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Mydriasis with muscarinic antagonists have been used routinely prior to retinal examination and
sometimes prior to refractive measurements of the mouse eye. However, biometric changes during
topical administration of muscarinic antagonists have not been fully investigated in mice and humans.
We found that the mouse eyes treated with cyclopentolate developed a hyperopia with a reduction in
both the vitreous chamber depth and axial length. In humans, prior to the cyclopentolate treatment,
a 6D accommodative stimulus produced a myopic shift with a reduced anterior chamber depth,
choroidal thickness and anterior lens radius of curvature and an increase in lens thickness. After the
cyclopentolate treatment, human eyes developed a hyperopic shift with an increased anterior chamber
depth and anterior lens radius of curvature and a reduced lens thickness. Therefore, the biometric
changes associated with this hyperopic shift were mainly located in the posterior segment of the eye
in mice. However, it is the anterior segment of the eye that plays a main role in the hyperopic shift in
human subjects. These results further indicate that mouse eyes do not have accommodation which
needs to be taken into account when they are used for the study of human refractive errors.

Mice have been used for the study of mechanisms involved in human refractive errors for at least 10 years" 2 The
refractive status of human eyes varies with the distance of visual targets due to existence of the accommodation.
Accommodation in human eyes is a dynamic process in which the ocular system compensates for retinal defocus
of near vision®~*. This process involves contraction of the ciliary muscle and a reduction in the tension of the
zonules which attach the lens to the ciliary body, resulting in a steeper lens contour, a shallower anterior chamber
depth and an increased lens thickness®™'!. All of these changes in parts of the anterior segments of the eye ensure
that the focus of the near reading vision is maintained on the retina.

Mice appear to lack the accommodation'? probably due to the poorly-developed ciliary muscles, the rigid lens
and low requirement of visual resolution for the nocturnal animals'* *. Therefore, the refractive status of mice
should be less variable at different visual distances, compared to human eyes. In fact, the refractive status meas-
ured on same mouse eyes is significantly variable at different occasions of the measurement?. This result may be
related to variations in eye orientation, intraocular pressure and position of the various optical interfaces during
each individual measurement besides the possibility of measurement inaccuracy for the small eyes. Mydriasis
with muscarinic antagonists has been used routinely prior to retinal examination'® and sometimes prior to refrac-
tive measurements of the mouse eye® '*-'%, It has been shown that mice could have a myopic shift occasionally
during the refractive measurement after mydriasis with topical tropicamide? In another study, 1% tropicamide
solution produces a slight but significant hyperopic shift by about 1 D in the mice'. Daily topical administration
of atropine for at least 2 weeks reduces axial growth of the mouse eye during normal visual environments®, sug-
gesting that this detectable change in axial length of the eye may be responsible to the hyperopic shift. However,
little is known about the mechanisms involved in this change from these studies.
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During the mydriasis induced by topical use of muscarinic antagonists, both the thickness and curvature of
the lens decrease, the anterior chamber depth increases and the axial length decreases in humans*' -, resulting
in a hyperopic shift of the eye. Changes in choroidal thickness (ChT) during the topical administration of mus-
carinic antagonists was also observed in previous studies of human trials?">2*-% with some studies reporting a
thickening choroid?"?® and others demonstrating a thinning choroid?* ?*. These results indicate that posterior
segment of the eye undergoes dimensional changes after treatment with muscarinic antagonists, which may con-
tribute to the refractive changes during the mydriasis.

Biometric changes of the eye during topical administration of muscarinic antagonists have not been fully
investigated in humans and mice though these changes have been well studied during accommodation in human
trials®-1%. It is impossible to directly assess accommodation in small animals with the method used for human
trials as we cannot confirm whether the animal is focusing at an expected visual target. Therefore, an understand-
ing of biometric changes under pharmacological manipulation could help explore whether the mice have any
potential accommodation. Pharmacological induction of accommodation with muscarinic agonists is technically
difficult for the mouse model due to the inaccuracy in refractive measurement for the eyes with a constricted
pupil. Oppositely, if a muscarinic antagonist induced a refractive change in the mouse eye, which was resulted
from changes in the axial dimension of the eye rather than in the anterior components, it would indicate that mice
have no cycloplegia. This will indirectly suggest that mice have no potential accommodation and therefore further
confirm the previous hypothesis which was only based on the anatomical assessment!> !4,

In this study, we assessed biometric changes of the eye under topical administration of muscarinic antagonists
in mice and human subjects. It was not a parallel comparison of individual parameters between mice and humans
as some parameters measured in humans could not be measured accurately in mouse eyes. We first investigated
the effect of muscarinic antagonists (cyclopentolate) on whole ocular biometry (refraction, axial components
and radius of curvature in various optical interfaces) in the C57BL/6 wild type mice. The whole ocular biometry
including ChT in human eyes was also assessed during accommodation and after topical administration of cyclo-
pentolate. We then analyzed changes of ocular biometry responsible to refractive changes in each of the species.

Results

Changes in mouse ocular biometry after the cyclopentolate treatment. No cornea dryness or
lens opacification was observed during the biometric measurements in mouse eyes (Fig. 1a). The retinal pigment
epithelium, as identified by the inner border of the choroid, moved forward in eyes treated with cyclopentolate
compared to the pre-treatment, however the chorio-scleral interface was hardly detected (Fig. 1b). Pupil diameter
in the cyclopentolate-treated eyes increased by 0.10 mm (2.26 £ 0.02 mm in cyclopentolate vs 2.16 = 0.02 mm in
pre-treatment: P < 0.001, paired sample t-test, Table 1, Fig. 1c). The eyes treated with cyclopentolate developed
approximately 3.30 D hyperopia (1.76 £0.75 D in cyclopentolate vs —1.56 1 0.44 D in pre-treatment: P < 0.001,
Fig. 1d). The vitreous chamber depth in the cyclopentolate-treated eyes was reduced by 0.052 mm (0.719 +0.009
mm in cyclopentolate vs 0.771 £0.012 mm in pre-treatment: P=0.003, Fig. le) and 0.041 mm for axial length
(2.735£0.022 mm in cyclopentolate vs 2.776 +0.023 mm in pre-treatment: P=0.013, Fig. 1f). However, other
axial components (central corneal thickness, anterior chamber depth, lens thickness and retinal thickness) or
curvature of all optical interfaces (corneal or lens radius of curvature) did not change significantly in these eyes
when compared to the pre-treatment (P> 0.05, Table 1).

