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Abstract

Purpose: The purpose of this study was to test the response of the mouse eye to two methods for the induction of experimental
myopia.

Methods: Growth patterns of eyes were determined by axial length measurements from birth to adult in eyes of both sexes of normal
mice examined on post-natal day 1 to 6 months and at 1 year. For the induction of experimental myopia, Balb/cJ mice were prepared
with either unilateral lid suture or by a �10 D spectacle lens placed over one eye at post-natal day 10. Other mice received a plano lens as
a control for lens wear. Refraction was carried out at post-natal days of 28, 42 and 56 in lid suture and spectacle lens wear group by
streak retinoscopy. Axial length was measured by a combination of video image photography, digital caliper, or Optical Low Coherence
Interferometry (OLCI). Corroborative optical modeling of the mouse eye was carried out using ZEMAX ray tracing software.

Results: Axial length (AL) increased linearly between post-natal day 1 to day 56, plateauing at about 140 days. After 18 days of uni-
lateral lid suture initiated 10 days after birth, the AL of experimental eyes was 3.032 ± 0.003 mm, while AL in contra-lateral control eyes
was 2.981 ± 0.005 mm (mean ± sem, p < 0.05, n = 40), after 32 days, the AL of experimental eyes was 3.290 ± 0.004 mm, and the AL of
control eyes was 3.104 ± 0.002 mm (p < 0.001, n = 60). After 46 days of lid closure AL of experimental eyes was 3.592 ± 0.003 mm, while
AL of control eyes was 3.363 ± 0.003 mm (p < 0.001, n = 80). Spectacle lens wear of 46 days duration increased AL in experimental eyes
to 3.721 ± 0.002 mm, while AL in control eyes was 3.354 ± 0.003 mm (p < 0.001, n = 100). Refraction and ray tracing analysis substan-
tiated the dimensional changes to be consistent with increased AL.

Conclusions: Two procedures to induce experimental myopia, initiated at eye opening, produced significant myopic shifts correspond-
ing to increases in axial lengths after 32 and 46 days of lid suture and after 46 days wearing a �10 D spectacle lens.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Myopia is a leading cause of visual disability throughout
the world (Midelfart, Kinge, Midelfart, & Lydersen, 2002;
Saw, Carkeet, Chia, Stone, & Tan, 2002; Saw et al., 2002;
Takashima et al., 2001; Tan, 2002). The prevalence of myo-
pia has increased in many populations particularly in
South East Asia (Saw et al., 2005; Woo et al., 2004). High
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myopia, which is the condition with more than a 6 D
change from anisometropia can be sight threatening, and
is associated with conditions such as choroidal atrophy,
retinal detachment, glaucoma and strabismus (Fredrick,
2002; Ichibe et al., 2003; Ramakrishnan et al., 2003; Sarra
et al., 2003; Hergesberg, 2003).

In the development of animal models of myopia, Wiesel
and Raviola (1977) found that suturing the eyes of monkeys
would induce myopia. This important result stimulated
studies of experimental myopia in a number of species to
understand the optics and biological basis of myopia. Sub-
sequently, it has been found that experimental myopia can
be induced in a wide variety of animal species including
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Table 1
Experimental design and number of animals tested

Groups No. of
animals used

Starting age
(days)

Ending age
(days)

Treatment
(days)

Lid suture 40 10 28 18
60 10 42 32
80 10 56 46

�10 D spectacle
lens induced

100 10 56 46

Plano spectacle
lens induced

20 10 56 46

Untreated 20 28
20 42
40 56

Ray tracing analysis 3 56 46
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chickens (Irving, Callender, & Sivak, 1991; Lauber, 1991;
Osol, Schwartz, & Foss, 1986; Yinon, Rose, & Shapiro,
1980), several species of primates (Tigges, Tigges, Fernan-
dez, Eggers, & Gammon, 1990; Troilo & Judge, 1993), tree
shrews (Sherman, Norton, & Casagrande, 1977; Marsh-
Tootle & Norton, 1989; McBrien & Norton, 1992; Norton,
1990), rabbit (Tokoro, 1970), cat (Gollender, Thorn, &
Erickson, 1979) and more recently in the guinea pig (How-
lett & McFadden, 2006) and mouse (Beuerman, Barathi,
Weon, & Tan, 2003; Faulkner, Kim, Iuvone, & Pardue,
2007; Schaeffel, Burkhardt, Howland, & Williams, 2004;
Tejedor & Pedro, 2003).

The induction period varies from species to species. One
to 2 weeks or even 1–2 h (Zhu, Park, Winawer, & Wallman,
2005) is sufficient to develop form deprivation or defocus
myopia in chicks with a high degree of reproducibility. The
tree shrew requires 4 weeks to develop myopia when lid
suture is carried out on the day of eye opening (Siegwart &
Norton, 1998) while monkeys require several months (Ravi-
ola & Wiesel, 1985). Mammalian models of myopia have an
advantage over avian models, as the structure and biochem-
istry of their eyes are similar to that of humans; however,
some species such as the mouse are particularly advanta-
geous as a great deal is known about the biology and genetics
as well. Zhou and Williams (1999) reported that the eye and
lens of the mouse continues to grow after sexual maturity
(40–60 days of age). The mouse as a potential model of exper-
imental myopia is interesting as the sclera structure is similar
to humans and mouse fibroblasts have all five types of mus-
carinic receptors as in the human (Barathi, Weon, Kam,
Wess, & Beuerman, 2007; Qu et al., 2006).

