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Abstract

The molecular mechanisms driving age-related changes in lens material properties
remains unknown. In this study, Raman spectroscopy was used to characterize structural
differences in lens proteins between the cortex and nucleus, as well as changes resulting
from exposure to acute ultraviolet (UV) radiation, a potential driver of age-related
changes. Porcine lenses were obtained from a local abattoir and then used as control and
experimental samples, separately. Nuclear and cortical lens protein portions were
compared. Results were visualized, and statistical tests were performed to identify trends
in protein structure. Protein concentrations in control samples matched published trends,
while UV radiation produced changes in some lenses along with a cataract-like
development in a single lens. While UV radiation changed capsular opacity in most
samples, it caused opacification of the lens in one sample that coincided with other
protein changes known to coincide with aging and cataract formation. Future studies
should increase sample size and explore the dose-dependent changes in UV radiation

exposure with both time and power adjusted to create different physiological simulations.
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Chapter 1: Introduction

Presbyopia is the progressive, age-related loss of the eye’s ability to focus on
nearby objects. Age-related cataract is the progressive opacification of the lens.
Presbyopia presents clinically in middle age, whereas age-related cataract generally
presents in advanced age. While presbyopia presents clinically in nearly 100% of
patients, and cataract is the leading cause of blindness worldwide, their molecular
operative mechanisms are poorly understood.

Inhibiting our understanding of these molecular mechanisms is the lack of a
suitable long-lived animal model for age-related changes, high variability of
environmental insults in human donor lenses, and the lack of suitable in vitro models. In
this study, we sought to investigate the suitability of the porcine model as an in vitro
model for aging and cataract formation. This requires the use of young pig lenses which
have been shown to have low inter-sample variability, and are biochemically and
biomechanically similar to young human lenses.

The goal of the presented study is two-fold: first, develop and verify a program
meant to automatically analyze lens tissue via Raman spectroscopy; second, study the
changes to lens tissue with a common pathological insult associated with aging and
cataract formation. Young porcine lenses were exposed to ultraviolet (UV) radiation in an
effort to simulate aging and cataract formation. Specifically, this study focuses on the
differences in response to UV radiation by the lens cortex and nucleus measured both by

Raman spectroscopy and lens opacity. Figure 1 is a diagram of the composition of an



adult lens by cortex and nucleus [1]. The lens cortex and nucleus respond differently in

aging and cataract formation [2].

Posterior

C

Anterior

Figure 1: Anatomical diagram of the human adult lens. The cortex (‘C’) makes up the
outer most layer. The nucleus (‘N’, aged form newest to oldest moving inward) makes up
the bulk of the lens.

Methodology Background

The nucleus is the oldest part of the lens and begins formation before birth [1].
While the exact definition of the nucleus and cortex varies, in this paper, the nucleus can
be considered the denser, inner portion of the lens, while the cortex is the newer, softer

portion. This means that while both the nucleus and cortex are susceptible to post-



translational modifications, the cortex is much more likely to be modified by
environmental insults that lead to pathological modifications.

Age-related nuclear (ARN) cataract is the most common form of cataract [3]. A
number of theories have been proposed to explain the mechanisms of ARN cataract
formation, but risk factors include alcohol consumption, diabetes, and UV exposure.
Research about cataracts and ARN cataracts have centered on different aspects of protein
change, and Raman has been used to investigate these changes in various aspects of the
lens. Investigations include the Amide I (A1) and Amide III (A3) bands (reflections of a-
helix and B-sheet content), tryptophan and tyrosine residues, disulfide bonding, and other
lens protein and lipid components and structures [4].

Raman spectroscopy was first theorized and investigated in the early 20" century
by C.V. Raman [5]. Many investigations attempted to understand how different structural
changes reflected in the Raman spectrum, and shortly after, Amide modes were attributed
to certain bending or stretching modes [6]. From these groupings, it was deduced what
structures would be inherent within each modality. This includes the contributions of
secondary structures to various modes. The lens protein spectrum contains two dominant
amide modes: Al and A3 [7]. These two modes, characterized by C=0 stretch and C-N
stretch and N-H bend (respectively), can help determine the relative amounts of ordered
secondary structures, as well as other disordered and hydrogen-bonded structure [5].

Lens Physiology

Both the nucleus and cortex undergo protein modifications with age. The

differences between cortical and nuclear lens tissue with age have not fully explored,;



however, it is generally seen that there are increased levels of B-sheet content in the
nucleus, and the amount of B-sheet content may increase with cortical cataract formation
[8]. On the other hand, the level of a-helix content increases with noncortical cataract
formation according to the same study. Other studies have found no correlation [9]. One
study found that changes in Al protein distribution that occurred with lens yellowing and
where changes in tryptophan and tyrosine occurred, but the changes in a-helix and -
sheet content were not necessarily concomitant [10]. These changes were found to occur
with changes in other structures and lipid changes though.

Tryptophan may act as a filter for UV light, but also can be detected as bound to
other proteins after oxidation [11]. The literature is controversial for tryptophan evolution
with cataract formation, with some studies showing a decrease in certain Raman
intensities with cataract formation [12] [9], while others have shown increase in actual
tryptophan levels with cataract formation in humans [13]. Aging results in animal models
have been mixed [14]. These discrepancies could be due to the difference between bound
tryptophan and other forms of it, which may change over time and between animal
models. Many studies have shown that the intensity peak at 880cm™ can detect the
exposure level of the tryptophan, with a higher intensity indicating a “buried” tryptophan
that is not hydrogen bonded [15]. For that reason, aged and opaque lenses are expected to
show an exposed, hydrogen bonded tryptophan that has a low intensity at 880cm™.

