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1. Summary

The management of myopia is facing an unprecedented challenge, as the prevalence

of myopia has ascended rapidly in the last decades. Although there is still no

clinically acceptable and satisfactory management available, growing evidence has

suggested that outdoor exposure, mediated by outdoor light, is a simple and useful

option to prevent the development of myopia. In my thesis, I have investigated the

roles of spectral properties of indoor light and of high light intensity on experimental

myopia, the dose-effect response and the temporal function of the exposure, and the

possible molecular mechanism underlying the light-mediated protective effect against

myopia.

I found that with the same spectral property (i.e. spectral composition and

distribution), high-level light intensity prevented myopia development compared with

low-level intensity. However, there was no significant difference in the protection

effect between the sunlight-like and fluorescent lighting presented at the same level of

intensity, indicating that high level of light intensity is the primary reason for the

outdoor light to display a powerful inhibitor against myopia. Furthermore, the dose-

effect response of bright light exposure was found to be not linear, but rather saturate

at approximately 5 hours of treatment, suggesting that additional protection could not

be obtained through simply increasing the exposure duration. By contrast, frequent
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and short episodes of exposure were found to enhance the protection effect than a

single continuous exposure even though the light intensity and total dose of exposure

was the same. With regard to the underlying mechanism, I found that wearing

diffusers dramatically suppressed dopamine release from the retina and also the

expression of ZENK protein in the retinal glucagonergic amacrine cells (GACs).

Bright light, no matter presented continuously or intermittently, could significantly

reduce the suppression of dopamine release. But no any difference in the rescue effect

of dopamine release was detected between these two exposure patterns. Neither

continuous nor intermittent bright light could rescue the suppression of ZENK

induced by wearing diffusers.

As a whole, my doctoral thesis has extended our knowledge of the mechanism

underlying outdoor light against myopia: high level of intensity is the major reason

for the protective effect of sunlight, which depends not only on the total duration but

also the temporal property of the exposure. Findings in the thesis provide further

evidence for a role of dopamine in the signaling cascade of the bright-light-mediated

protection, but a role of ZENK in glucagon amacrine cells, representing an important

element in the retinal circuitry for the detection of the sign of defocus, is unlikely. The

reason why intermittent bright light had a more prominent suppressive effect on

myopia than continuous bright light exposure is still unclear and needs further

investigation.
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2. Synopsis

Myopia and its Epidemiology

Myopia is a refractive error, in which the parallel light rays are not focused on, but

rather in front of the retina. The mismatch between focal length and axial length is

either due to the excessive optical power of the refracting ocular components (cornea,

crystalline lens) or an increased axial length of the eyeball. The two conditions are

therefore called refractive myopia and axial myopia, respectively. Refractive myopia

usually exists in keratoconus (increased curvature of the cornea) or in early cataract

(elevated refractive index of the crystalline lens). However, most of the so-called

“school myopia”, developing during the school years, is axial.

The prevalence of school myopia has ascended dramatically in the past decades,

approaching approximately 30-50% of young adults in Europe (Jobke, Kasten et al.

2008, Wolfram, Hohn et al. 2014) and around 80% in urban East Asia (Wu, Seet et al.

2001, He, Zeng et al. 2004). But in some extreme cases, the prevalence has reached

“epidemic” level. In Shanghai China, for instance, myopia has been found to affect

95.5% university students in Shanghai (Sun, Zhou et al. 2012). In Seoul, Korea, it

seems hopeless to recruit young males without myopia for military service, as the

prevalence of myopia was also up to 96.5% in the 19-year-old males (Jung, Lee et al.

2012). Myopia is far from being a simple issue of correction of vision, but rather is,
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especially high myopia (greater than 6 Diopter), a high risk for irreversible blind-

threatening ocular disorders, such as retinal detachment and glaucoma. Therefore, this

disorder has been considered to be one of the leading causes (only secondary to

cataract) of blindness (Bourne, Stevens et al. 2013).

Outdoor activity, outdoor time, light and the prevention of myopia

Although research about myopia can be dated back to more than one century ago, its

exact pathogenesis is still not clear. Therefore, no clinically acceptable and

satisfactory therapies are available to prevent or slow the development of myopia in

children. However, recent findings both in human and animal studies give rise to

some hope.

In a study investigating the association between the degree of refractive error and life

style, Rose et al. (Rose, Morgan et al. 2008) revealed that primary school students

who combined high levels of near work with low levels of outdoor activity had the

most myopic refractions, while those combined low levels of near work but high

levels of outdoor activity were least myopic. After adjusting for confounders such as

near work, parental myopia, and ethnicity, the lowest odds ratios for myopia was

linked to the students reporting the highest levels of outdoor activity. A number of

researchers reported similar association between outdoor activity and refractive error

(Wu, Tsai et al. 2010, Guo, Liu et al. 2013, Lin, Vasudevan et al. 2014), suggesting
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that outdoor activity demonstrates a protective effect against myopia. This assumption

gained further support from other indirect evidence. For instance, progressing myopes

were reported to experience much less outdoor exposure than stable myopes, as

assessed by an objective light meter (Schmid, Leyden et al. 2013, McKnight, Sherwin

et al. 2014). Meanwhile, myopia progression is slower in the summer, when daylight

hours are longer and average light intensity is higher, than in the winter (Fulk, Cyert

et al. 2002, Deng, Gwiazda et al. 2010, Donovan, Sankaridurg et al. 2012). In addition,

three recent clinical trials reported that an increase of about one hour outdoors

everyday could inhibit, despite with a small magnitude, the development of school

myopia (Yi and Li 2011, Morgan, Xiang et al. 2012, Wu, Tsai et al. 2013).

Many factors could contribute to the protective effect of outdoor activity. The most

straightforward notion is activity or sport. Nevertheless, Rose et al. in a retrospective

study has already observed that no associations existed between indoor sport and

myopia, and therefore postulated that the protective effect of staying outdoors was not

the engagement in sports activities per se, but rather the higher levels of total time

spent outdoors (Rose, Morgan et al. 2008). In support of this postulation, a

prospective study showed that time spent outdoors was predictive of incident myopia

independently of physical activity level and concluded that the previously reported

link between outdoor activity and that incident myopia is due mainly to visual
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information related to time outdoors rather than physical activity (Guggenheim,

Northstone et al. 2012).

Since it appears the time spent outdoor was protective against myopia, differences in

visual experience between outdoors and indoors must explain the effect. Candidates

are the average viewing distances, the amount of accommodation, the imposed

refractive errors over the visual field (which is known to control further eye growth),

physical activity and the related optical flow fields, and also the ambient illuminance

(review by Flitcroft (Flitcroft 2012)). Among these candidates, the possible role of

bright light (as presented outdoors) was particularly studied.

Light intensity outdoors is surprisingly higher than indoors. Outdoor illuminance at

noon in a clear summer day can exceed 100,000 lux. Even in the shade of trees it is

still as high as 15 000 to 20 000 lux. By contrast, the typical indoor illuminance in an

office is only approximately 300 to 500 lux. Ashby and colleagues (Ashby, Ohlendorf

et al. 2009) were the first to observe that bright outdoor light significantly inhibits the

development of experimental myopia. They fitted chicks with frosted googles, with

the googles removed for 15 minutes daily under one of the three lighting conditions:

standard indoor illuminance (500 lux), intense indoor illuminance (15 000 lux) and

outdoor sunlight (average 30 000lux). They found that the myopia induced was

remarkably less in turn, compared with a control group that continuously wore frosted

googles. They further revealed that even with frosted googles continuously in place,
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an increase of indoor illuminance from 500 lux to 15 000 lux significantly reduced the

development of myopia (~ 60%). To test whether potentially different physical

activity of the animals played a role, an automated video surveillance technique was

developed to track the activity of the birds. It turned out that physical activity did not

differ between high and low illumination levels, leaving ambient illuminance as

possible factor. These findings were later confirmed in tree shrews (Siegwart, Ward et

al. 2012) and rhesus monkeys (Smith, Hung et al. 2012). Bright light also slows down

the progression of myopia induced by negative spectacle lenses, which was confirmed

in tree shrews (Siegwart, Ward et al. 2012, Norton and Siegwart 2013). In rhesus

monkeys, lens-induced myopia was not suppressed by bright light, which was shown

in a study (Smith, Hung et al. 2013). However, another study showed that bright light

slowed the development of lens-induced myopia (-3D) to some extent (Wang, Ding et

al. 2015), although the number of animals in that study was low and the effects were

small. Taken together, most of the experiments indicate an inhibitory effect of bright

light on the development and progression of myopia. However, the underlying

mechanisms are not clear.

In addition to differences in intensity, sunlight may also differ from indoor light in its

spectral composition. Specifically, the spectrum of ground-level sunlight during a

typical day includes a continuous distribution of wavelengths from approximately

300 nm to about 1200 nm, while florescent lights, the most common source of
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artificial indoor lighting, has a discrete spectrum between 400~700 nm, with peaks in

the blue, green and red, and lacks ultraviolet and infrared components. An influence

of spectral properties of light on ocular growth has been suggested since long. For

instance, long wavelengths of monochromatic light were found to accelerate ocular

elongation while short wavelengths inhibited ocular elongation (Kroger and Wagner

1996, Kroger and Wagner 1996, Rucker and Wallman 2009, Liu, Qian et al. 2011,

Wang, Zhou et al. 2011, Rucker and Wallman 2012, Qian, Dai et al. 2013, Qian, Liu

et al. 2013). In addition, it was shown that that circulating levels of vitamin D, which

can only be produced in the skin with UV light (UVB), were lower in myopes than

non-myopes (Mutti and Marks 2011, Choi, Han et al. 2014, Yazar, Hewitt et al. 2014)

and that the polymorphisms within the vitamin D receptor (VDR) (Mutti, Cooper et

al. 2011) were correlated with low to moderate amounts of myopia. These data

suggest that the UV spectrum might play some role in the suppressive effect of

sunlight on myopia. Indeed, when Ashby and his colleagues (Ashby, Ohlendorf et al.

2009) revealed the protection effect of bright light, they observed a stronger effect

provided by sunlight compared with artificial bright light. But they could not

determine whether it was related to the UV component of sunlight or just to its higher

intensity. Although outdoor exposure is a simple and economical option to treat

myopia, it seems difficult to implement in practice, especially in some Asian

countries where education is very intensive and the available time to increase outdoor

activity is limited (Ngo, Pan et al. 2014). Thus, it was of great importance to
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investigate whether the spectral characteristic might be the reason for the stronger

protection of sunlight. If this was the case, then modulating spectral property of

artificial lighting as sunlight, rather than increasing outdoor time, might be a more

feasible strategy to prevent human myopia.

Unresolved questions

While it can be concluded from previous work that outdoor light is a powerful

inhibitor of myopia development, there is still much to be learned. I used two widely

studied animal models of myopia, the chicken and the guinea pig, for which a lot of

basic information on the biological mechanisms of myopia have been well established,

to study the following questions:

1) Which exposure parameters have the greatest inhibitory effect on the development

of myopia? In particular, the dose-effect response and the temporal profiles of

bright light exposure are unknown.

2) What is the biochemical and neural mechanism underlying the protective effect of

bright light against myopia?

3) Does the spectral composition of sunlight play a role?
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Experiments

Accordingly, I have tried to tackle these questions through the experiments described

below.

Experiment I: Dose-effect response function of bright light exposure

Eight-day-old chickens wore frosted diffusers over one eye to induce deprivation

myopia. A reference group was kept under office-like illuminance (500 lux) at a

10:14 light:dark cycle. Another four groups were exposed to continuous bright light

(15 000 lux or 15K lux) for 1 hour, 2 hours, 5 hours or 10 hours, respectively, with a

500 lux background illuminance. I found that, compared with the reference group,

exposure to continuous bright light for 1 or 2 hours every day had no significant

protective effect against deprivation myopia. Inhibition of myopia became significant

after 5 hours of bright light exposure with suppression by approximately 70%,

consistent with previous studies (Ashby, Ohlendorf et al. 2009, Ashby and Schaeffel

2010, Siegwart, Ward et al. 2012, Smith, Hung et al. 2012). Nevertheless, an

additional protective effect was not observed when the exposure duration was further

increased to 10 hours (Lan, Feldkaemper et al. 2014). These findings might have

important implications regarding the question “Should children be exposed to bright

light outdoors for longer periods of time for greater myopia inhibition?’’, because

excessively long exposure to bright light outdoors may have no additional benefit but
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may rather increase the risk of side effects, such as skin cancer (Gandini, Autier et al.

2011) and retinal light damage (in the case of over-exposure to sunlight) (Youssef,

Sheibani et al. 2011). According to these findings, I assume that there might be also

an upper limit for the protective effect of bright light exposure in children. Further

studies in monkeys and later in children will finally optimize the light exposure

regimens.

Experiment II. Temporal-dose function of bright light exposure

It was previously found that intermittent treatment with diffusers (Napper, Brennan et

al. 1997, Smith, Hung et al. 2002) or spectacle lenses (Winawer and Wallman 2002,

Kee, Hung et al. 2007, Zhu and Wallman 2009) have different effects than continuous

treatment. In particular, periodic interruption of positive lens wear, which induces

hyperopia by inhibiting axial eye growth, has differently powerful effects, depending

on the temporal patterns of interruption - even if the total exposure time is the same

(Zhu and Wallman 2009). I studied whether something similar may apply to the

exposure to bright light. Chickens were exposed to repeated cycles of bright light with

50% duty cycle and periods of either 60 minutes, 30 minutes, 15 minutes, 7 minutes

or 1 minute. The background illuminance was kept constant at 500 lux. It was found

that, with a matched total amount of bright light exposure (5 hours a day), bright light

provided in pulses with low temporal frequency suppressed myopia more than

continuous bright light. Especially, cycles of 1:1 minutes of bright light fully inhibited
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the development of deprivation myopia (Lan, Feldkaemper et al. 2014). The

mechanism by which intermittent bright light provided enhanced protection was

unknown. I speculated that intermittent bright light might stimulate more release of

dopamine (an assumed “STOP” signal for ocular growth) than continuous bright light.

