodation, and the initial successes seemed to give 
strong support to the excessive accommodation theory [ 99 ]. 
It is still the best validated technique for preventing myopic 
progression [ 99 – 101 ], and it has been extensively used, par-
ticularly in Taiwan [ 102 ]. 

 When muscarinic agents were fi rst used in experimental 
myopia, their ability to block axial elongation was taken as 
strong evidence for an effect on accommodation. However, 
this assumption was critically explored by McBrien and col-
leagues, who showed that experimental myopia could be 

induced in animals with little accommodative capacity, such 
as grey squirrels [ 34 ]. Other studies suggested that experi-
mental myopia developed normally in animals in which 
accommodation had been experimentally disrupted [ 36 ,  37 ]. 
McBrien [ 35 ] also pointed out that atropine was effective in 
chickens, where accommodation was controlled by nicotinic 
rather than muscarinic acetylcholine receptors. Collectively, 
this evidence decisively ruled out a role for excessive accom-
modation per se in the development of experimental myopia, 
which has important implications for human epidemiology. 

 This shifted attention to alternative sites of action. Studies 
on chicken chondrocytes and scleral tissue in culture showed 
that many muscarinic antagonists were able to exert direct 
effects on these tissues [ 103 ]. The other obvious site was the 
retina itself, given that it has an extensive cholinergic system, 
with both muscarinic and nicotinic elements. However, evi-
dence on whether retinal sites are involved is ambiguous. 
Fischer and colleagues [ 104 ] used a cholinergic toxin, which 
had been shown to destroy most cholinergic neurons in the 
chicken retina [ 105 ], to show that eyes in which the choliner-
gic system had been extensively disrupted could still develop 
FDM and LIM, which could be blocked with atropine. This 
evidence tended to favour a non-retinal (scleral?) site of 
action. 

 However, other evidence tends to support a retinal site. 
Specifi cally, one of the earliest responses detected in 
response to myopigenic optical devices, which can be 
detected within 30 min, is decreased expression of the imme-
diate early gene Egr-1 at both the mRNA and protein levels 
in the glucagon-immunoreactive amacrine cells of the 
chicken retina [ 106 ]. It should be noted that this part of the 
pathway may be specifi c to chickens and may not be appli-
cable to the human retina. Atropine reverses this downregu-
lation within 1 h of the fi tting of a diffuser or negative lens 
[ 38 ,  107 ]. It is hard to explain the rapidity of this effect in 
terms of a primary action of atropine on the sclera, with feed-
back to the retina. The ultimate test of site of action should 
come from a full pharmacological analysis of the three pro-
cesses affected by muscarinic antagonists – block of axial 
elongation by muscarinic antagonists, block of scleral gly-
cosaminoglycan synthesis and reversal of downregulation of 
Erg-1 in the retina. Whichever of the latter two replicates the 
pharmacology of the block of axial elongation is likely to be 
the site of action, although the subtleties of muscarinic cho-
linergic pharmacology may make discrimination diffi cult. 

 Irrespective of the outcome of this three-way comparison, 
more detailed analysis of the receptors involved in blocking 
the development of myopia has been pursued. McBrien and 
colleagues have shown that the M4 antagonist himbacine 
blocks experimental myopia [ 108 ], and use of snake toxins 
which have a somewhat greater differential affi nity for recep-
tor subtypes has given further support to the idea that M4 
receptors are involved [ 109 ]. In the chicken, which appears 
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to lack M1 receptors [ 110 ], predominantly M4 receptors 
may be involved. However, in mammals, it appears that both 
M1 and M4 receptors are involved [ 109 ]. 

 This pharmacological characterisation is important 
because the use of atropine to control myopic progression 
has been limited because of the associated pupil dilation and 
block of accommodation which underlie its use as a cyclo-
plegic agent. One approach to this problem is to use lower 
doses of atropine, which avoid some of the side effects [ 100 , 
 111 – 115 ]. The other is to more precisely defi ne the receptors 
involved, so that agents with more specifi c actions can be 
developed.  