In the present study, we used form deprivation and spec-
tacle lens induced defocus to induce myopia in the Balb/cJ
mouse, a strain little studied as a model for experimental
myopia. As optical modeling using the data would be useful
to confirm the biological measurements, we also developed a
method to measure the major refractive surfaces in the
mouse eye. This has allowed us to model the optics of the
eye in the normal and myopic states. Early data has been
presented indicating that the mouse may be suitable for
studies of experimental myopia (Beuerman et al., 2003;
Faulkner et al., 2007; Schaeffel et al., 2004; Schmucker &
Schaeffel, 2004a; Schmucker & Schaeffel, 2004b; Tejedor &
Pedro, 2003). In this study, we show that axial elongation
and a myopic refractive shift can be induced in Balb/cJ mice
after 4–6 weeks of lid suture or 6 weeks of �10 D spectacle
lens wear when treatments were started at eye opening. Opti-
cal modeling was carried out to study image formation and
the effect of a spectacle lens on the mouse eye.

2. Materials and methods

2.1. Animals

Pregnant Balb/cJ mice (Mus musculus) were obtained from the animal
holding unit of the National University of Singapore. The maternal ani-
mals gave birth in our animal holding unit. The eyes of each animal were
examined clinically to confirm that the cornea was clear and that there
were no infections or injuries of the eye or lids. Naive control animals were
housed in groups of 6 while experimental animals were housed individu-
ally after the age of 28 days in standard mouse cages at 25 �C on a sche-
dule of 12:12 h of light on and off, with mouse pellets and water available
ad libitum. Approval was obtained from the SingHealth IACUC and all
procedures performed in this study complied with the Association of
Research in Vision and Ophthalmology (ARVO) Statement for the Use
of Animals in Ophthalmology and Vision Research.

2.2. Treatment groups and experimental design

Mice were used in groups of 20. Treatment commenced for both lid
suture and spectacle lens wear on post-natal day 10. The groups and times
of lid suture were as follows: 18 days (n = 40); 32 days (n = 60) and 46
days (n = 80). In spectacle lens wear, 5 groups of 20 animals were attached
with �10 D lens and 20 mice was with a plano lens for 46 days. The groups
and age of untreated or naive control were as follows: 28 days (n = 20); 42
days (n = 20) and 56 days (n = 40). The treatment groups and number of
animals tested are shown in Table 1.

2.3. In vivo measurement of axial length

Axial length measurements were performed between 9–11 a.m. and 2–3
p.m. Prior to the measurements, mice were anaesthetized with 0.05–0.1 ml
(IP) of a mixture of 0.2 ml 10% ketamine hydrochloride and 0.1 ml 2%
xylazine hydrochloride, dissolved in 1.0 ml sterile saline. Subsequently,
the animals were positioned on an adjustable platform that was placed
close to the chinrest of the Optical Low Coherence Interferometer (OLCI),
adapted for short measurement distances by Meditec, AC-Master (Carl
Zeiss, Jena, Germany) and axial length measurements were made as pre-
viously described by Schmucker and Schaeffel (2004b).

2.4. Developmental morphometry of untreated mice

Eye and body weights were determined in 84 (6 mice/post-natal age)
naive mice of both sexes, post-natal days 1, 7, 14, 21, 28, 42, 56, 70, 84,
98, 112, 140, 168 and 1 year. Axial length (AL) was measured using the
AC-Master and by video image morphometry.

2.5. Methods for inducing experimental myopia

Lid suture: Right eyes were sutured with 7� nylon nonabsorbable
sutures, black monofilament (A.C.S�, Alcon� Surgical, TX, USA) at
day 10 after birth just prior to eye opening. Right eyes (OD) were used
as the experimental eye. Left eyes (OS) were not sutured and served as
experimental controls. Mice were used in groups of 20. The duration of



Fig. 1. Balb/cJ mice were prepared by attaching a contact lens on day 10
just before eye opening (day 11–13). The lens was worn without ocular or
other complications.
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suture was as follows: 18 days (n = 40); 32 days (n = 60) and 46 days
(n = 80) and treatment was terminated at post-natal times of 28 days, 42
days and 56 days.

Spectacle lens (Fig. 1): A hard lens was placed over the right eye of 5
groups of (20 animals each) mice on day 10 and remained in place until
post-natal day 56. The lens was attached by gluing a negative (�10 D) con-
tact lens with 8.5 mm diameter and 8 mm base curve to an annulus of Velcro
(PMMA Spectacle Lens in Blue Tint, refractive index: 1.43, lens thickness:
0.5 mm, radius of outer curvature: 8.5 mm and inner curvature: 8 mm, Len-
spec Technology PTE LTD., Singapore). This mating piece was then
attached to the Velcro that had been previously cemented to the hair around
the eye using a nitrocellulose solution (collodion USP, Fisher Scientific, NJ,
USA). The spectacle lenses were cleaned daily. An air gap was recognized to
exist between the back surface of the lens and the anterior surface of the cor-
nea of 1.5 mm, thus the contact lens optically acted like a spectacle lens. Left
eyes were uncovered to serve as experimental controls.

A separate group of 20 mice served as lens controls, procedures were
the same except that the right eyes were covered with a plano lens and
the left eyes were uncovered to serve as controls. The procedures for
attachment and the material parameters were the same as described ear-
lier. The plano lenses also remained in place until post-natal day 56.
2.6. Refraction measurements

A day prior to the termination of each experiment, streak retinoscopy
(Neitz, Japan) was carried out at a working distance of 33 cm using lens
bars to neutralize the two principal meridians, which was similar to the
procedure used in a recent study (Tejedor & Pedro, 2003). All mice were
anaesthetized with 0.05–0.1 ml (IP) of a mixture of 0.2 ml 10% ketamine
hydrochloride and 0.1 ml 2% xylazine hydrochloride, dissolved in 1.0 ml
sterile saline. The cornea was kept moist by frequent application of normal
saline. The saline drop was administered to the mouse eye with due care
from a 1 ml syringe without directly touching the cornea. This drop did
not change the shape of the corneal surface.