Changes in human ocular biometry under different treatments. Two-way ANOVA showed that
there was an interaction between accommodative stimuli and topical administration of cyclopentolate in deter-
mination of pupil diameter, refraction, accommodative response, anterior chamber depth, anterior lens radius
of curvature, lens thickness, and ChT (P < 0.05, interaction, two-way repeated ANOVA, Table 2). Prior to the
cyclopentolate treatment, the pupil diameter induced by the 6D accommodative stimulus was much smaller
than by the 0D (F, ;p=15.650, P =0.003, post hoc simple effect analysis, Fig. 2a). The 6D accommodative
stimulus induced a myopic shift of —5.40 & 0.28 D with an accommodative response of -3.17 +0.26 D, while
the Non-Cyc-0D induced a myopic shift of —3.1740.29 D and an accommodative response of —0.94 £0.12
D (F;;p=64.413, P<0.001 for refraction; F, ;y=64.379, P < 0.001 for accommodative response between these
2 groups, Fig. 2b). In parallel to the refractive changes, the anterior chamber depth was 3.032 +0.074 mm in
Non-Cyc-6D and 3.164 +0.069 mm in Non-Cyc-0D (F, ;,=21.454, P=0.001, Fig. 2¢). The anterior lens
radius of curvature decreased significantly from 11.416 +0.364 mm in Non-Cyc-0D to 8.631 £ 0.455 mm in
Non-Cyc-6D (F, ;,=30.563, P <0.001, Fig. 2d). The lens thickness increased significantly from 3.683 +0.077
mm in Non-Cyc-0D to 3.828 +0.077 mm in Non-Cyc-6D (F, ;,=28.201, P < 0.001, Fig. 2e). ChT in Non-Cyc-6D
decreased significantly from 0.279 £0.010 mm in Non-Cyc-0D to 0.261 £0.011 mm in Non-Cyc-6D
(F),10=28.109, P=0.017, Fig. 2f). After the cyclopentolate treatment, there was only a small but significant differ-
ence in refraction, accommodative response and ChT between Cyc-0D and Cyc-6D (P < 0.05, Table 2). The other
parameters were not affected by accommodative stimuli after the cyclopentolate treatment (P> 0.05).

Cyclopentolate treatment in both Cyc-0D or Cyc-6D groups significantly decreased refraction, accommoda-
tive response and lens thickness and increased the pupil diameter, anterior chamber depth and anterior lens radius
of curvature as compared to their control group (Cyc-0D vs Non-Cyc-0D, Cyc-6D vs Non-Cyc-6D, P < 0.05,
two-way repeated ANOVA, post hoc simple effect analysis, Table 2). In addition, the anterior corneal radius of
curvature in Cyc-0D was larger than in the Non-Cyc-0D (F, ,,=11.302, P=0.007) after the cyclopentolate treat-
ment. The ChT and posterior lens radius of curvature in the Cyc-6D was greater than in the Non-Cyc-6D group
(Fy10=7.373, P=0.022 for ChT; F, ;,=6.130, P=10.033 for posterior lens radius of curvature).

Central corneal thickness, vitreous chamber depth, axial length, or retinal thickness was not affected by either
the accommodative stimuli or cyclopentolate treatment during the measurements (P > 0.05, Table 2).
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Figure 1. Changes in mouse ocular biometry after the cyclopentolate treatment. A scanned image of the
mouse eye from the anterior cornea to the posterior retina was clearly obtained using spectral domain optical
coherence tomography (a). Images of a mouse eye before and after the cyclopentolate treatment were trimmed
and assembled together for comparison. The choroid was moved forward under the cyclopentolate compared to
the pre-treatment, but the curvature of all optical interfaces and lens position did not change significantly (b). A
significant larger pupil size (c), and a hyperopic shift (d) with a reduction in vitreous camber depth (e) and axial
length (f) were induced in the cyclopentolate treatment. *P < 0.05, **P < 0.01 and ***P < 0.001, paired sample
t-test.

Discussion

This study demonstrated that refraction of the mouse eyes shifted towards hyperopia after topical administration
of muscarinic antagonists, with a reduction in both the vitreous chamber depth and axial length. However, curva-
ture of all optical interfaces, lens position, or retinal thickness did not change significantly during the hyperopic
shift. In human subjects, prior to the cyclopentolate treatment, a 6D accommodative stimulus produced a myopic
shift with a reduction in anterior chamber depth, ChT and anterior lens radius of curvature and an increase in
lens thickness. In contrast, the cyclopentolate treatment produced a hyperopic shift with an increased anterior
chamber depth and anterior lens radius of curvature and a reduced lens thickness. Neither the vitreous chamber
depth nor axial length changed significantly in human subjects after the treatment. Therefore, this hyperopic shift
in the mice treated with cyclopentolate was not caused by cycloplegia of the eye as found in human subjects, but
probably due to the forward movement of the choroid. This hypothesis is consistent with a forward movement of
the retinal pigment epithelium in the mouse model and a thickening choroid in human eyes undergoing the same
drug treatment for 6D accommodative stimulus in this study.
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Pupil diameter (mm) 2.16+0.02 2.26+0.027%%:*
Refraction (D) —1.56+0.44 1.76 4 0.75%%*
Central corneal thickness 0.1100.002 0.107 £ 0.002
(mm)

Anterior corneal radius of 1.3044+0.032 1.336 4+ 0.035
curvature (mm)

Posterior corneal radius of 1.1874+0.058 1.2364+0.028
curvature (mm)

Anterior chamber depth | 3561 ¢ 996 0.36340.007
(mm)

Lens thickness (mm) 1.541+0.013 1.543+0.013
Anterior lens radius of 1.071+0.081 111240035
curvature (mm)

Posterior lens radius of 0.904 40,043 1,024 +0.085
curvature (mm)

Vitreous chamberdepth | 771 4 0012 | 0.7194+0.009%*
(mm)

Axial length (mm) 2.776 +£0.023 2.735+0.022*
Retinal thickness (mm) 0.226 +0.006 0.229 +£0.004

Table 1. Changes in mouse ocular biometry after the cyclopentolate treatment (Mean + SE). P < 0.05,
**P < 0.01 and ***P < 0.001 compared to pre-treatment, paired sample t-test.