4.4.3     Interplay of Defocus Signals 

 In part due to the demolition of the excessive accommoda-
tion hypothesis and in part due to the evidence that growth 
control mechanisms are intrinsic to the eye and do not require 
central input, attention in experimental myopia shifted to an 
emphasis on the ability of the retina to detect sign of defocus, 
with hyperopic defocus stimulating GO (or GROW) signals 
and myopic defocus stimulating STOP signals, even if the 
nature of the signals is poorly defi ned. This area has been 
extensively reviewed [ 11 ,  51 ]. 

 The kinetics of these signals and their spatial and tem-
poral interactions have been extensively studied. 
Interruption of the signals, which is possible experimen-
tally, showed that both were less effective if exposure to the 
stimuli was not constant. However even short periods of 
stimulation which generated STOP signals were effective, 
whereas effective GO signals required essentially constant 
stimulation. Interruptions to FDM of as little as 15 min sig-
nifi cantly reduced the development of myopia [ 56 ,  57 ], and 
the effectiveness of this reduction was markedly increased 
if the light intensity was increased over this period [ 116 ] 
and decreased if the animals were kept in the dark [ 117 ]. In 
addition, the D2-dopamine antagonist spiperone blocked 
the inhibitory effects of diffuser removal in the light, and, 
thus, the inhibitory effect of removal of the diffusers seems 
to involve light-stimulated release of dopamine. This may 
be relevant to the protection from myopia that children 
who spend more time outdoors receive (see below). 

 Experiments involving temporal interactions between 
these signals have also shown that relatively brief periods of 
exposure to myopic defocus are able to block the effects of 
otherwise continuous exposure to hyperopic defocus [ 51 – 53 , 
 118 ]. This is also true when spatial interactions were exam-
ined. When only 25 % of the fi eld was myopically defocused, 
the amount of myopia was substantially reduced, and with 
one third of the fi eld myopically defocused, hyperopic 
refractions were achieved [ 119 ,  120 ]. 

 The major impact of the discovery of the highly non- 
linear interactions between different sorts of defocus has 
been on thinking about the kinds of defocus exposure that 
humans could receive in different environments. This issue 
has been extensively discussed [ 11 ,  121 ]. How this would 
work in human environments is unclear. Consider, for 
example, reading a book. With considerable accommoda-
tion exerted to bring the pages of the book into focus, more 
distant peripheral objects would be myopically defocused, 
which would be expected to prevent the development of 
myopia. However, accommodative lag might lead to hyper-
opic defocus centrally. Also consider the situation out-
doors – with focus on the horizon, all closer objects would 
be hyperopically defocused, which would be expected to 
promote axial elongation, the reverse of the normal assump-
tion that relaxed accommodation would prevent myopia. By 
contrast, a focus on closer objects outdoors would leave 
most other objects myopically defocused, which would be 
expected to prevent myopia. How these would add up to a 
fi nal overall response is unclear, given the non-linearity of 
the interactions in both time and space. Given the current 
interest in the protective effects of time outdoors in children, 
Flitcroft [ 121 ] has suggested that an important factor is that 
the differences in outdoor accommodative demands are 
much smaller than in indoor environments, producing a 
more uniform dioptric space, but whether this difference is 
involved in the protective effects of time outdoors is, at the 
moment, purely speculative. At a more immediately practi-
cal level, spectacles incorporating bands of alternating 
bands of focus and myopic defocus are currently the subject 
of clinical trials.  

4.4.4     Peripheral Defocus 

 A closely related area of interest is the role of peripheral 
defocus in the development and control of myopia. This idea 
originated in observations on eye shape in Dutch trainee 
pilots [ 122 ], which suggested that more prolate eyes at base-
line (eyes with axial diameter greater than equatorial diame-
ter) were more likely to become myopic, which led to the 
hypothesis that peripheral hyperopic defocus in such eyes 
might promote the development of myopia and/or myopic 
progression. 

