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Form deprivation and low illuminance of ambient light are known to induce myopia in chicks. Low
concentrations of retinal dopamine, a light-driven neurohormone, was previously shown to be associ-
ated with form deprivation myopia. In the present study we examined the dependence of retinal
dopamine release in chicks on illuminance during lightedark cycles and in continuous light, and the role
of retinal dopamine release in illuminance dependent refractive development. Newly hatched chicks
(n ¼ 166) were divided into two experimental groups, a dopamine (n ¼ 88) and a refraction group
(n ¼ 78). Both groups were further divided into six illumination groups for exposure of chicks to illu-
minances of 50, 500 or 10,000 lux of incandescent illumination (referred to throughout as low, medium,
and high illuminance, respectively), either under a lightedark cycle with lights on between 7 AM and
7 PM or under continuous illumination. For the dopamine experiment, chicks were euthanized and
vitreous was extracted on day 14 post-hatching at 7, 8 AM and 1 PM. Vitreal dihydroxyphenylacetic acid
(DOPAC) and dopamine concentrations were quantified by high-performance liquid chromatography
coupled to electrochemical detection. For the refraction experiment, chicks underwent refraction,
keratometry and A-scan ultrasonography on days 30, 60 and 90 post-hatching, and each of those
measurements was correlated with vitreal DOPAC concentration measured at 1 PM (representing the
index of retinal dopamine release). The results showed that under lightedark cycles, vitreal DOPAC
concentration was strongly correlated with log illuminance, and was significantly correlated with the
developing refraction, corneal radius of curvature, and axial length values. On day 90, low vitreal DOPAC
concentrations were associated with myopia (�2.41 � 1.23 D), flat cornea, deep anterior and vitreous
chambers, and thin lens. Under continuous light, vitreal DOPAC concentrations measured at 1 PM in the
low, medium, and high illuminance groups did not differ from the concentrations measured at 8 AM. On
day 90, low DOPAC concentrations were associated with emmetropia (þ0.63 � 3.61), steep cornea, and
shallow vitreous chamber. We concluded that ambient light over a log illuminance range of 1.69e4 is
linearly related to vitreal DOPAC concentration. Under both lightedark cycles and continuous light,
the intensity of ambient light regulates the release of retinal dopamine. Refractive development is
associated with illuminance dependent dopamine release.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The neurotransmitter dopamine plays a major role in light-
adaptive processes in the retina (Dearry and Burnside, 1989;
Iuvone et al., 1978a; Jensen and Daw, 1986; Kramer, 1971; Maguire
and Werblin, 1994; Nguyen-Legros and Hicks, 2000). Dopamine is
c acid; L-DOPA, L-3,4-
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synthesized by a subset of amacrine cells from L-tyrosine in a two-
step process: hydroxylation by tyrosine hydroxylase to L-3,4-
dihydroxyphenylalanine (L-DOPA), followed by decarboxylation of
L-DOPA by aromatic L-amino acid decarboxylase to dopamine. Over
the past four decades numerous studies have focused on deter-
mining the conditions controlling retinal dopamine release (Iuvone
et al., 1978a; Kramer, 1971). In vertebrates, dopamine release is
activated by light and controlled, in part, by an endogenous circa-
dian rhythm (Adachi et al., 1998; Boatright et al., 1989; Iuvone et al.,
1978b; Megaw et al., 2006; Zawilska et al., 2003). Light also
increases the rate of dopamine synthesis (Iuvone et al., 1978b);
thus, retinal dopamine concentrations do not merely reflect
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dopamine release but also are indicative of its synthesis (Iuvone
et al., 1978a; Megaw et al., 2006).

Blockade of dopamine synthesis by an inhibitor of aromatic L-
amino acid decarboxylase (m-hydroxybenzylhydrazine: NSD 1015)
was introduced by Carlsson et al. (1972) as a method for differen-
tiating between synthesized and released dopamine. In light
stimulated retina that was exposed to dopamine synthesis inhib-
itor, accumulation of DOPA is used as a measure of dopamine
synthesis, and depletion of dopamine is used as a measure of
dopamine release. Very few studies, using the dopamine synthesis
blockade method, have addressed the question of how retinal
dopamine synthesis and release are affected by illuminance (the SI
units of illuminance are lux, lumens per square meter, and foot
candle). In rats, an increase in retinal dopamine synthesis and
release was observed when the animals were exposed to illumi-
nation within the range of 2e80 lux, which the authors considered
dim light (Brainard and Morgan, 1987; Proll et al., 1982). In mice
that were kept at illumination of 645 lux for 8.5 h, dopamine
synthesis and release were slightly higher than in mice kept at
illumination of 50 lux for 9 h (Nir et al., 2000). Models based on
animal studies demonstrated complex relationships between
ambient illuminance and retinal dopamine release. Marshak (2001)
suggested that in mammals, the illuminance dependent release of
retinal dopamine can be described as a U-shaped model because
relatively large amounts of dopamine were released both in dark-
ness and in photopic backgrounds (60 lux), whereas small amounts
were released at the scotopic range of illuminance (<1 lux). Morgan
and Boelen (1996) described a retinal on/off circuit in chicks,
termed the darkelight switch model, where an increase in dopa-
mine release occurs initially at very low illuminance. Thereafter, the
release of retinal dopamine is graded by illuminance and contrast
(Megaw et al., 1997; Morgan and Boelen, 1996).