Evidence to support this speculation was that flickering light (1-20 Hz) was reported

to stimulate more dopamine release from the retina than steady light (Kramer 1971,

Kirsch and Wagner 1989, Umino, Lee et al. 1991), although the temporal frequency

used in the current study was much lower (1:1 minute cycles, equivalent to 0.007 Hz)

than in previous studies (Kramer 1971, Kirsch and Wagner 1989, Umino, Lee et al.

1991). The question as whether the results are directly applicable to children awaits

further testing. Furthermore, compliance must be considered. Exposure to alternating

illuminances between 500 lux and 15 000 lux with short cycles may be uncomfortable.

Perhaps smaller steps in illuminance may already have a satisfactory effect.

Experiment III. The role of dopamine in light-mediated suppression of myopia

I had hypothesized the enhanced protective effect of intermittent bright light (0.007Hz

or 1:1 minute) against the development of experimentally induced deprivation myopia

was due to a higher level of dopamine release (Lan, Feldkaemper et al. 2014). To test

this hypothesis, the difference of vitreal DOPAC content, a sensitive index of

dopamine release (Ohngemach, Hagel et al. 1997, Feldkaemper, Diether et al. 1999,

Megaw, Morgan et al. 2001, Cohen, Peleg et al. 2012), in the deprived eye and the
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contralateral eye was compared among the groups of chickens exposed to 500 lux,

continuously 15K lux and intermittent 15K lux (1:1 minute). I chose the time point

immediate prior to the end of the light phase (10 hours after the light onset) for

DOPAC measurements. This was because the DOPAC content in the vitreous

accumulates over the day and it was more likely, if any, to detect potential difference

among groups at this time point.

In line with published studies (Iuvone, Tigges et al. 1989, Stone, Lin et al. 1989,

Bartmann, Schaeffel et al. 1994, Ohngemach, Hagel et al. 1997), I found that wearing

diffusers suppressed dopamine release significantly. In addition, I observed that

exposure to bright light during diffusers wear returned DOPAC levels towards control

levels, albeit not completely (Lan, Yang et al.). Diffusers suppress dopamine release

via both the degradation of retinal image quality and the decrease of retinal

illuminance (~0.5 log unit in the current case) (Feldkaemper, Diether et al. 1999), the

current findings indicate that a 1.5 log unit increase of ambient illuminance (ie., from

500 to 15K lux) can not reserve the suppression of dopamine release induced by the

degradation of retinal image. But the reduction of suppression does provide a further

support for the the assumption that dopamine plays an important role in bright-light-

mediated myopia inhibition (Rose, Morgan et al. 2008, Ashby and Schaeffel 2010,

Norton and Siegwart 2013), in addition to the previous finding that a dopamine-

antagonist (spiperone) abolished the beneficial effect of bright light (Ashby and
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Schaeffel 2010). Nevertheless, the exact role of dopamine in the process is still

unclear and appears to be very complicated. On one hand, retinal dopamine synthesis

and release are suppressed in response to form-deprivation (Iuvone, Tigges et al. 1989,

Stone, Lin et al. 1989, Ohngemach, Hagel et al. 1997) and negative lenses (Guo,

Sivak et al. 1995, Ohngemach, Hagel et al. 1997), both of which promote eye growth.

On the other hand, it is also suppressed by positive lenses, which inhibit eye growth

(Ohngemach, Hagel et al. 1997). These obviously“paradoxical”findings imply that

dopamine might not simply mediate an inhibitory signal for ocular growth, but rather

represents an index of the gain of the ocular growth to the modulating stimulus: if the

retinal dopamine level is high, then the gain is low and the retina is insensitive to

growth-modulating stimuli; by contrast, if the dopamine level is low, then the gain is

high and the retina becomes susceptible to growth-modulating stimuli. Thus, bright

light might protect against deprivation myopia by reducing the gain of the ocular

growth via antagonizing the suppression of dopamine release by diffusers.

Surprisingly, I did not find a difference in dopamine release between continuous and

intermittent bright light exposure, even though the effects on myopia were different

(Lan, Yang et al.). Therefore, my initial hypothesis, that intermittent bright light

might stimulate dopamine release more than continuous bright light, was not

confirmed at this stage but it could also be that potential differences were below
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detection limit of the EC-HPLC device or that they were visible only earlier in the

diurnal cycle.

Experiment IV. The role of ZENK in the mechanism of light-mediated protection

ZENK (also known as Egr-1, Zif268, NGFI-A and Krox-24 in other species) is a

member of the immediate early gene family and it is well established that the

expression of ZENK in the retinal glucagonergic amacrine cells (GACs) in chicks

demonstrates bi-directional regulation in response to imposed defocus of both signs.

That is, the expression of ZENK is upregulated by stimuli that inhibit ocular growth,

such as plus lenses and termination of deprivation of sharp vision. Conversely, visual

stimuli that stimulate ocular growth, such as treatment with minus lenses or diffusers,

down-regulate the expression of ZENK (Fischer, McGuire et al. 1999, Bitzer and

Schaeffel 2002, Bitzer and Schaeffel 2006, Ashby, McCarthy et al. 2007). Given that

atropine, which is known to inhibit myopia development in animal models (McBrien,

Moghaddam et al. 1993, Schwahn, Kaymak et al. 2000, Schmid and Wildsoet 2004,

Bitzer, Kovacs et al. 2006, Diether, Schaeffel et al. 2007, Barathi, Beuerman et al.

2009) and children (Shih, Chen et al. 1999, Shih, Hsiao et al. 2001, Chua,

Balakrishnan et al. 2006, Chia, Chua et al. 2012, Lin, Lan et al. 2013), stimulates

dopamine release from the retina at least in vitro (Schwahn, Kaymak et al 2000) and

enhances ZENK expression in vivo (Bitzer, Kovacs et al 2006), it could be assumed

that a common mechanism drives dopamine and ZENK production. Nevertheless, up
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to now the mechanism remains unknown. In particular, it was not known whether the

inhibition of myopia by bright light involves regulation of the transcription factor

ZENK in glucagon amacrine cells (GACs). Therefore, in my experiments, the

numbers of ZENK-positive GACs were counted after double immunostaining for

glucagon and ZENK, and the difference between the deprived eyes and the

contralateral undeprived eyes was determined in groups of chickens exposed to 500

lux, continuous 15K lux or intermittent 15K lux (1:1 minute cycles). I have chosen

the first hour after light onset and immediately prior to the end of light phase (10

hours after light onset) to measure the level of ZENK, as previous work has shown

that changes of ZENK protein are very rapid (as soon as 40 minutes reported by

Fischer et al.(Fischer, McGuire et al. 1999)). I found that the expression of ZENK in

GACs was significantly suppressed by wearing diffusers, which was in line with

previous reports (Fischer, McGuire et al. 1999, Bitzer and Schaeffel 2006). In

addition, I found that bright light, no matter if given continuously or intermittently,

could not rescue the suppression, neither after one hour nor after ten hours of

treatment with the diffusers. Apparently, the light-mediated protection effect against

deprivation myopia does not involve changes in ZENK expression in GACs.

Experiment V. The role of spectrum property in light-mediated protection

As mentioned earlier, other than by intensity, sunlight differs from indoor light also

by its spectral properties. In the current experiment, two types of commercial lighting
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with distinct spectral properties (broad spectrum of halogen light, BS and fluorescent

light, FL) were applied to represent the sunlight and the indoor light environments.

Guinea pigs were randomly treated with these two types of light at both high (10,000

lux) and low (500 lux) intensities. It was found that under the same intensity, similar

changes in refraction occurred between animals treated with BS and FL. In contrast,

under the same type of light, no matter BS of FL, high intensity lighting enhanced

hyperopic shifts (animals reared without lenses) or retarded the development of

experimentally induced myopia (animals reared with lenses), compared to low

intensity lighting (Li, Lan et al. 2014). These findings further support the results from

other animal models that bright light suppresses myopia development (Ashby,

Ohlendorf et al. 2009, Ashby and Schaeffel 2010, Cohen, Peleg et al. 2012, Siegwart

2012, Smith, Hung et al. 2012). More importantly, these findings suggest that the

protective effect of sunlight is primarily due to the high light intensity rather than the

distinct spectral property compared with standard indoor light.
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Conclusions

My experiments showed that the protective effect of sunlight against the development

of myopia is primarily due to the level of intensity rather than due to its spectral

composition, compared with standard indoor light. The protection of bright light

depended not only on the total duration but also on the temporal properties of the

exposure. The effects of continuous bright light saturated at approximately 5 hours.

Low frequency episodes of exposure (1:1 minute cycles, 15000 lux : 500 lux)

enhanced the suppressive effect of bright light and could fully block the development

of myopia in the chicken model. My experiments also confirmed a role of dopamine

in light-mediated suppression of myopia but did not support a role of the

glucagon/ZENK system, known to be involved in the sign of defocus-dependent

growth responses of the eye. It could rather be that modulation of dopamine release

by bright light reduces the gain of emmetropization.
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Abstract

Purpose: Bright light has been shown a powerful inhibitor of myopia development in animal models. We studied which
temporal patterns of bright light are the most potent in suppressing deprivation myopia in chickens.

Methods: Eight-day-old chickens wore diffusers over one eye to induce deprivation myopia. A reference group (n = 8) was
kept under office-like illuminance (500 lux) at a 10:14 light:dark cycle. Episodes of bright light (15 000 lux) were super-
imposed on this background as follows. Paradigm I: exposure to constant bright light for either 1 hour (n = 5), 2 hours
(n = 5), 5 hours (n = 4) or 10 hours (n = 4). Paradigm II: exposure to repeated cycles of bright light with 50% duty cycle and
either 60 minutes (n = 7), 30 minutes (n = 8), 15 minutes (n = 6), 7 minutes (n = 7) or 1 minute (n = 7) periods, provided for
10 hours. Refraction and axial length were measured prior to and immediately after the 5-day experiment. Relative changes
were analyzed by paired t-tests, and differences among groups were tested by one-way ANOVA.

Results: Compared with the reference group, exposure to continuous bright light for 1 or 2 hours every day had no
significant protective effect against deprivation myopia. Inhibition of myopia became significant after 5 hours of bright light
exposure but extending the duration to 10 hours did not offer an additional benefit. In comparison, repeated cycles of 1:1
or 7:7 minutes of bright light enhanced the protective effect against myopia and could fully suppress its development.

Conclusions: The protective effect of bright light depends on the exposure duration and, to the intermittent form, the
frequency cycle. Compared to the saturation effect of continuous bright light, low frequency cycles of bright light (1:1 min)
provided the strongest inhibition effect. However, our quantitative results probably might not be directly translated into
humans, but rather need further amendments in clinical studies.
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Introduction

Nearsightedness (myopia) arises from a mismatch between the

focal power of the optical components (cornea and crystalline lens)

and the axial length. It is the most commonly found disorder in the

development of the juvenile eye and steadily rises in prevalence,

currently affecting 30–50% of young adults in Europe [1,2] and

around 80% in Asia [3,4]. Recent studies have shown that outdoor

exposure seems to be a promising approach to reduce the

development of myopia – children who spend more time outdoors

appear to be less likely to become myopic [5–10].

A number of possible factors can be suggested for the protective

effect of outdoor exposure, such as light intensity, physical activity,

viewing distance, variations in accommodative requirement, which

have been systematically discussed by a recent review [11]. Rose et

al. were the first to suggest that light intensity might be an

important factor [8,12] and this assumption has gained accumu-

lating experimental evidence in animals. Specifically, with the

urbanization of modern world, humans tend to spend more time

indoors with illuminances typically ranging from 100 lux to

500 lux. Compared with the outdoor illuminance (as high as 150

000 lux on a sunny summer day), the indoor illuminance is very

much lower. Cohen et al., observed that chickens raised at low

light (50 lux) for extended periods (90 days) developed significant

myopia (Mean: 22.41D), as compared to those reared under

standard (500 lux, Mean: +0.03D) or high light level (10 000 lux,

Mean: +1.1D). [12] Furthermore, exposure to artificial bright light

(15 000 lux to 25 000 lux) has been shown to suppress deprivation

myopia that is induced by covering the eye with frosted diffusers in

chickens [13], tree shrews [14] and monkeys [15]. Bright light also

slows down the development of myopia induced by wearing

negative lenses in chickens [16] and tree shrews [14,17], although

no significant effects were observed in monkeys in the only study

done so far[18]. Overall, there is now convincing evidence to
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support the speculation proposed by Norton and Siegwart that

‘‘ambient illuminance levels produce a continuum of effects on

normal refractive development and the response to myopiagenic

stimuli such that low light levels favor myopia development and

elevated levels are protective’’ [17].

There are currently three trials on prevention of myopia with

outdoor exposure [19–21]. All three trials reported statistically

significant reduction in the incidence rate and the progression rate

of myopia with increasing time outdoors. If the protective effect of

the outdoor exposure is attributable to light intensity, given the

fact that bright light was found to inhibit myopia in several

different species, it is likely that a simple myopia therapy in

children might be to increase ambient illuminance in classrooms.

However, there is still much to be learned about the exposure

parameters that have the greatest inhibitory effect on the

development of myopia [15]. In particular, the dose-response

function has not been explored and nor have the optimum

temporal patterns for exposure to bright light been determined. In

the current study, we have tackled some of these questions, using

the chicken model of myopia.