 There was initial scepticism about this idea, but a series of 
seminal papers by Smith and colleagues showed that lesions 
to the central retina of monkeys did not prevent the normal 
process of emmetropisation or prevent the development of 
FDM and LIM [ 123 – 127 ]. This showed clearly that the 
peripheral retina was able to control central axial elongation 
in the absence of central signals, but further experiments 
were unable to defi nitively show that peripheral signals could 
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override central signals. This area has now been extensively 
reviewed [ 128 ,  129 ]. 

 This area has been pursued in two ways. Firstly, the idea 
that incident myopia was dependent upon hyperopic eye 
shape has been extensively pursued. Since myopic eyes tend 
to be more prolate than emmetropic eyes, the critical ques-
tion is whether eyes that became myopic were more prolate 
prior to the onset of myopia. This idea has not fared well, and 
it appears that the appearance of a prolate eye shape is a con-
sequence of, rather than a cause of, myopia [ 130 – 132 ]. It has 
even been suggested, given the vagueness in the original 
paper on Dutch pilots, that the original results may have been 
misinterpreted [ 133 ]. 

 However, even if a role for peripheral defocus in the 
appearance of incident myopia has not stood up, a possible 
role for peripheral defocus as a continuing drive to myopic 
progression could still be valid, as is the idea that peripheral 
myopic defocus might inhibit myopia. These questions have 
been addressed through the design of spectacles or contact 
lenses which reduce the level of peripheral hyperopia or 
which impose peripheral myopia [ 134 ,  135 ]. These have pro-
duced some benefi ts in terms of slowed progression, although 
the results are not yet consistent. Zeiss now sells a myopia 
control lens of this design, which in clinical trials over 
6 months showed no signifi cant protection in the whole sam-
ple but a signifi cant effect in the subsample with myopic par-
ents. Clearly more comprehensive observations including 
longer-term follow-up are required before this design can be 
regarded as validated.  

4.4.5     Protective Effects of Time Outdoors 

 One of the observations that has excited considerable recent 
interest is that children who spend more time outdoors are 
less likely to be, or become, myopic [ 136 ]. After considering 
a range of possibilities, we [ 137 ,  138 ] suggested that the most 
plausible explanation of this effect was that bright light out-
doors stimulated the release of dopamine from the retina, 
which then acted as an inhibitor of axial elongation. This sug-
gestion was based on considerable prior research on experi-
mental myopia, both FDM and LIM, which suggested that 
one of the early steps in the development of experimental 
myopia was the suppression of dopamine release [ 139 – 141 ]. 
This area has recently been reviewed in detail [ 39 ]. 

 This hypothesis was immediately translated into experi-
mental situations, and it was shown that raising animals in 
lights brighter than those normally used in animal houses, 
from 15,000 to 30,000 lx as compared to normal experimen-
tal conditions of 100–500 lx, could substantially inhibit the 
development of FDM in chickens [ 116 ], primates [ 142 ] and 
tree shrews, and slow the development of LIM in chickens 

[ 143 ] and tree shrews, and more marginally in primates. It 
was also shown that the ability of bright light to block FDM 
was itself blocked by a D2-dopamine receptor antagonist, 
spiperone [ 143 ]. However, subsequent experimentation has 
suggested that the pharmacological properties of the block of 
LIM by light might be different, since the results suggest that 
the effect is not blocked by either D1 or D2 antagonists 
[ 144 ]. This clearly requires further exploration, given that 
dopamine agonists block LIM as well as FDM [ 39 ]. 

 These very promising results need to be put into perspec-
tive in two ways. Firstly, the ranges of light intensity involved 
in the protective effects are commonly encountered in human 
environments. Thus indoor light intensities are generally in 
the range from 200 up to 1,000 lx, with light intensities in 
animal houses at the lower end. Outdoor light intensities can 
range during the day and even in the shade on cloudy days, 
from several thousand Lux up to 150,000 to 200,000 lx on 
bright sunny days at lower latitudes. These, of course, can 
vary quite signifi cantly by latitude and season, both in inten-
sity and duration. 

