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Abstract
Talebizadeh, N. 2016. Caspase-3 in lens epithelium. Digital Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Medicine 1168. 40 pp. Uppsala: Acta Universitatis
Upsaliensis. ISBN 978-91-554-9436-0.

Purpose: To model the time evolution of active caspase-3 protein expression in a healthy lens,
and in a lens exposed to UVR-300 nm (UVR-B). To develop an automated method to classify
the fluorescent signal of biomarkers in the lens epithelial cells.

Methods: Six-week old Sprague-Dawley rats were used. Firstly, expression of active
caspase-3 was studied in the lens epithelium of healthy rats. Secondly, rats were unilaterally
exposed in vivo to 1 kJ/m2 UVR-B for 15 minutes. At 0.5, 8, 16, and 24 hours after
the UVR-B exposure, the exposed and the contralateral non-exposed lenses were removed.
Immunohistochemistry was done on three mid-sagittal sections from each lens. The florescent
labelling for active caspase-3 in each lens section was counted three times. The time evolution of
active caspase-3 expression in response to UVR-B exposure was modelled as a function of cell
position in the lens epithelium. An automated objective method was developed to quantify the
lens epithelial cells and to classify the fluorescent signal of active caspase-3. Active caspase-3
was selected as a model signal.

Results: Active caspase-3 was abundant in the anterior pole of the normal lenses. Spatial
distribution of active caspase-3 labelling in the lens epithelium was fitted to a logistic model.
The probability of active caspase-3 expression was higher in the UVR-B exposed lenses (95%
CI = 0.12 ± 0.01). There was no difference in the expression of active caspase-3 between the
0.5 and the 24 hours groups or between the 8 and the 16 hours groups. A difference was noted,
when comparing the 0.5 and 24 hours groups with the 8 and 16 hours groups (Test statistic 7.01,
F1;36;0.95= 4.11). Exposure to UVR-B has an impact on the average probability of labelling
for active caspase-3 as a function of cell position. The probability of labelling as a function of
cell number also varied as a function of time after UVR-B exposure. The automated method
counted the lens epithelial cells and estimated the proportion of active caspase-3 labelling in
the lens epithelium.

Conclusions: Active caspase-3 is present in the healthy lens epithelial cells. Active caspase-3
exhibits higher expression at the anterior pole of the lens and the expression decreases towards
the periphery. After UVR-B exposure, the expression of active caspase-3 in the lens epithelium
increases with a peak of expression occurring around 16 hours after exposure. The average
probability of labelling in the lens epithelium is dependent on both the UVR-B exposure and
the time period elapsed after the exposure. The automated method enables objective and fast
quantification of lens epithelial cells and the expression of fluorescent signal in the lens cells.
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analysis.
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Introduction 

Cataract is opacification of the eye lens which prevents clear vision. The 
World Health Organization reports that cataract is the leading cause (51%) of 
blindness and, uncorrected refractive errors and cataract are the major causes 
of visual impairment worldwide (1). It is estimated that globally the acuity of 
at least 25 million eyes decreases due to cataract each year (2). 

Cataract surgery is currently the only available treatment for cataract. It is 
estimated that cataract surgery will become one of the most commonly per-
formed operations in developed countries (OCED 2005). Although surgical 
techniques have progressed within the last decade, limited resources in many 
countries prevent access to surgery and thus cataract continues to be a major 
cause of visual impairment. 

Lens 

The optical features of the eye are designed to transmit light to the retina. In 
particular the lens, which is transparent to light, provides approximately one 
third of the eye’s refractive power and acts as an important filter. The lens has 
a biconvex structure and is attached to the ciliary body behind the iris by the 
ciliary zonule. The lens can be divided into the lens capsule, the lens epithe-
lium and the lens fibers. The lens capsule surrounds the lens and is a basement 
membrane to the lens epithelial cells on the anterior surface and to the lens 
fibers on the posterior surface (3). The lens epithelium is a simple cubical ep-
ithelium that covers the anterior face of the lens, and the lens fibers are long, 
thin, transparent cells that form the bulk of the lens (4) (Figure 1). 
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Figure 1 Schematic image of a lens 

The crystalline lens refracts incident light. An even concentration of lens pro-
teins and an absence of light-scattering organelles within the lens are two im-
portant factors in maintaining the transparency of the lens (4). Any disruption 
in the arrangement of lens epithelial cells and fiber cells causes a local devia-
tion of the refractive index in the lens, which ultimately leads to pathological 
light scattering or a cataract. 