The vitreous gel can neither synthesize nor degrade dopamine
and its metabolites. Witkovsky et al. (1993) were the first to suggest
that vitreal dopamine concentrations could mirror retinal dopa-
mine release. However, vitreal dopamine concentrations were
frequently too low to be accurately detected by high-performance
liquid chromatography coupled to electrochemical detection
(HPLCeECD). To overcome this shortcoming, the concentration of
the dopamine metabolite, 3,4-dihydroxyphenylacetic acid (DOPAC)
was used as an accurate measure of retinal dopamine release
(Bartmann et al., 1994; Megaw et al., 2001; Ohngemach et al., 1997).
The effect of illuminance on retinal dopamine release using vitreal
DOPAC concentrations has been examined in two studies. In chicks
reared under lightedark cycles, Megaw et al. (IOVS 1997; 85:
abstract s47) observed a linear dependence of retinal dopamine
release on log illuminances over four log units. In chicks reared
under continuous light with varied nighttime lighting conditions,
the vitreal DOPAC concentration measured during the nighttime
under illuminance of 500 lux was twice as high as that measured
under illuminance of 10 lux (Liu et al., 2004).

Under lightedark cycles of 200 lux, the effect of circadian
rhythm on vitreal DOPAC concentrations was examined in chicks
by monitoring the accumulation of DOPAC in the vitreous body
(Megaw et al., 2006). Vitreal DOPAC showed daily oscillations with
concentrations increasing during the light phase and decreasing
during the dark phase. The greatest increase in vitreal DOPAC
concentration occurred during the first 6 h of the light phase, and
was proportional to retinal dopamine release. The accumulation of
DOPAC in the vitreous over this period of time fitted a mathe-
matical model of DOPAC accumulation based on zero-order influx
(Megaw et al., 2001). In the present study we examined illumi-
nance driven dopamine release by measuring the DOPAC and
dopamine concentrations in the vitreous extracted during the first
6 h of light.
Ambient illuminance has been shown to be a crucial modulator
of refractive development in chicks raised either under lightedark
cycles or under continuous light (Cohen et al., 2008; Jensen and
Matson, 1957; Lauber and Kinnear, 1979; Li et al., 1995; Smith
et al., 2012; Stone et al., 1995). Ambient light of low illuminance
was found to be a risk factor for axial elongation in chicks reared
under lightedark cycle (Cohen et al., 2011; Lauber and Kinnear,
1979) and for myopia development in chicks reared under either
lightedark cycle or under continuous light (Cohen et al., 2008,
2011). The aim of this study was to determine the relationship
between ambient illuminance, retinal dopamine release, and
refractive development in chicks.

2. Materials and methods

2.1. Housing and lighting

Day-old white Leghorn chicks (n ¼ 166) were purchased from
a local hatchery (Hemed Farm, Israel). The chicks were placed in
temperature-controlled cages (days 1e10, 33 � 0.5 �C; days 11e90,
23 � 1 �C) in cages of two sizes (days 1e10, 120 � 60 � 60 cm; days
11e90, 2.3 � 1.7 � 4 m) and raised under 12-h/12-h lightedark
cycles of 500 lux for 7e10 days. Chicks were supplied with food
and water ad libitum. Experimental procedures and animal
handling were approved by the Animal Welfare Commission of Tel
Aviv University and adhered to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. The chick gender is
known to affect ocular growth (Zhu et al., 1995). In our study, the
gender of the chicks was determined by examination of secondary
sexual characteristics in day old chick, and was standardized for
males in the lightedark cycles group and for females in the
continuous light group.

Chicks were divided into two experimental groups, a dopamine
group and a refraction group. The dopamine group, consisting of 88
chicks aged 10 days, was divided into six illumination groups, three
of them with lightedark cycles of low (50 lux), medium (500 lux),
or high (10,000 lux) illuminance (lights on between 7:00 AM and
7:00 PM) and three with continuous light of low (50 lux), medium
(500 lux), or high (10,000 lux) illuminance. The chicks were
exposed for 3 days to lightedark cycles of low, medium, or high
light illuminance (n¼ 46, male chicks) or to continuous light of low,
medium, or high illuminance (n ¼ 42, female chicks). They were
euthanized on day 14 post-hatching, and vitreal DOPAC and
dopamine concentrations were quantified.

Chicks in the refraction group (aged 7�10 days; n ¼ 78)
underwent baseline measurements of refraction, corneal curvature
and axial length. They were then also divided into six illumination
groups, as described above, and exposed to lightedark cycles
(n¼ 40, male chicks) of low, medium, or high illuminance (exposed
from day 10 to day 90) or to continuous light (n¼ 38, female chicks)
of low, medium, or high illuminance (exposed from day 7 to day
90). Their refractive development was examined on days 30, 60,
and 90.