 Secondly, the protective effects seem to be quite substan-
tial in the experimental studies discussed above and in epide-
miological studies. For example, longitudinal data from the 
CLEERE study have shown that the risk of developing myo-
pia is around three times lower for children spending more 
than 15 h per week outdoors as compared to those spending 
less than fi ve [ 145 ], and this risk reduction applies irrespec-
tive of whether the parents are myopic or not. Similarly, lon-
gitudinal data from the Sydney Myopia Study suggest that 
children from the top tertile of time outdoors are substantially 
less likely to become myopic than those in the bottom tertile 
by a similar factor [ 146 ]. Comparisons of those who combine 
low near work with high time outdoors (low risk), compared 
to those who combine high near work with low time outdoors 
(high risk) are even more stark. The much higher prevalence 
of myopia in Orthodox Jewish boys [ 147 ,  148 ] compared to 
that in boys studying in general schools, as well as that in 
girls irrespective of the school attended, which is generally 
attributed to intensive study habits, also provides evidence of 
the power of environmental effects, although in this case a 
link to time outdoors is not established but is plausible. 

 The evidence for the involvement of dopaminergic path-
ways from human epidemiology and from experimental 
myopia is very detailed, albeit not entirely consistent, but 
there is no direct evidence for involvement of dopaminergic 
pathways in studies on human genetics. However dopami-
nergic pathways have been implicated indirectly. Mutations 
which affect outer retinal processing, and in particular pho-
toreceptor and ON-bipolar cell pathways, could exert their 
effects on the development of myopia by altering the release 
of dopamine, since the ON-bipolar cells provide a major 
input to the dopaminergic cells [ 149 – 152 ]. The glutamate 
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agonist, 2-amino-4-phosphonobutyric acid (2APB), which 
hyperpolarises the ON-bipolar cells and presumably reduces 
dopamine release, leads to the development of myopia in kit-
tens [ 153 ]. Mutant mice with a mutation of nyctalopin simi-
lar to that which causes congenital stationary night blindness 
in humans [ 154 ] have lower pools of dopamine and are more 
sensitive to the development of form-deprivation myopia 
[ 155 ]. But there is a clear gap in the evidence which needs to 
be followed up by more detailed analyses of dopaminergic 
function in human syndromic myopia and in human genetic 
studies with candidate gene approaches. 

 Secondly, the involvement of the GJD2 gene, which 
codes for connexin36, also implicates dopamine, since the 
permeability of gap junctions involving connexin36 is regu-
lated by dopamine [ 156 – 160 ], although in this case via 
D1-dopamine receptors. If dopamine release is reduced 
either by genetic defects in the photoreceptor to ON-bipolar 
cell pathway, which appears to control dopamine release 
[ 147 – 150 ], or by lack of stimulation of the pathway by envi-
ronmental light, this might be expected to lead to reduced 
light adaptation, more diffuse signalling through rod and 
cone pathways and a reduction in the narrowing of receptive 
fi elds that normally occurs in light adaptation. In many ways 
this could be analogous to the lowered spatial and temporal 
stimulation that occurs in the FDM paradigm. 

 How this can be further investigated in human myopia is 
problematic. Changes in the electroretinogram (ERG) may 
provide a relatively non-invasive approach to measuring the 
functions of retinal circuits [ 158 – 160 ]. In fact, studies on ERG 
responses in myopic human eyes have tended to implicate 
changes in the inner retina, with normal a-waves and reduc-
tion in b-waves. There are also more complex changes in the 
oscillatory potentials of the ERG which are believed to involve 
dopaminergic circuits, and changes in adaptation, which could 
be related to changes in dopaminergic function. This evidence 
lends some support to the hypothesis that dopaminergic 
 function is depressed in the inner retina of humans with 
 myopia but falls short of proving that this has taken place. 