Lens epithelium 
The lens epithelium covers the anterior face of the lens and ends at the equa-
torial rim. The lens epithelium is involved in the active transport of solutes 
into the lens, regulates the water balance in the lens, and is the source of pre-
cursor cells that differentiate into fiber cells. 

The central region of the lens contributes to active transportation and has a 
very low rate of mitotic activity. Cells divide and proliferate in the germinative 
zone surrounding the central region. The dividing cells will differentiate and 
migrate toward the equator zone to form fiber cells (4,5). 

The diameter of a human lens epithelial cell ranges from 9–17 mm (6) with 
cell size and density differing across different regions of the lens epithelium. 
The cells in central region are wider and therefore are present at a lower den-
sity than the cells in the germinative zone (7). Lens cell size and associated 
decrease in cell density has also been reported to increase with the age (8). 
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The integrity of the lens epithelium is essential for the normal functioning 
of the lens. The lens epithelium is the first target for toxic factors such as ul-
traviolet radiation (9). UVR-300 nm (UVR-B) in particular is a major risk 
factor for cataract development (10,11). Exposure to UVR-B can damage the 
lens epithelium, affect the expression of proteins, induce apoptosis, and lead 
to cataract formation (12–15). 

Ultraviolet Radiation 
Ultraviolet radiation (UVR) is defined as a part of the electromagnetic spec-
trum between X-rays and visible light and covers the wavelength range of 1–
400 nm. The range from 100-400 nm is divided into three bands: UVR-A 
(315–400 nm), UVR-B (280–315 nm), and UVR-C (100–280 nm). 

Before sunlight reaches the eye, it passes through the atmosphere where all 
UVR-C and approximately 90% of UVR-B is absorbed by ozone, water vapor, 
oxygen and carbon dioxide. UVR-A is minimally absorbed in the atmosphere 
and therefore the UVR that ultimately reaches the eye is largely composed of 
UVR-A and a small amount of UVR-B (16).  

 
Figure 2 Absorbance of UVR  

Epidemiological studies have previously found an association between expo-
sure to ultraviolet radiation (UVR-B) from the sun and the development of 
cataract (17). Experimental studies have confirmed this association and fur-
ther revealed that the lens is most sensitive to ultraviolet radiation around 
300 nm (UVR-B) (15,18,19). 
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Apoptosis 
Apoptosis is the process of programmed cell death that leads to characteristic 
morphological changes (20) that include blebbing, cell shrinkage, nuclear 
fragmentation, and chromatin condensation. 

Apoptosis occurs normally during development and aging and, is a home-
ostatic mechanism for the maintenance of cell populations in tissues (21–25). 
A few studies to date have shown a physiological rate of apoptosis in the nor-
mal lens epithelium (26). 

Apoptosis is initiated by various physiological and pathological stimuli and 
it is controlled by extracellular and intracellular cell signals. There is now ev-
idence that the extrinsic and intrinsic pathways converge on the same execu-
tion pathway in the final steps of apoptosis (27). 

During extracellular activation of apoptosis, procaspases are triggered by 
the activation of death receptors on the cell surface. A killer lymphocyte car-
rying the Fas ligand binds to the death receptor protein, Fas, and activates Fas 
proteins on the surface of the target cell. Adaptor proteins bind to the intracel-
lular region of aggregated Fas proteins, causing the aggregation of procaspase-
8 molecules. Then, procaspase-8 molecules cleave pro-caspase-3 to continue 
the caspase cascade (Figure 3) (28). 

During intracellular activation of apoptosis, mitochondria release cyto-
chrome c into the cytosol, which then binds to and promotes the aggregation 
of the adaptor protein Apaf-1 (Apoptotic protease activating factor-1). Apaf- 1 
binds and aggregates procaspase-9 molecules and leads to the cleavage of pro-
caspase-9 molecules. Active caspase-9 cleaves pro-caspase-3 and trigger the 
caspase cascade (29–31). 
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Figure 3 Apoptosis pathway 

Activated caspase-3 cleaves the inhibitor of caspase-activated DNase to re-
lease caspase-activated DNase (CAD) (32). CAD then degrades chromosomal 
DNA within the nucleus and causes chromatin condensation. Caspase-3 also 
induces cytoskeletal reorganization and degradation of nuclear proteins and 
formation of apoptotic bodies. Thereafter, the apoptotic bodies are recognized 
by phagocyte receptors, and are finally taken up by phagocytes (33–35). 