Pupil diameter (mm) 5.63+0.19 4.9640.25%* 7.1140.14%%% 7.07+0.13%¢
Refraction(D) 3174029 | —540£028%%% | —266+£025%% | —2.5440.26""
Accommodative 0944012 | —3.17£026%%% | —043£0.17%% | —0.3140.18"*
response (D)

Central corneal 0.539-£0.008 | 0.5350.009 0.535+0.011 0.53240.006
thickness (mm)

Anterior cornealradius | ;¢ 40149 | 7.013+0.156 8.1314£0.150%* | 8.1160.110
of curvature (mm)

Posterior corneal radius | ¢ ;aq 1 978 | 679940246 7.0610.247 6.8100.188
of curvature (mm)

é::g“’r chamberdepth | 31041 060 | 3.03240.074%% | 3.20240.060%%% | 330240071

Lens thickness (mm) 3.683+0.077 3.828 £0.077*%*%*% | 3.54540.075% 3.569 +0.070%#

Anterior lens radius of

11.4164+0.364 | 8.631 £0.455%** | 13.318 +0.653* 13.043 +0.574"*
curvature (mm)

Posterior lens radius of

6.0724£0396 | 4.7724+0.653 6.593+0.846 6.314+0.576"
curvature (mm)
Xgﬁ;’“s chamber depth | 16 54910517 | 18.356+0.265 18.31440.258 18.348 +0.258
Axial length (mm) 25.935-£0.188 | 25.780 4 0.209 25.71140.249 25.751 +£0.246
Retinal thickness(mm) | 0.203£0.003 | 0.208 40.004 0.206 40.004 0.203 40.003
gﬁg{;’idal thickness 0.279+£0.010 | 0.2610.011% 0.284+0.010 0.279+0.010"

Table 2. Changes in human ocular biometry under different treatments (Mean + SE). "P < 0.05, **P < 0.01 and
kP < 0.001 compared to Non-Cyc-0D; 'P < 0.05 compared to Cyc-0D; *P < 0.05 and ***P < 0.001 compared
to Non-Cyc-6D, post hoc simple effect analysis, two-way repeated ANOVA.

The pupil diameter is an important index in assessment of the accommodative condition in humans. In this
study, the pupil diameter induced by the 6D accommodative stimulus was significantly smaller than by the 0D
without mydriasis, indicating the accommodative response had occurred after this stimulus was initiated. After
the cyclopentolate treatment, a hyperopic shift was detected with a maximized cycloplegia (complete pupil dil-
atation) in both the 0D and 6D stimulus groups, indicating that the accommodative power was significantly
inhibited by the cyclopentolate.

Muscarinic antagonists induced a significant hyperopic shift with a decrease in vitreous chamber depth and
axial length in the mice. Such a reduction in both the vitreous chamber depth and axial length mainly resulted
from the forward movement of the retina as a single topical administration of muscarinic antagonists was unlikely
to cause a detectable change in the sclera. The non-involvement of the anterior segments of the mouse eye in the
refractive change could be associated with the poorly-developed ciliary body and a less flexible lens compared to
humans and other mammals'® '*. Furthermore, the forward movement of choroidal inner border was detected
in the mouse model, suggesting that the hyperopic shift in the mouse model was associated with a thickening
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Figure 2. Changes in human ocular biometry under different treatments. Biometric measurements in Non-
Cyc-0D, Non-Cyc-6D, Cyc-0D, and Cyc-6D groups during accommodative stimuli and after the cyclopentolate
treatment. (a) Pupil diameter; (b) Refraction; (c) Anterior chamber depth; (d) anterior lens radius of curvature;
(e) Lens thickness; (f) Sub-foveal choroidal thickness. *P < 0.05, **P < 0.001, two-way repeated ANOVA.

choroid as detected in the human subjects. Rapid refractive changes have been found to be associated with tran-
sient changes of ChT in form deprivation and defocus-induced refractive errors in chicks?” and guinea pigs*.
This suggests that a rapid refractive change is more related to transient changes in the position of optical inter-
faces inside the eye than anatomical changes of the eye. Further investigations with an increased penetration of
OCT which can measure the entire ChT in C57BL/6 wild type mice**° may help confirm the choroidal factor in
drug-manipulated refractive changes.

Similar to previous studies in humans®-, we found that accommodation was accompanied with a reduced
anterior chamber depth and lens radius of curvature and an increased lens thickness. In this study, the accommo-
dative response in the human eyes was —3.17 4 0.26 D for 6D accommodative stimulus. This significant accom-
modation should be taken into account during routine assessment (no cyclopedia) of refractive status among
young people. The accommodative response in the Non-Cyc-0D was about 0.50 D greater than in the Cyc-0D
with a reduced anterior chamber depth and an increased lens thickness, indicating that there was a minimal
tonic accommodation in the Non-Cyc-0D eye®'. Interestingly, the sub-foveal ChT in Non-Cyc-6D was reduced

SCIENTIFICREPORTS |7: 9952 | DOI:10.1038/s41598-017-09924-5 5



www.nature.com/scientificreports/

compared to Non-Cyc-0D or Cyc-6D while the ChT in Non-Cyc-0D was not different from the Cyc-0D, indicat-
ing that a greater accommodative response was associated with a thinner ChT while tonic accommodation had
no effect on ChT. Inversely, cyclopentolate increased ChT in human, which was similar to the effect of another
muscarinic antagonist, homoatropine®!. The ChT changes in human subjects under accommodative stimulus
or cyclopentolate treatment were in a small but significant magnitude, suggesting the importance of ChT in the
regulation of refractive development.