Based on the observation of Megaw et al. (2006) that the diurnal
patterns of three consecutive vitreal DOPAC oscillations were
similar, we assumed that the proportions of the illuminance
dependent vitreal DOPAC concentrations measured on day 14
would be similar to those measured on days 30, 60, and 90.
Moreover, we previously reported that the proportions of illumi-
nance dependent vitreal DOPAC concentrations (low vs. medium,
medium vs. high, high vs. low illuminance) were similar for chicks
examined at 14 and at 90 days post-hatching. The values we ob-
tained were: low vs. medium (On day 14: 19.2/30.6; on day 90:
10.8/17.9), medium vs. high (on day 14: 30.64/39.53; on day 90:
17.9/24.3), low vs. high (on day 14: 19.2/39.53; on day 90: 10.8/
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24.3). (ISVER 2012; 51: abstract 5238). Accordingly, by correlating
the vitreal DOPAC concentrations measured on day 14 with the
refraction measured on days 30, 60, and 90 we evaluated the
impact of dopamine release rate on refractive development.

The cages of the dopamine and the refraction groups were each
illuminated with an incandescent light bulb placed at the center of
the ceiling, as previously described (Cohen et al., 2008, 2011). For
both lightedark and continuous light treatments, the low, medium,
and high intensity groups were illuminated with 5 W (OSRAM
GmbH), 40 W (Panasonic Corporation), and 300 W (Hyundai Light
& Electric (HZ) Co.) bulbs, respectively. Illuminance and spectral
composition of the emitted light weremeasured at floor level at the
center of the cage, using a calibrated spectroradiometer (Megatron,
London, UK), and an extended range spectrometer USB4000 XR-1
(Ocean Optics). Low, medium, and high illuminance groups were
exposed to light spectra (range; peak) of 280e1050; 620 nm,
300�1000; 580 nm, and 450�950; 630 nm, respectively.

2.2. Vitreous body collection and storage

Vitreous dopamine and DOPAC were assayed on day 14 post-
hatching, between 6:30 and 7:00 AM, between 8:00 and
9:00 AM, and between 1:00 and 2:00 PM (hereafter referred to as
7 AM, 8 AM and 1 PM, respectively). The vitreal DOPAC assay at
7 AM, representing the zero time point, was measured only for the
lightedark cycle group. Chicks were anesthetized by subcutaneous
injection of 2% xylazine 5 mg/kg and ketamine 20 mg/kg and then
decapitated. Timing the collecting of vitreous samples for DOPAC
concentration measurements is critical. We collected the vitreous
samples of 3 chicks’ eyes (one of each group of illuminance) in
15 min, and within less than 5 min from the onset of anesthesia
their eyes were enucleated and hemisected, and the vitreous bodies
were transferred into a petri dish. Any remnants of retina, retinal
pigment epithelium, or choroid were removed. Vitreous gels, each
150 mL in volume, were individually transferred by pipette into
sterile 1-mL tubes. The vitreous was immersed in 200 mL of ice-cold
ascorbic acid (0.5 mM). The samples were stored at 70 �C until
assayed. Immediately prior to assay the samples were transferred
to ice for analysis by HPLCeECD.

2.3. HPLCeECD

For analysis of dopamine and DOPAC, thawed vitreous samples
were homogenized by sonication with a micro-ultrasonic cell dis-
ruptor set at a power output of 5 W (Kontes, Vineland, NJ), and
centrifuged at 3000 g (1 h at 48 �C). Supernatants were filtered
through 0.45-mm nylon filters and analyzed for dopamine and
DOPAC content by ion-pair reverse-phase HPLC (Waters 717plus
Autosampler, Milford, MA; Shimadzu LC-10Avp solvent delivery
system, Kyoto, Japan; Hichrom Waters Spherisorb 4.6 � 250 mm
column; Esa Coulochem ii ECD). The mobile phase contained 13.9 g
sodium dihydrogen phosphate monohydrate, 50 mg EDTA, 32 mg
sodium octanesulfonate and 25 mL acetonitrile per liter. The pH
was adjusted to 3.2. Dopamine and DOPAC concentrations were
determined by comparing peak areas of the samples with those of
standards, using a programmed integrator interfaced with the
detector.

2.4. Refraction and ocular parameters

Cycloplegic refraction was assessed with a Nikon Streak reti-
noscope. Binocular cycloplegia was induced with eye drops of 0.1%
vecuronium bromide (Schwahn and Schaeffel, 1994). The refractive
state was determined at a working distance of 66 cm, using lens
bars to neutralize the two principal meridians. Refraction was
corrected for the measurement distance and was expressed as
spherical equivalent (sphere � cylinder/2).

For keratometry, we used a calibrated Javal-Schiotz keratometer
(Haag-Streit) and measured the curvature of the anterior corneal
surface in the horizontal and vertical meridians at the 3-mm
central anterior area. The instrument was modified to fit the
steep cornea of the newly hatched chicks through extension of the
measuring range of the instrument by the addition of convex lenses
(þ1.25 to þ6 D). Correction for the true corneal radius of curvature
was made on the basis of measurement of the apparent radii of
metal balls of known radii (range, 3.95e9.55 mm) through these
convex lenses. The true geometrical radius values were converted
to values of corneal power.

An A-mode ultrasound device was used for in-vivo axial
measurements, which included the anterior and vitreous chamber
depths and lens thickness. These measurements were performed
(model EchoScan US-1800; transducer frequency, 10 MHz; Nidek,
Fremont, CA) on day 90. Measurements of axial length (measuring
from the anterior corneal surface to the retinal surface) were
repeated on days 30, 60, and 90 using the Humphrey ultrasonic
biometer (model 820; transducer frequency, 10 MHz; Humephrey
Instruments, Welwyn Garden City, UK). Means of 3e5 measure-
ments were used for statistical evaluation. An ultrasound pachy-
meter (Paxis, Biovision) was used to measure central corneal
thickness. On day 90, the chicks were euthanized with pentobar-
bitone sodium (60 mg/kg, i.v.). Their eyes were enucleated and the
equatorial diameters were immediately measured with a calibrated
micrometer. Average values of the horizontal and vertical merid-
ians were calculated.

