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Abstract

Purpose: Cortical cataracts commonly occur in people with presbyopia and may be due to age-related
loss of accommodation. Wedge-shaped or spoke-like opacities develop underneath insertion points of
lens zonules, suggesting a possible link between lens zonular tension and cortical cataracts. Previous
studies have suggested an association between accommodative stress and formation of cortical
cataracts. We tested the hypothesis that increasing the tension of lens zonules by paralyzing ciliary
muscles with cycloplegic drugs may promote cortical cataractogenesis.
Methods: Diabetic rats were treated with cycloplegic eye drops (atropine or cyclopentolate) to paralyze
the ciliary muscles and produce lens zonular tension. Lens opacification, diffusion of fluorescein into
the lenses, and protein leakage into aqueous humor, were assessed at various time points. For human
comparison, visual accommodative amplitude data from patients with cortical cataracts as well as age-
matched normal controls were collected and analyzed.
Results: Atropine and cyclopentolate-treated diabetic rats developed lens opacities earlier and with
greater severity than diabetic control rats. Fluorescein diffusion into the lens, and leakage of proteins
in the aqueous in atropine-treated diabetic eyes was significantly higher than in diabetic controls, and
undetectable in nondiabetic controls. Clinical data showed significantly lower visual accommodative
amplitude in cortical cataract patients than in normal controls.
Conclusion: Chronic use of cycloplegic drugs that paralyze ciliary muscles and increase lens zonular
tension can accelerate lens leakage and opacification, contributing to formation of cortical cataracts.
Clinical and experimental data support the hypothesis that increased lens zonular tension, which can
be associated with presbyopia and clinical pupillary dilation, may promote cortical cataractogenesis.
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Introduction
Cataract is the leading cause of blindness, and accounts for
about 48% of the world’s roughly 37 million blind individuals
[1]. Depending on the location of opacities within the lens,
cataracts can be classified into three major types: cortical,
nuclear, and subcapsular cataracts. Cortical cataract is the most
common type among African Americans [2] and the most
prevalent type in Australia [3].

Cortical cataracts initially appear in the lens cortex as wedge-
shaped or spoke-like opacities that start from the periphery and
extend over time towards the center of the lens. Various
degrees of vision loss can result from interference with light
passage by the opacities as they progress towards the center.

Potential risk factors associated with the development of
cortical cataracts include advanced age, diabetes, female
gender, long-term UV exposure etc. [4–7] However, the
mechanism of cortical cataract formation remains unclear.

Cataract surgery with lens extraction and IOL implant is
currently the most effective and most frequently performed
surgical procedure worldwide, resulting in a substantial

expenditure of 3.4 billion dollars in the U.S. annually [8]. In
addition to this cost, cataract surgery may have unexpected and
potentially devastating complications. A better understanding
of the mechanisms of cataract formation may lead to the
development of non-surgical interventions that dramatically
reduce the costs and complications associated with cataract
surgery.

Cortical cataracts are commonly found in people who develop
presbyopia as a result of loss of accommodation ability after
age 45 [9,10]. Initially, wedge-shaped or spoke-like
opacifications appear underneath the insertion of lens zonules,
and extend in the direction of zonular tension. This implies a
possible link between lens zonular tension and cortical
cataracts.

An early study by Jackson [11] suggested that accommodative
stress could produce opacities by interfering with the nutrition
of the lens. Fisher [12] observed that the occurrence of deep
cortical cataract spokes corresponded to the sites of maximal
cortical fiber strain, and thus hypothesized that accommodative
stress associated with presbyopia might damage the cortical
fibers, leading to the formation of cortical cataract spokes. Pau
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[13] proposed that typical gray senile cataract is brought about
by accommodative shearing forces exerted by the zonular
fibers acting on the border between the soft cortex and the
sharply defined nucleus.

These theories linking accommodative stress and cortical
cataractogenesis are based on clinical observations, but have
not until now been proven in animal models. Here we used
diabetic rats as a cortical cataract model, and studied the
relationship between lens zonular tension and the development
of cortical cataracts by treating the rats chronically with
cycloplegic drugs, which paralyze the ciliary muscles and
allow the lens zonules to undergo continuous tension. In
addition, we collected clinical accommodation data to test our
hypothesis.