Materials and Methods

Animals
One-day-old male white leghorn chickens were obtained from a

local hatchery in Kirchberg, Germany. They were raised in a

temperature-controlled room under 500 lux ambient illuminance

with a 10/14 hour light/dark cycle (light on at 8AM and off at

6PM). Chickens had free access to food and water. All experiments

were conducted at the University of Tuebingen. This study was

carried out in strict accordance with the ARVO Statement and the

guide of the regional council of Tuebingen for the care and use of

laboratory animals. The protocol was approved by the Regional

Council of Tuebingen (Reference number: AK 3/12). All efforts

were made to minimize suffering during the study and chickens

were sacrificed via ether after the experiments.

Experimental Paradigms
From the day 8 post-hatching, frosted diffusers were placed over

chickens’ right eyes to induce monocular deprivation myopia, a

common model for human myopia [22–26]. Chickens were then

randomly assigned to one of the following two experimental

paradigms. In both paradigms, an illuminance of 500 lux served as

constant background.

Paradigm I. Chickens were exposed to constant bright light

(approximately 15 000 lux) for either 5 hours (from 10AM to

3PM, n = 4) or 10 hours (the entire light phase, n = 4) per day. To

determine the minimum duration with a significant effect on

myopia, exposure durations of 1 hour (from 12:30 AM to 1:30

PM, n = 5) or 2 hours (from 12AM to 2 PM, n = 5) were also

tested.

Paradigm II. Chickens were exposed to intermittent bright

light (approximately 15 000 lux) with a 50% duty cycle and either

60 minutes (n = 7), 30 minutes (n = 8), 15 minutes (n = 6), 7 min-

utes (n = 7) or 1 minute (n = 7) cycle length over a period for

10 hours. Thus, the total daily duration of exposure to bright light

was 5 hours in all cases.

In addition, two control groups with four animals in each were

kept under background illuminance without further interventions,

except for wearing frosted diffusers over their right eyes. Two

different batches were used to evaluate inter-batch variability but it

turned out to be negligible (see Results).

All treatments were continued for 5 consecutive days. Details

about the spectral energy distribution of the two light sources have

been described previously [13]. The emission spectra of the lamps

were similar to the spectrum of the sun over the visible range of

wavelengths. Air conditioners were applied to match the

environmental temperature in the groups of the two paradigms

(range 25–27uC).

Measurement of Ocular Parameters
Ocular parameters were measured both prior to and immedi-

ately after the 5-day treatment period. Refractions were

determined by automated infrared photoretinoscopy without

cycloplegia [27], and ocular biometry was performed by A-scan

ultrasonography with a probe of 10 MHz [28].

Statistics
Data are presented as the mean 6 one standard error of the

mean (SEM). Relative changes between deprived eyes and non-

deprived eyes within a group were compared with paired t-tests.

Comparisons among groups were assessed by one-way ANOVA,

with post-hoc protected Fisher Least Significant Difference (LSD)

pairwise multiple comparisons. If necessary, the absolute changes

of ocular parameters over time or between two individual groups

were tested with paired t-tests and unpaired t-tests respectively. All

analyses were performed with commercially available software

(SPSS 16.0; SPSS, Chicago, IL). Tests of significance were two-

tailed, and the level of significance was set at 0.05.

Results

Refractive errors
As expected, after 5 days of diffuser wear, the covered eyes

developed significant myopia in both reference groups (group 1:

210.8461.09D, t = 29.985, P = 0.002 and group 2:

210.7561.81D, t = 25.927, P = 0.010). There was no significant

difference between the groups (t = 20.043, P = 0.967). Therefore,

the data of both groups were pooled to generate a reliable

reference group against which the effects of bright light exposure

could be tested.

Varying durations of continuous bright light (paradigm 1)

inhibited deprivation myopia to different extents (F = 3.817,

P = 0.017; Figure 1). Post-hoc analysis revealed that exposure for

1 or 2 hours did not provide significant protection against myopia

development (P = 0.099 and P = 0.309, respectively). Significant

inhibition of myopia was observed only when exposure duration

was extended to 5 hours or more (P = 0.004 and P = 0.007 for 5

and 10 hours, respectively). Nevertheless, there was no significant

difference between groups reared with 5 or 10 hours of bright light

(P = 0.796).

In paradigm 2, bright light was applied as a temporal square

wave function (changing repeatedly between 500 and 15000 lux).

It was found that the protective effect of bright light was enhanced

when the cycles were in the range of minutes (Figure 1). Still, no

difference was found when bright light was applied continuously

for 5 hours or in episodes of 60:60 minutes for 10 hours

(23.2361.19D vs 22.7060.73D, t = 20.404, P = 0.696). How-

ever, significant difference was detected among the groups exposed

to repeated cycles of bright light (Paradigm 2, F = 3.023,

P = 0.033). Post-hoc tests revealed that myopia inhibition was

maximal when chickens were kept at 7:7 minutes and 1:1 minutes

cycles (7:7 minutes vs 30:30 minutes: P = 0.038; 1:1 minutes vs

60:60, 30:30, 15:15 minutes: P = 0.041, 0.006, 0.022, respectively).

For 1:1 minute cycles, the degree of induced myopia was

significantly lower than that after 5 hours of continuous bright

light (23.2361.19D vs 20.4760.38D; t = 22.749, P = 0.023).

Intermittent Bright Light and Myopia
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Interocular differences in the refractive errors in chicks kept

under different light cycles are shown in Table 1. Under 60:60 to

15:15 minute cycles, significant myopia developed in the deprived

eyes (all P,0.05). However, there was no longer a significant

interocular difference in the refractive errors when the animals

were under 7:7 and 1:1 minute cycles (P = 0.066 and 0.256,

respectively).

Ocular biometry
In the two reference groups, vitreous chamber depth (VCD)

increased about linearly with the amount of myopia with about

0.1 mm per diopter of myopia (R2 = 0.811, P = 0.005, Figure 2).

There was no significant difference between both groups (t =

20.750, P = 0.487). The ratio of vitreous chamber elongation to

increase of myopia was similar among the different groups raised

in continuous bright light (R2 = 0.716, P,0.001) or in intermittent

bright light (R2 = 0.759, P,0.001).

Interestingly, the changes in vitreous chamber depth due to

exposure to the different light regimens were often not as

significant as the refractive errors (Paradigm I: F = 1.639,

P = 0.204; Paradigm II: F = 2.075, P = 0.109, significances refer

to the differences among groups in Paradigm I and II,

respectively). However, consistent with previous studies[13,16], if

the data from chickens exposed to 5 or 10 hours of constant bright

light was compared to those of the reference group separately,

statistical significance was detected (0.4560.20 mm vs

0.9360.09 mm, t = 22.590, P = 0.029; 0.5660.13 mm vs

0.9360.09 mm, t = 22.451, P = 0.037, respectively). More im-

portantly, it is clear that repeated cycles of bright light generated

generally shorter vitreous chambers than constant bright light.

Figure 1. Myopia induced by diffusers over one eye when chickens were kept under constant bright light of 15 000 lux for 1, 2, 5, or
10 hours (‘‘15k, time in hours’’; filled gray bars) or under cycles of bright light, changing from 500 to 15 000 lux at different
frequencies (‘‘15k, half cycle duration; black bars). Patterned gray bars show the amount of myopia that developed in two batches of chickens
wearing monocular diffusers under regular laboratory illumination of 500 lux (‘‘500,10 h’’). Because there was no difference between both groups,
their data were pooled and provided the reference for the bright light treatment groups. An inhibitory effect of constant bright light was observed
only when the exposure lasted for 5 hours or more (P = 0.004 and P = 0.007 for 5 and 10 hours, respectively). No additional benefit was observed
when the bright light exposure was extended to 10 hours, compared with those exposed to 5 hours (P = 0.796). When bright light was provided as a
temporal square wave function, its protective effect against myopia was enhanced. Chickens kept under 7:7 or 1:1 minute cycles developed the least
myopia, compared with other cycles (P = 0.033 for differences among groups reared under cycles of bright light; Post-hoc pairwise comparison:
7:7 minutes vs 30:30 minutes, P = 0.038; 1:1 minutes vs 60:60, 30:30, 15:15 minutes: P = 0.041, 0.006, 0.022, respectively). *,0.05, **,0.01.
doi:10.1371/journal.pone.0110906.g001

Table 1. Interocular differences in myopia and the depth of the vitreous chamber of the eyes (VCD) with monocular diffusers
under different temporal cycles of bright light.

Group N Relative myopia Relative VCD elongation

Mean±SEM P Mean±SEM P

60:60 7 22.7060.73D 0.010* 0.2460.07 0.012*

30:30 8 23.4561.04D 0.013* 0.3460.09 0.007*

15:15 6 23.0960.66D 0.005* 0.2860.08 0.017*

7:7 7 21.2760.56D 0.066 0.2060.07 0.032*

1:1 7 20.4760.38D 0.256 0.0560.06 0.428

*significant myopic shifts in deprived eyes compared to non-deprived fellow eyes.
doi:10.1371/journal.pone.0110906.t001
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Exposure to 7:7 or 1:1 min bright light cycles inhibited axial eye

growth more than constant bright light (all P,0.05, except for the

comparison between the 7:7 minute cycle and the 5 h constant

bright light exposure, P = 0.180 and a borderline significance

between the 7:7 minute cycle and the 1 h constant bright light

exposure, P = 0.075). Similar to refractive error, vitreous chamber

elongation was almost completely suppressed in the diffusertreated

eyes (Figure 3; Table 1) exposed to a 1:1 min bright light cycle.

No significant changes were detected in anterior chamber depth

and lens thickness (LT) between the deprived eyes and the non-

deprived eyes, regardless of treatment group (all P.0.05). There

were also no differences in these two parameters among groups

(F = 0.478, P = 0.752 and F = 0.363, P = 0.833 for ACD;

F = 0.024, P = 0.999 and F = 0.258, P = 0.903 for LT, respective-

ly).

Discussion

Our data show that exposure to continuous bright light of 15

000 lux for 1 or 2 hours every day is not sufficient to provide

significant protection against deprivation myopia in the chicken

model of myopia. Inhibition of myopia was significant after

5 hours of bright light exposure but, extending the duration to

10 hours, did not offer additional benefit. However, repeated

cycles of 1:1 minutes of bright to standard laboratory light (15 000

versus 500 lux) enhanced the protective effect against myopia and

could finally suppress its development completely.

Should children be exposed to continuous bright light
for longer periods of time?

In the first paradigm, we found that 5 hours of 15 000 lux

inhibited deprivation myopia by approximately 70%, similar to

what was found in different animal models in previous studies with

an ambient illuminance of 15 000 to 25 000 lux for 5 to 6 hours

[13–16]. Short term bright light exposure for 1 or 2 hours

generated only a trend towards inhibition of deprivation myopia.

This result is consistent with a recent study in chickens in which

bright light of 10 000 lux was provided for 2 hours a day but no

significant effects were found, no matter at which time of the day it

was applied [29]. In comparison, human studies show that

children appear to be more ‘‘sensitive’’ to bright light exposure, as

Jones et al. observed a marked reduction in the risk of myopia

when the amount of time outdoors increased from 0–5 hours per

week (approximately 1 hour per day) to.14 hours per week

(approximately 2 hours per day) [9]. The three outdoor clinical

trials also suggest that significant protection from myopia is also

achieved with only 1–2 hours of outdoor exposure per day [19–

21]. We speculate that the discrepancy between human data and

animal studies might be due to, other than species differences,

several critical differences in the ‘‘treatment protocols’’, such as

differences in the visual environment, in the procedures to induce

myopia, in the shape of the dioptric space, and the durations of the

intervention, and their relation to the life span of humans and

chicks. Finally, sample size could be another essential factor to

consider. It is noted that the sample size of these clinical trials is

much higher than the number of chickens in the current study

Figure 2. Correlation between vitreous chamber depth and the amount of myopia in chickens under different light regimens.
Equations for the linear regression, and R2 values are provided for each light regimen. Long dash line represents the data for intermittent bright light,
dotted line for constant bright light and short dash line for standard illuminance, respectively. Note that one diopter of myopia was equivalent to
about 0.1 mm of axial elongation across groups (data from one single animal were excluded from the plot because of apparent measurement error,
data: 213.9D vs 0.25 mm).
doi:10.1371/journal.pone.0110906.g002
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(e.g., 1903 kids were enrolled in the trial launched in Guangzhou

[21]). However, in a normal animal study, like the current one,

ethical limitations usually prevent the usage of larger numbers of

experimental animals.

We also found that no additional benefit was achieved when the

exposure duration was extended to the entire light phase

(10 hours). Therefore, we assume that there might be a plateau

for the protective effect from certain level of dose for continuous

bright light exposure, at least in the case of 15 000 lux. If this

finding was applicable to children, then the treatment effect for

this strategy might have an upper limit. Certainly, it is important

to know where the optimal treatment exposure duration is located

in children, as the prolonged exposure to bright light would

increase the energy consumption (in the case of using artificial

lighting). Additional benefit in terms of a complete inhibition of

deprivation myopia development in chicks was demonstrated

when illuminance level was further increased to 40 000 lux

(Ashby, unpublished data), perhaps another approach to enhance

the suppressive effect of bright light on myopia. Since our eyes

were developed in the course of evolution to operate optimally at

day light, there is no reason to assume that 15 000 lux indoors are

deleterious to our retina. But a longer exposition to bright light

outdoors might also increase the risk of potential side effects, such

as skin cancer [30] and retinal light damage (in the case of

overexposing to sunlight). [31]

Should children be exposed to cycles of bright light at
low frequencies to have a larger effect on myopia?

In the second paradigm, we replaced the continuous bright light

regimens with intermittent ones. Interestingly, providing bright

light in pulses with low temporal frequency further suppressed the

development of deprivation myopia. Inhibition appears to be

frequency-dependent. When the temporal frequency reached

0.001 Hz (7:7 min cycles of bright to standard light), the

differences in refractive error between eyes with normal visual

experience and eyes with diffusers were no longer significant,

indicating that deprivation myopia was completely suppressed.