Recent studies have demonstrated thinning of the choroid during accommodation in humans®?-*°. The exact
mechanism involved in this process is unclear and cannot be explained by the Helmholtz’s theory. It is hypothe-
sized that the choroidal thinning during accommodation is likely due to a forward movement of the ora serrata
resulting from an accommodation-induced ciliary muscle contraction®®¥’. It has been reported that application
of muscarinic antagonist leads to changes in uveal structures, including iris thickness and morphology of the
iridociliary region®. The choroid, as a part of the uveal structure, its thickness can be changed by the relaxation of
ciliary muscles induced by the instillation of muscarinic antagonist*®. However, the unchanged anterior segment
parameters of the mouse eye suggest that there is no ciliary relaxation during the mydriasis'*> . Therefore, the
positional change in mouse choroid after the mydriasis was probably due to a direct action on muscarinic recep-
tors by the cyclopentolate at the posterior segments of the eye. This hypothesis is consistent with the fact that a
long-term administration of atropine could inhibit form deprivation myopia by a non-cycloplegia mechanism in
chicks as the ciliary muscle receptors are nicotinic in this species®. Muscarinic antagonists reduce the tension of
collagenous and elastic connective tissues that spread over the choroidal stroma, thus limit the fluid transmission
from the choroidal vessels to the surrounding tissues, leading to choroidal vasodilation*’. Additionally, mus-
carinic receptors have been identified in a variety of vascular endothelium which act to regulate the vascular tone
through relaxing factor such as nitric oxide**2,

The choroid could act as a temporary mechanism to regulate the axial length in animals*>*%. In order to
compensate for retinal defocus, the choroid rapidly becomes thinner while the image is behind retina (hyper-
opic defocus) and thicker while the image is in front of the retina (myopic defocus)*>#%. Unlike small animals,
transient changes in ChT may not have a significant impact on refraction in humans due to the much greater eye
size. Additionally, the choroid, as a middle layer of the signal transmission between retina and sclera, could block
biological signals originating from the retina*> 4 or secrete some new biological signals to affect the scleral and
axial growth?”. These actions from the choroid may present as changes in choroidal thickness. Previous studies in
chicks or tree shrews have reported changes of gene expression in choroid during the development of myopia*®-*,
suggesting the choroid plays an active role in new molecular signals that alter scleral and axial growth of the eye.
Further research is required to better understand the implications of accommodation-induced choroidal thinning
in the development of human myopia.

In conclusion, we have demonstrated that mice do not have a traditionally-defined accommodation and the
hyperopic shift induced by muscaric antagonists is not related to changes in anterior segment of the eye. It appears
that this refractive change is due to a shortening vitreous chamber depth resulted from a forward thickening of
the choroid. This may explain why refractions measured in mice are always more variable than in human sub-
jects as choroidal thickness fluctuates more readily than other ocular components due to its vascular nature. It is
important to know whether changes in choroidal thickness also play a significant role in long-term development
of human myopia.

Materials and Methods

Ethics. The animal study was approved by the Animal Care and Ethics Committee at Wenzhou Medical
University (Wenzhou, China). The experiments were conducted according to the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research. Seventeen C57BL/6 wild type mice (age: 4-6 weeks equivalent
to teenage in humans) were obtained from the animal breeding unit at Wenzhou Medical University. All animals
were raised in standard mouse cages with a 12-hour light/dark cycle. The light provided by incandescent bulbs
produced an ambient luminance of about 500 lux on the cage floor.

This study enrolled eleven human subjects aged from 23 to 33 years (25.36 & 0.78 years) according to the tenets
of the Declaration of Helsinki after its approval from the Ethics Committee of Wenzhou Medical University. All
participants signed the informed consent prior to study participation. Human subjects with a degree of myopia
were randomly selected in order to assess the power of accommodation in proportionate to the refractive errors
measured. The mean spherical equivalent of refraction in all the subjects was —2.23+0.33 D (range from —0.50
D to —3.75 D). The subjects had no systemic diseases, ocular diseases, laser ocular treatment or eye surgery.

Mouse study design.  Refraction, axial components and the radius of curvature in various optical interfaces
of the mouse eye were measured prior to any treatment (baseline) and 45 minutes after topical administration
of 1% cyclopentolate hydrochloride (Alcon, Belgium) with 3 interrupted drops at a 5-minute interval to achieve
a complete pupil dilatation (pupil diameter: ~ 2.2 to 2.4 mm). Only the right eye of each animal was used for
measurements.

Refraction of the mice was measured using an eccentric infrared photorefractor in a dimmed room (illumi-
nance <2 lux) as described in details previously>°" . Briefly, the mouse was placed on a small platform in front
of the photorefractor and gently positioned by grabbing its tail until the first Purkinje image was clearly shown
in the center of the pupil (an indication of on-axis measurement). The data were then collected using software
designed by Schaeffel?. The refraction was measured at least three times for each eye with the mean value recorded
as the final result.

Biometric measurements were performed with a custom-made spectral domain OCT (Table 3) in mice and
these included central corneal thickness, anterior chamber depth (distance between corneal endothelium and
anterior lens surface), lens thickness, vitreous chamber depth (distance between posterior lens surface and
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Ultra-long scan
Spectral domain depth Ultra-high resolution
Mouse biometric Human axial Human retinal and
Measurements . .
components components choroidal thickness
Axial Resolution 6 um 7.7 pm 3 pm
Scan Speed 24,000 Scans/s 17,500 Scans/s 70,000 Scans/s
Center Wavelength 840nm 840nm 850nm
Band Width 50 nm 50 nm 100nm
Scan depth in air 7.2 mm 37.71 mm 2.0 mm
Image Size of Each B-scan | 4104 2048%12,288 2048 #1024
(pixels)

Table 3. Configuration of optical coherence tomography (OCT).

internal limiting membrane of retina), retinal thickness, axial length (distance between anterior corneal surface
and internal limiting membrane of retina), anterior and posterior corneal radius of curvature and anterior and
posterior lens radius of curvature®" .