Materials and Methods

Induction of diabetes
The NIH guidelines and ARVO statement for the Use of
Animals in Ophthalmic and Vision Research were strictly
followed for the welfare of the animals. Male Sprague-Dawley
rats with an average weight of 150 g (Harlan, Indianapolis)
were randomly assigned into three groups: control, diabetic
control, and diabetic with atropine (4 rats in each group).
Diabetes was induced via intraperitoneal (IP) injection of
streptozotocin (STZ) at 60 mg/kg as described in our previous
study [14]. Rats having post-injection blood glucose levels ~
500 mg/dl were included in the study. Blood glucose levels of
all three groups were measured on days 2, 10, and 46 post-
injection.

Ocular dosing and lens photography
The atropine-treated diabetic rats received 1% atropine (Alcon
Laboratories Inc., Fort Worth) topically, 1 drop on each eye 3
times per day. For comparison, 1% cyclopentolate eye drops
(Cyclogyl ®, Alcon Laboratories Inc., Fort Worth) were given
to 4 diabetic rats, 1 drop on each eye 3 times per day. Every
week, pupils of rats from each group were dilated with 1%
atropine and 10% neosynephrine, and lens transparency was
assessed via direct opthalmoscopy based on red light
reflection. Lens opacity was scored on a scale of 0 to 10, where
0 represents a clear lens with no opacification, 5 represents an
intermediate stage of cataract, and 10 represents a fully opaque
lens.

On days 28, 35, 45, and 60, rats from each group were
anesthetized with IP injection of a mixture of ketamine (100
mg/ml) and xylazine (20 mg/ml) at 100 mg/kg and 10 mg/kg,
respectively. Rat lenses were examined for opacities under a
microscope and photographed with a Sony Cyber-shot ®
digital camera. All rats were sacrificed on day 65, and a
representative animal from each group was selected for the
following procedures: Both eyeballs were enucleated. From the
left eye, [10-15] l of aqueous humor was collected with a 0.5
cc insulin syringe for further SDS-PAGE analysis. The right
lens was carefully dissected, immediately placed in a 24-well
plate containing 1X PBS, and photographed under a Leica

MZFLIII microscope (Leica Microsystems GmbH, Wetzlar,
Germany) connected to an Olympus digital camera. The lenses
were then stained with 0.25% fluorescein (Otsuka America
Pharmaceutical, Inc. Rockville, Maryland), washed, and
photographed with a fluorescence filter.

SDS-PAGE analysis
For each sample, a mixture of 5 µl of aqueous humor, 10 µl of
ddH2O, and 5 µl of sample loading buffer was boiled for 5
min, and loaded on a 12% SDS-PAGE gel to run at 100 V for 1
h. The gel was stained with Coomassie blue and air dried for
analysis.

Visual accommodative amplitude clinical
measurement
Human data were collected from the Department of
Ophthalmology and Visual Sciences, University of Texas
Medical Branch (UTMB) and from The Second Xiang Ya
Hospital in China. Institutional Review Board (IRB) approval
in accordance with the Declaration of Helsinki and informed
consent was obtained on all patients. The two study
populations were combined into a control group of 30 eyes that
were phakic without any signs of cortical cataract formation
per slit lamp examination (SLE), and a cortical cataract group
of 27 eyes that were phakic but with cortical changes per SLE.

In each group, the amplitude of visual accommodation was
measured by monocular fixation on the Jaeger 2 line of a
Snellen near card held at 40 cm on a Prince ruler.
Accommodation was stimulated by adding successively
stronger minus spheres before the eye until the print blurred;
accommodation was then relaxed by using successively
stronger plus spheres until the print blurred again. The
difference between the lens values was recorded as the visual
accommodative amplitude.

Results

Cycloplegic drugs accelerate hyperglycemia-
associated opacification in early stages.
STZ injection resulted in a significant increase (approximately
4 fold) in blood glucose levels 2 days post-injection, and
sustained hyperglycemia was detected thereafter (Table 1).
Lens changes occurred after achieving stable hyperglycemic
state, and increased significantly with time (Table 1, Figures 1
and 2). In contrast, rats in the control group without STZ
injection showed no increase in blood glucose levels and
developed no sign of opacification throughout the experiment.
Atropine-treated diabetic rats developed significantly more
opacities in the lens than diabetic control rats during the early
phase of the experiment, between days 28 and 45 (Figures 1
and 2, Table 1).

As shown in Figure 1, on day 28, remarkable peripheral
vacuoles as well as opacity in the nucleus were present in the
atropine-treated diabetic lens, but only very subtle suture-like
opacities appeared in the nucleus of the diabetic control lens.
On days 35 and 45, the vacuoles in the periphery of the
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atropine-treated diabetic lens accumulated and extended
toward the center of the lens, whereas peripheral vacuoles were
just beginning to develop in the diabetic control lens. The
difference in average opacity scores between atropine-treated
diabetic group and diabetic control group began to diminish
after 45 days and was almost indistinguishable on day 60
(Figures 1 and 2). These results demonstrate that atropine can
speed up opacification associated with hyperglycemia.