Even though our findings might be applicable to children,

compliance must be considered. In particular, exposure to

alternating illuminance between 500 lux and 15 000 lux with

short cycles may be less comfortable than constant bright light.

Future studies should test whether one really needs 15 000 lux

provided at low frequency cycles to fully suppress myopia

development. If low frequency flicker at lower light intensity (e.g.

2 000 lux) would have a similar effect, feasibility would be greatly

improved.

Possible mechanisms by which intermittent bright light
could inhibit deprivation myopia

As reviewed by French et al., [11] two factors are currently

discussed that might be important for the suppression of human

myopia by bright light. One is that UV exposure is important since

it triggers vitamin D production in the skin; the other is that

dopamine release from the retina is stimulated by bright light and

has an inhibitory effect on axial eye growth. In favor of the first

mechanism, Vitamin D was lower in myopes than non-myopes

[32,33]. On the other hand, evidence against this hypothesis is that

feeding tree shrews with a sufficient dose of Vitamin D3

supplements [34] or rearing chickens under bright UV light [35]

did not prevent experimental myopia. Furthermore, our finding

that deprivation myopia was significantly inhibited by light that

was free of UV (cut-off at around 400 nm) also weakens this

hypothesis.

By contrast, there is more evidence supporting the hypothesis

that dopamine release is stimulated and inhibits axial eye growth.

In the first place, dopamine release is known to be almost linearly

Figure 3. Relative increase in vitreous chamber depth (VCD) in eyes with monocular diffusers (bars grey-scale coded as in Figure 1).
Although there was no significant difference among treatment groups for either paradigm (Paradigm I: F = 1.639, P = 0.204 and Paradigm II: F = 2.075,
P = 0.109), the increase of VCD in chickens reared under constant bright light for 5 or 10 hours was signifcantly supressed compared with those under
standard illuminance (P = 0.029 and 0.037, respectively). In comparison with constant bright light, this effect was further enhanced in chickens
exposed to cycles of bright light at a frequency of 7:7 or 1:1 minutes (all P,0.05, except for the comparison between the 7:7 minute cycle and the
5 h constant bright light exposure, P = 0.180 and a borderline significance between the 7:7 minute cycle and the 1 h constant bright light exposure,
P = 0.075).* ,0.05, **,0.01. Abbreviations as in Figure 1.
doi:10.1371/journal.pone.0110906.g003
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related to the logarithm of the ambient lighting level [12,36–39].

Furthermore, it has been speculated by Norton and Siegwart [17]

that as illuminance levels rise, activation of intrinsically photo-

responsive retinal ganglion cells (ipRGCs) might provide an

additional way to stimulate the dopamine release, given the finding

that ipRGCs synapse directly on dopaminergic amacrine cells in

the retina [40]. In parallel, it is known since 1989 that the synthesis

and release of dopamine is reduced during the development of

deprivation myopia [41–43]. Dopamine agonists injected into the

vitreous can inhibit deprivation myopia in different species,

including chickens [44–47], rabbits [48] and rhesus monkeys

[49]. On the contrary, spiperone, a dopamine antagonist, was

found to block the beneficial effects of bright light on deprivation

myopia [16]. In summary, the second hypothesis appears more

likely that high illuminances stimulate dopamine release from the

retina and that dopamine has an inhibitory effect on axial eye

growth [11,17].

Since low frequency bright flicker light inhibited myopia more

than continuous bright light in the present study, one could

assume that dopamine release is further stimulated. It was found

already in 1987 that flickering light with 10 Hz inhibits

deprivation myopia in chickens [50]. Several studies found that

flickering light can stimulate the release of dopamine from the

retina [51–53]. Flickering light results in a strong stimulation of

both ON and OFF pathways. Retinal ON-pathway neurons,

including dopamine-releasing neurons, respond to the onset of

light with a pronounced depolarizing transient that decays to a

relatively low plateau level. It is possible therefore that flickering

stimuli produces repeated ON-transients which might result in a

greater overall release of dopamine than a steady light stimulus

[9,54]. However, there is also evidence that steady light causes

more dopamine release [37,55,56]. Dong and McReynolds [54]

speculated that the inconsistency across these studies might be due

to the fact that the light responses of retinal neurons often change

dramatically with light intensity or the state of adaptation. For

example, most of the studies that reported a larger effect of

flickering light were done in light-adapted retinas and with bright

light pulses, while those that reported a weaker effect of flickering

light used dark-adapted retinas and relatively dim stimuli. In the

current study, we used illuminance where the chickens were light

adapted and one would assume that dopamine release is enhanced

by the flickering light. Nevertheless, it should be pointed out that

the current ‘‘flickering light’’ was in a much lower frequency band

(0.007 Hz) than flickering light in other studies (1–20 Hz). Thus, it

is not clear to what extent the findings from flickering light can be

applied to the current light treatments. Further work needs to

demonstrate that dopamine release is actually enhanced when

flicker frequencies are very low.

We did not consider the effects of light on pupil constrictions,

which would add transient components to the retinal illumination

when a temporal square wave pattern of light was applied.

However, even if the pupil constricts by 50% at the onset of each

light pulse it would temporarily reduce retinal luminance by only

about 0.3 log units, followed by partial recovery when the retina

has adapted to the new illuminance. Thus, the magnitude of such

effects would be small compared to the amplitudes of the flicker

light itself. Furthermore, Ashby et al. have studied the impact of

changes in pupil size on the protective effect against myopia by

using artificial pupils and found no effects [13].

Potential role of changes in corneal radius of curvature
A limitation in the current study was that corneal radius of

curvature was not measured even though it is known that exposing

chicks to continuous light can flatten their cornea severely [57].

On the other hand, no relative changes in corneal radius of

curvature were found by Ashby et al. [13] when animals were

reared under 50, 500 or 15 000 lux. Also Backhouse et al. [29] did

not find relative changes in chickens kept at 2,000 lux for 10 hours

or at 10,000 lux for 2 hours. Interestingly, Cohen et al. [12] found

that corneal radius of curvature responded differently under

continuous light and under normal diurnal cycles. Under

continuous light, the brighter the lighting is, the flatter the cornea

became. But under normal diurnal cycles, the opposite change was

observed. All effects were rather small, less than 2D between

10,000 lux and 500 lux for a period of 30 days. In the current

study, potential changes in corneal radius of curvature had only a

minor effect since changes in refractive state could be explained to

70% to 80% by the changes in vitreous chamber depth (Figure 2).

Summary

Temporal properties of bright light exposure modulate the

impact on deprivation myopia in chickens. For continuous bright

light, no significant inhibition occurs below two hours of exposure

while the inhibitory effects level off between five and ten hours.

With the same total light dose, intermittent bright light provides a

stronger effect than continuous light. Deprivation myopia in

chickens is completely inhibited by 1:1 minute square wave light

cycles (0.007 Hz), presented in total for five hours a day. However,

it should be pointed out that these quantitative data were found in

chickens. Although the previous finding that bright light inhibits

experimental myopia is an across-species’ phenomenon and

therefore might be applicable to humans, the exact protocolprob-

ably might not be directly translated into human values. Thus,

further amendments are required in clinical studies.
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PURPOSE. To investigate the effect of spectral composition and light intensity on refractive
development in guinea pigs.

METHODS. One-week-old guinea pigs were randomly assigned to groups exposed to broad-
spectrum Solux halogen light (BS) or spiked-spectrum fluorescent light (FL) at both high (Hi,
10,000 lux) and low (Lo, 500 lux) intensities under a 12:12 light/dark cycle. Half of the
animals in each group were used as controls (n ¼ 24, 20, 22, and 20, respectively), and half
were fitted with binocular �4-diopter (D) lenses (L, lenses; n ¼ 22, 20, 24, and 22,
respectively). Refractive error, corneal curvature, and axial dimensions were determined by
cycloplegic retinoscopy, photokeratometry, and A-scan ultrasonography, respectively.

RESULTS. Guinea pigs exposed to FL and BS showed similar changes in refraction under both
high (HiFL: 2.26 6 0.55 D versus HiBS: 2.17 6 0.65 D, P > 0.05)- and low-intensity lighting
(LoFL: 1.39 6 0.88 D versus LoBS: 1.40 6 0.93 D, P > 0.05). This was also true for the groups
wearing lenses (HiFL-L: �1.81 6 0.73 D versus HiBS-L: �1.45 6 0.99 D, P > 0.05; LoFL-L:
�2.58 6 0.65 D versus LoBS-L: �2.29 6 0.50 D, P > 0.05). Nevertheless, animals under
high-intensity lighting exhibited a significantly larger hyperopic shift compared with those
under low-intensity lighting (HiFL versus LoFL: P < 0.01; HiBS versus LoBS: P < 0.05).
Similarly, a significantly smaller myopic shift was observed with brighter light in the lens
condition (HiFL-L versus LoFL-L: P < 0.05; HiBS-L versus LoBS-L: P < 0.05).

CONCLUSIONS. In guinea pigs, spectrally spiked light and broad-spectrum light have similar
effects on natural refractive development and negative lens compensation. As found in other
species, effects of light intensity on refractive development were also observed in guinea pigs
in both illuminants.

Keywords: guinea pigs, spectral property, light intensity, lens-induced myopia

From increasing evidence, outdoor exposure is considered to
be a strong protective factor against myopia. First, a series of

epidemiological studies observed that children who spent more
time outdoors were less likely to become myopic.1–4 A
comparison of children of Chinese ethnicity growing up in
Singapore and Sydney suggested that differences in time
outdoors were the main explanation for the large differences
in the prevalence of myopia in the two groups.5 Further, it was
reported that indoor sports did not provide protection against
myopia,1,5,6 indicating that physical sport is not the primary
reason for the beneficial effect of outdoor exposure. In
addition, myopia progression was found to be slower in the
summer, when daylight hours are longer and average light
intensity is higher than in the winter.7–10 With these data taken
together, it seems very likely that the quantity of time spent
outdoors is associated with the risk of myopia develop-
ment.11,12

Outdoor and indoor visual experiences are fundamentally
different. Therefore, many factors might contribute to the

protective effect demonstrated by outdoor exposure (see Ref.
11 for review). One of the many potential factors is the distinct
difference in lighting between outdoor and indoor environ-
ments. In the first place, sunlight provides much higher
illumination than most indoor lighting. In Guangzhou, for
instance, illumination outdoors ranges from 13,000 to 18,000
lux in the shade to over 100,000 lux in direct sunlight at noon
on a clear sunny day. In contrast, indoor illumination provided
by artificial lighting is usually in the range of 300 to 600 lux.
Recent findings in animals indicate that significant differences in
light intensity might be an important factor contributing to the
protective effect of outdoor exposure against myopia. Chickens
raised under high illumination (10,000 lux) were found to
develop relative hyperopia compared to those raised under
medium illumination (500 lux), while chickens under low
illumination (50 lux) became relatively myopic.13 Moreover,
simply increasing the ambient light intensity from 500 to 15,000
lux has been shown to significantly inhibit the development of
deprivation myopia in chickens,13–15 tree shrews (Siegwart JT,
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et al. IOVS 2012;53:ARVO E-Abstract 3457), and rhesus
monkeys.16 Bright light also slowed down the development of
lens-induced myopia in chickens15 and tree shrews (Siegwart
JT, et al. IOVS 2012;53:ARVO E-Abstract 3457), but this was not
seen in rhesus monkeys.17 In addition to light intensity, sunlight
differs from indoor light in spectral composition. The spectrum
of sunlight on earth during a typical day includes a continuous
distribution of wavelengths from approximately 300 nm to
approximately 1200 nm (Fig. 1A), as the stratospheric ozone
layer filters out radiation lower than 295 nm, and radiation
above 1200 nm is strongly absorbed by atmospheric water. In
contrast, florescent lights, the most common source of artificial
indoor lighting, emit only a spiked distribution of wavelengths
from 400 to 700 nm, with peaks in the blue, green and red, and
lack ultraviolet and infrared wavelengths.

As proposed previously,16 in addition to absolute intensity,
the spectral composition and distribution of light could also be
critical for the protective effect from myopia observed with
bright light treatment. The influence of spectral property on
ocular growth has been investigated in animals by comparing
the effect of different monochromatic lighting conditions.18–25

In general, long wavelengths accelerate ocular elongation
while short wavelengths inhibit ocular elongation. However,
monochromatic light illumination exists only in laboratories,
whereas daily illumination provided by sunlight or artificial

indoor light usually consists of polychromatic spectra. In the
present study, we have used two types of commercial lighting
with distinct spectral properties to replicate real-world lighting
environments to investigate if spectral differences are likely to
have a role in the development of myopia.

MATERIALS AND METHODS

Lighting

Two commercial lamps, a Solux halogen lamp (4100K; Eiko Ltd.,
Shawnee, KS, USA) and a fluorescent lamp (CFL23/PAR38,
4100K; Eiko Ltd.), were used as the lighting sources in the
experiment. Figure 1B shows the spectrum profile of these two
lamps measured with a fluorospectrophotometer (HR2000;
Ocean Optics, Inc., Osaka, Japan; detection limit is 200–1100
nm) by the Department of Physics of Sun Yat-sen University in
Guangzhou, China. It is noted that the Solux halogen lamp emits
continuous wavelengths ranging from approximately 350 to
1050 nm (Fig. 1B). As shown in Figure 1A, the spectrum emitted
by this lamp mimics the spectral composition of natural light
very well except at wavelengths between 300 and 350 nm. In
contrast, the fluorescent lamp emits only a discontinuous
spectrum, with pronounced peaks at approximately 440, 550,
and 620 nm. The spectrum does not extend into the UV and

FIGURE 1. The spectrum of ground-level sunlight on a clear summer day (A) and the spectrum of Solux halogen lamp and fluorescent lamp (B). The
spectrum of ground-level sunlight includes continuous radiation ranging from approximately 300 to 1200 nm. Adapted with permission from Smith
KC, ed., What is photobiology? Photobiological Sciences Online. American Society for Photobiology, 2014. http://www.photobiology.info/
introduction.html. Copyright August 22, 2014 Dr. Kendric C. Smith. Similarly, the Solux halogen lamp emits continuous radiation from
approximately 350 to 1050 nm, which resembles the ground-level sunlight in terms of wavelength and spectrum distribution (except at radiation
levels between 300 and 350 nm). By contrast, the fluorescent lamp emits only discrete rays, peaking at approximately 440, 550, and 620 nm, and
the spectrum does not extend into UV and infrared regions.
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infrared regions (Fig. 1B). To achieve the intensity of illumina-
tion needed in this study for the low (500 lux)- and high-
intensity (10,000 lux) fluorescent lighting, we set three 9-W
fluorescent lamps at a height of approximately 1 m above the
cage and six 23-W fluorescent lamps at a height of approx-
imately 50 cm, respectively. For the low (500 lux) and high
(10,000 lux) Solux halogen lighting, we set one 50-W Solux
halogen lamp at approximately 1 m above the cage and six 50-W
Solux halogen lamps at a height of approximately 50 cm,
respectively.