As described previously®> > %, the spectral domain OCT system was based on the fiber-optics Michelson
interferometer configuration (Table 3) with an axial resolution of ~ 6.0 pm. The scan depth of this OCT system
was 7.2 mm in air and sufficient for scanning axial components of the mouse eye (~ 3mm axial length). Briefly,
the mouse was gently restrained by grabbing its neck and placed on a platform in front of the OCT. The operator
adjusted the position of the mouse eye until both the x- and y-cross scans appeared an indication of on-axis meas-
urement. The OCT measurement usually lasted 3 minutes while the mouse was acclimated to this restrain during
the measurement (no signs of restless, vocalization or body shaking). The raw OCT data (Fig. 1a) were exported
and analyzed using a custom-designed software to obtain axial parameters and radius of curvature of various
ocular components. A ray-tracing algorithm was used to correct image distortions due to refraction of the OCT
beam at the successive boundaries of various ocular components.

Human study design. Refraction, axial components including ChT and the radius of curvature in various
optical interfaces of the left eyes were measured for all subjects during each of the following successive stages
(1) Non-Cyc-0D: No drug treatment with the subject viewing a 0D stimulus, (2) Non-Cyc-6D: No drug treat-
ment with the subject viewing a 6D stimulus, (3) Cyc-0D:the subject viewed a 0D stimulus after treated with the
cyclopentolate, and (4) Cyc-6D: the subject tried to viewed a 6D stimulus after treated with the cyclopentolate.
The accommodative stimulus was provided by a Badal system during the measurements. A white letter “E” on a
black background was served as the fixation target and accommodative stimulus. As accommodation occurs in a
binocular synchronization, the accommodative stimulus was induced in the contralateral (right) eye during ChT
measurement on the left eye. For all other ocular parameters, the left eye was used for accommodative stimulation
and measurements while the right eye was covered by an eye pad. The subjects were instructed to focus on the 0D
or 6D accommodative target and maintain the target as sharp as possible. The muscarinic antagonist was admin-
istrated topically in the left eye with 3 interrupted drops of 1% cyclopentolate at a 5-minute interval to achieve a
complete pupil dilatation (pupil diameters: ~ 7 to 8 mm).

Refraction was measured dynamically from the left eye under uncorrected condition using the Grand Seiko
WAM-5500 auto-refractor (Grand Seiko Co. Ltd., Hiroshima, Japan) in HI-SPEED mode®®. The accommodative
response level was calculated by subtracting the spherical equivalent of refraction component of each subject
from the data of the auto-refractor”. Three repeated refractive measurements were taken with the mean used for
analysis.

Axial components including central corneal thickness, anterior chamber depth, lens thickness, vitreous cham-
ber depth, axial length and the radius of curvature in various optical interfaces of the left eyes were measured
using an ultra-long scan depth OCT, with a scan depth of 37.71 mm (Table 3)°**. In order to ensure that the
measurement was conducted on the fixation/visual axis, the OCT measuring beam was congruent to the target.
Measurements were repeated twice for each parameter by the same researcher. A custom-made software was used
to reconstruct full eye images, and this software has been validated previously®®>’.

Both the retina and choroid in human subjects were imaged using an ultra-high resolution OCT, with an axial
resolution of approximately 3 jum (Table 3). The OCT was adapted onto a slit-lamp system with the installation of
an ocular lens (60 D; Volk Optical, Mentor, OH, USA) on the sample arm to detect the posterior segment of the
eye. Two repeated measurements were taken by the same researcher for each parameter. The OCT images were
exported from the instrument and analyzed using a custom-made software after data collection. The internal
limiting membrane and retinal pigment epithelium initially was segmented using an automated method based
on graph theory. An experienced observer then manually segmented the chorio-scleral interface using a method
that has been previously described®. The software automatically applied a smooth function (spline fit) to define
the boundary for these points.

Statistics. A paired sample t-test was used to assess the change in mouse biometric components after treat-
ment with cyclopentolate while two-way repeated ANOVA was used to analyze the change in human ocular
biometry under different treatments. All data in this study were presented as Mean =+ SE. Statistical significance
was defined as *P < 0.05, **P < 0.01 and ***P < 0.001 (SPSS Version 16.0).
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Data Availability. The datasets generated and analysed during the current study are available from the cor-
responding author on reasonable request.

References
. Tejedor, J. & de la Villa, P. Refractive changes induced by form deprivation in the mouse eye. Invest Ophthalmol Vis Sci 44, 32-36,
doi:10.1167/iovs.01-1171 (2003).

. Schaeffel, E, Burkhardt, E., Howland, H. C. & Williams, R. W. Measurement of refractive state and deprivation myopia in two strains

of mice. Optom Vis Sci 81, 99-110 (2004).

Dubbelman, M., Van der Heijde, G. L. & Weeber, H. A. Change in shape of the aging human crystalline lens with accommodation.

Vision Res 45, 117-132, doi:10.1016/j.visres.2004.07.032 (2005).

4. Du, C. et al. Anterior segment biometry during accommodation imaged with ultralong scan depth optical coherence tomography.

Ophthalmology 119, 2479-2485, doi:10.1016/j.0phtha.2012.06.041 (2012).
. Shao, Y. et al. Simultaneous real-time imaging of the ocular anterior segment including the ciliary muscle during accommodation.
Biomedical optics express 4, 466-480, doi:10.1364/BOE.4.000466 (2013).
6. Zhu, D. et al. Real-Time Measurement of Dynamic Changes of Anterior Segment Biometry and Wavefront Aberrations During
Accommodation. Eye & contact lens 42, 322-327, doi:10.1097/ICL.0000000000000199 (2016).
7. Neri, A. et al. Dynamic imaging of accommodation by swept-source anterior segment optical coherence tomography. J Cataract
Refract Surg 41, 501-510, doi:10.1016/j.jcrs.2014.09.034 (2015).
8. Bolz, M., Prinz, A., Drexler, W. & Findl, O. Linear relationship of refractive and biometric lenticular changes during accommodation
in emmetropic and myopic eyes. The British journal of ophthalmology 91, 360-365, doi:10.1136/bj0.2006.099879 (2007).
9. Jones, C. E., Atchison, D. A. & Pope, J. M. Changes in lens dimensions and refractive index with age and accommodation. Optom Vis
Sci 84, 990-995, doi:10.1097/OPX.0b013e318157c6b5 (2007).
10. Kasthurirangan, S., Markwell, E. L., Atchison, D. A. & Pope, J. M. MRI study of the changes in crystalline lens shape with
accommodation and aging in humans. J Vis 11, doi:10.1167/11.3.19 (2011).
. Sheppard, A. L. et al. Three-dimensional magnetic resonance imaging of the phakic crystalline lens during accommodation. Invest
Ophthalmol Vis Sci 52, 3689-3697, doi:10.1167/i0vs.10-6805 (2011).