Table 1. Blood sugar and lens opacity on various days after STZ
injection.

 Ctrl DC DA P-value

Blood sugar
(mg/dl)

day 0 154 ± 33.9 145.3 ± 22.6 129.3 ± 17.9

day 2 169.3 ± 21.9 546 ± 20 575 ± 11.9 0.1527

day 10 146.7 ± 33.2 hi 548 ± 22.9 0.0065

day 46 147.3 ± 36.2 hi 582.5 ± 10.5 0.3891

Lens
opacities

day 0 0 0 0

day 28 0 1±0 2.7 ± 0.9 0.00068

day 35 0 2±0 5 ± 0.8 0.00653

day 45 0 4±0.86. 7 ± 0.9 0.02902

day 60 0 8±0.8 7.7 ± 1.2 0.7676

hi: Blood Sugar above 600 mg/dl; Ctrl: Control; DC: Diabetic-Control; DA:
Diabetic-Atropine; P-value: Diabetic-Control vs. Diabetic-Atropine.

Figure 1.Photographs of representative rat lenses from each group
on days 28, 35, 45, and 60.
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Figure 2. Accelerated opacification of the diabetic rat lens with 1%
atropine treatment. DC: Diabetic Controls; DA: Diabetic with
Atropine; C: Controls. Error bars represent standard deviation from
the mean.

Similar results were obtained in the four diabetic rats receiving
1% cyclogyl (cyclopentolate). Three of these rats developed
significant spoke-like opacities in the periphery of their lenses
as early as day 15, whereas the four untreated diabetic rats
showed no sign of opacification in their lenses at that time
(Figure 3). Our results show that the use of two different
cycloplegic drugs, atropine and cyclogyl, can accelerate
hyperglycemia-associated opacification in the early stages.

Figure 3. Accelerated opacification of the diabetic rat lens with 1%
cyclogyl treatment. A,B,C: lenses of diabetic control rats. D,E,F:
lenses of diabetic rats with 1% cyclogyl treatment. Photographs on
day 15. Arrows point to the spoke-like opacities.

Cycloplegic drugs promote hyperglycemia-associated
increase of lens permeability.
Representative lenses collected on day 65 from both diabetic
control (Figure 4B) and atropine-treated diabetic (Figure 4C)
groups showed extensive opacities in the lens cortex that are
characteristic of late-stage cortical cataracts. As expected, the
nondiabetic control group lens did not show any opacification
(Figure 4A). Photographs of the same lenses with fluorescein
stain showed that the lens capsule and some areas of the lens
cortex were stained in both diabetic control (Figure 4E) and
atropine-treated diabetic (Figure 4F) lenses, whereas only the
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lens capsule was stained in the control lens (Figure 4D). The
atropine-treated diabetic lens displayed a much higher degree
of fluorescence than the diabetic control lens. These results
suggest that, in addition to promoting opacification of the lens,
hyperglycemia may also increase the permeability of the lens,
or its susceptibility to leakage, and thus result in fluid leakage
into and out of the lens. Our results also suggest that the use of
a cycloplegic agent, such as atropine, can further promote
hyperglycemia-associated increase of lens permeability.

Figure 4. Photographs of representative rat lenses stained with or
without fluorescein from each group on day 65. A,B,C: lenses from
control, diabetic control, and diabetic atropine groups, respectively.
D, E, F: same lenses stained with 0.25% fluorescein.

We also compared the protein content in the aqueous humor of
eyes collected from the same rats on day 65, as shown in
Figure 5. Consistent with our fluorescein-staining results, lens
proteins were almost absent in the nondiabetic control aqueous
humor, but were present in abundance in both the diabetic
control aqueous humor, and the atropine-treated diabetic
aqueous humor. This demonstrates leakage of protein contents
from the lens into the aqueous humor. Moreover, as shown in
Figure 5, both high molecular weight (HMW) and low
molecular weight (LMW) lens proteins were more abundant in
the aqueous humor of the atropine-treated diabetic eye than in
the aqueous humor of the diabetic control eye, providing
additional evidence of atropine-induced increase of lens
permeability and leakage.

Figure 5. SDS-PAGE of aqueous humor proteins from each group on
day 65. The gel was stained with Coomassie blue. Lane 1: marker;
Lanes 2, 3, 4: control, diabetic control, and diabetic with atropine
aqueous humor samples, respectively.