Caspase-3 
Caspase-3 acts as one of the central executioners in most models of apoptosis 
(31,36). Studies in caspase-3 knock-out mice have shown that caspase-3 is 
also essential for brain development (35,37,38) and skeletal muscle differen-
tiation (39). It has also been shown that caspase 3 is required for UVR-induced 
apoptosis (35). 

Caspase-3 is a member of the cysteine-aspartic acid protease (caspase) fam-
ily, which is a group of cysteine proteases that are required for the activation 
and execution of apoptosis. Caspases are categorized as initiators (caspase-2, 
-8, -9, -10), effectors or executioners (caspase-3, -6, -7), and inflammatory 
caspases (caspase-1, -4, -5) (40–42). Caspases are expressed as inactive pro-
enzymes and are activated by a proteolytic process to form the active enzyme. 

Caspase-3 is first synthesized as a zymogen and is activated by the initiator 
caspases-8, -9, and -10 (31). Caspase-3 is formed from an N-terminal pro-
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domain that is followed by first a large (20 kDa) and then a small (12 kDa) 
subunit. 

 
Figure 4 Schematic structure of caspase 3 

Active caspase-3 is derived from the processing of two pro-caspase zymogens. 
Pro-caspase cleavage occurs on the carboxyl side of the aspartate residues. 
When the pro-caspase is cleaved, the active heterotetramer can then be formed 
through hydrophobic interactions. Four anti-parallel beta-sheets from p20 and 
two from p12 come together to make a heterodimer, which in turn interacts 
with another heterodimer to form the full 12-stranded beta-sheet structure sur-
rounded by alpha-helices that is unique to caspases (36,43). When the hetero-
dimers align with each other head-to-tail, an active site is formed by residues 
from both participating subunits at each end of the molecule (43). 
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Aims 

Paper I 
To elucidate the distribution of active caspase-3 expression in the lens of 
healthy Sprague-Dawley rat. 

Paper II 
To evaluate the effect of UVR-B on active caspase-3 expression in the rat lens, 
and to determine the time evolution of active caspase-3 protein expression in 
the rat lens after in vivo exposure to low dose UVR-300 nm. 

Paper III 
To develop a mathematical model that describes the time evolution of active 
caspase-3 expression in the rat lens as a consequence of in vivo exposure to 
low dose UVR-B and as a function of cell position in the lens epithelium. 

Paper IV 
To develop an objective method to enumerate the lens epithelial cells and to 
detect the expression of fluorescent signal of biomarkers in cell nucleus and 
cytoplasm in a histologic section of the lens epithelium. 
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Materials and methods 

Animals 
Six-week old Sprague–Dawley female rat with an average body mass of 145 
grams was used in Papers I and II. The animals were kept and treated accord-
ing to the ARVO (The Association for Research in Vision and Ophthalmol-
ogy) statement for use of animals in ophthalmic and vision research. Ethical 
permission was obtained from the Uppsala University animal experiment eth-
ics board (C 29/10). 

Rat was chosen as the experimental subjects due to its small size, low cost, 
and tolerance to handling and restraint. Additionally, the lens response to in 
vivo UVR is well-characterized in six-week old Sprague Dawley rat 
(12,13,18,44). While the severity of UVR-B induced cataract is not dependent 
on sex (45), the female rats afforded an additional advantage as study subjects 
deriving from their greater calm and ease of handling relative to male rats. 

Age is an important factor in rat UVR-B induced cataract (45,46). A 
younger rat has been found to exhibit greater sensitivity to UVR than an older 
rat (47). 

Ultraviolet radiation source 
The UVR source used was designed by Söderberg (48). The UVR is generated 
with a high-pressure mercury arc lamp source (HBO 200W, Osram, Ger-
many). A spherical reflector was placed behind the mercury lamp to collect 
and concentrate the radiation from the backward direction. The collimated ra-
diation then passed through a water filter that absorbed most of the infrared 
radiation. Ultraviolet radiation with a wavelength of 300 nm was then spec-
trally selected with a double monochromator (Oriel 2x 77250; LOT-Oriel). A 
projection lens was used to collimate and homogenize the radiation exiting 
from the second monochromator. Finally, the rat cornea was exposed to the 
homogenized field. 
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Figure 5 Principle of exposure source (Michael 2000). 