Measurements were made at illumination settings of a measured 2 lux
and 0 lux (Minolta LS-100, Japan) without cycloplegia. In mice, the ciliary
muscle is small and has a cylindrical shape. The small muscle is consistent
with the reported absence of accommodation in mice (Richard, 2002).
Results were reported as mean spherical equivalent effective at the corneal
plane. In naive mice used to establish the developmental trend, eyes of
mice of both sexes were refracted at post-natal times of 28 days (n = 40
eyes), 42 days (n = 40 eyes) and 56 days (n = 80 eyes). To validate the
refraction procedures two experienced investigators independently per-
formed refractions of both eyes of naive mice at 28, 42 and 56 days of
age (n = 20 mice in each group). Reliability of refractions on both eyes
of 60 mice measurements were good, according to the intra-class Spear-
man’s correlation coefficient (0.79, 95% CI: 0.5–0.76) computed after five
replicate measures of the same eye in 60 different animals; carried out in a
masked fashion.

2.7. Axial length measurements

Axial length was measured at the end of each experiment. Mice were
weighed, then sacrificed with an overdose of sodium pentobarbital (IP,
80 mg/kg). Eyes were enucleated; muscles and other adherent tissues on
the outside of the globe were removed quickly with care under a dissecting
microscope. The globe was kept moist with PBS (phosphate-buffered sal-
ine, pH 7.4, 320 mosmol) to prevent drying. Anterior–posterior (axial
length) measurements of the enucleated globe were made by two methods:
a digital caliper was used with an accuracy of ±0.03 mm and reliability of
0.01 mm (Starret, No.721Ax Basic Series Electronic Digital Caliper,
Athol, MA, USA). The digital caliper was calibrated with the following:
0.12 mm thickness microscopic slide (Menzel Glaser, Germany), 3 mm
plastic spheres (TAP Plastics, Dublin, CA, USA) and a 50 lm diameter
fiber optic rod (Mitutoyo, Japan) under a light microscope (Long Work-
ing Distance D Achromat Phase Contrast Objective: LWDPL40�FPL-6
Olympus). Additionally, the globe was trans-illuminated and projected
by video onto a screen with a calibrated accuracy of ±4 lm. Video imag-
ing morphometry was calibrated with the Olympus slide micrometer scale
(100 lm with 5 lm intervals), a Mitutoyo Optics scale bar (50 lm, Mitu-
toyo Reticle 183-106, Japan) and a fiber optic rod (50 lm diameter, Mitu-
toyo, Japan). Axial length measurements were made as well as the location
of the major refracting surfaces from the cornea apex to the ciliary body
and the ciliary body to the retina, respectively. After these procedures
the globe was quickly blotted and weighed using an electronic balance
(Sartorius BP 610, Sartorius Corp., NY, USA). Measurements were taken
five times for each eye and their average was used as a final value.

2.8. Optical modeling

Optical modeling of the mouse eye was carried out using ZEMAX ray
tracing software (ZEMAX Development Corporation, WA, USA). From
the 56 days trans-illuminated globe; three digital photographs with high
magnification (about 300 pixel/mm taken with a 135 mm lens) were taken
through the dissecting microscope eyepiece using a digital camera. Radii
of curvature of cornea, lens and retina were calculated using the equation
r = y2/(2 � s) + s/2 where r is the radius of curvature, s is the sagitta of the
chord, y is any chord (Fincham & Freeman, 1974; Schmucker & Schaeffel,
2004a, 2004b). From each digital picture, three measurements were taken
at different distances from the optical axis. An optical model for the 8
week mouse eye was constructed using the thickness and radii of curvature
of cornea, anterior chamber, lens and vitreous cavity determined from dig-
ital micrographs using wavelengths of 420, 455, 505, 550 and 580 nm
(weights of wavelengths were 0.097, 0.513, 0.998, 0.481 and 0.121, respec-
tively) from the Zemax software. The refractive indices of cornea, anterior
chamber and vitreous for this model were taken from a previous study
(Remtulla & Hallet, 1985). Pupil diameter was measured at two different
levels of illumination (environmental light levels). At a measured 0 lux,
the pupil was found to be 1.2 mm and at 2 lux, 1.0 mm diameter. The
refractive index of the lens varies linearly with age (Schmucker & Schaeffel,
2004a) and the refractive index of the lens of the 8 week mouse eye was
taken as 1.58.

2.9. Data analysis

Performance of Optical Low Coherence Interferometry (OLCI) was
studied in different age groups of mice by analyzing standard deviations
from repeated measurements in the same eyes. The mean differences
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between both eyes in individual animals were analyzed by paired t-tests to
estimate the natural variability in eye length. Independent t-tests were used
to compare occluded and open experimental control eyes. Independent
and paired t-tests were used to analyze means of axial length, body weight,
eye weight of the eyes. A difference of p 6 0.01 was considered to be sig-
nificant. Nonparametric analysis of Mann–Whitney test was used to ana-
lyze the means of refraction of the eyes. All statistical routines were used
as implemented in SPSS version 11.5.

Nonparametric Spearman correlations were used to assess axial length,
refraction and anterior and posterior segment measurements. ANOVA
and Tukey post-hoc comparisons were used to look at specific time points
and treatment groups. A difference at p 6 0.05 was considered significant.
All these tests were utilized as implemented in Statistica, 2001, Statsoft,
Inc. version 6.0 (StatSoft Corporation, Tulsa, USA).
Fig. 2. (a) Axial length (mm) of the mouse eye versus age. Axial length
was approximately linear between post-natal day 1 to day 56. The mouse
eye grew slowly at 140 days. Sex differences were seen and male eye were
slightly larger than the female eye from birth but not significantly,
p = 0.11. There was a significant positive correlation between age and
axial length (Spearman’s correlation coefficient, r = 0.996, p < 0.001). (b)
Body weight (grams) of the male and female mouse was plotted against
post-natal days. Body weight increased over the observation period and
sex differences are seen. Male mice are heavier than the female mice from
birth (p < 0.01). Data were plotted as means ± sem.
3. Results