 Given the magnitude of the potential effects of outdoor 
exposure, these developments have been rapidly translated 
into clinical trials. Two small trials have reported positive 
results [ 161 ,  162 ], and the interim results of a larger trial, in 
which schools have increased the amount of time that chil-
dren spend outdoors, have reported small but statistically 
signifi cant protection from myopic shifts in refraction and 
incident myopia.  

4.4.6     Changes in Scleral Metabolism 

 This area has been extensively reviewed [ 68 ,  69 ,  163 ]. The 
sclera is the endpoint tissue for both human and experimen-
tal myopia, because it is the structure and metabolism of the 

sclera which ultimately determines the axial length of the 
eye. It is also the site of the development of staphyloma, one 
of the most destructive pathological features of high myopia. 
Studies on human myopia have shown that the sclera from 
myopic eyes is thinner than normal and that marked reduc-
tions in the content and structure of collagens, as well as 
scleral glycosaminoglycans have taken place. Studies on 
human sclera are obviously limited to single-point determi-
nations, except when culture systems, such as human scleral 
fi broblasts (HSF), can be developed. The HSF culture sys-
tem has been used to document regulation of synthesis of 
brain morphogenetic proteins (BMPs) by retinoic acid [ 164 ], 
both of which have been implicated in the development of 
experimental myopia [ 165 – 167 ], and identifi ed as candi-
dates in human genetic studies [ 88 ,  89 ]. More systematic use 
of this approach to examining changes in scleral metabolism 
looks promising. 

 Several animal experiments have documented changes in 
scleral collagens and glycosaminoglycans, which parallel 
those seen in human myopic sclera. There are reductions in 
the synthesis of collagens and glycosaminoglycans and in 
addition increased catabolism. In fact, one of the early events 
in the development of myopia appears to be up-regulation of 
matrix metalloproteinase (MMP) activity [ 168 ], which has 
also been implicated in genetic studies [ 169 – 171 ]. 

 Further work has implicated myofi broblasts in controlling 
the properties of the sclera [ 172 ,  173 ]. Myofi broblasts dif-
ferentiate from fi broblasts and are highly contractile cells 
which express the smooth muscle protein alpha-smooth 
muscle actin. The differentiation of these cells can occur in 
response to local stresses, a process involving regulation of 
the synthesis of extracellular matrix consitutents. They could 
therefore play a role in enabling the sclera to adjust for fl uc-
tuating intraocular pressure and other stresses. Cell adhesion 
molecules such as integrins play a key role in mediating cell-
matrix interactions, and again McBrien and colleagues have 
shown rapid downregulation of the expression of alpha1 and 
alpha2 integrin subunits [ 174 ]. The expression of these two 
subunits seems to be differentially regulated during the 
development of myopia. 

 McBrien has proposed that transforming growth factor- 
beta (TGF-beta) is a key regulator [ 163 ]. The three mamma-
lian isoforms of TGF-beta change rapidly in response to 
stimuli that induce experimental myopia and regulate colla-
gen and glycosaminoglycan production, as well as differen-
tiation of scleral fi broblasts to myofi broblasts. TGF-beta is 
found in retina, choroid and sclera, but it is only in the sclera 
that regulation occurs in relation to myopigenic stimuli. 

 It is important to note that mutations in many genes 
involved in this complex integrated response have been 
identifi ed in human genetic studies as candidate genes, along 
with a number of other scleral constituents. This suggests 
that the sclera in myopia can be both the direct site of action 
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of mutations which affect extracellular matrix metabolism 
and cause a weaker sclera, and the site of modulation of 
scleral metabolism in response to upstream mutations which 
may affect retinal dopamine release, or in response to 
changes in dopamine release caused by environmental expo-
sures. It is not clear how changes in dopamine release in the 
retina are propagated to the sclera, and at present there are 
only a few signposts along the way. It seems unlikely that 
dopamine acts directly on the sclera, since no effects of 
dopamine agonists on the sclera were detected in experi-
ments in vitro (unpublished results). But the model devel-
oped by McBrien implies that regulation of TGF-beta 
expression could be a key event worth further study and is a 
site for potential pharmacological intervention.  