Irradiance (W/m2) is defined as the incident power (in Watts) per unit area of 
a surface. Radiant exposure dose (J/m2) is defined as the energy (in Joules) 
incident per unit area. In the present thesis, irradiance was measured in the 
corneal plane of the exposed animal before and after the experimental expo-
sure. The detector was a thermopile (7104, Oriel, USA) calibrated to a NIST 
(National Institute of Standards and Technology) traceable source. The spec-
tral radiance of the UVR (Figure 1, Paper II) was recorded with a spectrometer 
(PC 2000; Ocean Optics, Dunedin, FL) that was calibrated to the mercury 
emission lines of the arc source. 

Immunohistochemistry 
In Papers I and II, Immunohistochemistry (IHC) was used to understand the 
distribution and localization of caspase-3 protein in different parts of the lens 
epithelium. The eye was enucleated and fixed in 4 % freshly prepared para-
formaldehyde, and then stored at -80°C (Immunolocalization of caspase-3, 
Paper I). 

The frozen eye was then cryosectioned into 5 m mid-sagittal sections. The 
section was incubated in primary rabbit polyclonal cleaved-caspase-3 anti-
body (Asp175 9661; Cell Signalling Technology, Inc, Danvers, MA, USA) at 
4°C overnight in a humidified chamber. The section was then incubated with 
a fluorescently tagged secondary antibody (Donkey polyclonal fluorescein 
anti rabbit secondary antibody, ab6798, Abcam, Cambridge, UK), emitting in 
green light, in a humidified chamber at room temperature. Finally, the section 
was mounted in a medium containing fluorescent DAPI (4',6-diamidino-2-
phenylindole, Vectashield; Vector Laboratories, Burlingame, CA, USA), 
which emits blue light. The lens section was then photographed with a fluo-
rescence microscope for further evaluation. 
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Experimental design 
In Paper I, the distribution of active caspase-3 in the lens of healthy rats was 
investigated. The animal was sacrificed with carbon dioxide (CO2), followed 
by cervical dislocation. Forty lenses from forty rats, one lens from each ani-
mal, were enucleated. Three sections from each lens were prepared for IHC 
and each section was evaluated three times. The epithelial cell was located 
with the DAPI-labelled nucleus. The probability and distribution of the cells 
labelled with active caspase-3 in the healthy lens epithelium was determined. 
The variation in the probability of labelling was also estimated. 

In Paper II, the effect of UVR-B on the expression of active caspase-3 was 
determined at different time points following exposure. Forty rats were ran-
domly distributed into four post-exposure time groups; 0.5, 8, 16 and 24 hours. 
The animal was first anesthetized with an intraperitoneal mixture of ketamine 
and xylazine ten minutes prior to their exposure to UVR-B (49). The pupils of 
both eyes were then dilated with topically applied tropicamide. Five minutes 
after pupillary dilation, each rat was unilaterally exposed to a total dose of 
1 kJ/m2 UVR-300 nm for 15 minutes. The dose of 1 kJ/m2 UVR-300 nm cor-
responds to 1/3 of the Maximum Tolerable Dose (MTD2.316) in rats (50). 

At 0.5, 8, 16 and 24 hours after exposure, the animal was sacrificed with 
carbon dioxide (CO2), followed by cervical dislocation. Both eyes were re-
moved. Eighty lenses from 40 rats were prepared for IHC. Three sections from 
each lens were stained and photographed under the microscope with a filter 
specific for the florescence of the secondary antibody. Each lens section was 
evaluated three times. The expression of active caspase-3 in the lens epithe-
lium was compared between the exposed lens and the contralateral non-ex-
posed lens in each animal. The expression of active caspase-3 protein was also 
compared at four different time points from 30 min to 24 hours after exposure. 
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Figure 6 Experimental design to study the effect of UVR-B on the expression of ac-
tive caspase-3 in the lens epithelium 

Cell counting 
For the counting of the epithelial cells, first both equators were identified in 
each lens section. Then, the cells were counted from one side nuclear bow to 
the opposite, with each DAPI-stained nucleus representing one epithelial cell. 
Each cell was also evaluated for possible active caspase-3 staining. The 
threshold for classifying the cell as labelled for active caspase-3 was set arbi-
trarily by the observer. The sequence number of each cell and its labelling 
classification, labelled or not-labelled, was recorded for further analysis. 
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Figure 7 Light microscopy of a small segment of a section of a lens from a 6 week 
old rat. The cells are numbered sequentially from one side. The cells stained green 
for active caspase-3 expression are recorded as labelled cells (Indicated with a white 
arrow). Scale bar is 25 μm. 
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Mathematical model applied 

For all the papers, the significance level and the confidence coefficient were 
set to 0.05 and 0.95, respectively. 