2.5. Statistical analysis

Data are reported as means � SD, and compared using one-way
analysis of variance (ANOVA) for comparison within and among
groups. Post-hoc pairwise multiple comparisons were made using
Dunnett’s t-test for unequal variances. The Pearson correlation
coefficient was used to measure the associations between vitreal
DOPAC concentrations, log illuminance, and ocular parameters of
the corresponding light regimen groups. For statistical analysis of
the results we used the SigmaStat program (version 19, SPSS, Chi-
cago, IL). Values of P< 0.05 were considered statistically significant.

3. Results

3.1. Vitreal DOPAC and dopamine concentrations of the lightedark
cycle groups

Under lightedark illumination cycles, vitreal DOPAC concen-
trations measured at 1 PM showed the strongest correlation with
log illuminance (r ¼ 0.91, P < 0.0001) (Table 1, Fig. 1), and these
values were used to determine the statistical correlations with
refractive parameters.

In chicks kept under lightedark cycles (Table 1, Fig. 2) differ-
ences in DOPAC concentration between the medium and the high
illuminance groups appeared rapidly and were observed within the
first 1e2 h (8 AM) of the light phase. However, during this time
period no differences were detectable between the low and the
medium intensity groups (P < 0.0001, one-way ANOVA; Dunnett’s
t-test: low vs. medium, P¼ 0.79; mediumvs. high, P¼ 0.04; high vs.
low, P < 0.0001). By 1 PM (6e7 h into the light phase) significant
differences in vitreal DOPAC concentration were observed between
the three illuminance groups (P < 0.0001, one-way ANOVA; Dun-
nett’s t-test: low vs. medium, P < 0.0001; medium vs. high,
P ¼ 0.02; high vs. low, P < 0.0001). In chicks that were exposed to
low illuminance, DOPAC concentrations were 37.2% and 51.4%



Table 1
Concentrations of vitreal DOPAC measured in chicks exposed to low, medium, or high light intensity under lightedark cycles or under continuous light, and their correlations
(r) with log illuminance intensity. Post-hoc tests were carried out to examine the differences in vitreal DOPAC, when measured at 8 AM and at 1 PM, between the low (50 lux),
medium (500 lux), and high (10,000 lux) illuminance groups. A significant difference (P < 0.05) between the high and the medium illuminance groups is denoted as (1),
between the medium and the low illuminance groups as (2), and between the low and the high illuminance groups as (3). The number of eyes in each group is shown in
brackets. Pa, P value of one-way ANOVA test.

Groups Vitreous extraction at 8 AM Correlation Vitreous extraction at 1 PM Correlation

Lightedark cycles
Vitreal DOPAC (ng/mL)
Low 14.27 � 3.02 (10) r ¼ 0.77 19.2 � 2.84 (10) r ¼ 0.91
Medium 19.04 � 6.3 (8) P < 0.0001 30.64 � 2.45 (10) P < 0.0001
High 28.51 � 3.13 (10) 39.53 � 5.31 (10)
Pa (one-way ANOVA) Pa < 0.0001 (1, 3) Pa < 0.0001 (1, 2, 3)

Continuous light
Vitreal DOPAC (ng/mL)
Low 9.04 � 2.0 (10) r ¼ 0.85 11.29 � 3.53 (10) r ¼ 0.74
Medium 18.2 � 3.4 (10) P < 0.0001 21.69 � 5.39 (18) P < 0.0001
High 33.38 � 9.2 (18) 38.79 � 14.69 (18)
Pa (one-way ANOVA) Pa < 0.0001 (1, 2, 3) Pa < 0.0001 (1, 2, 3)
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lower, respectively, than in chicks from the medium and high
illuminance groups. The difference between vitreal DOPAC
concentrations measured at 8 AM and at 1 PM was smallest in the
low illuminance group (4.93 ng/mL; P ¼ 0.034, paired t-test,
compared to 11.6 ng/mL; P ¼ 0.001, and 11.02 ng/mL; P ¼ 0.003, in
the medium and high illuminance groups, respectively).

In all of the 88 eyes that underwent vitreal DOPAC measure-
ments, vitreal dopamine was measured as well. The measured
vitreal dopamine concentrations were 10e40 times lower than
vitreal DOPAC concentrations, and in a small number of cases no
traces of dopamine were detected. Thus, this data set was not
presented.

3.2. Vitreal DOPAC concentrations of the continuous light groups

In chicks kept under continuous light, vitreal DOPAC concen-
trations measured at 8 AM and at 1 PM were strongly correlated
with log illuminance (Table 1, Fig. 3). Vitreal DOPAC concentrations
measured at 8 AM are shown in the table, and did not differ from
their respective measurements at 1 PM.
Fig. 1. Correlation between vitreal DOPAC concentration and log illuminance. The
dotted gray line represents a linear regression line drawn through a scatterplot of
vitreal DOPAC concentrations measured at 1 PM in the low (>: n ¼ 10), medium (B:
n ¼ 10), and high (,: n ¼ 10) illuminance groups at the y-axis, and the log illumi-
nances at the x-axis.
3.3. Refractive development and vitreal DOPAC concentrations

The data on refractive development measured on days 30, 60,
and 90 and their correlations with vitreal DOPAC concentration are
presented in Table 2. The changes induced by illuminance in vitreal
DOPAC concentrations measured on day 14 at 1 PM (after 6 h with
lights on) were considered as an appropriate index for the release
rate of retinal dopamine (Megaw et al., 2001).