Tyrosine may also act as a catalyst for UV filters and is elevated in human
cataractous lenses [13]. Changes in tyrosine may be related to changes in hydrophobicity

and water content, while also being an indicator of cortical cataracts [16] [12]. One study



showed a change in the tyrosine doublet at 855/830cm™ with cold cataracts, which may
indicate the tyrosine microenvironment in developing light scattering effects [17]. These
types of changes were also observed in lens opacification with aging in mouse lenses
[18]. In humans, tyrosine may be unevenly hydrogen bonded, which may be linked to the
opacification [19].

One theory of protein misfolding leading to lack of accommodation ability and
cataract is the change of disulfide bonding in the lens [20] [3]. Disulfide bonding is a
suspected mechanism of either being causative or correlative with lens cataracts and
aging [7] [21] [22] [23]. Intramolecular disulfide bonds exist in the healthy state of the
lens for humans and many other animals. These bonds may readily oxidize and reduce in
a healthy environment to preserve the structure of the lens [21]. While this mechanism is
important in maintaining lens health, “runaway” disulfide bonding may lead to
intermolecular “kinks” that cause aggregation within the lens, leading to both lens
stiffening and potentially cataract-level opacification [22]. However, not all cataracts may
stem from disulfide misbonding and accompanying protein misfolding. Other studies
have shown “healthy” or “normal” disulfide bonding in human aged and cataract lenses
[8] [24].

There are three categories of crystallin proteins in the human lens fiber cells: a, B,
and y [25] [26]. These different crystallin proteins make up 90% of the protein in the
human lens [27]. Each of these classes of protein have subtypes that have different
functions, and are common to the lenses of many animals, including pigs and cows [28]

[29] . Other species, like certain avian species, have d-crystallin proteins not present in



humans and other animals [30]. In short, all act as structural proteins, while a class
proteins also act as chaperones against protein denaturation [25] [31].

a crystallin proteins are multimeric and the largest of the protein classes. They
provide protection against denaturation similar to heat shock proteins (hsps) [32] and a
loss of functional, unmodified a crystallin proteins is correlational with age and other
aging effects [31]. Hsps exist in many forms and were first discovered in relation to
denaturation related to heat (thus the name) [33]. Despite the name, hsps have been
shown to help prevent many types of protein degradation, and in the lens proteins,
specifically oxidation. These unmodified proteins also tend to decrease in abundance with
age, and are found in lower abundances in human patients with ARN cataracts [34]. One
study showed that upon various post-translational modifications (PTMSs), the presence of
a crystallin proteins in the nucleus is reduced and aggregates of other proteins is
increased [35]. This may indicate better protection of lens proteins in the cortical region.

B and y crystallin proteins are smaller than a crystallin proteins, and are
sometimes within the same crystallin superfamily [36]. While B crystallin proteins may
join multimeric protein units, y crystallin proteins are monomeric and the smallest of all
crystallin proteins. In particular, y proteins are much higher in density in vertebrate
animals and may contribute to packing density, clarity, and lens (in)flexibility.

The protein in the lens fibers consist mostly of B-sheets with some a-helices and
other random coil and turn structures present [37] [38]. Different crystallin classes have

different distributions of secondary protein structures, but in general, the two important



secondary structures (a-helices and B-sheets) are on average 1:1 across lens tissue [8]
[39].

In addition to proteins being classified by class, proteins can also be separated on
the basis of solubility (or non-aggregation) [40]. Water soluble (WS) lens content
consists mostly of whole, unmodified proteins, while water insoluble (W1) lens content
consists of fragments or truncations of various proteins along with fats and cholesterols.
The amount of truncation and cleavage may be tied to age and cataract presence.
Specifically, human cataractous lenses may contain W1 proteins that are truncated, have
oxidized tryptophan proteins, and asparagine deamidated to aspartic acid.

Another area of study is water content. In general, the amount of bulk, unbound
water in the lens increases with age, and the lens has variations along the equatorial
region, but less so in the anterior and posterior poles [41]. The water content in the
cortical equator is also generally higher than the posterior or anterior cortical regions
[42]. While not all opague spots in the first study were correlated with water changes,
there were cortical opacities that were correlated with bulk water in some samples [41].
In general, the nucleus contains less water, bound and bulk, than the cortex. Though
water content can be studied using Raman techniques, the current study does not include
it as the capacity of the equipment used does not allow the required higher frequencies.
Raman Spectroscopy Theory

Raman spectroscopy is a method of measuring protein presence and relative
abundance by wavelength changes in coherent infrared spectra. Equation 1 demonstrates

the calculation for Raman shift, which is ultimately how proteins and bonds are measured



using Raman intensity data [43]. The intensity data are captured at different wavelengths

(and therefore frequencies).

Ym = Vo [1]
c

W=Vy— Vo=

Equation 1: Calculation of the Raman Shift (®). v, is average measured frequency, while
v, IS the excitation frequency, and c is the speed of light in a vacuum.