Paper I 

Probability 
The probability of labelling for active caspase-3 was defined as the number of 
cells labelled for active caspase-3 relative to the total number of cells in the 
lens epithelium. Each cell was considered independent and exhibited one of 
the two outcomes: labelled or not-labelled. 

Distribution of labelling 
In Papers I and II, three sections were stained from each lens. For each section, 
the active caspase-3 labelling was recorded three times. Then, the total number 
of nuclear counts in each section were split into halves. Finally, each half ep-
ithelium was split into 15 segments in order to determine the distribution of 
labeling (Figure 1, Paper I). The number of segments was selected to achieve 
the highest possible spatial resolution of the probability of labelling, while at 
the same time including a sufficient amount of nuclei to allow normal approx-
imation. 

Analysis of Variance 
The data were analysed using analysis of variance to investigate any differ-
ences in the probability of labelling in the lens epithelium considering segment 
position (Appendix 2, Paper I). In addition, the sources of variation in the es-
timation of labelling were defined (Appendix 2.1, Paper I). Knowledge of the 
magnitude of the sources of variation made it possible to optimize the experi-
mental design for a selected precision. 
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Exponential function 
The primary scatter plots of the probability of labelling as a function of seg-
ment number presented a similar pattern that resembled the logistic model.  
The logistic model provides a powerful tool to study how parameters changes 
with the experimental conditions (Figure 4, Paper I). 

Logistic regression was used to predict the probability of labelling as a 
function of segment number (or respective cell number). In other words, the 
exponential function modelled a relationship in which a constant change in 
the segment number gave the same proportional change in the probability of 
labelling (Appendix 3, Paper I). The upward slope for the probability of label-
ling increases faster than segment number (x axis) increases. The probability 
of labelling begins from no labelling and then increases with an increasing 
rate up to an inflection point. Then, the rate of increase decreases toward the 
asymptote. 

Paper II 

Probability of labelling 
The epithelial cells were counted and classified for active caspase-3 labelling. 
The probability of labelling and the time evolution of active caspase-3 expres-
sion was compared between the exposed and the contralateral non-exposed 
lenses. 

Analysis of variance 
The impact of the independent variables (post exposure time, exposure, and 
animal) and the interactive effects between these variables on the probability 
of labelling in the lens epithelium was investigated with an analysis of vari-
ance (Appendix 1, Paper II). 

The effect of the time period after the exposure on the probability of label-
ling was examined with a new analysis of variance. 

Orthogonal comparison 
The mean probability of labelling for the different post-exposure time groups 
were compared with orthogonal contrasts, which allowed independent com-
parison of time groups. The strategy was established before the study to com-
pare the following groups: 0.5 versus 24 hours; 8 versus 16 hours; and 0.5 and 
24 hours versus 8 and 16 hours. (Table 2, paper II). 
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Paper III 

Modeling 
A mathematical model was developed to describe the relationship between the 
post-exposure time and active caspase-3 expression as a consequence of in 
vivo exposure to UVR-B and as a function of cell position in the lens epithe-
lium. The data modeling completed the previous experimental studies (Paper 
I and II) and was valuable in acquiring a more rigorous understanding of the 
biological events occurring after UVR-B exposure. 

In order to formulate a proper model, the distribution of active caspase-3 
was carefully studied in the exposed and the non-exposed lenses as described 
above. The probability of expression of active caspase-3 increased exponen-
tially from the lens equator through an inflection point and then decreased 
towards an asymptote at the anterior pole of the lens. According to the specific 
spatial distribution of labelling and the purpose of study, a simplified logistic 
model was chosen (Equation 1, Paper III). 

The probability of active caspase-3 expression as a function of cell position 
after in vivo exposure to 1 kJ/m2 UVR-300 nm was fitted and the model pa-
rameters , , , and  were estimated. The average of each of these four 
parameters was then calculated using the data from all forty rats (Paper III, 
Table 1). Fitting of the data was done independently for each rat before aver-
aging the parameters in order to accurately account for the dependency of pa-
rameters within each animal. 