In chicks kept under lightedark cycles, the baseline mean
refraction measured on day 10 post-hatching was þ4.17 D. By day
30, refraction in the low, medium and high illuminance groups had
dropped to the values shown in Table 2. Vitreal DOPAC concen-
trations measured on day 14 showed a moderate correlation with
refraction measured on day 30 (r ¼ 0.51, P ¼ 0.02) and strong
correlations with refraction measured on days 60 and 90. We have
to emphasize that all statistical correlations between DOPAC levels
and ocular parameters that were found to be significant in this
study do not necessarily represent a causal relationship.

As shown in Table 2, the mean corneal power was 2e3 D greater
in the high illuminance group than in the low illuminance group,
Fig. 2. Vitreal DOPAC concentrations in chicks exposed to lightedark cycles. The graph
shows vitreous DOPAC concentrations (means � SD) measured at 7 AM, 8 AM and at
1 PM under lightedark cycles of low (50 lux), medium (500 lux), or high (10,000 lux)
illuminance groups. The solid line below the x-axis represents the time the light was
on (gray) and off (black). Dashed straight lines connect the two data points of each
illuminance group. The numbers of eyes measured at 7 AM, 8 AM and at 1 PM in the
three illuminance groups were 6, 10 and 10 (low), 6, 8 and 10 (medium), and 5, 10 and
10 (high). LD, 12/12 h lightedark cycles.



Fig. 3. Vitreal DOPAC concentrations in chicks exposed to continuous light. The graph
showsvitreousDOPACconcentrations (means�SD)measuredat 8AMandat 1PMunder
continuous light of low (50 lux), medium (500 lux), or high (10,000 lux) illuminance
groups. Straight lines connect the two data points of each illuminance. The numbers
of eyesmeasured respectively at 8 AM and at 1 PM in the three illuminance groupswere
10 and 10 (low), 10 and 18 (medium), and 18 and 18 (high). CL, continuous light.
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and moderate correlations between the corneal power and the
vitreal DOPAC concentration were found on days 60 and 90.

Axial lengthsmeasured on days 30, 60, and 90were significantly
longer in the low illuminance group than in the medium and the
high illuminance groups (P < 0.0001, one-way ANOVA). On day 90,
axial lengths were found to be significantly correlated with vitreal
DOPAC concentrations measured on day 14 (r ¼ �0.73, P ¼ 0.001)
(Table 2).

Additional ocular parameters measured on day 90 are presented
in Table 3. Under lightedark cycles, log illuminance was signifi-
cantly correlated with corneal thickness, anterior chamber depth,
Table 2
Parameters of refractive development in chicks exposed to low, medium, or high light int
vitreal DOPAC concentration. Baseline ocular measurements were performed on days 7 a
keratometry and axial length measurements were performed on days 30, 60 and 90, an
correlated with vitreal DOPAC concentration measured at 1 PM. Post-hoc tests were carr
high light illuminance groups. Significant differences between the groups are denoted as (
at 1 PM; Pa, P value of one-way ANOVA test.

Lightedark cycles

Day 10 Day 30 Day 60 Day 90

Refraction (D)
Low þ4.2 � 0.51 þ1.32 � 0.31 �0.27 � 0.83 �2.41 �
Medium þ1.61 � 0.32 þ0.44 � 0.36 þ0.01 �
High þ2.18 � 0.4 þ1.13 � 0.2 þ1.11 �
Pa Pa < 0.0001 Pa < 0.0001 Pa < 0.0
Post-hoc tests (1, 2, 3) (1, 2, 3) (1, 2, 3)

r; P 0.51; 0.02 0.84; 0.0001 0.86; 0.0
Keratometry (D)
Low 103.3 � 2.7 77.3 � 1.8 65.3 � 2 59.9 � 1
Medium 78.5 � 1.5 66.9 � 1.67 61.9 � 1
High 79.3 � 2.1 68.24 � 1.6 62.9 � 1
Pa Pa < 0.0001 Pa < 0.0001 Pa < 0.0
Post-hoc tests (1, 3) (1, 2, 3) (1, 3)

r; P 0.23; 0.33 0.47; 0.03 0.46; 0.0
Axial length (mm)
Low 8.99 � 0.1 12.3 � 0.34 14.6 � 0.45 16.2 � 0
Medium 12.2 � 0.29 14.4 � 0.5 15.6 � 0
High 11.9 � 0.24 14.36 � 0.31 15.5 � 0
Pa Pa < 0.0001 Pa ¼ 0.048 Pa < 0.0
Post-hoc tests (3) (3) (1, 3)

r; P �0.33; 0.15 �0.16; 0.51 �0.73; 0
lens thickness, vitreous chamber depth, and equatorial diameter.
The parameter found to be themost strongly correlated with vitreal
DOPAC concentration was vitreous chamber depth: a deeper
vitreous chamber was associated with a lower concentration of
vitreal DOPAC (r ¼ �0.74, P < 0.0001).