Animals and Experimental Design

The pigmented guinea pig (Cavia porcellus) is one of the most
common mammalian models in myopia research.23,26–33 More
importantly, it has a unique wavelength-related optical system.
The guinea pig has two cone types: M cones and S cones. The
M-cone pigment has peak sensitivity at approximately 530
nm,34 and the S-cone pigment has peak sensitivity at
approximately 430 nm35 (a more recent study34 showed that
the peak sensitivity for the S cone is approximately 400 nm).
Thus, the S pigment is violet sensitive. Unlike what is observed
in primates, the numbers of S cones in the guinea pig retina are
unexpectedly high: Although the dorsal retina is dominated by
M cones, having only approximately 5% S cones, all cones in
the ventral retina are labeled strongly for the S pigment.34

Furthermore, wavelengths longer than 280 nm are readily
transmitted by the guinea pig cornea36; and although the
crystal lens absorbs wavelengths shorter than 350 nm, it has a
steep slope of increasing transmission for longer wavelengths
including near UV (especially from 380 to 400 nm).37,38

Consequently, the optical components of the guinea pig eye, in
combination with the abundance of S pigment in the ventral
retina, allows the guinea pig to have UV vision for at least
wavelengths between 380 nm and 400 nm. The major
difference between ground-level sunlight and the solar halogen
light is the inclusion of wavelengths between 300 and 350 nm,
but these wavelengths are absorbed by the crystalline lens of
the guinea pig. The solar halogen light therefore reaches the
guinea pig retina and stimulates the cone photoreceptors in
the same way that sunlight does. The guinea pigs in the study
were obtained by the Animal Experimental Centre of Zhejiang
Province, China, and were raised in a temperature-controlled
room with free access to food and water. In order to investigate
the influence of the spectral property and light intensity on
natural refractive development and refractive development
affected by negative lenses, two paradigms with four different
groups each were used in the experiment. Accordingly, 1-
week-old guinea pigs were assigned randomly to one of the
following groups.

Normal refractive development (paradigm 1): Guinea pigs
were raised under one of four lighting conditions: (1) high-
intensity broad-spectrum lighting (10,000 lux) of Solux
halogen light (HiBS, n¼24); (2) high-intensity spiked-spectrum
lighting (10,000 lux) of fluorescent light (HiFL, n ¼ 20); (3)
low-intensity broad-spectrum lighting (500 lux) of Solux light
(LoBS, n¼ 22); (4) low-intensity spiked-spectrum lighting (500
lux) of fluorescent light (LoFL, n ¼ 20).

Refractive development with negative lenses (paradigm 2):
Guinea pigs continuously wore �4-diopter (D) lenses binocu-
larly (L, lenses) and were raised under one of the light
conditions described above: (1) high-intensity broad-spectrum
lighting (10,000 lux) of Solux light with lenses (HiBS-L, n¼22);
(2) high-intensity spiked-spectrum lighting (10,000 lux) of
fluorescent light with lenses (HiFL-L, n¼ 20); (3) low-intensity
broad-spectrum lighting (500 lux) of Solux light with lenses
(LoBS-L, n ¼ 24); (4) low-intensity spiked-spectrum lighting
(500 lux) of fluorescent light with lenses (LoFL-L, n¼ 22).

The lamps for each group were switched on from 8:00 AM
to 8:00 PM, giving a 12-hour light/12-hour dark cycle, for 3
weeks. The temperature was controlled to 22 6 28C. All
experiments adhered to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research and were
approved by the animal experimentation ethics committee of
the Zhongshan Ophthalmic Center.

Wearing of Lenses

Pieces of Velcro were modified into face masks and glued to
the faces of the guinea pigs, leaving the eyes, nose, mouth, and
ears exposed, as described by Howlett and McFadden.39 Then
a negative lens (�4.00 D, PMMA, diameter 18.0 mm, optical
zone 12.0 mm, base curve 8.0 mm), which was already glued
onto a plastic frame with Velcro, was attached to the face mask
around the eye, and the optical center of the lens was aligned
with the center of the pupil. The lenses were worn
continuously during the experiments except when they were
removed for cleaning with water-wetted gauze once a day at
the commencement of the dark phase. The face masks were
examined and reattached whenever necessary. In addition,
whenever the lens was found to have visible scratches at its
center, it was immediately replaced.

Ocular Biometry

Refractive error, corneal curvature, and axial dimensions of the
eyes in each group were determined prior to the experiment
and once a week for the 3 weeks of treatment.

Refractive error: Cycloplegic refractive error was measured
using handheld streak retinoscopy (66 Vision-Tech Co., Ltd.,
Suzhou, Jiangsu Province, China) by two independent experi-
enced optometrists from Zhongshan Ophthalmic Center, who
were masked with regard to the treatment. Cycloplegia was
induced by one drop of 0.5% proparacaine hydrochloride
(Alcaine; Alcon, Fort Worth, TX, USA), followed by five drops
of 0.5% tropicamide and 0.5% phenylephrine (Mydrin-P;
Santen, Osaka, Japan) instilled 5 minutes apart. Extra attention
was paid to ensure that the cornea was bathed with the drug
by holding the animal horizontally for at least 1 minute after
each instillation. Results from the two optometrists were
averaged. Refractive error was expressed as the spherical
equivalent (SE), that is, spherical error plus half of the cylinder
error. No correction was made for the artifact of retinoscopy,
which is relatively small in guinea pigs.31

Corneal curvature: The radius of the corneal curvature was
measured with a custom-made infrared photokeratometer as
described previously.31,40 Readings were accepted only when
the reflection of the light emitting diode (LED) rings was
centered on the pupil and all six infrared lights were seen
clearly from the screen. Then three readings were averaged to
provide a value for each eye measured.

Axial dimensions: The axial dimension of the eye was
determined by A-scan ultrasonography with a 10-MHz probe
(KN-1800; Kangning Medical Device Co., Ltd., Wuxi, Jiangsu
Province, China). One drop of 0.5% proparacaine hydrochlo-
ride (Alcaine, Alcon) was administered to the eye prior to the
measurement. The ultrasound probe was placed in direct
contact with the corneal apex, and special attention was paid
to ensure that the probe was perpendicular to the corneal
surface. Results from 10 readings were averaged for each eye
measured.

Data Presentation and Analysis

The results are presented as mean 6 standard deviation (SD)
unless otherwise stated. Paired t-tests were used to analyze the
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changes in ocular parameters between baseline and the end of
the experiment for individual groups. As no interaction was
found between spectral features and light intensity in either
paradigm using factor analysis, the difference in changes
between groups was compared by one-way ANOVA. If
significant differences were detected, post hoc range tests
were performed using the Duncan test. Additionally, unpaired
t-tests were used to compare the means of independent groups
with the same spectral composition but different intensities, or
with different spectral features but the same light intensity.
Pearson’s correlation analysis was used to examine the
relationship between the change of refractive error and that
of axial length. All the statistical analysis was performed using
SPSS 16.0 (SPSS, Chicago, IL, USA). The level for statistical
significance was set at two-tailed 0.05.

RESULTS

Data on all ocular parameters at different time points are
shown in the Table. At baseline, none of the parameters were

significantly different between groups. In addition, there was
no significant difference between the right and left eyes (data
not shown) in all groups for refractive error and axial
parameters. Thus, all the results were based on data from the
right eyes of the guinea pigs.

Refractive Error

There was a significant hyperopic shift in refractive error in all
groups reared without lenses after 3 weeks of light exposure
(Table). In contrast, the eyes of animals fitted with�4-D lenses
developed a myopic shift (Table). Under both rearing conditions,
unpaired t-tests indicated significant effects of light intensity but
not spectral composition on the changes in refraction.

For guinea pigs reared without lenses, at the end of the
experiment, refractive error in HiFL increased by 2.26 6 0.55
D, followed by the HiBS (2.17 6 0.65 D), LoBS (1.40 6 0.93
D), and LoFL (1.39 6 0.88 D) (one-way ANOVA: F¼ 8.124, P <
0.001). Post hoc analysis revealed that HiBS and HiFL belonged
to one subset (P < 0.05), while LoBS and LoFL belonged to

TABLE. Changes of Ocular Parameters With Time

Paradigms Groups

Time

Points

Refractive

Error, D

Corneal

Radius, mm

ACD,

mm

LT,

mm

VCD,

mm

AL,

mm

1: Without

lenses

HiBS, n ¼ 24 Baseline 3.68 6 0.82 3.32 6 0.07 1.12 6 0.06 2.45 6 0.12 3.42 6 0.19 7.18 6 0.11

First week 4.90 6 0.45 3.43 6 0.11 1.11 6 0.05 2.55 6 0.14 3.55 6 0.16 7.36 6 0.12

Second week 5.42 6 0.39 3.52 6 0.06 1.11 6 0.04 2.64 6 0.11 3.68 6 0.13 7.50 6 0.14

Third week 5.84 6 0.37 3.58 6 0.07 1.12 6 0.04 2.81 6 0.09 3.82 6 0.13 7.64 6 0.11

Change 2.17 6 0.65 0.27 6 0.07 0.00 6 0.06 0.35 6 0.10 0.40 6 0.20 0.46 6 0.14

HiFL, n ¼ 20 Baseline 3.69 6 0.57 3.32 6 0.07 1.10 6 0.05 2.47 6 0.15 3.44 6 0.15 7.17 6 0.10

First week 4.81 6 0.88 3.44 6 0.11 1.12 6 0.04 2.58 6 0.10 3.57 6 0.17 7.35 6 0.15

Second week 5.49 6 0.70 3.50 6 0.09 1.11 6 0.05 2.67 6 0.08 3.72 6 0.16 7.44 6 0.15

Third week 5.95 6 0.50 3.57 6 0.09 1.12 6 0.05 2.81 6 0.10 3.84 6 0.15 7.60 6 0.18

Change 2.26 6 0.55 0.26 6 0.05 0.02 6 0.06 0.34 6 0.12 0.40 6 0.14 0.43 6 0.21

LoBS, n ¼ 22 Baseline 3.69 6 0.48 3.33 6 0.06 1.10 6 0.04 2.46 6 0.14 3.42 6 0.18 7.16 6 0.10

First week 4.64 6 0.63 3.45 6 0.07 1.12 6 0.06 2.53 6 0.11 3.57 6 0.18 7.38 6 0.11

Second week 4.98 6 0.55 3.51 6 0.06 1.11 6 0.05 2.63 6 0.13 3.67 6 0.25 7.49 6 0.11

Third week 5.10 6 0.69 3.58 6 0.50 1.12 6 0.06 2.80 6 0.11 3.86 6 0.25 7.63 6 0.14

Change 1.40 6 0.93 0.25 6 0.06 0.03 6 0.07 0.33 6 0.15 0.44 6 0.27 0.47 6 0.18

LoFL, n ¼ 20 Baseline 3.69 6 0.47 3.33 6 0.07 1.10 6 0.06 2.46 6 0.11 3.42 6 0.24 7.17 6 0.08

First week 4.56 6 0.47 3.45 6 0.07 1.12 6 0.05 2.57 6 0.19 3.56 6 0.22 7.36 6 0.17

Second week 4.87 6 0.57 3.52 6 0.07 1.11 6 0.06 2.63 6 0.19 3.65 6 0.26 7.48 6 0.15

Third week 5.08 6 0.63 3.57 6 0.06 1.10 6 0.05 2.81 6 0.11 3.84 6 0.27 7.66 6 0.10

Change 1.39 6 0.88 0.24 6 0.05 0.00 6 0.07 0.36 6 0.13 0.42 6 0.32 0.49 6 0.12

2: With �4-D

lenses

HiBS-L, n ¼ 22 Baseline 3.69 6 0.50 3.34 6 0.08 1.09 6 0.06 2.45 6 0.11 3.46 6 0.14 7.19 6 0.11

First week 3.05 6 0.82 3.44 6 0.06 1.11 6 0.07 2.55 6 0.15 3.71 6 0.20 7.62 6 0.11

Second week 2.55 6 1.03 3.52 6 0.05 1.12 6 0.06 2.67 6 0.13 3.84 6 0.17 7.69 6 0.08

Third week 2.24 6 0.92 3.57 6 0.05 1.11 6 0.06 2.83 6 0.11 3.98 6 0.13 7.82 6 0.10

Change �1.45 6 0.99 0.23 6 0.09 0.02 6 0.04 0.38 6 0.10 0.52 6 0.16 0.64 6 0.15

HiFL-L, n ¼ 20 Baseline 3.72 6 0.61 3.32 6 0.09 1.11 6 0.05 2.48 6 0.17 3.46 6 0.17 7.19 6 0.07