Other factors may affect Raman shift, as the frequency is not a simple
measurement but is affected by electromagnetic fields, dipole moments, and other factors.
However, Equation 1 is the foundation of the calculation.

Figure 2 is an illustration of how frequency change occurs as a result of
wavelength (1) change. The Raman scattering is inelastic scattering that results in an
increased frequency. This is the frequency along with the source frequency used in

Equation 1 to calculate Raman shift.



N A-Laser

Ah-Laser #

O A-Raman
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Figure 2: The fundamental principle of Raman scattering as exhibited on a tryptophan
amino acid where there is a change in frequency and wavelength of scattered laser light
[44]. The amount of change in the wavelength helps determine the structure of the
scattering molecule.

The lens Raman spectrum has been well characterized [4]. Figure 3 is a
characteristic spectrum with known peaks labeled. This zone, from ~400cm™ to
~1750cm™ is known as the “fingerprint” area of the spectrum and is most unique to the
lens. While the fingerprint area of the spectrum can reveal the most about protein
configuration, water content and protein oxidation can also be described in the region
“above” 1800cm™* [42] [24]. Disulfide bonds, for example, may be reflected in both
areas, with changes near 508cm™* and 2580cm™ happening with changes in disulfide

bonding and water content.



Characteristic Raman Spectrum of Porcine and Human Lens
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Figure 3: Characteristic spectrum of typical porcine and human lens. The different peaks
correspond to different detected levels of a given species or structure. These are based on
comparisons within a library of spectra for different known particles.

Raman Analysis Techniques

Methods have been developed to measure protein composition in Raman spectra
[45] [46]. Techniques for determining relative concentration range from peak height
comparison to spectral decomposition. Though methods utilizing peak height are simpler
and can be used in some cases, spectral decomposition or peak fitting is required to
unravel more complex formations.

Peak height comparison can be used for measuring relative tryptophan and
tyrosine changes [45]. In either case, a measured peak is compared to a reference peak. In

10



the case of tryptophan, the reference peak is a backbone peak that theoretically does not
change due to stress or other factors [47]. Tyrosine, on the other hand, is compared with a
separate tyrosine peak, and the relative levels are correlated with microenvironmental
changes that occur in cataract formation.

Intensity comparison at specific wavenumber is another technique utilized in
Raman spectroscopic analysis [4]. This technique simply measures the relative intensity
of a specific wavenumber versus a control peak (typically the protein backbone or a
stable amino acid residue) [8]. This technique was compared to the technique developed
in this study to compare physiological relevance of either technique when compared to

known literature values.
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Figure 4: Raman spectrum of the porcine lens in the 700-900cm™ region. The tryptophan
and tyrosine peaks are labeled, and the relative peak heights are compared within proteins
as a measure of aging.

Spectral decomposition is the process of determining components of Raman
spectra by various fitting methods [46]. The basic idea is that if a peak is known to be
composed of different protein types or formations, then a fitting model can decompose a
peak into its components. This particular technique has been used in Fourier transform

infrared spectroscopy as well as other signal analysis modes [48]. This technique is also

12



sometimes known as characteristic fitting as the fitting parameters are based on peaks
that are exemplary of the protein, structure, or formation in question [49].

A lingering question with Raman spectroscopic analysis is physiological
relevance. Though techniques exist that can break spectra down into mathematically
well-fit peaks, this doesn’t necessarily mean that these peaks provide relevant
physiological information [50]. There is a question of interpretation in these techniques
as the peaks are not necessarily representative of known protein peaks. While Raman
spectroscopy can differentiate spectra to a higher accuracy, it has its own limitations in
time and fluorescent interference [51] [52]. Therefore, techniques that can parse
biological data that is physiologically relevant is important to avoid mistaking noise for

data.
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Figure 5: Raman spectrum of the porcine lens in the 1200-1700cm™ region. The Al and
A3 peaks are labeled, and their composition can indicate relative abundance of a-helix
and B-sheet secondary protein structures.
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Figure 6: One method of spectral decomposition is peak deconvolution. The figure shows
how the A1l region of the lens Raman spectrum can be deconvoluted into at least three
distinct peaks. Each of these peaks has been shown to be associated with a particular
protein type or conformation.

Many programs exist for this process. ‘ipf’ is an interactive peak fitting program
that can be used to deconvolute a signal using multiple peak shapes [53]. This program
can be utilized with the proper settings to decompose the A1 and A3 peaks. In both cases,
error will be reduced as much as possible to ensure the best fit. Settings will vary based
on which peak is being analyzed due to differences in spectral composition. The author
composed a program in MATLAB to automatically fit the Al and A3 peaks, as well as
report peak comparison data on the tryptophan and tyrosine peaks.

Statistical Methods

To determine if UV radiation causes a statistically significant change in the levels
measured (B-Sheet and a-Helix for Al and A3, Tryptophan, and Tyrosine), an

appropriately tailed, equal-variance t-test will be used.
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Chapter 2: Methods

Tissue Preparation

Young porcine lenses were obtained from a local abattoir. Each lens was
dissected with the capsule intact. The intact capsular lenses were then transferred to a M-
199 solution with added glutamine and antibiotics (as preservatives). The lenses were
then placed in a 37°C lab air incubator. After 16-20 hours of incubation, the lenses were
examined to determine if the epithelial cells were alive (an indication of a healthy lens).
Healthy epithelial cells are invisible, whereas dead cells cause opacities in the lens. The
lens was then visually inspected for opacification and, if still transparent, was used for
Raman testing.