The effect of exposure to UVR-300 nm as a function of cell position and 
as a function of time was also compared between the exposed and the contra-
lateral non-exposed lenses. 

Analysis of variance 
Variations in the estimate of the parameter for the anterior pole asymptote 
among the post exposure time groups in the exposed and the contralateral non-
exposed lenses was estimated with an analysis of variance (Appendix 1, Paper 
III). 

Orthogonal comparison 
The anterior pole asymptote probability of active caspase-3 expression in the 
four different post exposure time groups were compared by analysing orthog-
onal contrasts. The following orthogonal contrasts were compared: 0.5 versus 
24 hours; 8 versus 16 hours; and 0.5 and 24 hours versus 8 and 16 hours.  
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Polynomial regression 
In order to predict each of the parameters , , , and , as a function of post 
exposure time, the time dependence was modelled with polynomial regression 
(Equation 3, Paper III). 

Paper IV 
A sample of images collected in Paper II were used to develop an automatic 
algorithm for counting lens epithelial cells and classifying the fluorescent la-
belling in Paper IV. Active caspase-3 was selected as a model signal. 

Expert observer classification 
An expert observer analyzed 18 lens images and recorded the number of nuclei 
labelled and not-labelled for active caspase-3 protein. The expert observer 
classification aimed to define the threshold for classification of florescent la-
belling in the automatic algorithm. 

Automatic classification 
The Matlab program was used to develop an automatic algorithm to carry out 
the florescent signal classification. 

Matlab algorithm 
First, a gray-scale image of the blue channel (DAPI image) and a gray scale 
image of the green channel (FITC image) was created. 

 
Figure 8 Light microscopy of a part of a lens. Left: DAPI and FITC signal merged. 
Middle: DAPI signal only. Right: FITC signal only. 

Extracting the region of interest 
Then, the region of interest was defined manually by drawing a red line cov-
ering the lens epithelium. The red signal in the image is then used to create a 
mask for selection of the region of interest (Figure 9). 
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Figure 9 Defining the region of interest. Left: Manual indication of the region of in-
terest in red. Right: Binary coded mask. 

Segmentation 
The region of interest was segmented on the DAPI image. The first step in the 
segmentation filtered out high frequency noise in the image using a Gaussian 
filter. Then, Watershed segmentation was used to identify each nuclear region. 
Finally, the segmented area for the nuclei was used as a reference for the FITC 
image and for further analysis of the intensity of fluorescence in the region of 
interest. 

The Matlab program numbered the nuclear areas sequentially. The nucleus, 
cytoplasm, and the background areas were defined by drawing outlines as 
shown in Figure 10. The cytoplasm area was 4 pixels wide  around the nucleus. 
The background area was defined as a rectangle at a fixed distance from the 
nucleus perpendicular to a plane defined by the neighbouring nuclei (Figure 
3, Paper 4 manuscript). The background was numbered sequentially to corre-
spond with the respective cytoplasm. 

 
Figure 10 Segmented nuclei (left) and inset showing the corresponding cytoplasms 
and backgrounds (right). 

Extracting the data 
Individual pixel florescent intensities corresponding to segmented areas for 
the nucleus, cytoplasm and background were extracted for further analysis. 

Classification 
The threshold for classification of the florescent signal of a nucleus as labelled 
was expressed as a factor of background florescent intensity, the discrimina-
tion factor. The output of the algorithm was the number of labelled cells in the 
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lens epithelium. The time required for the analysis of each image by the auto-
matic algorithm was recorded. 

To set the discrimination factor, the same 18 lens images were analyzed with 
the automatic algorithm while varying the discrimination factor. The propor-
tion of labelled nuclei as a function of different discrimination factor was es-
timated. The discrimination factor corresponding to the lowest difference of 
mean proportion of labelling between the expert observer and the automated 
counting was selected as the discrimination factor to use (Figure 5, Paper 4 
manuscript). 

Bland-Altman comparison 
The differences between the expert observer judgements and the automated 
algorithm estimations were compared by a modified Bland-Altman (Figure 6, 
Paper 4 manuscript). In the modified Bland-Altman plot, the population stand-
ard deviation for the difference was estimated. The plot shows the differences 
between the two methods and the 98 % confidence limits for the differences. 