In chicks raised under continuous light (Table 2), the mean
baseline refraction measured on day 7 post-hatching was þ3.6 D.
The table records changes in mean refraction values in the low,
medium, and high illuminance groups on days 30, 60 and 90, and
shows that chicks exposed to continuous light at high illuminance
gradually developed severe hyperopia. Chicks exposed to contin-
uous light of low illuminance for 90 days developed emmetropia
(þ0.63 � 3.61) with a large standard deviation, and 53% of those
chicks were myopic. The r values in the table show that the
refraction measured on days 30, 60, and 90 was highly correlated
with vitreal DOPAC concentrations (Table 2).

In agreement with previous studies (Li et al., 2000, 1995),
corneal curvature was significantly flatter in the continuous light
groups as compared with lightedark cycles groups. We observed
that corneal power was reduced under high illuminance compared
to low illuminance of continuous light. By day 60, corneal power
was moderately correlated with vitreal DOPAC concentration.

Except for corneal power, the ocular parameter that was most
significantly associated with vitreal DOPAC concentration was the
vitreous chamber depth (Table 3), which increased with decreasing
concentrations of vitreal DOPAC.

Corneal thickness and lens thickness were dependent on log
illuminance, but were not found to be correlated with vitreal
DOPAC concentrations.
4. Discussion

In this study we measured vitreal DOPAC and dopamine
concentrations in chicks reared under low, medium, and high
illuminance under lightedark cycles or continuous light. We
examined the correlations between the various light conditions,
ensity under lightedark cycles or under continuous light, and their correlations with
nd 10 for the continuous light and lightedark cycle groups, respectively. Refraction,
d are presented as means � SD. For all groups, the sequential measurements were
ied out to examine the differences in vitreal DOPAC between the low, medium, and
1), (2), and (3), as in Table 1. r, correlationwith vitreal DOPAC concentrationmeasured

Continuous light

Day 7 Day 30 Day 60 Day 90

1.23 þ3.6 � 0.8 þ0.68 � 0.98 þ0.01 � 2.5 þ0.63 � 3.61
0.56 þ6.31 � 3.89 þ8.57 � 3.83 þ7.9 � 4.08
0.27 þ7.38 � 4.17 þ14.09 � 5.9 þ11.84 � 3.7
001 Pa < 0.0001 Pa < 0.0001 Pa < 0.0001

(2, 3) (1, 2, 3) (1, 2, 3)
001 0.53; 0.0001 0.60; 0.0001 0.49; 0.0001

.9 109.2 � 3.16 80.7 � 4.5 67.8 � 4.45 56.3 � 4.57

.8 80.4 � 4.09 61.94 � 4.4 49.72 � 4.16

.4 78.7 � 3.9 56.79 � 5.26 46.4 � 3.5
001 Pa ¼ 0.07 Pa < 0.0001 Pa < 0.0001

(1, 2, 3) (1, 2, 3)
4 �0.3; 0.03 �0.6; 0.0001 �0.54; 0.0001

.5 8.92 � 0.17 12.09 � 0.51 14.2 � 0.52 15.5 � 0.58

.4 11.29 � 0.46 13.67 � 0.69 15.28 � 0.8

.4 11.23 � 0.26 13.49 � 1.02 15.3 � 0.97
001 Pa< 0.0001 Pa < 0.03 Pa ¼ 0.59

(2, 3) (2, 3)
.001 � 0.45; 0.001 �0.08; 0.58 �0.02; 0.87



Table 3
Ocular parameters (means � SD) measured on day 90 in chicks exposed to low
(50 lux), medium (500 lux), or high (10,000 lux) illuminance under lightedark cycles
or under continuous light, and their correlations with vitreal DOPAC concentrations
measured at 1 PM. Under lightedark cycles, all ocular measurements were corre-
lated with vitreal DOPAC concentrations at 1 PM, whereas under continuous light
only the vitreous chamber depth was correlated with DOPAC concentrations. The
anterior chamber depths of the continuous light groups were extremely shallow,
and were linked to severely flat corneas. Significant differences between the groups
are denoted as (1), (2), and (3), as in Table 1. r, correlation with vitreal DOPAC
concentration measured at 1 PM. Pa, P value of one-way ANOVA test.

Ocular parameters measured
on day 90

Lightedark
cycle groups

Continuous
light groups

Pachymetry (mm)
Low 259.26 � 12.4 236 � 15
Medium 241.8 � 11.2 238 � 9.8
High 233.7 � 8.73 227 � 10
Pa <0.0001 (1, 3) <0.0001 (3)

r; P �0.55; 0.012 �0.14; 0.34
Anterior chamber depth (mm)
Low 2.9 � 0.36 0.8 � 0.05
Medium 2.8 � 0.2 0.79 � 0.04
High 2.72 � 0.2 0.81 0.05
Pa 0.03 (2, 3) 0.3

r; P �0.48; 0.03 0.2; 0.8
Lens thickness (mm)
Low 3.26 � 0.1 4.48 � 0.32
Medium 3.34 � 0.1 4.03 � 0.19
High 3.44 � 0.1 3.68 � 0.21
Pa <0.0001 (1, 3) <0.0001 (1, 2, 3)

r; P 0.65; 0.002 �0.39; 0.08
Vitreous chamber depth (mm)
Low 10.1 � 0.5 10.1 � 0.7
Medium 9.4 � 0.4 10.2 � 0.9
High 9.33 � 0.35 10.9 � 1.1
Pa <0.0001 (2, 3) 0.004 (3)

r; P �0.74; <0.0001 0.42; 0.01
Equatorial diameter (mm)
Low 21.8 � 0.6 22.2 � 0.8
Medium 21.2 � 0.5 21.5 � 0.9
High 21.1 � 0.7 22.1 � 0.7
Pa 0.008 (2, 3) 0.1

r; P �0.57; 0.008 �0.09; 0.64
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the indices of retinal dopamine release, and refractive
development.