In order to separate the lens nucleus and cortex, the capsule was removed with
forceps and discarded and the lens was pulled apart along the lens sutures [54]. In short,
this consisted of carefully opening the lens with forceps and pulling the sutures apart.
Then, the lens nucleus was extracted from the center of the opened lens.

The nucleus and cortex were further sectioned by using a 3.5mm biopsy punch.
For consistency, the center portion of the nucleus and anterior-center portion of the cortex
were both punched and separated for analysis. The tissue samples were placed in a
titanium microcuvette with 125um-thick quartz windows [55]. The remaining volume in

the cuvettes was filled with PBS solution.
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Raman Recording and Analysis

Raman intensity data were recorded five times each for each sample and portion.
Each record was composed of two scans at 20 seconds per scan. The Raman excitation
laser frequency was 785nm.

Background correction was completed using proprietary Malvern software [56].
Baseline correction of the spectra using ModPoly was also completed prior to analysis
[57]. This program essentially corrects the baseline by fitting a polynomial to the
spectrum and subtracting it to make the baseline flat. Figure 7 shows how ModPoly can

“correct” a spectrum prior to analysis.
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Figure 7: Raman spectrum of the porcine lens nucleus before and after correction with the
ModPoly algorithm. Notice that after correction, the spectrum is flatter, which can be an
issue in making peak comparisons.

Raman peak areas were compared according to other experiments to determine
sulfide bonding, protein evolution, and secondary structure changes [14] [24] [7] [8]. All
peak analysis was completed in MATLAB2020R1 [57].

For the A1 and A3 secondary protein abundances, ‘ipf” was run with a scanning
setup for each of four possible peak assignments and widths. In each region, the relative

abundance of B-sheets was calculated as the area of the expected area for 3-sheets versus
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the expected area for a-helices as well as the area normalized to the 1450cm™ peak.
Figure 8 demonstrates the peak areas for the Al region and what is compared. Figure 9 is

a process map of the analysis process.

Figure 8: The areas of the expected B-sheet and a-helix peaks are calculated using ‘ipf”.
In the above figure, the Al region’s -sheet (red) and a-helix (blue) peaks are
highlighted. The ratio of the areas is recorded as well as the ratio of the areas. The Al and
A3 peak heights are standardized versus 1450cm for numerical comparison.
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Figure 9: Process flow diagram of Raman collection and analysis process. Raw data is

background and baseline corrected prior to peak deconvolution analysis. (Zetasizer Helix
image from [55])
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For the tryptophan and tyrosine peak height comparison, peaks were compared
using a MATLAB function composed by the author. It was a simple measured height of
the two peaks for each protein, and the output was a ratio of these values. Relative
exposure and the microenvironment of tryptophan was made by comparing the peak
heights of 880cm™/760cm™, while relative tryptophan content was assessed by
comparing the peak heights of 760cm™/1450cm™. The tyrosine microenvironment was
characterized by comparing the peak heights of 855cm/830cm™.

Lens Opacity

Lens opacity was measured using a program designed by the authors that
measures the average intensity under the curve for the white color in an RGB format.
Images of the lenses either pre-treatment, post-treatment, or post-treatment without the
capsule were taken for each sample. These averages were compared across groups, and

individual lenses were analyzed with regard to their individual results in other areas.
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Figure 10: (Left) Selection of a transparent lens area in the image processing function.
The function compares the transparency of the lens radially versus the darkest portion of
the control circle on the right (for both scale and darkness level). (Right) Output from the
function showing transmission of visible light as a function of radius and the average as
an integral over the area (transmission index).
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Chapter 3: Results

For the Al and A3 peaks within a treatment between samples, the samples are
paired with n = 5. For the Al and A3 peaks, tryptophan, and tyrosine comparisons, the
samples are not paired between treatment with n = 5.

Program Verification

To verify the analysis algorithm, comparisons were made between secondary
protein structures in the nucleus and cortex. Figure 11 and Figure 12 are box plot
comparisons of tissue and technique analyses. Two-sample, two-tailed, equal variance t-
tests (o = 0.05) were utilized to determine if there are differences between or within the

methods.
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Comparison of Ratios Across Tissue Type and Analysis Type
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Figure 11: Box plot of the tissue and wavelength intensity method in comparison. Each
set of data represents a measure of B-sheet concentration relative to a-helix concentration.
While deconvolution of the A1 and A3 bands of the nucleus and cortex yield highly
variable answers, their values more closely align with prior measurements. The nucleus
and cortex are statistically and visibly not different from each other despite the nucleus
and cortex known to be different in these respects. *Denotes statistical significance with a

two-sample, two-tailed t-test (« = 0.05).
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Peak Ratio versus Peak Deconvolution Comparison
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Figure 12: Box plot of the tissue and peak comparison method in comparison. Each set of
data represents a measure of B-sheet concentration relative to a-helix concentration.
While deconvolution of the Al and A3 bands of the nucleus and cortex yield highly
variable answers, they show trends that are more expected in lens proteins. The nucleus
and cortex are statistically and visibly not different from each other despite the nucleus
and cortex known to be different in these respects. *Denotes statistical significance with a
two-sample, two-tailed t-test (« = 0.05).