First week 2.91 6 0.99 3.44 6 0.06 1.09 6 0.05 2.54 6 0.10 3.68 6 0.17 7.58 6 0.11

Second week 2.37 6 1.02 3.53 6 0.07 1.10 6 0.05 2.66 6 0.14 3.86 6 0.15 7.68 6 0.08

Third week 1.91 6 0.93 3.59 6 0.07 1.12 6 0.07 2.82 6 0.13 4.00 6 0.14 7.80 6 0.11

Change �1.81 6 0.73 0.27 6 0.09 0.02 6 0.04 0.37 6 0.16 0.54 6 0.14 0.62 6 0.14

LoBS-L, n ¼ 24 Baseline 3.72 6 0.60 3.35 6 0.05 1.09 6 0.04 2.48 6 0.15 3.48 6 0.10 7.18 6 0.12

First week 2.73 6 0.74 3.44 6 0.06 1.13 6 0.05 2.56 6 0.14 3.72 6 0.09 7.58 6 0.14

Second week 2.26 6 0.81 3.52 6 0.06 1.10 6 0.05 2.69 6 0.11 3.86 6 0.08 7.73 6 0.11

Third week 1.42 6 0.62 3.59 6 0.06 1.09 6 0.04 2.80 6 0.13 4.03 6 0.11 7.83 6 0.10

Change �2.29 6 0.50 0.24 6 0.05 0.00 6 0.03 0.33 6 0.13 0.56 6 0.15 0.65 6 0.15

LoFL-L, n ¼ 22 Baseline 3.67 6 0.60 3.33 6 0.07 1.10 6 0.06 2.48 6 0.17 3.47 6 0.12 7.19 6 0.09

First week 2.30 6 0.58 3.43 6 0.07 1.12 6 0.06 2.57 6 0.17 3.70 6 0.16 7.56 6 0.11

Second week 1.84 6 0.55 3.53 6 0.06 1.13 6 0.05 2.68 6 0.11 3.85 6 0.17 7.71 6 0.16

Third week 1.08 6 0.48 3.57 6 0.06 1.12 6 0.06 2.82 6 0.06 4.04 6 0.16 7.81 6 0.09

Change �2.58 6 0.65 0.24 6 0.07 0.02 6 0.05 0.34 6 0.15 0.57 6 0.18 0.62 6 0.12

ACD, anterior chamber depth; LT, lens thickness; VCD, vitreous chamber depth; AL, axial length. Data are presented as mean 6 SD.
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another subset (P < 0.05). When comparing different
intensities in the same spectrum distributions, it was found
that guinea pigs exposed to HiFL exhibited a significantly
increased hyperopic shift compared to those exposed to LoFL
(unpaired t-test: t ¼ 3.791, P < 0.001; Fig. 2A). This was also
true for HiBS and LoBS (unpaired t-test: t ¼ 3.239, P ¼ 0.002).
Nevertheless, when comparing different spectrum distribu-
tions at the same intensity, there was no significant difference
between HiBS and HiFL or between LoBS and LoFL (unpaired t-
test: t ¼ 0.521, P ¼ 0.605 and t ¼ �0.056, P ¼ 0.956,
respectively; Fig. 2A).

In contrast, for guinea pigs reared with lenses, LoFL-L had
the greatest myopic shift of�2.58 6 0.65 D, followed by LoBS-
L (�2.29 6 0.50 D), HiFL-L (�1.81 6 0.73 D), and HiBS-L
(�1.45 6 0.99 D) (one-way ANOVA, F¼8.804, P < 0.001). Post
hoc analysis revealed that, similar to guinea pigs reared without
lenses, HiBS-L and HiFL-L belonged to one subset (P < 0.05)
while LoBS-L and LoFL-L belonged to another subset (P <
0.05). Also similarly, when comparing different intensities in
the same spectrum distributions, HiFL-L exhibited a signifi-
cantly lower myopic shift when compared to LoFL-L (unpaired
t-test: t ¼ 3.748, P ¼ 0.001). This was also true for HiBS-L and
LoBS-L (unpaired t-test: t ¼ 3.584, P ¼ 0.001). However, when
comparing different spectrum distributions at the same
intensity, the differences in the myopic shift between HiBS-L

and HiFL-L (unpaired t-test: t¼�1.405, P¼ 0.168), LoBS-L and
LoFL-L (unpaired t-test: t ¼ �1.038, P ¼ 0.305) were not
statistically significant (Fig. 2A).

Corneal Curvature

The radius of corneal curvature increased significantly in all
groups (paired t-test: all P < 0.05; see Table), with changes
ranging from 0.23 to 0.27 mm. However, there was no
significant difference in the changes between groups (one-way
ANOVA: F¼0.591, P¼0.623 for groups without lenses, and F¼
0.988, P¼0.403 for groups with lenses). This was also the case
when data from groups without lenses and with lenses were
pooled (one-way ANOVA: F ¼ 0.872, P ¼ 0.53).

Ocular Dimensions

The axial length of all groups increased throughout the
experiment (Table). However, there was no significant difference
among groups in guinea pigs reared either without lenses (one-
way ANOVA: F ¼ 0.507, P ¼ 0.678) or with lenses (one-way
ANOVA: F ¼ 0.212, P ¼ 0.888). When the data from all groups
were pooled, it was found that axial elongation in guinea pigs
reared with lenses was significantly greater than in those without
lenses (unpaired t-test, t¼�7.92, P < 0.001; see Fig. 2B).

Unlike the changes in refractive error, there was no
statistically significant difference in axial elongation between
the high and low lighting intensity with the same spectrum
distribution (unpaired t-test: t ¼�0.307, P ¼ 0.760 for Solux
lamps, and t ¼ �0.113, P ¼ 0.910 for fluorescent lamps).
Neither was there a difference between the Solux light and the
fluorescent light with the same intensity (unpaired t-test: t ¼
�0.372, P ¼ 0.712 for high intensity, and t ¼�0.67, P ¼ 0.506
for standard intensity).

The anterior chamber depth did not show a significant
change during the observation period (paired t-test: all P >
0.05; see Table). In contrast, the thickness of the crystalline
lens increased significantly with age in all groups (paired t-test:
all P < 0.05). However, the changes in the thickness of the
crystalline lens between groups were not statistically signifi-
cant (one-way ANOVA: F¼ 0.209, P¼ 0.89 for groups without
lenses, and F ¼ 0.763, P ¼ 0.518 for groups with lenses).

Correlation Between Changes in Axial Length and
Refractive Error

Figure 3 shows the correlation between the changes of axial
length and refractive error for the guinea pigs reared both
without lenses (paradigm 1) and with lenses (paradigm 2). It is
noted that the decrease of refractive error (i.e., more myopia)
correlated significantly with the elongation of axial length for
both paradigms (R2 ¼ 0.550 and 0.667; both P < 0.001),
indicating that the refraction shift in both paradigms was
largely axial in origin. The ratio of axial length elongation to the
increase of myopia was also similar (�3.561 D/mm, 95%
confidence interval [CI]: �4.260, �2.862) and (�4.599 D/mm,
95% CI�5.295,�3.902), respectively; P > 0.05). If the corneal
flattening in both paradigms is considered, this ratio would
increase to approximately 10 to 11 D/mm, as a 0.25-mm
increase of corneal radius is equal to approximately a 6.5-D
hyperopia shift (assuming that the refractive index of the
cornea in guinea pigs is 1.3375).

DISCUSSION

In the current study, we found that high-intensity lighting
provided by either broad-spectrum lighting of the Solux

FIGURE 2. Comparison of the changes of refractive error (A) and axial
length (B) among the groups. HiBS, high-intensity lighting of Solux
halogen light; LoBS, low-intensity lighting of Solux halogen light; HiFL,
high-intensity lighting of fluorescent light; LoFL, low-intensity lighting
of fluorescent light; -L, with�4-D lenses; ACD, anterior chamber depth;
LT, lens thickness; VCD, vitreous chamber depth; AL, axial length. Data
are presented as mean 6 SD. *P < 0.05, **P < 0.01, ***P < 0.001. Error

bars: 6SEM.
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halogen light or spiked-spectrum fluorescent light enhanced
hyperopic shifts (guinea pigs reared without lenses) or
retarded myopia development (guinea pigs reared with lenses),
compared to low-intensity lighting. However, irrespective of
light intensity, there was no difference in the effects of the two
lamps.

In our results, one unexpected finding was the hyperopic
shift in animals raised without lenses. This has not been
reported in other studies.31–33,39 There is no obvious
explanation for the hyperopic shifts in normal refractive
development in guinea pigs. It should also be noted that the
biometric data in the present study do not match very well
with those reported in previous studies31–33,39; however, data
from these previous studies were also not consistent. In the
present study, the longer the axial length, the more myopic
shifts or less hyperopic the refractive error. However, actual
myopia shifts were observed only in guinea pigs fitted with�4-
D lenses. Apparently, the flattening of the cornea (Table) in
animals reared without lenses had a greater effect than axial
elongation, resulting in hyperopic shifts in 81 out of 86 animals
after 3-week treatment. The different results we have obtained
may be due to species differences. As for the axial length, the
value found in the current study for the age-matched (1-month
old) guinea pigs in the control group (LoFL) was 5.3% and 7.4%
shorter, respectively, compared to the values from Zhou et al.32

and Howlett and McFadden31 (7.66 vs. 8.07 and 8.226 mm).
The discrepancy could be related to the different ultrasound
parameters used in the three studies. The frequency of
ultrasound used in the current study was lower than in the
experiments of Zhou et al.32 and Howlett and McFadden31 (10
vs. 11 MHz/20 MHz). The resolution and precision of the
ultrasound used in this study were 0.01 and 60.1 mm,

respectively, while these parameters were not specified in the
other two studies. These parameters may compromise the
accuracy of axial length measurements and account for our
failure to detect significant differences between groups,
especially when the change during the experiment period
was small. But the results on axial dimensions measured in the
present study are still useful for the assessment of relative
changes in axial components and in relation to the refractive
error.

The protective effect of intensive illumination found in the
present study was consistent with previous studies on other
animals13–16 (Siegwart JT, et al. IOVS 2012;53:ARVO E-Abstract
3457). One plausible theory for this effect is the dopamine-
related pathway, as the release of dopamine from retinal
dopaminergic amacrine cells is almost linear to the logarithm
of the ambient lighting level,13,41–44 and dopamine agonists
inhibit experimental myopia in at least deprivation myo-
pia.45–48 The most convincing evidence for this hypothesis is
the finding that the protective effect of bright light was
abolished after a daily injection of spiperone (a dopamine D2
antagonist).15 In addition, bright light was recently found to
stimulate choroidal thickening.49 Although there was some
time delay (4 hours after the cessation of the bright light) and
the magnitude was modest (þ10% to þ20%),49 we speculate
that choroidal thickening might also play a role in myopia
inhibition by bright light exposure, as thicker choroids were
linked to the inhibition of myopia.50–52

As mentioned previously, sunlight differs from common
indoor lighting not only in illumination intensity, but also in the
spectral composition and spectral distribution. In the only
study comparing the myopia inhibition effect between sunlight
and indoor lighting, it was shown that chicks exposed to

FIGURE 3. The correlations between changes of axial length and refractive error. Triangles represent the data from guinea pigs reared without
lenses (paradigm 1), and circles represent the data from guinea pigs reared with lenses (paradigm 2). Both paradigms show a significant correlation
between the changes of axial length and refractive error (R2¼ 0.55 and 0.667, respectively; both P < 0.001), indicating that the refraction shift in
both paradigms was largely axial in origin.
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sunlight developed significantly less deprivation myopia than
those exposed to indoor light (�1.1 6 0.45 vs.�3.4 6 0.6 D).14

However, whether the greater effect of sunlight was associated
with its UV component or with its stronger intensity was
difficult to determine, since the halogen-quartz lamps used in
that experiment were covered by UV-absorbing glass.14 The
Solux halogen lamp used in the current study emits radiation in
the UV-A range (350–400 nm), which helped to clarify this
puzzle. Our study showed that there was no significant
difference in refractive change, at both 500 and 10,000 lux,
between the UV-included Solux halogen lamps and the UV-free
fluorescent lamps. Furthermore, in a study applying UV light
with a high intensity (~200 lux, peaking at 390 nm with a half-
band width of 25 nm), it was shown that UV did not affect
emmetropization, and the chicken eyes compensated fully to
the imposed negative lenses.53 As chickens have UV cone
photoreceptors,54–56 this finding therefore showed that UV
input from cone photoreceptors did not, at least at such
intensity, counteract the myopigenic response induced by
negative lenses. Thus, the present results indicate that
inclusion of UV light in a polychromatic spectrum is unlikely
to produce additional protection against myopia. It is not
known if higher intensities of UV light would influence the
compensation process or not, but the possible side effects of
exposure to high-dose UV severely limit experimentation.

With regard to the spectral distribution, the Solux bulbs
emit a smooth distribution of wavelengths, while the
fluorescent light is composed of a spiked distribution.
However, both of these have a broad spectral range. The
brightness of the two light sources in the present study was
made equivalent using a photometer, calibrated using the
human L- and M-cone spectral sensitivity. The M-cone
excitation was the same in the two conditions. Although the
S-cone excitation was slightly different, it was unlikely to be
substantially different, as both light sources have substantial
energy at short wavelengths. Thus, both types of cones in
guinea pigs may have been stimulated similarly, resulting in the
same brightness of the two illuminants perceived by the guinea
pigs, which was consistent with the similar refractive changes
found in the current study. In other words, spectral distribu-
tion of polychromatic light does not seem to influence the
inhibition effect against myopia by bright light, provided that
the intensity is comparable.