4.4.7     Circadian Rhythms and Myopia 

 There has also been considerable interest in the potential role 
of circadian rhythms in the development of myopia and in 
particular interruptions to normal dark periods [ 95 ,  175 ]. 
This was, in part, stimulated by a report which suggested that 
children who slept with night lights, and even more so with 
room lights, were more likely to be myopic [ 176 ]. The effects 
reported were very substantial, but most subsequent studies 
have failed to replicate this effect. The few that reported pos-
itive effects showed changes that were much smaller. Other 
evidence from human epidemiology has given, at best, very 
limited support to these ideas, since there are only small 
albeit signifi cant effects of season of birth [ 177 ] or latitude of 
birth [ 178 ] which could implicate circadian phenomena but 
which could also have other explanations. 

 Studies of experimental myopia have also given some sup-
port to this idea. Eye growth shows clear circadian rhythms, 
which are perturbed under conditions which change the rate 
of eye growth, and it has been argued that key timing events 
around the transitions between light and dark phases might be 
important for correct regulation of eye growth [ 175 ,  179 , 
 180 ]. Stone [ 95 ] has argued that many of the changes in 
mRNA expression in microarray analysis of animal experi-
ments involve changes in clock genes, but it needs to be 
remembered that dopamine rhythms are perturbed in experi-
mental myopia and probably in human myopia, and these 
rhythms, substantially light-driven in the case of dopamine 
[ 140 ], are quite closely linked to circadian rhythms [ 181 ]. It is 
therefore not clear whether these changes represent an inde-
pendent response to myopigenic conditions or whether they 
refl ect a fundamental effect on dopamine metabolism. While 
human epidemiology does not suggest substantial effects of 
circadian rhythms, with the possible exception of the epi-
demic of myopia that appeared in some Eskimo populations 
under conditions of quite mild urbanisation and engagement 
in schooling [ 182 ,  183 ], this area deserves further study.  

4.4.8     A Role for Retinoic Acid 

 In a seminal paper in this area, Mertz and Wallman [ 167 ] 
showed that, in the chicken retina, the choroid synthesised 
retinoic acid at a much greater rate than any other ocular tis-
sue. The rate of choroidal retinoic acid synthesis was mark-
edly decreased under conditions that increased the rate of 
eye growth (both FDM and LIM) and markedly increased 
under conditions that decreased the rate of eye growth. They 
also provided evidence that retinoic acid was released from 
the choroid and accumulated in a nuclear fraction from the 
sclera, where retinoic acid decreased the rate of scleral gly-
cosaminoglycan synthesis. In contrast, they found that 
changes in the retina were much smaller in magnitude and 
reversed in direction, consistent with previous evidence 
[ 184 ,  185 ]. They therefore suggested that regulation of the 
rate of synthesis of retinoic acid in the choroid could be a 
crucial element in regulation of the rate of eye growth, at 
least in the chicken. These changes were subsequently con-
fi rmed in the chicken [ 186 ]. 

 In one of the early studies, it was reported that retinoic 
acid stimulated the proliferation of sclera chondrocytes but 
inhibited the proliferation of scleral fi broblasts [ 184 ]. Given 
the different composition of the sclera in chickens (predomi-
nantly chondrocytes) compared to mammals (predominantly 
fi broblasts), it is not clear whether these results obtained on 
chickens can be generalised to mammals, and indeed several 
studies suggest that in experimental myopia in mammals, 
increased retinoic acid synthesis and levels, possibly in both 
the retina and the choroid, are involved [ 187 – 189 ]. Human 
fi broblasts in culture express a variety of retinoic acid recep-
tors [ 190 ], and retinoic acid has been shown to inhibit the 
synthesis of brain morphogenetic proteins [ 165 ], which have 
been implicated in both human and experimental myopia, as 
well as another extracellular matrix constituent fi bulin [ 191 ]. 