As this fitting method is novel, a comparison of fitting error across tissues and
peaks illustrate that the A3 peak is a more error-prone peak to fit and neither tissue is
more difficult than the other to obtain results. The nuclear tissue is more well fitted for
Al, which may indicate the nucleus is protected from UV oxidation and aging by the

cortex.
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Figure 13: Comparison of the fitting error for both nuclear and cortical tissue in fitting
the Al and A3 peaks. The error was very similar across both tissue types, indicating the
fitting issues are not specific to a tissue, but more likely with the method.

UV Treatment

Once validated, this software was used to estimate the alpha helix content of

samples from the cortex and nucleus. According to Figure 14 and

Figure 15, the relative level of a-helices in the nucleus and cortex, as measured in

the Al and A3 peaks, is not significantly different between tissues or between treatments.

However, it appears that treatment, according to the Al levels, reduces the concentration
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of a-helices in the cortex. This may be important considering results in the A1 peak for B-

sheets, as shown in Figure 16.

Relative Content of a-helices in Amide I Peak
Pre- and Post-UV Treatment
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Figure 14: Comparison of a-helix levels for the Al peak in cortical and nuclear tissue.
Left-tailed, equal variance, paired t-tests were conducted on the tissue within the
treatments between tissues. Left-tailed, equal variance, two-sample t-tests were
conducted on the samples between treatments. The tests show that, prior to treatment, the
cortex is nearly significantly higher in a-helices than the nucleus pre- and post-treatment
(p = 0.0547 and 0.0508 respectively) and the levels of a-helices is nearly significantly
greater pre-treatment versus post-treatment (p =0.0836).
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Relative Content of a-helices in Amide III Peak
Pre- and Post-UV Treatment
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Figure 15: Comparison of a-helix levels for the A3 peak in cortical and nuclear tissue.
Right-tailed, equal variance, paired t-tests were conducted on the tissue within the
treatments between tissues. Right-tailed, equal variance, two-sample t-tests were
conducted on the samples. The differences are not significant, and the averages are quite
near each other. The only exception is the post-treatment nucleus (n = 5), which has a
relatively higher concentration, though this difference did not rise to the level of
statistical significance.

Figure 16 shows that the level of B-sheets is significantly higher in the nucleus
versus the pre-treatment cortex both pre- and post-treatment. While the difference is not
significantly higher in the nucleus versus post-treatment cortex, the trend remains the
same and may be partially explained by the relative increase in a-helix content in the Al
peak post-treatment in the cortex.

Figure 17 is similar to
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Figure 15 in that the A3 peak analysis shows relatively little difference in either
tissue pre- and post-treatment. This may indicate that the A3 band is poorly fit, not
susceptible to changes, or that the bending and stretching mode measured in the A3 peak

is not affected by UV treatment and not different within the tissues.

Relative Content of 3-sheets in Amide I Peak
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Figure 16: Comparison of B-sheet levels for the Al peak in cortical and nuclear tissue.
Right-tailed, equal variance, paired t-tests were conducted on the samples within
treatments between tissues. Right-tailed, equal variance, two-sample t-tests were
conducted on the samples between treatments. The levels of the nucleus -sheets both
pre- and post-treatment were significantly higher than the cortex pre-treatment (p =
0.0345 and 0.0316, respectively). While the difference post-treatment is not significantly
larger for either pre- or post-treatment levels in the nucleus versus the cortex (p = 0.0547
and 0.1661, respectively), the trends are consistent with other reports.
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Relative Content of 3-sheets in Amide III Peak
Pre- and Post-UV Treatment
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Figure 17: Comparison of B-sheet levels for the A3 peak in cortical and nuclear tissue.
Right-tailed, equal variance, paired t-tests were conducted on the samples within
treatments between tissues. Right-tailed, equal variance, two-sample t-tests were
conducted on the samples between treatments. The differences are not significant, and it
does not appear as if treatment has any effect on either tissue, although the cortex post-
treatment has larger variance.

Neither treatment nor tissue showed many trends in differences in the tryptophan
peak ratio, as shown in Figures 16 through 18. The treatment may reduce the amount of
variation in the tissues. The average across tissues and treatments was ~0.72, which is
concordant with literature values. This indicates the fitting program does not significantly
alter the spectra, and the tissue samples are representative of other results with respect to

tryptophan.
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Figure 20 is the relative measured level of tryptophan content in lens protein
tissue pre- and post-UV treatment. There are no statistically significant differences
between treatments or within tissues. Despite there not being statistical significance, both

tissues trended toward a lower value post-UV treatment.
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Figure 18: Comparison of the tryptophan ratio (880cm™/760cm™) for cortical tissue. The
difference is not significant, the average slightly higher, but the deviations are very
similar for post-treatment samples. However, the deviation is much larger in the post-
treatment samples as well.
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Nuclear Tryptophan Ratio
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Figure 19: Comparison of the tryptophan ratio (880cm™/760cm™) for nuclear tissue. The
difference is not significant, the average slightly higher, and the deviation slightly lower
for post-treatment samples. While not statistically significantly different, the deviation for
the pre-treatment samples was much larger.
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Relative Level of Tryptophan Content in Lens
Tissue Pre- and Post-UV Treatment
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Figure 20: Relative measured level of tryptophan content in lens protein tissue (880cm-
1/760cm™) pre- and post-UV treatment. There are no statistically significant differences
between treatments or within tissues, although both the nucleus and cortex trended lower
post-UV treatment.