3.1. Measurement accuracy

In treatment groups, the axial length was measured by
digital caliper and video imaging morphometry. In the
growth pattern study group, axial length was measured
by the AC-Master and video imaging morphometry. Digi-
tal caliper sensitivity was tested with the calibration stan-
dards as noted above (Section 2). The readings were
repeated 10 times for each standards under the microscope.
The reproducibility of mean and standard error for the
0.05 mm Mitutoyo rod was 0.050 ± 0.012 mm, 0.121 ±
0.015 mm for the slide measurement standard and
3.083 ± 0.018 mm for the plastic sphere. The performance
of OLCI was studied in the different age groups by analyz-
ing the standard deviations from repeated measurements in
the same eyes. To study the effects of eye orientation on the
measured axial lengths, a variance ratio test was used. The
differences between both eyes in individual animals were
analyzed by paired t-tests to estimate the natural variability
in eye length. The right eyes were always slightly larger
than the left eyes. However, the differences were not statis-
tically different (p = 0.092). In view of this right and left eye
values were pooled for this study. The measurement error
of axial length, weight and refraction was 0.006 mm,
0.001 g and 0.154 D, respectively.

To evaluate the differences between these three methods,
mean values of axial length and their standard deviations
from 10 naive mice taken at 56 days old were calculated
and also the absolute average differences between the three
methods were determined. In analyzing the data obtained
from the three methods, mean values and standard error
of the AC-Master (3.317 ± 0.002; mean ± sem) and video
imaging (3.318 ± 0.003) were found to be similar but due
to systematic errors obtained with the digital caliper
(3.325 ± 0.012) the readings were 7–8 lm greater. Examin-
ing the consistency of 5 readings from the AC-Master or
video imaging these techniques provided better reliability
as compared to the digital caliper. However, the digital cal-
iper did not change the direction of the measurements and
the systematic error was consistently in one direction.

Inter-observer refractive error differences were calculated
and found not to be statistically significant (p = 0.932,
n = 20 right eyes; p = 0.851, n = 20 left eyes). Average of
both eyes refractive error measurements were obtained from
2 observers. The first and the second observers’ readings were
9.983 ± 0.096 (mean ± sem) and 9.947 ± 0.104 at 28 days;
12.204 ± 0.088 and 12.158 ± 0.095 at 42 days; 15.159 ±
0.113 and 15.068 ± 0.106 at 56 days.
3.2. Mouse eye growth

Axial length was measured by AC-Master and video
imaging morphometry in 84 naive mice at selected times
from post-natal day 1 to 1 year (n = 6 per group). Axial
length increased linearly between post-natal day 1 to day
56, but grew slowly beyond 60 days (Fig. 2a). Sex differ-
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ences were seen with the male eye being slightly larger than
the female eye from birth but this was not significant,
p = 0.114. A significant positive correlation between age
and axial length was found (Spearman’s correlation coeffi-
cient, r = 0.996, p < 0.001) and also with body weight
(r = 0.998, p < 0.001). As the mouse grew so did the eye
and body weight and axial length were also correlated
(r = 0.994, p < 0.001). Male animals were significantly hea-
vier than females from birth. Graphical analysis of body
weight showed it to increase over the observation period
and also to show an inflection in the curve at about 70 days
(p < 0.01, Fig. 2b).

A plot of the rate of change in axial length and age
revealed rapid growth between day 7 to day 14 (Fig. 3).
Eye opening occurred on days 11–13 and rate of axial
growth was 7.9% at post-natal day 7. Growth increased
to 23.7% at day 14 with the second peak occurring between
post-natal day 42 to day 56. The axial growth was up
Fig. 3. Axial growth rate in percentage was plotted against post-natal
days. The rate of change in axial length and age revealed a remarkable
increase between day 7 to day 14. The eye opening occurred between 11
and 13 days indicated in black arrow. The rate of axial growth was
increased to 54.4% at 56 days. After this period growth continued to
increase with maximum of 9% up to 1 year. Data are represented as
means ± sem.

Table 2
Body weight and globe weight in lid suture and lens induced model

Dimensions Lid sutured (LS) LS control �10 D specta

Eye weight (grams) 0.042 ± 0.002 0.042 ± 0.001 —
0.071 ± 0.002 0.070 ± 0.001 —
0.122 ± 0.002 0.114 ± 0.002 0.130 ± 0.001

Body weight (grams) 14.183 ± 0.034 — —
18.782 ± 0.072 — —
20.844 ± 0.064 — 20.862 ± 0.10

Values are represented as means ± sem.
a Eye weight was significant in LS and LI treatment groups, p < 0.05.
54.4% at day 56, after this period eye continued to grow
slowly till 1 year. From post-natal day 56 to 1 year the
growth rate steadily increased till 9.1%. The overall
increase in axial growth rate associated with age was
3.753 lm/day (R2 = 0.8531).
3.3. Axial elongation in experimental groups

3.3.1. Experiment 1

Lid suture was found to induce axial elongation and the
change in axial length compared to experimental control
eyes, was dependent on the duration of unilateral lid
suture. At 18 days of lid suture a modest but a significant
axial elongation was seen which increased after continuing
treatment for 32 and 46 days (n = 60 and n = 80, respec-
tively, p < 0.05). During the time of lid suture, animals
were inspected daily and the eye lids cleaned to ensure that
the sutures were in place and that there were no infections.
As seen in Table 2, experimental animals gained weight
normally so that at the end of the experimental period
the body weights of the experimental animals and an aged
matched control group were very similar.