 While the results are not entirely consistent, the idea that 
retinoic acid may be a mediator of changes in retinal or cho-
roidal visual processing to the sclera is worth pursuing and 
intersects with evidence for a role of retinoic acid receptors 
and synthetic enzymes in experimental myopia [ 186 ,  192 ]. 
The recent CREAM and 23andMe studies [ 88 ,  89 ] have iden-
tifi ed mutations in retinol dehydrogenase 5 as associated with 
myopia, but whether this primarily affects retinal recycling in 
the outer retina, or retinoic acid as a messenger in eye growth 
control, is currently unclear. Studies on experimental myopia 
suggest that retinaldehyde dehydrogenase 2, which converts 
retinal to retinoic acid, is more likely to be involved [ 186 ].  

4.4.9     Fibroblast Growth Factor 

 Based on research on the general regulation of extracellular 
matrix by FGF-beta and TGF-beta, Rohrer and Stell [ 193 ] 
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tested the hypothesis that these growth factors might act as 
regulators of scleral growth in chickens. They showed that 
exogenous FGF-beta reduced the development of FDM and 
that TGF-beta blocked the effect of FGF-beta. This work 
was followed up in a subsequent paper [ 194 ] in which it was 
demonstrated that FDM reduced the rate of retinal dopamine 
synthesis, which was reversed by strobe lighting, which in 
turn was associated with increased expression of cfos in the 
dopaminergic amacrine cells. They also showed that FGF- 
beta did not affect cfos expression, tyrosine hydroxylase lev-
els or dopamine synthesis, suggesting that its effect was 
exerted downstream of the dopaminergic amacrine cells. In 
complete contrast to these results, Seko and colleagues found 
that FGF-beta stimulated proliferation of scleral chondro-
cytes and fi broblasts [ 195 ]. Again in contrast, in tree shrews, 
Gentle and McBrien found that FGF-beta did not change in 
FDM but that FGFR-1 did [ 196 ]. 

 Subsequent experimentation has not clarifi ed further the 
pathways that might be involved but has suggested that in 
addition to links with TGF-beta, interactions with IGF may 
also be involved [ 197 ]. It is not clear if these interactions are 
related to the effects of insulin and glucagon on experimental 
myopia [ 198 ,  199 ]. How important these interactions are is 
far from clear, but both FGF [ 200 ,  201 ] and IGF [ 202 – 204 ] 
have been inconsistently implicated in high myopia, and 
there is other supporting evidence for a role of IGF in experi-
mental myopia [ 205 ,  206 ].  

4.4.10     Summary 

 These case studies illustrate the way in which evidence from 
human studies, both of epidemiology and genetics can cross- 
fertilise with studies on experimental myopia. In some cases 
the fl ow is from human to experimental studies, in some 
cases the other way around. We have chosen examples which 
illustrate the potential for successful integration, where we 
believe that continuing research could deliver major returns. 
This list is in no way comprehensive. For example, major 
effects of GABA agonists in preventing myopia have been 
reported in animal studies [ 207 ,  208 ] which seem to be linked 
to changes in the dopaminergic and cholinergic systems 
[ 209 ]. The magnitude of the effects suggests signifi cant 
potential for pharmacological intervention, but at the same 
time GABA is such a widespread transmitter, both within the 
body and within the eye and retina than any approach to pre-
vention based on manipulation of GABAergic pathways 
would have to be exceptionally cautious. Similar caution has 
been exercised in making use of dopaminergic agents, despite 
the strong evidence base in animal studies. But the ability to 
use natural modulation of dopamine release with light, of the 
kind that appears to be involved in the protective effects of 
light, offers a way of avoiding some of the problems.   