12. Pardue, M. T,, Stone, R. A. & Iuvone, P. M. Investigating mechanisms of myopia in mice. Exp Eye Res 114, 96-105, doi:10.1016/].
exer.2012.12.014 (2013).

13. Smith, S. S., Sundberg, J. P. & M., J. S. W. Systematic evaluation of the mouse eye: Anatomy, pathology and biomethods. Boca Raton,
FL: CRC Press. (2002).

14. Baradia, H., Nikahd, N. & Glasser, A. Mouse lens stiffness measurements. Exp Eye Res 91, 300-307, doi:10.1016/j.exer.2010.06.003
(2010).

15. Mitchelson, F. Muscarinic receptor agonists and antagonists: effects on ocular function. Handb Exp Pharmacol, 263-298,
doi:10.1007/978-3-642-23274-9_12 (2012).

16. Pardue, M. T. et al. High susceptibility to experimental myopia in a mouse model with a retinal on pathway defect. Invest Ophthalmol
Vis Sci 49, 706-712, doi:10.1167/i0vs.07-0643 (2008).

17. Tkatchenko, T. V., Shen, Y. & Tkatchenko, A. V. Analysis of postnatal eye development in the mouse with high-resolution small
animal magnetic resonance imaging. Invest Ophthalmol Vis Sci 51, 21-27, d0i:10.1167/iovs.08-2767 (2009).

18. Chakraborty, R. et al. Comparison of refractive development and retinal dopamine in OFF pathway mutant and C57BL/6] wild-type
mice. Mol Vis 20, 1318-1327 (2014).

19. Tkatchenko, T. V. & Tkatchenko, A. V. Ketamine-xylazine anesthesia causes hyperopic refractive shift in mice. Journal of neuroscience
methods 193, 67-71, doi:10.1016/j.jneumeth.2010.07.036 (2010).

20. Barathi, V. A., Beuerman, R. W. & Schaeffel, . Effects of unilateral topical atropine on binocular pupil responses and eye growth in

mice. Vision Res 49, 383-387, doi:10.1016/j.visres.2008.11.005 (2009).
. Sander, B. P, Collins, M. ]. & Read, S. A. The effect of topical adrenergic and anticholinergic agents on the choroidal thickness of
young healthy adults. Exp Eye Res 128, 181-189, d0i:10.1016/j.exer.2014.10.003 (2014).

22. Cheng, H. C. & Hsieh, Y. T. Short-term refractive change and ocular parameter changes after cycloplegia. Optom Vis Sci 91,
1113-1117, doi:10.1097/OPX.0000000000000339 (2014).

23. Marchini, G., Babighian, S., Tosi, R., Perfetti, S. & Bonomi, L. Comparative study of the effects of 2% ibopamine, 10% phenylephrine,
and 1% tropicamide on the anterior segment. Invest Ophthalmol Vis Sci 44, 281-289, doi:10.1167/i0vs.02-0221 (2003).

24. Kara, N. et al. Effects of two commonly used mydriatics on choroidal thickness: direct and crossover effects. Journal of ocular
pharmacology and therapeutics: the official journal of the Association for Ocular Pharmacology and Therapeutics 30, 366-370,
doi:10.1089/jop.2013.0093 (2014).

25. Li, Z. et al. Time-Course of Changes in Choroidal Thickness after Complete Mydriasis Induced by Compound Tropicamide in
Children. PLoS One 11, €0162468, doi:10.1371/journal.pone.0162468 (2016).

26. Oner, V., Bulut, A. & Oter, K. The effect of topical anti-muscarinic agents on subfoveal choroidal thickness in healthy adults. Eye
(Lond) 30, 925-928, doi:10.1038/eye.2016.61 (2016).

27. Zhu, X., Park, T. W,, Winawer, J. & Wallman, J. In a matter of minutes, the eye can know which way to grow. Invest Ophthalmol Vis
Sci 46, 2238-2241, doi:10.1167/iovs.04-0956 (2005).

28. Howlett, M. H. & McFadden, S. A. Form-deprivation myopia in the guinea pig (Cavia porcellus). Vision Res 46, 267-283,
doi:10.1016/j.visres.2005.06.036 (2006).

29. Dysli, C., Enzmann, V., Sznitman, R. & Zinkernagel, M. S. Quantitative Analysis of Mouse Retinal Layers Using Automated
Segmentation of Spectral Domain Optical Coherence Tomography Images. Translational vision science & technology 4, 9,
doi:10.1167/tvst.4.4.9 (2015).

30. Dysli, C., Dysli, M., Zinkernagel, M. S. & Enzmann, V. Effect of pharmacologically induced retinal degeneration on retinal

autofluorescence lifetimes in mice. Exp Eye Res 153, 178-185, d0i:10.1016/j.exer.2016.10.018 (2016).
. Neveu, P, Priot, A. E., Philippe, M., Fuchs, P. & Roumes, C. Agreement between clinical and laboratory methods assessing tonic and
cross-link components of accommodation and vergence. Clin Exp Optom 98, 435-446, doi:10.1111/cx0.12311 (2015).

32. Woodman, E. C. et al. Axial elongation following prolonged near work in myopes and emmetropes. The British journal of
ophthalmology 95, 652-656, doi:10.1136/bj0.2010.180323 (2011).

33. Nickla, D. L., Zhu, X. & Wallman, J. Effects of muscarinic agents on chick choroids in intact eyes and eyecups: evidence for a
muscarinic mechanism in choroidal thinning. Ophthalmic Physiol Opt 33, 245-256, doi:10.1111/0p0.12054 (2013).