Axial lengths were significantly longer in form-deprived
eyes when compared to either contra-lateral control or
untreated, naive eyes at 28, 42 and 56 days of age after
lid suture (Table 3). The average axial length of eyes of
treated animals at 28 days of age was 3.032 ± 0.003 mm
(mean ± sem) where as in contra-lateral control eyes axial
length was less at 2.981 ± 0.005 mm (n = 40 animals,
p < 0.05). At 42 days of age, axial length in experimental
eyes increased by 0.258 ± 0.003 mm to 3.290 ± 0.004 mm
and in contra-lateral control eyes axial length was
3.104 ± 0.002 mm (n = 60 animals, p < 0.001) and at 56
days of age axial length in form-deprived eyes increased
an additional 0.302 ± 0.004 mm to 3.592 ± 0.003 mm,
while the axial length of contra-lateral control eyes was
3.363 ± 0.003 mm (n = 80 animals, p < 0.001). A separate
group of mice of the same strain was maintained in parallel
as naive controls. The right and left eyes were not signifi-
cantly different at any age. This result was consistent with
an earlier study by Schaeffel and Burkhardt (2002), which
was in contrast to another study from the same group
(Schaeffel et al., 2004). The average axial length difference
between this group of eyes of untreated animals
cle lens induced (LI) LI control Untreated Age (days)

— 0.043 ± 0.002 28
— 0.064 ± 0.002 42
0.112 ± 0.001 0.112 ± 0.001 56a

— 14.164 ± 0.082 28
— 18.893 ± 0.080 42

3 — 20.902 ± 0.091 56



Table 3
Correlation between axial length and refraction measurements

Treatment Axial length (mm) Refraction (diopters) Spearman correlation Significance (Mann–Whitney U) Age (days)

Untreated 2.931 ± 0.008 +9.983 ± 0.161 0.643 p < 0.05 28
3.060 ± 0.009 +12.160 ± 0.128 0.705 p < 0.05 42
3.302 ± 0.003 +15.094 ± 0.107 0.843 p < 0.05 56

Control SI 2.981 ± 0.005 +9.930 ± 0.071 0.743 p < 0.05 28
3.104 ± 0.002 +11.162 ± 0.101 0.726 p < 0.001 42
3.363 ± 0.003 +12.094 ± 0.103 0.728 p < 0.001 56

SI 3.032 ± 0.003 +9.282 ± 0.092 0.724 p < 0.05 28
3.290 ± 0.004 +8.533 ± 0.083 0.715 p < 0.001 42
3.592 ± 0.059 +5.952 ± 0.120 0.682 p < 0.01 56

Control LI 3.354 ± 0.003 +10.570 ± 0.162 0.792 p < 0.01 56

LI 3.721 ± 0.002 �2.463 ± 0.221 0.864 p < 0.001 56

SI means suture induced, LI means �10 D spectacle lens induced. Values are represented as means ± sem.
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(3.302 ± 0.003, n = 40 animals, p = 0.094) and contra-lat-
eral control eyes at 56 days of age was 0.061 ± 0.001 mm
which was not significant, while differences in axial length
between contra-lateral control eyes and experimental eyes
was 0.229 ± 0.002 mm at 56 days, 0.186 ± 0.003 mm at
42 days and 0.051 mm ± 0.005 at 28 days of age, values
which were statistically significant.
3.3.2. Experiment 2—Spectacle lens
A �10 D spectacle lens was placed on the right eye

(OD) of five groups of mice on post-natal day 10
(n = 100, 20 in each group) and the left eye (OS) was used
as the contra-lateral control with no lens covering. After 46
days of spectacle lens wear, each eye was refracted, the
mice sacrificed and the axial length measured with the dig-
ital caliper as well as by video imaging using trans-illumi-
nation. Axial length after 46 days of spectacle lens wear
Fig. 4. Trans-illuminated images of the mouse eye after 46 days of treatment. T
depicted. Axial length comparison of the experimental and control eyes showe
1.2 mm.
was 3.721 ± 0.002 mm, contra-lateral control eyes (trans-
illuminated globes are shown in Fig. 4a and b, respectively)
were 3.354 ± 0.003 mm (n = 100, p < 0.001). Some cross-
over effect was seen and the average axial length difference
between the eyes of untreated animals and contra-lateral
control eyes at 56 days of age was 0.052 ± 0.001 mm; how-
ever, this was just significant at p < 0.05, while the differ-
ences in axial length between contra-lateral control eyes
and experimental eyes was 0.367 ± 0.001 mm (p < 0.001)
after 46 days of treatment. Axial length values for the con-
tra-lateral controls for these mice were similar to axial
lengths of the contra-lateral control eyes of mice undergo-
ing lid suture (Table 3). The axial length differences of
experimental eyes and fellow eyes between spectacle lens
wearing �10 D (0.367 ± 0.001 mm) and lid suture
(0.229 ± 0.002 mm) showed that �10 D lens was a much
more effective treatment than lid suture.
he �10 D spectacle lens induced experimental (a) and control (b) globes are
d differences of about �370 lm. The pupil diameter of the mouse eye was



Fig. 5. (a) Inter-ocular differences (mm) in axial length were against
duration of treatment (days) for all groups tested. The axial length of the
globes was determined at the conclusion of the experiment with digital
caliper and video imaging photography. Data are represented as mean-
s ± sem. (b) Inter-ocular difference (diopters) and duration of treatment
(days) are seen for all groups tested. The refractive error was determined at
the conclusion of the experiment with retinoscopy. Data are plotted as
means ± sem.
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3.3.3. Experiment 3—Plano lens

A plano spectacle lens (Fig. 1) was placed on the right
eye (OD) of 20 mice on post-natal day 10, and the left eye
(OS) was used as a contra-lateral control. At post-natal day
56, each eye was refracted, the mice sacrificed and the axial
length measured with a calibrated digital caliper as well as
by video imaging using trans-illumination. The lens mate-
rial parameters were the same as used for the �10 D lens
(see Section 2).

After 46 days of plano lens wear AL was 3.346 ±
0.002 mm for covered eyes and contra-lateral control eyes
AL was 3.344 ± 0.001 which was not statistically signifi-
cant (p = 0.332, t-test, n = 20). The mean differences in
axial length between contra-lateral control eyes and exper-
imental eyes were 0.002 mm (Table 5). There was no signif-
icant difference in axial length or eye weight in eyes with
plano lenses and contra-lateral control eyes. These results
confirmed that the induction of experimental myopia was
associated with the minus lens power and not by the appli-
cation of the plastic lens covering.