Manual classification 
The epithelial cells in one lens image were segmented and numbered with the 
automatic algorithm. Then, ten observers with no prior exposure to the images 
were instructed to classify the florescent signal of each nucleus as labelled or 
not-labelled according to a standard instruction. Each observer recorded the 
number of labelled nuclei in the image and also recorded the time she/he spent 
on this classification in a form. 

Chi-squared comparison 
A chi-squared distribution test was used to determine whether there was a sig-
nificant difference between the expected probabilities of labelling, as deter-
mined by the automatic algorithm and the probabilities extracted from the 
manual observations (Table 2, Paper 4 manuscript). 
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Results and Discussion 

Paper I 
Paper I revealed that active caspase-3 is present in the lens epithelial cells of 
healthy Sprague-Dawley rats (Figure 2, Paper I). The average probability of 
active caspase-3 expression as a function of segment position was estimated 
for each lens. Analysis of variance showed a significant variation in the prob-
ability of active caspase-3 expression among the segments (Table 1, Paper I). 
Estimates of the variance components for the measurement strategy (Table 2, 
Paper I) revealed that the main sources of variation are the animals and count-
ing. In order to minimize the impact of such variation on the precision of la-
belling estimates around the anterior pole (Appendix 2.1, Paper I) it was opti-
mal to analyze three sections from each lens, and each section should be 
counted at least twice. 

The spatial distribution of active caspase-3 labelling in the forty lenses fol-
lowed a defined pattern. There was no labelling in the bow region of the lens. 
The probability of labelling increased with an increasing rate of labelling per 
increase of cell number up to an inflection point. Thereafter, the rate of the 
increase decreased towards an asymptote within the anterior part of the lens 
(Figure 4, Paper I). The highest estimated probability for caspase-3 labelling 
was 0.37 at the anterior pole and the lowest was zero in the bow region of the 
lens. The inflection point where the labelling rate transitioned from decreasing 
to increasing was estimated to be located at segment number 7.6  0.2 (out of 
15 segments) or at cell number 114  3 (out of 213 cells). 

The observed sigmoidal decrease in the probability of active caspase-3 la-
beling, from the anterior pole to the bow region (Figure 5, Paper I), may reflect 
the continuous damage of functional and structural proteins at the anterior pole 
of the lens by exposure to light. These results suggest that it is also probable 
that the lens epithelium requires high protease capacity even if the cells do not 
undergo apoptosis. 
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Paper II 
Caspase-3 expression was 12 % higher in the UVR-300 nm exposed lenses 
than in the contralateral non-exposed lenses. The average active caspase-3 la-
belling was observed to increase within 0.5 hours of exposure, increased fur-
ther from 8 hours to 16 hours after exposure, and then declined. The mean 
differences between the exposed and the contralateral non-exposed lenses 
were higher at 8 hours and 16 hours after exposure than at 0.5 hours and 
24 hours (Figure 3, Paper II). 

The analysis of variance suggested that the proportion of labelling varied 
with the post exposure time. Further, the exposure to UVR-300 nm had an 
impact on the proportion of active caspase-3 labelling and that the extent of 
labelling varied with post-exposure times (Table 1, paper II). A second anal-
ysis of variance revealed a significant variation in the extent of labelling as 
time elapsed following UVR exposure. 

Orthogonal comparison showed that there was no difference between the 8 
hour and the 16 hour groups nor between the 0.5 hour and the 24 hour groups. 
There was a difference when the 0.5 and 24 hours groups were compared with 
the combined 8 and 16 hour groups (Table 2, Paper II). 

The increased expression of active caspase-3 in UVR-300 nm exposed 
lenses reflected the higher rate of apoptosis after the exposure. The observed 
decrease in active caspase-3 expression 24 hours following the exposure may 
represent the death of lens epithelial cells and the loss of the apoptotic markers 
in the cell in the last phase of apoptosis.  

Paper III 
The probability of active caspase-3 expression was found to exhibit a specific 
spatial distribution. The probability of expression increased from zero at the 
equator of the lens and continued increasing through an inflection point ap-
proximately midway between the lens equator and the anterior pole. The ex-
pression probability of expression increased with a declining rate towards an 
asymptote at the anterior pole of the lens. 