It should also be pointed out that although the Solux
halogen lamp mimics the sunlight spectrum propagated to the
guinea pig retina, this lamp does not provide UV-B radiation
(290–320 nm). Indeed, vitamin D3, which has been postulated
to influence scleral growth,57 possibly by an effect on cell
proliferation,58 can be produced in the skin only with UV-B.
Therefore, the lack of this range of radiation in the Solux
halogen light prevents us from clarifying the issue of whether
myopia is related to inadequate levels of vitamin D3.

In conclusion, it is difficult, if not impossible, to provide a
comprehensive test of the hypothesis that specific features of
the spectral composition of light play an important role in the
inhibition of the development of myopia by bright light,
because there is effectively an infinite range of variations in
spectral composition. We have therefore chosen to use two
commonly used light sources in human environments with very
different spectral compositions—one with a broad spectrum
similar to that of sunlight, and one with a discontinuous and
highly peaked distribution. There was no difference in
refractive change in both natural development and compensa-
tion to negative lenses in guinea pigs reared with the two light
sources. We cannot rule out the possibility that further research
might find a particular pattern of spectral composition with
particularly marked effects, but the current findings do not give
any support to the idea that spectral composition plays an

important role in the inhibition of experimental myopia. Nor do
these experiments provide any support for a role of UV
exposures. This supports the idea that the protective effects of
bright light against the development of experimental myopia in
animals depend primarily on the intensity of visible light, which
also may apply to human myopia.
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Abstract

Bright light has been found to reduce the development of deprivation myopia and we

have previously observed in chickens that the protective effect of bright light is enhanced

when repeated episodes of bright light exposure are used rather than continuous exposure,

even though the total amount of the light dose was matched. Since the mechanisms of the

bright light effect on myopia are not clear, we have investigated the roles of two

candidate molecules, dopamine and ZENK. In line with older studies, we found that

wearing diffusers dramatically suppressed retinal dopamine release, as reflected in vitreal

DOPAC content. The drop in dopamine was significantly reduced by exposure to bright

light of 15 000 lux. No difference was detected between continuous and intermittent light

exposure. Diffusers also suppressed the expression of ZENK protein in glucagonergic

amacrine cells (GACs) but neither continuous nor intermittent bright light rescued the

suppressive effect of the diffusers. In summary, while bright light compensated to some

extent for the drop in dopamine during diffuser wear, it did not reduce the drop in ZENK

in glucagon amacrine cells. We therefore hypothesize that ZENK in these cells is not

involved in light-mediated suppression of myopia.
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Introduction

A number of recent studies have shown that children who spend more time outside are

less myopic (Jones, Sinnott et al. 2007, Onal, Toker et al. 2007, Rose, Morgan et al. 2008,

Dirani, Tong et al. 2009, Jones-Jordan, Mitchell et al. 2011, Guggenheim, Northstone et

al. 2012). Furthermore, if they were forced to stay outside longer than usual, a reduction

of myopia incidence and progression was found in three recent prospective clinical trials

(Yi and Li 2011, Morgan, Xiang et al. 2012, Wu, Tsai et al. 2013). The protective effect

of outdoor exposure in relation to myopia does not seem to be correlated with physical

activity since indoor sports did not inhibit myopia (Rose, Morgan et al. 2008, Dirani,

Tong et al. 2009). It rather appears that merely the time spent outdoors seems to be

important (Guggenheim, Northstone et al. 2012). Beyond, (Rose, Morgan et al. 2008)

proposed that the high level of illuminance outdoors represents a key factor. Outdoor

illuminance is usually hundreds of folds higher than indoors, for example there is a

brightness of 50000 lux on a sunny summer day outside versus a brightness of 300 to 500

lux in a typical indoor office environment.

The link between bright light and inhibition of myopia was confirmed by experiments in

animal models. Ashby et al. found that deprivation myopia in chicks, induced by

translucent diffusers, could be significantly retarded (about 60%) by simply increasing

ambient luminance from 500 lux to 15 000 lux (Ashby, Ohlendorf et al. 2009). Similar

effects were found in tree shrews (Siegwart, Ward et al. 2012) and rhesus monkeys

(Smith, Hung et al. 2012). Later, Lan et al. (Lan, Feldkaemper et al. 2014) observed that

bright light given in intermittent intervals (15 000 lux with 50% duty cycle for 1:1 minute

combined with a background illuminance of 500 lux) were the most potent in suppressing

deprivation myopia in chicks. Ashby and Schaeffel (Ashby and Schaeffel 2010) observed

in chicks that bright light also slowed the progress of a second type of experimental

myopia, induced by wearing negative lenses (LIM). This result was also confirmed in

tree shrews (Siegwart, Ward et al. 2012, Norton and Siegwart 2013). In rhesus monkeys,

lens-induced myopia was not suppressed by bright light in a recent study (Smith, Hung et

al. 2013). However, another study showed that bright light slowed the development of

lens-induced myopia (-3D) to some extent (Wang, Ding et al. 2015), although the number

of animals in that study was low and the effects were small. These studies provide
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evidence for an inhibitory effect of bright light on the development and progression of

myopia. However, the underlying mechanisms are not clear.

A number of mechanisms have been proposed (Ashby, Ohlendorf et al. 2009, Smith,

Hung et al. 2012), including pupil constriction which increases the depth of focus and

therefore reduces retinal image blur, higher physical activity which increases optic flow

and rapid changes in local luminance on the retina, a factor which has previously been

shown to inhibit myopia development (Schwahn and Schaeffel 1997). However, both

factors had been ruled out in the study done by Ashby et al. (Ashby, Ohlendorf et al.

2009). Light-dependent release of dopamine from the retina (Iuvone, Galli et al. 1978,

Brainard and Morgan 1987, Besharse and Iuvone 1992, Megaw, Boelen et al. 2006,

Cohen, Peleg et al. 2012) remains a more likely contributor because (1) it is down-

regulated during the development of deprivation myopia (Iuvone, Tigges et al. 1989,

Stone, Lin et al. 1989, McBrien, Cottriall et al. 2001), (2) its agonists are known to inhibit

axial eye growth and myopia in chicks (Stone, Lin et al. 1989, Rohrer, Spira et al. 1993)

and monkeys (Iuvone, Tigges et al. 1991) and (3) a dopamine D2 antagonist, spiperone,

was found to abolish the protective effect of bright light against deprivation myopia in

chicks (Ashby and Schaeffel 2010). It is well known that diffusers or lenses, which

reduce retinal image contrast and act as low pass filters for spatial frequencies, reduce

retinal dopamine and its principal metabolite 3,4-dihydroxyphenlacetic acid (DOPAC)

content (Stone, Lin et al. 1989, Ohngemach, Hagel et al. 1997), even if attenuation-

matched neutral density filters serve as reference (Feldkaemper, Diether et al. 1999).

These results indicate that dopamine metabolism is also controlled by spatial features in

the retinal image and not only by retinal luminance. The central question here is then

whether the inhibition of myopia by bright light is based on increasing release of

dopamine from the retina, which can counteract the effects of wearing of diffusers or

lenses.

Another possible candidate is the ZENK protein (also known as Egr-1, Zif268, NGFI-A

and Krox-24), which is widely expressed in several subsets of bipolar cells and amacrine

cells (Fischer, McGuire et al. 1999). In glucagonergic amacrine cells (GACs) in chicks,

ZENK is regulated in a bi-directional way, according to the sign of imposed defocus: up-
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regulation for treatments that induce hyperopia (plus lenses or recovery from induced

myopia) and down regulation for treatments that induce myopia (minus lenses or

diffusers) (Fischer, McGuire et al. 1999, Bitzer and Schaeffel 2002, Bitzer and Schaeffel

2006, Ashby, McCarthy et al. 2007). Changes in ZENK mRNA occur rapidly and can be

detected as soon as 15 minutes after the lenses or diffusers have been applied (Simon,

Feldkaemper et al. 2004). Atropine, which is known to inhibit myopia development in

animal models (McBrien, Moghaddam et al. 1993, Schwahn, Kaymak et al. 2000,

Schmid and Wildsoet 2004, Bitzer, Kovacs et al. 2006, Diether, Schaeffel et al. 2007,

Barathi, Beuerman et al. 2009) and children (Shih, Chen et al. 1999, Shih, Hsiao et al.

2001, Chua, Balakrishnan et al. 2006, Chia, Chua et al. 2012, Lin, Lan et al. 2013),

stimulates dopamine release from the retina at least in vitro (Schwahn, Kaymak et al

2000) and enhances ZENK expression in vivo (Bitzer, Kovacs et al 2006), implying that a

common mechanism may drive dopamine and ZENK production. However, up to now

the mechanism is unknown. The present study was performed to gain a better

understanding of the possible roles of dopamine and ZENK in the mechanisms that

possibly underlie the inhibition of experimental myopia by continuous bright light and by

intermittent periods of bright light.

Methods

Animals and treatment

One day-old male white leghorn chickens were obtained from a local hatchery in

Kirchberg, Germany. They were raised under a 10/14 hour light/dark in large chicken

cages, with free access to food and water. The treatments described below were in

accordance with the ARVO resolution for care and use of laboratory animals and were

approved by the university commission for animal welfare.

Experiment I. Antagonistic effects of bright light and diffusers on retinal dopamine

release

Vitreal DOPAC content was measured because this parameter has previously been shown

to be a sensitive and robust index of retinal dopamine release (Ohngemach, Hagel et al.

1997, Megaw, Morgan et al. 2001, Megaw, Boelen et al. 2006, Cohen, Peleg et al. 2012)
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and because detection of dopamine itself is limited in the vitreous by its very low

concentrations (Feldkaemper, Diether et al. 1999, Cohen, Peleg et al. 2012).

Chicks aged 7 to 8 days old were monocularly occluded with translucent diffusers. They

randomly allocated to one of three groups which were exposed to either of the following

lighting conditions during the light phase (between 8 a.m. to 6 p.m.): 500 lux (hereafter

called “standard illuminance”, n = 12), continuous 15 000 lux (hereafter called “15K lux,

Con”, n = 11) or intermittent 15 000 lux with 50% duty cycle for 1:1 minute combined

with a background illuminance of 500 lux (hereafter called “15K lux, 1:1 minute”, n=12),

respectively. Starting at 6:00 p.m., one chick from each group was sacrificed by an

overdose of ether and eyes were immediately enucleated, the vitreous body removed with

forceps and stored in a -80 °C freezer until the samples were processed.

Measurement of vitreal DOPAC concentration

The measurement of vitreal DOPAC content was performed by an analytic company

(Prolytic GmbH, Frankfurt, Germany), using the same protocol as in previous studies

(Bartmann, Schaeffel et al. 1994) except that the pH value of the eluent was modified to

4.05. The content of DOPAC in the vitreous body was expressed as nanogram DOPAC

per 0.1 gram wet weight of vitreous body.

Experiment II. The role of ZENK in the protection of bright light against

experimentally induced deprivation myopia

Seven to 14 days old chicks were monocularly treated with translucent diffusers and were

raised under a 10/14 h light/dark cycle from 8 a.m. to 6 p.m. under an illuminance of 500

lux. Three groups of chicks (n = 6 for each group) were exposed to 1-hour light treatment

(between 8:00 AM to 9:00 AM) of 500 lux, 15K lux, Con or 15K lux 1:1 minute,

respectively. In another three groups the duration of exposure was increased to 10 hours

(in these groups n = 5).

Although it has previously been described that the number of ZENK-expressing GACs

glucagonergic amacrine cells does not vary over the day (Fischer, McGuire et al. 1999),

only one chick for each group was treated a day ensure that the time of ZENK analysis
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was the same for each chick however at the cost that the ages increased. The sequence for

the groups to start the treatment every day was randomly selected.

Tissue Fixation and Sectioning

Eyecups were fixed for 30 minutes and afterwards processed as previously described

(Bitzer and Schaeffel 2002). In brief, 12 µm sections were cut and thaw mounted onto

silane-coated glass-slides. Sections from contralateral control and diffuser treated eyes

from the same animal were placed consecutively on the same slide to ensure equal

exposure.

Immunohistochemistry

Sections were dried at room temperature for 1 hour and washed once in 0.05 M PBS for

10 minutes and, after being fixed in the coverplates, washed again with 0.05 M PBS.

Sections were then incubated with blocking buffer (200 µl of PBST [i.e., 0.05 M PBS

plus 0.3% Triton X-100; Sigma-Aldrich, Germany] plus 20% NGS [normal goat serum;

Sigma-Aldrich, Germany]) for 45 minutes. Afterwards, sections were covered with

primary antibody solution (200 µl PBST plus 5% NGS and primary antibodies) and

incubated for 1 hour at room temperature and then approximately 20 hours at 4°C.

Primary antibodies and their working dilutions included anti-ZENK, rabbit polyclonal

antibody at 1:6500 (Egr-1 [#588] X, SC-110X; Santa Cruz Biotechnology, Santa Cruz,

CA) and anti-Glucagon, mouse monoclonal antibody at 1:400 (Gordon Ohning,

University of California Los Angeles, Los Angeles, CA). Subsequently, slides were

washed three times in 0.05 M PBS, covered in secondary antibody solution (200 µl of

0.05 M PBS plus 1:750 Alexa Fluor® 568 orange red-conjugated goat anti-rabbit IgG (A-

11036; Invitrogen, Paisley, UK) and 1:400 Oregon Green®–conjugated goat anti-mouse

IgG (O6380; Invitrogen, Paisley, UK) and incubated for 1 hour at room temperature in

darkness. Samples were washed three times in 0.05 M PBS and mounted under coverslips

in 70% sorbitol (Caesar & Loretz GmbH, Germany) for observation under a fluorescence

microscope.

Cell counts

Since ZENK staining in a particular cell was either completely absent or clearly visible, it

was easy to judge whether a cell expressed ZENK or not (Fischer, McGuire et al. 1999,

Bitzer and Schaeffel 2002). For the same reason, it was easy to determine the numbers of
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ZENK expressing glucagon amacrine cells (Bitzer and Schaeffel 2002). The counting of

the ZENK-staining GACs was performed in a masked fashion to avoid bias. The total

number of GACs and ZENK-staining ones were calculated under 400X magnification for

each section and at least four sections from each eye were evaluated. Then the percentage

of ZENK-positive GACs was determined by dividing their number by the total number of

GACs per section, expressed in percent by multiplication by 100.