3.4. Eye weight

After 46 days of treatment, the experimental eyes of lid
sutured and spectacle lens induced eyes compared to the
contra-lateral control eyes were larger and the weight of
the globe increased significantly. The values for the lid
sutured and spectacle lens induced experimental eyes were
(0.122 ± 0.002 and 0.130 ± 0.001 g, mean ± sem, n = 80
eyes and 100 eyes, p < 0.05), and the values for contra-lat-
eral control eyes were (0.114 ± 0.002 and 0.112 ± 0.001 g,
n = 80 eyes and 100 eyes), respectively. In the age matched
untreated mice, the globes weighed the same as for the con-
trol eyes (0.112 ± 0.001 g, n = 80 eyes). However, as seen in
Table 2, at earlier times, 28 days and 42 days of age, the
weight of the globe did not show statistically significant dif-
ferences between the experimental and contra-lateral con-
trol eyes in either model.

3.5. Refractive errors in experimental groups

The refraction in untreated mice at 28 days of age was
+9.983 ± 0.161 diopters, at 42 days was +12.160 ± 0.128
diopters and at 56 days was +15.094 ± 0.107 diopters (Table
3). This trend was similar to what had been previously found
for C57BL/6 wild-type mice (Schaeffel & Burkhardt, 2002).

The refraction of lid sutured experimental eyes and con-
tra-lateral control eyes at 18 days after treatment was
+9.282 ± 0.092, +9.930 ± 0.071 diopters (mean ± sem,
n = 40 eyes, p = 0.113), respectively. The refraction in lid
sutured experimental eyes at 32 days was +8.533 ± 0.083
diopters; contra-lateral control eyes were +11.162 ± 0.101
diopters (mean ± sem, n = 60 eyes, p < 0.05). At 46 days
after treatment, refraction of the lid suture experimental
eyes was +5.952 ± 0.120 diopters and the contra-lateral
control eyes were +12.094 ± 0.103 diopters (mean ± sem,
n = 80 eyes, p < 0.05, Table 3). There was a slight reduction
observed in contra-lateral control eyes at 42 and 56 days of
age as compared to naive control eyes. This result also
implied the presence of a possible cross-over effect.

In eyes with a �10 D spectacle lens the refraction at the
end of 46 days of wear was �2.463 ± 0.221 diopters and in
contra-lateral control eyes it was +10.570 ± 0.162 diopters
(mean ± sem, n = 100 eyes, p < 0.05, Table 3).

The refraction in eyes with a plano contact lens at
the end of 46 days of wear was +14.173 ± 0.163 diop-
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ters. In contra-lateral control eyes, the result was also
similar to that of experimental eyes, which was +14.330 ±
0.204 diopters (mean ± sem, n = 20 eyes, p = 0.092,
Table 3).

Inter-ocular differences of axial length and refractive
error for all groups tested are plotted (Fig. 5a and b, respec-
tively, Table 4). The axial length and refractive error was
analyzed for all groups tested with different time points in
lid suture, �10 D spectacle lens induced, plano induced
and untreated mice (ANOVA, Tukey post-hoc, F =
518.840, p < 0.001, F = 2284.511, p < 0.001, F = 0.116,
p = 0.950 and F = 716.084, p < 0.01, respectively). The axial
lengths and refractive errors for the lid suture group, specta-
cle lens induced group and untreated group are plotted in
Fig. 6a–c, respectively.

The Spearman correlation between axial length obtained
from the video imaging technique and refraction for the
different groups associated with the lid sutured model
was 0.843 for the naive group, 0.724 for the contra-lateral
control eyes, 0.682 for the lid sutured eyes, 0.792 for lens
induced eyes and 0.864 for the contra-lateral control eyes
(p < 0.001, p < 0.001, p < 0.01, p < 0.01 and p < 0.001,
respectively, n = 80 eyes in lid suture group, n = 100 eyes
in lens induced group and n = 40 eyes in untreated control
group, pair wise correlations, Table 4).
3.6. Anterior and posterior chamber measurements

The anterior and posterior chamber was measured on
video images of trans-illuminated globes. The values (Table
5) revealed axial growth in the posterior chamber with little
change of the depth of the anterior chamber. In the lid
suture model, a small change in the anterior chamber was
able 4
nter-ocular differences of axial length and refractive error in all groups
ested

roups Axial length
(mm)

Refractive
error (D)

Treatment
(days)

Age
(days)

id suture 0.052 ± 0.015 �0.782 ± 0.062 18 28
0.191 ± 0.018 �2.350 ± 0.081 32 42
0.230 ± 0.026 �6.073 ± 0.050 46 56

10 D lens induced 0.372 ± 0.013 �14.030 ± 0.092 46 56

lano lens induced 0.001 ± 0.002 �0.182 ± 0.091 46 56

ntreated 0.005 ± 0.005 0.102 ± 0.071 28
0.004 ± 0.007 0.091 ± 0.062 42
0.005 ± 0.009 0.113 ± 0.090 56

alues are represented as means ± sem.