The model implied that the probability of active caspase-3 expression is 
dependent on the segment number and the following parameters: the anterior 
pole asymptote probability,  (probability); the increase or decrease in the rate 
of change in the slope of the curve,  (segment number−1); the phase of the 
probability of active caspase-3 expression (Indirect estimation of the inflec-
tion point),  (segment number); and a unit less proportionality parameter for 
the exponential factor, (Equations 1 and 2, Paper III). 
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For both the exposed and the non-exposed lens groups, the distribution of 
probability of active caspase-3 expression was found to fit to the devised 
model, as a function of cell number at post-exposure times of 0.5, 8, 16 and 
24 hours. However, the parameter estimates were different for the exposed 
and the non-exposed lenses (Table 1, Paper III). 

Exposure to UVR-B had an impact on the average probability of labelling 
for active caspase-3 as a function of cell position (Figure 2, Paper III). The 
rate of labelling increased more at the periphery of UVR-B exposed lenses. 
Further, the asymptote of labelling was higher in the exposed lenses than in 
the contralateral non-exposed lenses. The probability of labelling as a function 
of cell number also varied as a function of time after UVR-B exposure in the 
time window 0.5-24 hours (Figure 3, Paper III). 

An analysis of variance showed that there was a variation in the anterior 
pole asymptote parameter among the post-exposure times for the exposed 
lenses, while there was no variation for the non-exposed lenses. Further, or-
thogonal analysis of probability of labelling in the exposed lenses indicated 
that there was a difference between 0.5 and 24 hours, and between 0.5 and 24 
hours as compared to 8 and 16 hours. 

This identification of the time dependence of the parameters using a third 
order polynomial model provided information about the kinetics of active 
caspase-3 expression after exposure to a low dose UVR-300 nm. The time 
evolution of active caspase-3 expression was also recorded as a movie and is 
available in online version of Paper III, Video S1. 

Paper IV 
The developed automatic algorithm classified the florescent signals in the nu-
cleus, the cytoplasm and the background areas. The proportion of labelled nu-
clei and cytoplasms decreased with the increasing discrimination factor (Fig-
ure 4, Paper 4 manuscript). At the discrimination factor 4.9 the expert observer 
and the automated algorithm estimated the same proportion of labelling (Fig-
ure 5, Paper 4 manuscript). No cytoplasm was specifically labelled at discrim-
ination factor 4.9. 

The difference between the expert observer judgment and the automated 
algorithm depended on the proportion of labelling. The Bland-Altman plot 
showed that at low probabilities of labelling, the expert observer judgment 
was higher than the automated counting (Figure 6, Paper 4 manuscript). The 
difference between two methods decreased to negative at high probabilities of 
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labelling. The relationship between differences and the average level of prob-
ability of labelling was modelled with a one order linear model (Equation 1, 
Paper 4 manuscript). 

The manual observers on average overestimated the proportion of labelling 
as compared to the automated estimation (Table 1, Paper 4 manuscript). The 
2-test showed a significant difference between the proportion of labelled and 
not-labelled nuclei as determined by the manual observers and by the auto-
matic algorithm (Table 2 and Figure 7, Paper 4 manuscript). The mean and 
the standard deviation, respectively, for observers considering number of la-
belled cells was estimated to 197, [26; 68]. 

The time required by the Matlab algorithm to segment the sample lens was 
114 seconds and the automatic classification took 0.5 seconds, while on an 
average each observer spent 1440 seconds to classify the cells (Table 1, Paper 
4 manuscript). 
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Conclusions 

Expression of active caspase- 3 in healthy rat lens suggests that active 
caspase- 3 may be involved in protein turnover caused by incident light. 

Eye exposure to in vivo UVR-B induces a transient increase of active 
caspase-3 expression in the lens, with a peak of expression between 8 hours 
and 16 hours after radiation exposure. 

The proportion of active caspase- 3 labelling as a function of cell position 
in the lens follows a sigmoidal function. The time dependence of the parame-
ters included in the model allows the description of the proportion of labelling 
spatially resolved as a function of time. The model can be used to study the 
impact of experimental UVR-B on the spatial kinetics of active caspase-3 in 
the lens epithelium. 

The developed automatic algorithm classifies the florescence signal of bi-
omarkers in the cell nucleus and cytoplasm of lens epithelium in histological 
sections. The substantial efficiency and minimal time required with automatic 
classification may enable the study of biomarker’s expression in larger sam-
ples than are possible with manual classification. The automatic classification 
has the added advantage of removing variability encountered with manual ob-
servation. 
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