34. Woodman-Pieterse, E. C., Read, S. A., Collins, M. J. & Alonso-Caneiro, D. Regional Changes in Choroidal Thickness Associated
With Accommodation. Invest Ophthalmol Vis Sci 56, 6414-6422, d0i:10.1167/iovs.15-17102 (2015).

35. Woodman, E. C, Read, S. A. & Collins, M. J. Axial length and choroidal thickness changes accompanying prolonged accommodation
in myopes and emmetropes. Vision Res 72, 34-41, do0i:10.1016/j.visres.2012.09.009 (2012).

36. Drexler, W,, Findl, O., Schmetterer, L., Hitzenberger, C. K. & Fercher, A. F. Eye elongation during accommodation in humans:
differences between emmetropes and myopes. Invest Ophthalmol Vis Sci 39, 2140-2147 (1998).

37. Mallen, E. A., Kashyap, P. & Hampson, K. M. Transient Axial Length Change during the Accommodation Response in Young Adults.
Invest Ophthalmol Vis Sci 47, 1251-1254, d0i:10.1167/i0vs.05-1086 (2006).

—

[S8

w

w

1

—_

2

—_

3

—_

SCIENTIFICREPORTS |7: 9952 | DOI:10.1038/s41598-017-09924-5 8


http://dx.doi.org/10.1167/iovs.01-1171
http://dx.doi.org/10.1016/j.visres.2004.07.032
http://dx.doi.org/10.1016/j.ophtha.2012.06.041
http://dx.doi.org/10.1364/BOE.4.000466
http://dx.doi.org/10.1097/ICL.0000000000000199
http://dx.doi.org/10.1016/j.jcrs.2014.09.034
http://dx.doi.org/10.1136/bjo.2006.099879
http://dx.doi.org/10.1097/OPX.0b013e318157c6b5
http://dx.doi.org/10.1167/11.3.19
http://dx.doi.org/10.1167/iovs.10-6805
http://dx.doi.org/10.1016/j.exer.2012.12.014
http://dx.doi.org/10.1016/j.exer.2012.12.014
http://dx.doi.org/10.1016/j.exer.2010.06.003
http://dx.doi.org/10.1007/978-3-642-23274-9_12
http://dx.doi.org/10.1167/iovs.07-0643
http://dx.doi.org/10.1167/iovs.08-2767
http://dx.doi.org/10.1016/j.jneumeth.2010.07.036
http://dx.doi.org/10.1016/j.visres.2008.11.005
http://dx.doi.org/10.1016/j.exer.2014.10.003
http://dx.doi.org/10.1097/OPX.0000000000000339
http://dx.doi.org/10.1167/iovs.02-0221
http://dx.doi.org/10.1089/jop.2013.0093
http://dx.doi.org/10.1371/journal.pone.0162468
http://dx.doi.org/10.1038/eye.2016.61
http://dx.doi.org/10.1167/iovs.04-0956
http://dx.doi.org/10.1016/j.visres.2005.06.036
http://dx.doi.org/10.1167/tvst.4.4.9
http://dx.doi.org/10.1016/j.exer.2016.10.018
http://dx.doi.org/10.1111/cxo.12311
http://dx.doi.org/10.1136/bjo.2010.180323
http://dx.doi.org/10.1111/opo.12054
http://dx.doi.org/10.1167/iovs.15-17102
http://dx.doi.org/10.1016/j.visres.2012.09.009
http://dx.doi.org/10.1167/iovs.05-1086

www.nature.com/scientificreports/

38. van Alphen, G. W. Choroidal stress and emmetropization. Vision Res 26, 723-734, doi:10.1016/0042-6989(86)90086-6 (1986).

39. McBrien, N. A., Moghaddam, H. O. & Reeder, A. P. Atropine reduces experimental myopia and eye enlargement via a
nonaccommodative mechanism. Invest Ophthalmol Vis Sci 34, 205-215 (1993).

40. Nickla, D. L. & Wallman, J. The multifunctional choroid. Prog Retin Eye Res 29, 144-168, doi:10.1016/j.preteyeres.2009.12.002.

41. Bruning, T. A., Hendriks, M. G., Chang, P. C., Kuypers, E. A. & van Zwieten, P. A. In vivo characterization of vasodilating muscarinic-
receptor subtypes in humans. Circulation research 74, 912-919, doi:10.1161/01.RES.74.5.912 (1994).

42. Loke, K. E., Sobey, C. G., Dusting, G. J. & Woodman, O. L. Cholinergic neurogenic vasodilatation is mediated by nitric oxide in the
dog hindlimb. Cardiovascular research 28, 542-547, d0i:10.1093/cvr/28.4.542 (1994).

43. Wallman, J. et al. Moving the retina: choroidal modulation of refractive state. Vision Res 35, 37-50, d0i:10.1016/0042-6989(94)
E0049-Q (1995).

44. Wildsoet, C. & Wallman, J. Choroidal and scleral mechanisms of compensation for spectacle lenses in chicks. Vision Res 35,
1175-1194, doi:10.1016/0042-6989(94)00233-C (1995).

45. Nickla, D. L., Wildsoet, C. . & Troilo, D. Endogenous rhythms in axial length and choroidal thickness in chicks: implications for
ocular growth regulation. Invest Ophthalmol Vis Sci 42, 584-588 (2001).

46. Nickla, D. L. & Wallman, J. The multifunctional choroid. Prog Retin Eye Res 29, 144-168, doi:10.1016/j.preteyeres.2009.12.002
(2010).

47. Summers, J. A. The choroid as a sclera growth regulator. Exp Eye Res 114, 120-127, doi:10.1016/j.exer.2013.03.008 (2013).

48. He, L., Frost, M. R,, Siegwart, J. T. Jr. & Norton, T. T. Gene expression signatures in tree shrew choroid during lens-induced myopia
and recovery. Exp Eye Res 123, 56-71, d0i:10.1016/j.exer.2014.04.005 (2014).

49. He, L., Frost, M. R,, Siegwart, J. T. Jr. & Norton, T. T. Gene expression signatures in tree shrew choroid in response to three
myopiagenic conditions. Vision Res 102, 52-63, d0i:10.1016/j.visres.2014.07.005 (2014).