33



Cortical Tyrosine Ratio
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Figure 21: Comparison of the tyrosine ratio (855cm%/830cm™) for cortical tissue. The
difference is not significant, the average slightly higher, but the deviations are much
larger for post-treatment samples.
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Nuclear Tyrosine Ratio
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Figure 22: Comparison of the tyrosine ratio (855 cm™/830cm) for nuclear tissue. The
difference is not significant, the average slightly higher, but the deviations are larger for
post-treatment samples.

Neither treatment nor tissue showed many trends in differences in the tyrosine
peak ratio. Treatment may increase the amount of variation in the tissue. The average
across tissues and treatments was ~1.13, which is concordant with literature values. This
indicates the fitting program does not significantly alter the spectra, and the tissue

samples are representative of other results with respect to tyrosine.
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Average Light Transmission of Porcine Lens Tissue with and without Treatment and Capsule
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Figure 23: The average transmission for the lenses with capsule intact post-UV treatment
were significantly lower according to a left-tailed t-test (o = 0.05). However, this
difference disappears when the capsule is removed, indicating the capsule may be
undergoing opacification, as opposed to the lens itself. However, though not statistically
significantly lower, the values for post-UV treatments lenses after capsule removal are
lower on average.

The average visible light transmittance was measured across different samples.
All post-UV treatment samples were represented in either or both pre-treatment groups.
Capsule removal across all groups increased light transmission. T-tests revealed
statistical differences between both pre-UV treatment groups and the post-UV treatment
group with capsules intact. However, this statistical difference was not present between

those same two groups and the post-UV treatment group with the capsules removed.
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Although post-UV treatment groups can be examined with averages, qualitative
analysis of the lenses revealed that some capsules and lenses opacified, while other
samples had only the capsule opacify. Therefore, examining the post-UV treatment group
without the capsule reveals that two samples “rebounded” in their transmission, while the
other two retained their modified average transmission. The Raman spectra for these

samples are displayed in Figure 24 and

Figure 25 and differences in the disulfide bonding, tyrosine, and tryptophan ratio
of the opacified lens samples cortical tissue are shown in

Figure 26.
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Cortical Tissue Spectra of Lens Tissue Post-UV Treatment
with Transmission Inlay
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Figure 24: Raman spectra of cortical samples where measurements of opacity were taken
before and after treatment. The samples that “rebounded” in transparency with removal
of the capsule are plotted against the sample that did not (inset). Along with not regaining
transparency with capsule removal (indicating opacification of the lens and not just the
capsule), this sample also showed differences at many places in the spectrum, including
in the tryptophan and tyrosine ratios as well as peak shifts in the Al and A3 peaks.
Another notable change is in the 500-600cm™ region, which is associated with changes in
sulfide bonding. Peaks around 500cm™ indicate the presence of oxidized sulfide bonds,
leading to disulfide bonds not originally present or between otherwise not typically
bonded sulfurs.
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Cortical Tissue Spectra of Lens Tissue Post-UV Treatment
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Figure 25: Close up on the disulfide, tyrosine, and tryptophan areas of interest of the
cortical samples mentioned in Figure 24. The samples that “rebounded” in transparency
with removal of the capsule are plotted against the sample that did not (inset). Along with
a change in the tyrosine ratio (855 cm/830cm™), the figure calls out the tryptophan peak
that may be linked to an exposed and oxidized tryptophan amino acid. Also labeled on
the figure is the presence of peaks at 500 cm™ and 545 cm™. These peaks are indicative of
sulfurs present that were oxidized and formed disulfide bonds. While disulfide bonds are
present in lens proteins, other paper studies have shown that peaks of this nature indicate
misfolding due to bonds between sulfurs that are not bound together in healthy, young

lens tissue.
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Nuclear Tissue Spectra of Lens Tissue Post-UV Treatment
with Transmission Inlay
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Figure 26: Raman spectra of cortical samples where measurements of opacity were taken
before and after treatment. The samples that “rebounded” in transparency with removal
of the capsule are plotted against the sample that did not (inset). Although the cortical
sample showed difference in its spectrum (see Figure 24), the nucleus appears mostly
unchanged among the samples. This may indicate that the changes incurred did not reach
“as deep” as the nucleus, or that the nucleus is otherwise protected by changes of that
magnitude.
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Chapter 4: Discussion/Conclusions

Figure 11 and Figure 12 show that this method of peak deconvolution is more
accurate than peak or intensity comparison methods of determining secondary protein
content. This is the case as the peak deconvolution method is the only one that
demonstrates differences between the nucleus and cortex that are expected based on what
is known about these two types of tissues in the lens. While the small sample size
resulted in trends which were not always statistically significant, the other methods
investigated did not even produce the expected trends. Since the peak deconvolution
program demonstrated more physiologically relevant trends, and recapitulated important
knowledge, it can be considered a more reliable approach.