Visual accommodative amplitude is smaller in human
subjects with cortical cataract than in controls.
We observed significantly smaller visual accommodative
amplitude in cortical cataract patients compared with age-
matched controls, as shown in Figure 6.

Figure 6. Visual accommodative amplitude in cortical cataract
patients and controls (Histograms); CC: Cortical Cataracts; Ctrl:
Controls; Highly significant P-value=0.002.

Mean and median visual accommodative amplitude were 1.23
and 1.0 diopters, respectively, in patients with cortical
cataracts. In age matched controls, the mean and median were
about twice as large, 1.98 and 2.0 diopters, respectively.
Student’s T-test shows this difference to be highly significant at
p-value=0.002. These clinical observations demonstrate a
strong correlation between cortical cataracts and a higher
degree of presbyopia, which is generally associated with
chronically higher zonular tension.

Discussion
Various animal models have been developed to study
mechanisms of age-related cortical cataractogenesis [15,16].
Wolf et al. reported that mice (C57BL/6, (C57BL6 × DBA/2)
F1, and (C57BL/6 × C3H) F1), and rats (Brown Norway,
Fischer) could develop various stages of cortical cataracts at
advanced age [17]. Since age-related cortical cataracts in
normal rats may take years to develop, we used diabetic rats as
our cortical cataract model. Usually it takes 30-45 days for
diabetic rats to develop opacities in the lens cortex [18,19].
After the onset of hyperglycemia, the opacities extend from the
periphery towards the center of the lens, with histological
appearance as cortical fiber swelling followed by lens
liquefaction [20]. Age-related cortical cataracts and diabetic
cataracts exhibit similar opacification patterns: vacuoles and
spoke-like opacities initially form in the periphery rather than
the center of the lens. It appears that there might be a similar, if
not identical, mechanism that drives the formation of these two
types of cataracts, despite their association with different
inducing factors.
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Interestingly, cortical cataracts are commonly found in laborers
[4] and individuals with presbyopia [21,22], whose eyes are
usually in the state of disaccommodation, with relaxed ciliary
muscles and tightened lens zonules. Since aging can result in
the weakening of ciliary muscles, which in turn causes lens
zonular tension to increase, it is likely that increased lens
zonular tension may contribute to age-related cortical
cataractogenesis.

To study the relationship between lens zonular tension and
cortical cataract formation, we gave 1% atropine or 1%
cyclopentolate eye drops to STZ-induced diabetic rats, and
examined their lenses for opacification. Diabetic rats provide
an accelerated age-related cataract model. Atropine and
cyclopentolate are cycloplegic drugs that cause paralysis of
ciliary muscles. Relaxation of ciliary muscles tightens lens
zonules and produces tension on the lens.

In our experiment, cataracts in atropine-treated diabetic rats
developed earlier and with greater severity than in diabetic
control rats. In atropine-treated diabetic lenses, initial opacities
with pearl-like vacuoles from the periphery could be seen with
direct opthalmoscopy (based on red reflex), as early as day 20,
whereas no sign of opacification was observed in diabetic
control lenses (data not shown). On day 28, atropine-treated
diabetic lenses exhibited remarkably increased peripheral
vacuoles, while initial cataracts in diabetic control lenses
appeared as slight suture-like opacities in the lens nucleus. On
days 35 and 45, accumulation and progression of the vacuoles
towards the nucleus was clearly evident in atropine-treated
diabetic lenses, whereas vacuoles just began to form in the
periphery of diabetic control lenses. The difference in severity
of cortical cataracts between the atropine-treated diabetic
group and the diabetic control group was remarkable in the
early stages (e.g. days 28 and 35) and less significant in the
later stages (day 60) when all the diabetic lenses were close to
complete opacification. In a similar experiment, replacing 1%
atropine with 1% cyclopentolate, significant spoke-like
opacities were evident at a very early stage (day 15) in 3 out of
4 cyclogel-treated diabetic lenses, and none of 4 diabetic
control lenses. These results demonstrated that cycloplegic
drugs accelerate the formation of diabetic cataracts.

We were not able to directly measure the tension of lens
zonules in vivo. But based on the mechanism of
disaccommodation, the paralytic effect of cycloplegic drugs on
ciliary muscles, and our preliminary results, we speculate that
cycloplegic drugs increase lens zonular tension and promote
cortical cataractogenesis associated with hyperglycemia.