Statistics

All data are expressed as mean ± 1 standard error (SE). The difference between the

deprived and non-deprived eyes was compared with a one-sample t-test (i.e., the relative

ratio vs 0), unless otherwise stated. For comparisons between two independent groups, an

un-paired t-test was used. For comparisons among multiple groups, one-way analysis of

variance (ANOVA), followed by a student’s unpaired t-test with Bonferroni correction,

was employed to determine whether the differences between the average levels of each

group were statistically significant. Since ZENK expression was measured after two

exposure times (one hour or 10 hours after light onset), a two-way ANOVA was used to

reveal the potential interaction between the treatment type (light pattern) and the duration.

Because normal distribution of the data is required for these parametric analyses

normality of the data of each group was tested by the Shapiro-Wilk W test. If this

requirement was unmet, box-cox transformations of the data (e.g. natural logarithmical

transformation) were attempted. Otherwise, non-parametric analysis (Wilcoxon rank

testing) was employed instead.

Given the high inter-individual variability in ocular catecholamine content (Feldkaemper,

Diether et al. 1999), only relative values [i.e., (deprived eye – non-deprived eye) / non-

deprived eye] were used in the comparison of the suppression of dopamine release

between the groups. All analyses were performed with commercial SPSS ver. 16.0

software (SPSS, Chicago, IL). The significance level was set at two-tailed p < 0.05.
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Results

1. Antagonistic effects of bright light and diffusers on retinal dopamine release

After 10 hours of continuous light exposure of 500 lux, all deprived eyes had a lower

vitreal DOPAC content compared to their contralateral unoccluded fellow eyes (6.88 ±

0.27 vs 4.37 ± 0.24 ng/0.1g wet weight), indicating that wearing of diffusers suppresses

retinal dopamine release (-36.7% ± 1.8%; one sample t-test: p < 0.001).

Similar to results under 500 lux, lower vitreal DOPAC content was found in deprived

eyes compared to the contralateral control eyes also under 15,000 lux (7.81 ± 0.40 vs

5 .56 ± 0.33 ng/0.1g wet weight for the continuous bright light group, p < 0.001; 8.55

± 0.50 vs 6 .05 ± 0.3 2 ng/0.1g wet weight for the intermittent bright light group, p <

0.001, respectively (Figure 1A). Only one animal kept under 15 000 lux, 1:1 minute

intermittent light showed an unusually high DOPAC content in the deprived eye,

compared to the non-deprived fellow eye (10.54 vs 8.65 ng/0.1 g wet weight) which

might be due to contamination by retinal tissue that was attached to the sample. The data

were treated as outlier since it made the distribution of the non-normal.

Although neither bright light condition completely reversed the drop of dopamine release

that was induced by the diffusers, bright light at least reduced the effects of occluder wear

on dopamine release, compared to 500 lux (500 lux: -36.7% ± 1.8%, 15 K, Con: -28.8 ±

2.1%, 15K, 1:1 minute, -28.9% ± 2.4%; one-way ANOVA: P=0.02, Post-hoc analysis:

both p=0.04, compared with 500 lux). There was no difference in the rescue effect of

continuous and intermittent bright light (p = 1.00) (Figure 1B).
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Figure 1. Vitreal DOPAC content of chicks exposed to different lighting conditions. (A) Vitreal
DOPAC content in deprived eyes was significantly lower than in the contralateral non-deprived eyes (-
36.7% ± 1.8%; one sample t-test: p<0.001) at 500 lux. This was also true for the in chicks exposed to bright
light. (B) Bright light, either given continuously or in 1:1 minute intervals, significantly reduced this
suppression to some extent (one-way ANOVA: p = 0.02). There was no difference between the two bright
light regimes, continuous or intermittent (-28.8% ± 2.1% vs post -28.9% ± 2.4%; post hoc-analysis: p =
1.00).

2. Effect of diffuser wear and bright light exposure on the percentages of ZENK-
positive glucagon amacrine cells

Consistent with previous studies (Fischer, McGuire et al. 1999, Bitzer and Schaeffel

2002), ZENK immuno-reactivity was observed in the nuclei of many cells in the distal

inner nuclear layer (INL) and in a few nuclei in the proximal INL (Figure 2A). According

to their relative positions within the INL, these were identified as bipolar and amacrine

cells, respectively. By contrast, glucagon expression was exclusively detected in a few

amacrine cells (Figure 2B), again in line with previous descriptions. Double
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immunolabeling showed that in the amacrine layer ZENK was expressed in both GACs

and other cell nuclei.

Figure 2. ZENK was detected in many nuclei in the distal inner nuclear layer (INL) and a few nuclei in the
proximal INL (A). By contrast, glucagon expression was exclusively detected in amacrine cells (B). ZENK
and glucagon were co-localized in the three cells shown here (B&C) although there were also ZENK-
expressing cells observed with no glucagon expression.

The percentages of ZENK-positive GACs in the six groups are shown in Figure 3. Under

the standard illuminance (500 lux, 1 hour), 53.0% ± 9.4% of the GACs were labeled for

ZENK in the non-deprived eyes, while only 29.4% ± 9.6% of the GACs were ZENK-

positive in the eyes treated with diffusers. This suggests that the expression of ZENK in

GACs was significantly suppressed by the diffusers, with a mean suppression of -48.2

±14.8% (one sample t-test: p = 0.023). Compared to the 500 lux group, one hour of

treatment with bright light, given either continuously or intermittently, did NOT affect

the expression of ZENK in GACs in the non-deprived eyes (one-way ANOVA: p =

0.984). In the occluded eyes, ZENK expression was significantly reduced to a similar

extend in the bright light groups compared to chicks kept under 500 lux (-56.9% ± 5.4%

and -60.8% ± 9.9% for 15K Con and 15K 1:1 minute, respectively). Obviously, bright

light did not even partially rescue the suppression of ZENK that occurred during diffuser

wear (one-way ANOVA: p = 0.702).

When the exposure to bright light was extended to 10 hours, the percentage of ZENK

expression in glucagon amacrine cells was similar to that after 1 hour of treatment in the

contralateral control eyes (One-way ANOVA: p = 0.578). This result confirms a study by

Fischer et al. (Fischer, McGuire et al. 1999) showing that ZENK expression in GACs
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does not vary with the duration of light exposure. However, ZENK expression in the

deprived eyes was further suppressed when continuous bright light exposure was

extended to 10 hours (-56.9% ± 5.4% versus -85.8% ± 5.6%; unpaired t-test: p < 0.05).

Likewise, there was also a tendency of an increased suppression over time observed in

the chicks exposed to standard illuminance (-48.2% ± 14.8% versus -79.2% ± 6.3%,

unpaired t-test: p = 0.107), but not in the group exposed to intermittent bright light (-

60.8% ± 9.9% for 1 hour versus - 69.2% ± 6.5% for 10 hours; unpaired t-test: p = 0.515).

No matter whether bright light was provided continuously or intermittently for 10 hours,

wearing diffusers reduced ZENK expression similarly as under normal laboratory

lighting (One-way ANOVA: p = 0.199). A two-way ANOVA analysis revealed that there

was no interaction between the treatment type (light pattern) and the duration (p = 0.417).

Figure 3. Percent of ZENK-immunoreactive glucagon amacrine cells under different lighting
conditions. The percentage of ZENK-stained GACs in non-deprived eyes is approximately 50%, regardless
of the illuminance level (one-way ANOVA: p = 0.984) or exposure duration (One-way ANOVA: p =
0.578). Form-deprivation reduced the number of double labelled cells, again regardless of the illuminance
level (one-way ANOVA: p = 0.702). This was also the case when the exposure duration was extended to 10
hours (One-way ANOVA: p = 0.199).

Discussion

Because exposure to bright light represents a simple and potentially powerful

intervention against myopia in children, both the underlying mechanisms and dose-
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response effects are of high interest. In the current study, we have examined the possible

roles of dopamine and ZENK in the mechanisms that underlie the inhibition of

experimental myopia by continuous bright light and by intermittent periods of bright light.

We found that exposure to bright light can partly antagonize the drop in retinal dopamine

that normally occurs during induction of experimentally induced myopia but that bright

light does not affect the decrease in ZENK expression in glucagon amacrine cells that

occurs upon deprivation with frosted goggles.

Selection of the time points to measure ZENK expression and DOPAC

In the current study, the expression of ZENK in the retinal glucagon amacrine cells was

measured after either one hour or ten hours exposure to bright light. ZENK has been

found to differentially express within 40 minutes at the protein level (Fischer, McGuire et

al. 1999). Even though changes in retinal ZENK mRNA levels could be detected even

earlier, as soon as 15 minutes (Simon, Feldkaemper et al. 2004), they represent a global

signal that originates from all ZENK-containing neurons in the retina while

immunohistochemical labelling has the advantage that changes can be resolved at the

cellular level. In addition, the time point prior to the dark phase (the tenth hour after light

onset) was selected because the transition from light to dark actually acts as a new

stimulus which has been reported to up-regulate the expression of ZENK (Brand,

Burkhardt et al. 2005) and could therefore have confounded the effects of the diffusers

and bright light. We measured vitreal DOPAC content at the end of the light phase

because it accumulates over the day and reflects the average production over many hours

(unpublished M.D. thesis by H. Kaymak in our lab, 1994). Nevertheless, we did not

measure ZENK and vitreal DOPAC at a more longer-term stage, for example several

days after visual deprivation. This was to avoid the potential confounding variables, such

as the dilution effect of the vitreal enlargement (ie., smaller eyes in bright light groups

would induce artificially higher DOPAC content)(Feldkaemper, Diether et al. 1999) and

long-term readjustments of cell and network functions(Luft, Iuvone et al. 2004).

ZENK and light-mediated protection effect against deprivation myopia
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Although a number of studies have proven that ZENK is a bi-directional marker of ocular

growth (Fischer, McGuire et al. 1999, Bitzer and Schaeffel 2002, Bitzer and Schaeffel

2004, Bitzer, Kovacs et al. 2006, Ashby, McCarthy et al. 2007), this was the first study to

test whether ZENK is involved light-mediated protection against deprivation myopia. In

the present study, the percentage of ZENK-positive GACs was roughly 50% and

decreased in deprived eyes and this result is in line with previous findings (Fischer,

McGuire et al. 1999). Another finding of the study by Fischer et al., namely that ZENK

protein expression in glucagon amacrine cells does not vary with duration of light

exposure, was also confirmed in the current study. We found that high light intensities,

either given continuously or in intervals, did not influence the amount of ZENK

immunoreactive glucagon amacrine cells, neither after short treatment periods (1 hour)

nor after longer exposition to bright light (10 hours). The observation gives rise to the

hypothesis that ZENK-expressing glucagon amacrine cells are not involved in the

signaling pathway(s) that underlie the inhibition of experimental myopia by bright light.

Dopamine and light-mediated protection effect against deprivation myopia

Many studies have shown that dopamine is involved in the signaling cascade that controls

eye growth. Visual deprivation leads to a decrease in retinal dopamine content (Iuvone,

Tigges et al. 1989, Stone, Lin et al. 1989, Bartmann, Schaeffel et al. 1994, Ohngemach,

Hagel et al. 1997), a result that was confirmed in the present study. Vitreal DOPAC

content was reduced in all deprived eyes not matter if chicks were kept under normal

laboratory lightning or high light intensities. However, the drop in dopamine release

induced by the diffusers was about 20% weaker under bright light exposure. This result

supports the hypothesis by Rose et al. (Rose, Morgan et al. 2008) that dopamine might be

involved in the protective effect of higher light intensities and is in good agreement with

the finding that the protective effect of bright light is abolished by the administration of

the dopamine D2 receptor (Ashby and Schaeffel 2010).

Unexpectedly, no difference in the rescue effect of dopamine release was detected

between 1:1 minute intermittent bright light and continuous bright light, although we had

previously observed that intermittent bright light provided stronger protection against

deprivation myopia (Lan, Feldkaemper et al. 2014). Indeed, many other ocular growth-
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modulating stimuli, such as removal of the diffusers (Napper, Brennan et al. 1997, Smith,

Hung et al. 2002), wearing of negative lens or positive lens (Winawer and Wallman 2002,

Kee, Hung et al. 2007, Zhu and Wallman 2009), demonstrate similar non-linear fashion.

This phenomenon is generally believed to be related to the response characteristics of

avian retinal neurons which are largely transient in nature (Wallman 1990), indicating

that the temporal integration of visual signals is non-linear (Napper, Brennan et al. 1997,

Smith, Hung et al. 2002, Winawer and Wallman 2002, Nickla, Sharda et al. 2005, Kee,

Hung et al. 2007, Zhu and Wallman 2009, Zhu 2013). We had previously hypothesized

that intermittent bright light stimulates more dopamine release than continuous bright

light (Lan, Feldkaemper et al. 2014) but the current study does not support this

hypothesis. Therefore, the enhanced “STOP signal” induced by intermittent bright light,

either in the level of retinal neural circuit or growth-related molecule(s), needs further

investigation.

Conclusions

ZENK-expressing glucagon amacrine cells do not seem to be involved in the signaling

pathway underlying the protective effect of bright light against myopia, no matter

whether bright light was applied continuously or in intervals. In contrast there was a

significant effect of bright light on dopamine release: it reduced the drop of dopamine

induced by the diffuser wear. Results therefore support a role of dopamine in the

suppression of myopia by bright light but do not support a role of ZENK in this process.

The higher potency of intermittent periods over continuous bright to inhibit myopia

cannot be explained by differences in dopamine release.
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