Under lightedark illumination cycles, vitreal DOPAC concen-
trations were found to be linearly dependent on log illuminance
ranging from dim to bright light. Vitreal DOPAC concentration,
which has been established as an index of retinal dopamine release,
varies in accordance with Fick’s laws of diffusion (Megaw et al.,
2001). During the first 6 h of the light phase, accumulation of
vitreal DOPAC depends mainly on the diffusion of DOPAC from the
retina into the vitreous and is proportional to retinal dopamine
release (Megaw et al., 2001). We found no difference in dopamine
release rate between the low and the medium illuminance groups
1e2 h after light onset. However, 6e7 h after light onset the
accumulation of DOPAC reached sufficiently large concentrations
and was found to be significantly different between all
illuminance groups. On the basis of these observations we
suggest that the vitreal DOPAC concentration measured at 6e7 h
after light onset provides a more reliable index of the rate of
dopamine release than the index based on the measurements of
vitreal DOPAC concentration at 1e2 h after light onset.

Under continuous light for 3 days of low, medium, and high
illuminance, vitreal DOPAC concentration was linearly dependent
on log illuminance and reached a stable level. Previous literature
revealed that the effect of continuous light upon retinal dopamine
concentrations and vitreal DOPAC concentrations is controversial.
Whereas Liu et al. (2004) and Zawilska et al. (2003) reported that
chicks exposed to 2�3 weeks of continuous light show no
significant decrease in retinal dopamine, Bartmann et al. (1994)
reported that retinal dopamine and DOPAC concentration were
dramatically reduced after 13 days of continuous light. Long term
exposure (80 days) of chicks to continuous light (fluorescent light;
700 lux) resulted in damage to the outer retina. Retinal histology
revealed loss of oil droplets in the Photoreceptor cells, and regional
loss of both Photoreceptors and retinal pigment epithelial cells (Li
et al., 1995). However, there was no direct link between contin-
uous light with the damage to the outer retinal segment, and the
authors suggested that the excessive enlargement of the vitreous
chamber might induce severe retinal damage (Li et al., 1995).

An interesting observation in our study was that the mean
vitreal DOPAC concentrations measured after 6 h of high illumi-
nance under lightedark cycles and under continuous light were
similar, indicating the ability of the retina to maintain a remarkably
intense retinal dopaminergic activity over a long period. It should
be mentioned, however, that this high retinal dopamine release
rate was not maintained by all the chicks; twenty three percent of
the chicks exposed to continuous high illuminance had very low
concentration of vitreal DOPAC (<75% from the mean value) and
had 6 times greater variability than that of chicks exposed to high
illuminance of lightedark cycles.

Measurements of retinal dopamine concentrations after inhi-
bition of dopamine synthesis, as well as measurements of vitreal
DOPAC concentrations, have been used in animal studies to
establish an association between retinal dopamine release rate and
experimental myopia. Form deprivation myopia in chicks was re-
ported to be associated with a 25% reduction in retinal dopamine
concentration, and a reduction of 30e40% in vitreal DOPAC
concentrations (Megaw et al., 1997; Stone et al., 1989). It should be
emphasized that the retinal dopamine concentrations measured in
the above study do not represent the amount of dopamine
synthesized/released but rather the amount of dopamine left over
after its release. Measurement of dopamine accumulation in the
vitreous would reflect the release of retinal dopamine, but the
dopamine concentration in the vitreous, when determined by
HPLC, is too low to be reliable. We therefore strongly suggest that in
attempts to determine an association between retinal dopamine
release and refractive development, the parameter of choice should
be the concentration of vitreal DOPAC rather than of retinal/vitreal
dopamine.

The correlation found in our study between vitreal DOPAC
concentration and refractive development in the chicks’ eyes was
significant both under lightedark cycles and under continuous
light. Under lightedark cycles, low vitreal DOPAC concentration
was associated with myopia development, corneal flattening, and
longer axial length. Under continuous light, high vitreal DOPAC
concentration was associated with development of severe hyper-
opia, corneal flattening, and deep vitreous chamber. We presume
that the role of dopamine in the emmetropization process is not
limited to the posterior segment of the eye but also involves the
different components of the anterior segment; our results indeed
showed strong correlations between the vitreal DOPAC concen-
tration and the refractive power of the anterior corneal surface,
corneal thickness, anterior chamber depth, and lens thickness.
However, Lauber and Oishi (1990) reported that growth of the
anterior segment, including that of the cornea and lens, is inde-
pendent of retinal growth. Moreover, dopamine is not the only light
modulated messenger in the retina, and the correlation of dopa-
mine level and refractive changes of the anterior chamber cannot
necessarily be attributed to the direct effect of dopamine. The effect
of retinal dopamine release on the development of the anterior
segment should be clarified in further studies.