4.5     A Heuristic Model of Growth Control 

 Based on the evidence we have reviewed in this chapter, we 
propose a model which we believe will be useful for orient-
ing future studies on both human and experimental myopia 
(Fig.  4.2 ). A key player is the dopaminergic amacrine cell, 
which may be involved in the appearance of myopia in a 
number of human diseases in which myopia is a feature – 
most notably in congenital stationary night blindness of 
various forms. These mutations, which primarily affect the 
functioning of a photoreceptor to ON-bipolar cells pathway, 
may mediate a reduction in the normal release of dopamine 
by increasing light intensities. The nob mutant mouse pro-
vides a relevant animal model. Dopamine release also 
appears to be regulated by environmental stimulation of the 
dopaminergic amacrine cells, and increased release of dopa-
mine by bright light may mediate the protective effects of 
increased time spent outdoors by children. Some of the 
large number of mutations in the OMIM database which 
result in myopia may also affect this pathway – particularly 
those with the potential to affect visual processing in the 
outer retina. Within the inner retina, experimental myopia 
has shown that dopaminergic function is regulated, at least 
in part, by GABAergic and cholinergic amacrine cells, and 
the effects of the three transmitters – dopamine, acetylcho-
line and GABA – may converge, at least in the chicken ret-
ina, on the glucagon-immunoreactive amacrine cells in 
which decreased expression of the immediate early gene 
 Egr-1  appears to correlate with an increased rate of eye 
growth. Glucagon may be an important messenger released 
at this point in the pathway, but it should be noted that evi-
dence for the involvement of glucagon-immunoreactive 
amacrine cells in humans is limited, and another amacrine 
cell may play a critical role in humans. It is important to 
note that, so far, none of the mutations detected in human 
myopia appear to involve these mechanisms documented in 
the inner retina but primarily involve the outer retina and 
sclera. 

 After that, the potential pathway is poorly defi ned, 
although changes in the retinal pigment epithelium and cho-
roid may be required to transmit growth control signals to 
the sclera, and retinoic acid seems to be the best candidate 
for future studies. McBrien has proposed that the key 
 regulatory event in the sclera involves changes in transform-
ing growth factor-beta, which in turn regulates, directly or 
indirectly, collagen and glycosaminoglycan synthesis, catab-
olism mediated by matrix metalloproteinases, levels of inte-
grins and conversion of fi broblasts to myofi broblasts. Other 
mutations associated with myopia appear to directly affect 
scleral constituents and may produce myopia by generally 
weakening the sclera, just as reduced function in this path-
way results in changes in the sclera which promote sclera 
thinning and weakness. This model does not cover all of the 
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multitude of observations that have been made on human and 
experimental myopia, but we believe that it covers a quite 
extensive range and is capable of explaining much of the cur-
rent evidence on both genetic and environmental control of 
myopia.  

    Conclusions 

 A range of paradigms in which changes in eye growth 
can be induced experimentally have been developed. 
None of the paradigms precisely matches the features 
of human myopia, with particular issues in relation to 
the methods used to induce myopia and the develop-
mental stage at which myopia is induced. Monkeys pro-
vide the model which most closely follows the human 
pattern in terms of the pattern of change in ocular biom-
etry and refraction, but any of the models can be used, 
with appropriate caution, to investigate the molecular 
details of the changes in ways which are not possible in 
humans. 

 There has already been considerable synergy between 
human and animals studies, with fl ow in both directions 
and critical testing of hypotheses. In his classical book, 
published nearly 30 years ago, Curtin commented that 
“…many theories of myopia genesis were the product of 
pure speculation. It would appear at one point towards the 
close of the 19 th  century that any ophthalmologist who 
experienced a night of insomnia arose in the morning with 
a new, and usually more bizarre, theory”. 

 We have now moved well beyond that point and have 
the ability to critically scrutinise new theories through 
both human studies in epidemiology and genetics and 
through animal studies. Hopefully, some of the new ideas 
that have emerged, such as the importance of peripheral 
defocus and the amount of time that children spend out-
doors, are close to delivering preventive strategies to con-
trol both incident myopia and myopic progression. But 
only future research will tell.     
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