Based on the data, it is difficult to draw certain conclusions about the level of -

sheets and a-helices across the tissue types.
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Figure 13 compares the fitting error for the cortical and nuclear tissues for the A1 and A3
peaks. While there is not significant difference within the peaks, the A3 peak is much
more susceptible to variability in fitting.

The reason for this variability is likely due to the numerous components within
the A3 peak of the lens [58]. Conversely, the Al peak in the lens is dominated by a few
protein conformations, notable the B-sheets peak around 1670cm™. This likely explains
the relatively low fitting error for Al and likely speaks to the reliability of the Al peak in
giving insight to the level of B-sheets and a-helices.

The difference in fitting may also have to do with the specific bond mode
measured within each peak. While the A1 mode is characterized by a C=0 stretch, the A3
is characterized by C-N stretch and N-H bend. This may indicate that the amide portions
of the lens proteins are less affected by UV treatment, whereas the C=0 portion, part of
the protein backbone and likely involved in proper protein folding due to its polarity, may
be susceptible to change [59]. This can be an important consideration in interpreting the
effects of UV treatment.

In a report on Al amide carbonyl stretching, it was hypothesized that an
increasing peak height indicates C=0 stretching that leads to a negative charge on the
oxygen bonded to the carbon [60]. Although any sort of chemical interaction in such a

complex environment may not be easy to predict, a negative charge may lead to
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interactions between proteins. These interactions may be responsible for some of the
misfolding presented for one theory of cataract formation and lens aging.

In total, it is difficult to interpret what the lack of statistically significant changes
in the secondary protein mean. While certain trends are observed, some studies on color
and cataract presence in different tissues do not show a difference in secondary protein
levels [14] [61] [62] [63], while others observe that microenvironmental changes precede
changes in secondary protein content, particularly B-sheet increase with deamidation [10]
[64]. This study, at the very least, replicates some known aging effects found in other
studies. Further studies should replicate other forms of aging and attempt to discern
secondary protein content. It may be that only certain forms of aging incur changes in
secondary protein content, and these changes may correlate in ARNC, even if there is no
causative link. However, even if secondary proteins do not fully explain differences
within treatment, other clues remain about the microenvironment and aging.

The results displayed in Figure 20 show trends, but nothing statistically
significant. Results are controversial as for whether tryptophan is increased or decreased
with lens age [61] [65]. While this the current experiment does not seek to make
authoritative statements in this regard, it does show that the relative tryptophan content,
normalized for total protein content, appears to decrease with UV treatment.

While the samples largely did not change between treatment and tissue types for
most of the other observed aspects of the lens, one cortical sample underwent change that
resulted in true opacification of the lens as well as changes to the disulfide, tyrosine, and

tryptophan microenvironments.

43



According to

Figure 25, cortical lens tissue associated with true lens opacification (no rebound in light
transmission after removal of the capsule) underwent many microenvironment changes.
While this sample did not have out of the ordinary differences in its relative a-helix or -
sheet content, following the same trends as other samples, other changes were noticeable
in the Raman spectrum.

First, the peaks at 500cm™ and 550cm™ were much more distinct, indicating
oxidation of sulfides that may lead to disulfide bonding [7]. This disulfide bonding is
only partially reversible, but importantly may lead to irreversible bonding and “locking”
of proteins together in a misfolded shape [21]. Worse yet, this process seems to be at least
semi-random in that these disulfide bonds can be switched between four various sulfides
within lens proteins, and if the wrong pair is linked, it initiates a cascade effect that leads
to “kinks” in other copies of the protein. Therefore, while disulfide bonds exist naturally
within a healthy lens, the prominence of these peaks indicate, according to other studies,
a change in the disulfide environment. This may be linked to this runaway process. This
lends weight to the hypothesis that disulfide bonding may be linked to lens opacification,
and may also be associated with lens aging.

Second, the ratio of tryptophan peaks of 880cm/760cm™ indicate a change in the
microenvironment that may be linked to exposure and oxidation of the tryptophan protein
[47]. Studies have been done on cold, diabetic, genetically induced, and hereditary

cataracts which all indicate this change occurring [12] [17] [47] [66]. Notably, the levels
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observed on average all correlate with levels in humans (~0.72) [65]. However, while this
level has been observed to decrease with cataract formation, other studies show its
decrease related more to aging [15] [61] [66]. However, as stated earlier, this is
controversial in studies not all being concordant. One aspect to keep in mind is that this
ratio may be affected by deamidation, and this deamidation is largely an age-related
phenomenon and therefore may not be the same across species or animal groups. The
current study indicates that changes in the tryptophan ratio, likely linked to exposure,
oxidation, and further hydrogen bonding at various tryptophan residues is linked with
lens opacification.

Third, the tyrosine ratio of 855cm™/830cm™ shows a marked decrease in this
sample versus the average. Again, noting that the ratio observed is typical in the other
samples, even post-UV treatment, it is remarkable that the ratio observed is much closer
to the ratio expected in other types of cataract and aging [15] [17] [47] [66]. This
decrease in ratio is also correlated with water content, due to the nature of the hydrogen
bonding that may occur with the tyrosine. This leads to the hypothesis that lens
opacification is linked with a drop in this ratio. The current study shows a very sharp
decrease in this ratio with this opacified sample and supports that hypothesis.