50. Rada, J. A., Wiechmann, A. F, Hollaway, L. R., Baggenstoss, B. A. & Weigel, P. H. Increased hyaluronan synthase-2 mRNA expression
and hyaluronan accumulation with choroidal thickening: response during recovery from induced myopia. Invest Ophthalmol Vis Sci
51, 6172-6179, doi:10.1167/iovs.10-5522 (2010).

51. Zhou, X. et al. The development of the refractive status and ocular growth in C57BL/6 mice. Invest Ophthalmol Vis Sci 49, 5208-5214,
doi:10.1167/iovs.07-1545 (2008).

52. Liu, Z. et al. Adenomatous Polyposis Coli Mutation Leads to Myopia Development in Mice. PLoS One 10, 0141144, doi:10.1371/
journal.pone.0141144 (2015).

53. Zhou, X. et al. Biometric measurement of the mouse eye using optical coherence tomography with focal plane advancement. Vision
Res 48, 1137-1143, doi:10.1016/j.visres.2008.01.030 (2008).

54. Shen, M., Wang, M. R., Wang, J., Yuan, Y. & Chen, F. Entire contact lens imaged in vivo and in vitro with spectral domain optical
coherence tomography. Eye & contact lens 36, 73-76, d0i:10.1097/ICL.0b013e3181d0423e (2010).

55. Fang, F. et al. Effects of muscarinic receptor modulators on ocular biometry of guinea pigs. Ophthalmic Physiol Opt 35, 60-69,
doi:10.1111/0p0.12166 (2015).

56. Win-Hall, D. M., Houser, J. & Glasser, A. Static and dynamic accommodation measured using the WAM-5500 Autorefractor. Optom
Vis Sci 87, 873-882, doi:10.1097/OPX.0b013e31816f98f (2010).

57. Orr, ]. B,, Seidel, D., Day, M. & Gray, L. S. Is Pupil Diameter Influenced by Refractive Error? Optom Vis Sci 92, 834-840, doi:10.1097/
OPX.0000000000000627 (2015).

58. Zhong, J. et al. Whole eye axial biometry during accommodation using ultra-long scan depth optical coherence tomography. Am J
Ophthalmol 157, 1064-1069, doi:10.1016/j.aj0.2014.01.016 (2014).

59. Zhong, J. et al. Axial biometry of the entire eye using ultra-long scan depth optical coherence tomography. Am ] Ophthalmol 157,
412-420 e412, doi:10.1016/j.2j0.2013.09.033 (2014).

60. Liu, X. et al. Repeatability and reproducibility of eight macular intra-retinal layer thicknesses determined by an automated
segmentation algorithm using two SD-OCT instruments. PLoS One 9, €87996, doi:10.1371/journal.pone.0087996 (2014).

Acknowledgements

The authors thank Frank Schaeffel for providing the support on our eccentric infrared photoretinoscope. This
work was supported by Natural Science Foundation of Zhejiang (LQ16H120005, LZ14H120001), National
Natural Science Foundation of China (81670886, 81422007, 81470659, 81371047, and 81271039), Zhejiang
Provincial Program for Leading of High-level Innovative Health Talents, and National Young Excellent Talents
Support Program.

Author Contributions

Conception and design of experiments: X.T.Z., M.X.S. and ER.H.; Refraction recordings: EZ. and X.W.C; OCT
experiment: S.H.H. and J.EY,; Data analysis: ER.H., C.L.Z. and Y.N.Y; Article drafting or critical revision for
important intellectual content: X.T.Z., ].Q., R.Z.X. and ER.H. All authors approved the final version of the
manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

Y License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 9952 | DOI:10.1038/s41598-017-09924-5 9


http://dx.doi.org/10.1016/0042-6989(86)90086-6
http://dx.doi.org/10.1016/j.preteyeres.2009.12.002
http://dx.doi.org/10.1161/01.RES.74.5.912
http://dx.doi.org/10.1093/cvr/28.4.542
http://dx.doi.org/10.1016/0042-6989(94)E0049-Q
http://dx.doi.org/10.1016/0042-6989(94)E0049-Q
http://dx.doi.org/10.1016/0042-6989(94)00233-C
http://dx.doi.org/10.1016/j.preteyeres.2009.12.002
http://dx.doi.org/10.1016/j.exer.2013.03.008
http://dx.doi.org/10.1016/j.exer.2014.04.005
http://dx.doi.org/10.1016/j.visres.2014.07.005
http://dx.doi.org/10.1167/iovs.10-5522
http://dx.doi.org/10.1167/iovs.07-1545
http://dx.doi.org/10.1371/journal.pone.0141144
http://dx.doi.org/10.1371/journal.pone.0141144
http://dx.doi.org/10.1016/j.visres.2008.01.030
http://dx.doi.org/10.1097/ICL.0b013e3181d0423e
http://dx.doi.org/10.1111/opo.12166
http://dx.doi.org/10.1097/OPX.0b013e3181f6f98f
http://dx.doi.org/10.1097/OPX.0000000000000627
http://dx.doi.org/10.1097/OPX.0000000000000627
http://dx.doi.org/10.1016/j.ajo.2014.01.016
http://dx.doi.org/10.1016/j.ajo.2013.09.033
http://dx.doi.org/10.1371/journal.pone.0087996
http://creativecommons.org/licenses/by/4.0/

	The effect of topical administration of cyclopentolate on ocular biometry: An analysis for mouse and human models

	Results

	Changes in mouse ocular biometry after the cyclopentolate treatment. 
	Changes in human ocular biometry under different treatments. 

	Discussion

	Materials and Methods

	Ethics. 
	Mouse study design. 
	Human study design. 
	Statistics. 
	Data Availability. 

	Acknowledgements

	Figure 1 Changes in mouse ocular biometry after the cyclopentolate treatment.
	Figure 2 Changes in human ocular biometry under different treatments.
	Table 1 Changes in mouse ocular biometry after the cyclopentolate treatment (Mean ± SE).
	Table 2 Changes in human ocular biometry under different treatments (Mean ± SE).
	Table 3 Configuration of optical coherence tomography (OCT).