Table 5
Anterior and posterior chamber measurements after 46 days treatment

Measurements (mm) LS LS co

Anterior chamber (cornea to ciliary body) 0.911 ± 0.009 1.008
Posterior chamber (ciliary body to sclera) 2.664 ± 0.008 2.314

Values are represented as means ± sem, n = 10 at each time point. LS, lid sut
found; this could have been due to slight pressure by the
suture on the eyelids. Posterior chamber length and spher-
ical refractive error was significantly correlated (r =
�0.798, p < 0.001).
3.7. Ray tracing analysis

For ray tracing analysis, a pupil diameter of 1 mm was
used for the lid suture eye and 1.2 mm for the spectacle
lens. The pupil for the spectacle lens model was directly
measured under scotopic conditions. The radii of curvature
of the optical surfaces in the eye and thicknesses of the tis-
sue components are shown in Table 6. The light path
through the eye for a naive control 56 days old mouse is
shown in Fig. 7a. Image formation was shown to occur
beyond the retina showing that the naive mouse eye was
hyperopic. The effect of a spectacle lens with 1.5 mm air
gap and 0.5 mm air gap on the light path is shown in
Fig. 7b and c, respectively. To induce defocus myopia,
the spectacle lens position was fixed and there was an air
gap of 1.5 mm between the back surface of the spectacle
lens and the epithelial surface of the cornea. As for ray
tracing analysis, the distance of the air gap to the spectacle
lens was varied to determine if there was any effect caused
by the air gap. It was not possible to fit the spectacle lens
directly on the mouse eye and an air gap of at least
100 lm was required to avoid eye irritation, corneal ulcer
or discomfort for the animal. We did confirm that an air
gap ranging from 100 lm to 1.5 mm had little effect on
the focal point (Fig. 7b and c). Fig. 7d reveals that the con-
tra-lateral control eye of 56 days old mouse was hyperopic;
essentially the same as the control eye of the mouse with a
lid suture eye (Fig. 8a and b). The effect of lid occlusion on
the light path is shown in Fig. 8a. The experimental eye is
slightly myopic but not as much in comparison to and eye
after wearing a spectacle lens. Ray tracing analysis showed
that the normal naive control and contra-lateral control
mouse eye were hyperopic. The treatment of contact lens
and lid occlusion, shift the image plane in front of the ret-
ina resulting in a myopic eye.
4. Discussion

4.1. Changes of axial length and experimental myopia

Previous studies of experimental myopia have largely
utilized chicks, tree shrews and marmosets. In the present
study, experimental myopia was developed in the mouse
using form deprivation lid suture and hyperopic defocus
ntrol LI LI control Naive

± 0.005 1.006 ± 0.011 1.009 ± 0.006 1.010 ± 0.012
± 0.010 2.680 ± 0.002 2.308 ± 0.012 2.289 ± 0.010

ure induced; LI, �10 D spectacle lens induced.



Fig. 6. (a) This graph shows the dimensions (mm) of the globe and refractive errors (dioptres) determined at 18, 32 and 46 days for eyes with lid
closure and the contra-lateral control mouse eyes. The axial length and refractive error was determined at the conclusion of the experiment. Lid
suture caused elongation of the globe and reduced hyperopia. ANOVA, post-hoc, F = 518.8402, p < 0.001, n = 40 mice at 4 weeks, 60 mice at 6
weeks and 80 mice at 8 weeks. Data are represented as means ± sem. (b) Dimensions (mm) of the globe and refractive errors (dioptres) were
determined after 46 days of wearing �10 D spectacle lens, or a plano lens and contra-lateral control eyes are also shown. The axial length and
refractive errors were determined at the conclusion of the experiment. In the plano lens wearing group there was no difference between experimental
and control eyes. This result confirmed that the myopia caused by wearing a minus lens was not due to the presence of the lens. F = 2284.511,
p < 0.001 and F = 0.116, p = 0.950, n = 100 mice and 20 mice, respectively. Data are represented as means ± sem. (c) This graph shows the
dimensions (mm) of the globe and refractive errors determined at 28, 42 and 56 post-natal days for the right and left eyes of untreated mice. The
axial length and refractive errors were determined at the conclusion of the experiment. Axial length increased significantly from day 28 to day 56 and
the mouse was highly hyperopic from +9 D to +15 D. ANOVA, post-hoc, F = 716.0843, p < 0.01, n = 20 mice at 4 weeks, 20 mice at 6 weeks and 40
mice at 8 weeks. Data are represented as means ± sem.
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with a spectacle lens. Results of the two methods for induc-
ing myopia showed that in the experimental eye, refractive
error was reduced with time and achieved primarily
through increased growth of the posterior chamber com-
pared to the control eye. The biological measurements
obtained from our experiments were put into a ray tracing
program that showed changes were consistent with the def-
inition of axial myopia.

The reproducibility of our results was validated using
independent groups of mice of the same strain and gen-



Table 6
Optical properties of the 8 week mouse eye used for ray tracing analysis

Optical properties Refractive index at 655 nm Radius of curvature Thickness (mm)

Normal LS LI Normal LS LI

Cornea 1.402 0.092 0.082 0.089
Anterior cornea 1.408 1.428 1.415
Posterior cornea 1.372 1.412 1.400
Aqueous 1.334 0.278 0.291 0.290
Lens 1.580 2.004 2.015 2.011
Anterior lens 1.150 1.216 1.227
Posterior lens �1.134 �1.206 �1.220
Vitreous 1.333 �1.506 �1.480 �1.460 0.609 0.859 0.903
Retina �1.598 �1.568 �1.542 0.225 0.265 0.289
Sclera 0.086 0.056 0.048

LS, lid suture induced; LI, �10 D spectacle lens induced; n = 3.

Fig. 7. Ray tracing schematic of the mouse eye. In (a) the untreated mouse
eye (hyperopic), (b) represents the mouse eye with a �10 D spectacle lens
with a 1.5 mm air gap from the back of the lens to the surface of the
cornea, (c) �10 D spectacle lens over the mouse eye with 0.5 mm air gap
between the lens and cornea (myopic), (d) contra-lateral control eye of
spectacle lens wearing mouse eye (hyperopic). Arrow indicates the point of
focus.