We hypothesize that the tension on lens zonules creates an
external tractional force on the lens capsule, and that as the
lens zonular tension increases, the force exerted on the lens
capsule also increases. This eventually results in tiny breaks or
holes on the capsule where lens zonules are inserted. Fluid
exchange between the lens and the aqueous humor can then
occur freely through the damaged lens capsule, and may cause
biochemical changes that result in cataract formation. Indeed,
our results from lens fluorescein staining and aqueous humor
protein gel staining suggest that atropine treatment promoted
lens permeability and leakage.

Notably, in the absence of atropine, the diabetic lens still
demonstrated some leakage, compared to no leakage in the
control lens. It is possible that hyperglycemia-induced
oxidative stress may cause lens zonular tension to increase,
leading to lens capsule damage, and eventually to the
formation of diabetic cataracts.

Since lens zonule fibers are inserted at the pre-equatorial
(anterior zonular), equatorial (equatorial zonular), and post-
equatorial (posterior zonular) regions of the lens capsule, we
speculate that lens zonular tension will damage the capsule at
these specific locations around the periphery of the lens, which
may explain why initial opacities form circumferentially
around the lens before progressing radially towards its center.

Our data suggest a possible role of lens zonules in the
formation of diabetic cataracts. As mentioned above, age-
related cortical cataracts and diabetic cataracts exhibit similar
opacification patterns, which can be explained by the actions of
lens zonules. Therefore, we hypothesize that age-related
cortical cataractogenesis is also associated with the increase of
lens zonular tension.

For early onset diabetic cataracts, the increase of lens zonular
tension is possibly due to hyperglycemia-induced oxidative
stress. In age-related cortical cataracts, increased lens zonular
tension is likely caused by aging-induced weakening of the
ciliary muscles. In humans, the lens continues to grow
throughout life and its nucleus becomes larger and denser with
age [23]. Therefore, for age-related cortical cataracts, it is
possible that in addition to the zonular tension pulling the lens
capsule externally, the enlarged and hardened nucleus also
creates a force that damages the lens fibers. The larger
combined force could damage the lens, causing significant
opacification [24].

Besides our animal study and previous work by Jackson [11],
Fisher [12] and Pau [13,23,24], our clinical evidence also
implies an association between lens zonular tension and
cortical cataracts. Cortical cataracts are common among
laborers and home-duty individuals whose ciliary muscles are
more likely to be in a state of relaxation [5]. Studies of cortical
cataract patients from one family suggested a genetic tendency
to develop cortical cataracts, probably due to alterations of
such structures as lens and lens zonules [25,26]. Oxidative
stress has been linked to cortical cataractogenesis [27,28].
However, the fact that initial opacities occur peripherally and
inferiorly around the lens [29,30] rather than in the center of
the lens, where exposure to UV or oxidants is likely to be more
severe, implies that, in addition to UV exposure, mechanical
forces exerted by the lens zonules may play a role in cortical
cataractogenesis. Moreover, the loss of water, ions, and small
protein molecules in cataractous lenses provides strong
evidence for lens capsule damage [31-39] which can be
explained as an effect of lens zonular tension.

Our clinical data shows that there is a reduction in visual
accommodative amplitude in cortical cataract patients
compared to controls (p=0.002, Figure 6). This suggests that
lens zonular tension related to presbyopia may be involved in
the development of cortical cataracts.
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Our preliminary animal study demonstrated that 1% atropine
and 1% cyclopentolate can accelerate the formation of cortical
cataracts in diabetic rats. This is the first time that a strong
association between lens zonular tension and cortical cataracts
has been demonstrated in a rat model. We plan to develop a
method for direct measurement of lens zonular tension, in
order to further test the validity of our hypothesis that
mechanical forces of the lens zonules may play an important
role in cortical cataractogenesis.

One therapeutic implication of our studies is that dilation of the
pupils for routine ophthalmological examinations may also
paralyze the ciliary muscles and cause acute zonule stress on
the lens capsule. This may increase the risk of cortical cataract,
especially in patients with other risk factors (age, diabetes,
etc.). If this added risk is found to be significant, physicians
may wish to dilate the eyes of such patients less frequently or
less completely. Or perhaps drugs or protocols could be
developed and used that have mydriatic but not cycloplegic
effects.

A second therapeutic implication of our studies is that drugs
could perhaps be developed to improve ciliary muscle function
and maintain lens zonules in a healthy state of contraction and
relaxation, thus preventing or delaying the development of
cortical cataracts in a non-surgical manner. This could help
avoid or reduce the costs and complications associated with
cataract surgery.
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