Under continuous illumination by low, medium, or high light
illuminance for 3 days, vitreal DOPAC concentrations in the chick
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eyes were associated with refractive development, and the refrac-
tive status of eyes on day 90 were emmetropia, moderate hyper-
opia, or severe hyperopia, respectively. Under continuous light low
vitreal DOPAC concentrations were associated with a highly vari-
able refraction status; although 53% of the cases were myopic, the
overall mean refraction was þ0.6 D and all this without any
significant axial elongation. Whereas, under lightedark cycles, low
vitreal DOPAC concentrations were associated with myopia
accompanied by axial elongation. Under continuous light, high
vitreal DOPAC concentrations were associated with severe hyper-
opia, flat corneas, and deep vitreous chambers, whereas under
lightedark cycles, high vitreal DOPAC concentrations were corre-
lated with mild hyperopia, steep corneas, and shallow vitreous
chambers. This might suggest a different mechanism for the
development of refraction under continuous light and under lighte
dark cycles. Moreover, corneal flattening induced by continuous
light increases the focal length and may trigger longer vitreous
chambers due to emmetropization. In this case, long vitreous
chamber depth is a consequence of flat corneas and may be inde-
pendent of dopamine. Lastly, it is possible that the complex rela-
tionship between light intensity and light duration dependent
vitreal DOPAC concentration might be the cause of the observed
elongation of the vitreous chamber. Further studies are needed to
clarify the time dependent changes in vitreal DOPAC concentra-
tions under continuous light in order to unravel its complex rela-
tionship to refractive development.

The myopic refraction induced by form deprivation (Wallman
et al., 1978) developed faster and to a more severe extent than the
myopia induced by lightedark cycles of low illuminance, although
there was an equivalent decline in vitreal DOPAC concentration in
the two cases. A previous study showed that form deprivation
myopia induced bygogglingwas associatedwith a 30%e40% decline
in vitreal DOPAC concentration compared to the contralateral
uncovered eye (Megaw et al., 1997). In the present study, low illu-
minance myopia was associated with a 37% decrease in retinal
dopamine release compared to emmetropic eyes. Luft et al. (2004)
reported that the reduction in retinal dopamine release measured
in form deprived eye was not related to a reduced spatial and
temporal contrast of the image, but was equal to that produced by
a similar reduction in illuminance. On the contrary, Feldkaemper
et al. (1999) reported that spatial contrast provides a separate
input into retinal dopamine release. In an earlier study byour group,
in which chicks with unilateral lid suturing were reared for 90 days
under various intensities of continuous light, chicks exposed to low
(50 lux), medium (500 lux), or high (10,000 lux) illuminances
demonstrated refraction of þ6.2 � 3.6 D, þ8.8 � 2.3 D,
or þ12.8 � 4.1 D, respectively (Cohen et al., 2010). The latter study
further supports the observation that illuminance dependent
refractive development is independent of form vision. Since the
reductions in retinal dopamine release were similar under both
form deprivation and low illuminance, it can be inferred that
dopamine is one of several retinal neuro-hormones that regulate the
refractive development.

Animal studies have shown that short-term exposure to bright
light is sufficient to protect against form deprivation myopia. For
example, in chicks that were fitted with translucent diffusers for 5
days, removal of the diffusers for 15 min a day under intense
laboratory lighting resulted in significantly less myopic refraction
than in chicks that were similarly treated except that their daily
15min exposurewas to normal laboratory light (Ashby et al., 2009).
In another study, form deprivation in chicks, reared under labora-
tory light (500 lux) for 4 days, induced significant amounts of
myopia (�9.1 D). Myopia development, however, was significantly
retarded (�3.7 D) if chicks were exposed to bright light (15,000 lux)
for 5 h each day. Moreover, daily intravitreal injections of spiperon,
a dopaminergic receptors antagonist, blocked the protective effect
of bright light in form deprivation myopia (Ashby and Schaeffel,
2010). It thus seems that short periods of high dopamine release
are helpful in preventing myopia development. This might be
explained, at least in part, in terms of reverse diffusion of vitreal
dopamine into the retina, thus conferring the long-term myopia-
genic protection associated with bright light.

The worldwide prevalence of human myopia rose during the
last 3 decades by 66%, in parallel with rapid global urbanization
(Vitale et al., 2009). Recent studies reported that the time spent
outdoors during childhood represent a protective factor against
school-aged myopia (Dirani et al., 2009; Ip et al., 2008; Lu et al.,
2009; Rose et al., 2008). The relevance of retinal dopamine in
animal myopia models (Stone et al., 1989) was suggested by Rose
et al. (2008) to explain the protective effect of time outdoors
from myopia in humans, and our experiment in chicks’ eyes
corroborate their claim. Currently a randomized clinical trial is
being conducted for this purpose (Pan et al., 2012).

We conclude that under lightedark cycles, low vitreal DOPAC
concentration was associated with the development of myopia, flat
cornea and axial elongation. Under continuous light, high vitreal
DOPAC concentration was associated with the development of
severe hyperopia, flat cornea and deep vitreous chamber. Under
both lightedark cycles and continuous light, ambient illuminance
drives the dopamine release rate and refractive development of the
chick eye.
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