Fig. 8. Ray tracing schematic of the mouse eye depicting (a) lid occlusion
eye (myopic shift) and (b) lid occlusion contra-lateral control eye
(hyperopic). Arrow indicates the point of focus.
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erally, the experiments were carried out in groups of 20
animals. Group to group data was analyzed statistically
and no statistical differences were found. As we were
able to image most of the major refracting surfaces of
the mouse eye in a fresh condition we could directly
measure the important lengths which showed that the
source of increased axial length was elongation of the
posterior chamber without anterior chamber
compensation.
4.2. Effects of refractive development and ocular growth

A variety of animal species including human beings are
born with hyperopic refractive errors. If they are exposed
to a normal visual environment during post-natal develop-
ment, the refractive errors tend to diminish with time
through axial length elongation (Johnson, Matthews, &
Perkins, 1979; Mutti, Zadnik, & Adams, 1996). However,
we determined that refractive error increased from young
to adult mice. In our study, the refractive state of untreated
mice was measured at day 28 (mean refraction ± SD:
+10 ± 0.23 D) which increased at day 42 (+13 ± 0.51 D)
and reached a peak at day 60 (+16 ± 0.85 D). Schmucker
and Schaeffel (2004a) found that the least hyperopic refrac-
tions in C57BL/6 mice were measured at day 32 (mean
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refraction ± SD: +4.1 ± 0.6 D). Hyperopia increased and
reached a peak at around day 55 (+9.8 ± 2.7 D). In their
B6 mouse the measured refractions stabilized at 70,
whereas in the Balb/cJ mice it reached a peak after about
60 days.

Results obtained from form-deprived mice at 18 and 32
days of induction indicated that in the experimental eye
refractive error was reduced with time and the refractive
compensation was achieved primarily through increased
axial length compared to the control eye. There were no
significant differences detected at 18 days of deprivation
between the refractions of both eyes (lid suture:
+9.28 ± 0.09 D, control: +9.93 ± 0.07 D, p = 0.11). The
results were similar to a previous study (Schmucker &
Schaeffel, 2004b) in which B6 mice were form-deprived
for 2 weeks. However, the refractive power values for the
B6 mice (deprived: +6.78 ± 5.19 D; control: +5.66
± 5.27 D) were different than those reported here. Explana-
tions for the differences could be due to differences in
strains, variations in the procedures and/or the induction
time of form deprivation.

In Balb/cJ mice, spectacle lens induced a change in eye
growth resulting in a myopic shift. However, it is clear that
lid occlusion levels lead to less dramatic AL elongation in
mammals compared to chicks.

In ray tracing analysis we have used the same refrac-
tive index for both models but with varying pupil size.
For the spectacle lens experimental eye and control
eye, a 1.2 mm pupil size was measured during refraction
under scotopic conditions and this was used to create the
model. In lid occlusion for experimental and control
eyes, a 1.0 mm pupil size was used to create the model
assuming somewhat less light. Using the measurements
for the ray tracing program it was found that the spec-
tacle lens experimental eye was myopic but that the lid
suture eye was also slightly myopic in growth. However,
the actual numbers were different from that obtained
from retinoscopy readings of ��2 D for spectacle lens
treated eyes and �+5 D for lid suture treated eyes. Mea-
surements of the reported refractive index (Remtulla &
Hallet, 1985; Schmucker & Schaeffel, 2004a) were used
for our ray tracing analysis. Hence, measurement of
the exact refractive index of the media of Balb/cJ mouse
remains to be determined and this may account for the
difference or another possibility in difference could be
due to the small eye artifact.

4.3. Effect of lid suture on flattening the cornea

The cornea was flattened in the lid suture experimental
eye as compared to their contra-lateral control, untreated
and spectacle lens group of mice (Table 5). In unilateral
lid suture mice, the refraction was in the hyperopic with
increased axial length due to corneal flattening (Fig. 6a).
This was similar to the previous study reported in chicks
(Yinon & Koslowe, 1986) in tree shrew (Marsh-Tootle &
Norton, 1989) and in kittens (Yinon, Koslowe, & Rassin,
1984). Corneal flattening could be due to mechanical inter-
actions between the eyelid and cornea during growth.
4.4. Relationship between the shift in refractive error and

magnitude of change in axial length

The retinal image with spectacle lens or lid suture
induced a shift in refractive state in the myopic direction
with an increase in axial length. However, there was no
change in the refractive error of 18 days (28-day-old
mouse) lid suture mouse. In the Balb/cJ mouse the dioptric
growth rate decreases with age (from 0.57 D at day 28 to
0.29 D at day 56). The mouse dioptric growth rate was very
small as compared to other animals. In B6 mouse, the diop-
tric growth rate was 0.80 D at day 22 and 0.68 at day 100
(Schmucker & Schaeffel, 2004a). Chick eye grows approxi-
mately �1.75 D/day (Schaeffel, Troilo, Wallman, & How-
land, 1998) at day 20 and for a 20-day-old marmoset, it
was �1.25 D/day for the dioptric growth rate (Troilo &
Judge, 1993).

In spectacle lens model, an occlusion period of 46 days is
necessary to approximately 17.5 D of myopia and this is
equivalent to a change of axial length of 360 lm. Assuming
that the refractive error of 1 D being equivalent to 24 lm
axial length change. In Schmucker & Schaeffel (2004a)
study reported that the axial elongation of 5.4–6.5 lm
was sufficient to make the schematic eye 1 D more myopic.
This could be due to the difference in the method of induc-
tion, strain and technique used.
4.5. Myopia development

It is unclear if result of hyperopic defocus, affects the
visual environment to involve an active and precise
mechanism of regulation that controls refraction and
axial length. The results of the studies presented here
using a minus spectacle lens showed that the experimen-
tal eye elongated to represent for the attached lens. In
the experimental eye refractive error was reduced with
time and achieved primarily through increased axial
length compared to the control eye (no lens). This find-
ing is consistent with the results of previous studies that
was done in chicken (Irving, Sivak, & Callender, 1992;
Schaeffel & Howland, 1988) and in tree shrew (Siegwart
& Norton, 1998).

In conclusion, long treatment periods necessary to
induce significant deprivation myopia in mouse. In terms
of optical and pharmacological manipulation of myopia
there are questions that may be answered by a mouse
model. We are continuing the detailed investigation of
optics of the mouse eye as well as the molecular analysis.
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