What is less clear is why only one of five samples changed so greatly with UV
treatment, while the other samples remained unaltered. It is easy enough to explain the
difference between the nucleus and cortex in treatment by saying that the nucleus was

insulated against oxidation and other induced aging factors. The cortex, being the newer
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proteins surrounding the older core, are obviously more susceptible to change. Why some
cortical samples remained “‘healthier” than others, though, is the question.

As with most biological questions, the answer likely has to do with a host of
factors, including age, genetic predisposition, and other traumas and insults inflicted on
the eye and lens prior to experimentation. Other studies also showed that one-off events
can lead to cascading problems, and the issue with cascading events in biology is well
known. Therefore, we conclude that the UV treatment induced damage in all of the
samples, while one sample was particularly impacted due to the experimental conditions
of both the sample and testing apparatus. However, one in five samples being affected is
not a result from which statistical probability may be drawn. While this study is largely
experimental and without precedent, it would also be unfair to say that the observed
results are completely random. Rather, the one sample likely reflects a possible outcome
that has been observed in the literature occurring across species, experiments, treatments,
and age. Further experiments should attempt to recreate this process reliably and then
winnow out the factors that are unimportant.

One question of lens aging that lingers is how other components of the lens
changes with age. While there are some aspects not suited to Raman spectroscopy, or
other light spectroscopy techniques, there are some questions that can at least be
investigated with Raman spectroscopy. This includes questions about lens lipid and
carbohydrate content, both of which have important implications in lens health [67] [68].
Other theories of lens aging and cataractogenesis implicate lipids and carbohydrate

interactions, and there have been attempts to analyze these interactions [69] [70] [71].
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Lipid and carbohydrates have already been characterized in Raman spectroscopy; the
next step would be aligning the known spectra with biologically relevant peaks and
characteristics [72] [73].

Limitations

One assumption in this study is that young porcine lenses are biochemically
identical. Among the attributes that affect this homogeneity are age, ocular trauma, post-
translational modifications (which may be random, genetic, or environmental), and
chance. The samples obtained for this study are from a local abattoir, but that abattoir is a
wholesale supplier of pork products, and the age of the samples may reflect different
needs of the various buyers. Even if age can be controlled, however, the other factors
remain uncontrolled.

Another assumption in this study is that non-opacified lenses after the
preconditioning period still have living lens epithelial cells (LECs). LECs facilitate lens
fiber growth, regulate nutrients in the lens environment, and generate important proteins,
like the a-crystallin chaperones discussed previously [74]. As stated in the methodology,
lenses were assumed to be “healthy” when the lens showed relatively little opacification.
This opacification can be observed in the lens when it is damaged or care is not taken to
preserve the lens capsule during extraction. For that reason, if the lens does not show
opacification after extraction, it was assumed that the LECs were alive and able to
maintain the appropriate cellular environment for light refraction and cell maintenance.

However, no measurements were conducted during this study to assess LEC health. If the
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LECs are not alive, then pathological changes may occur during the preconditioning
period.

The preconditioning media is a combination of M199 with antibiotics, glutamine,
and antifungal components. The preconditioning period involves incubation at 37°C and
a relatively inert environment. However, this period of conditioning does not involve
inclusion of other features specific to the eye, such as the vitreous, cyclic and sustained
stress from the zonule fibers, and the cornea and scleral protection afforded to the lens.
These missing components may alter the health of the LECs and lens proteins, which in
turn may affect the state of the protein of the lens.

Another major assumption resides within the operation of the peak fitting
program itself. While care was taken in the design, development, and implementation of
the fitting program, the problem remains that there are occasionally times where manual
peak assignment was required. This was especially an issue in the A3 peak where the
peak assigned to the area between 1265 and 1275cm™ was often lower in wavenumber
than expected. In these cases, the content of the a-helix of the A3 band is potentially
skewed. Also, the peak fitting is sequentially iterative and based on fitting the best RMS
error. Fitting of this type is limited by granularity limits and computing power on top of
allowable tolerance and limits in the data. In this case, iterative fitting fit both peak width
and peak position, but only within five wavenumber of each. Therefore, if a better-fit
peak were available outside of the iteration, it would not have been found. The sequential
nature of the peak fitting also means that each peak is approached in order, from lower to

higher wavenumber, and fitting parameters in one peak is carried over to the next.
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The most glaring limitation, and likely the biggest problem with human lens
research today and likely into the future, is the equitability of the animal models [75].
Truscott, a vocal proponent of molecular modifications being the key to ARNC and
aging, argues that no suitable animal models exist for ARNC due to lack of aging models
and similarity with humans. Not only do many of the studies cited in this experiment use
non-primate, non-human animal models, but the type of animal tends to vary from mouse
to rabbit to guinea pig. When humans are involved, there are many limitations, like age
and disease condition, and many unknowns cast doubt on definitive conclusions. This
study, no different, focuses on porcine lenses, possibly introducing systematic biases.

Future Work

Subsequent studies would benefit from an increased sample size. The amount of
samples in the current work is a good baseline for validating the program and making a
first-pass look at some aging and pathology mechanisms related to UV radiation, the
seemingly stochastic nature of cataract location and formation may be better pinned down
with more testing.

Another improvement would be a shift from total spectrum UV (100-400nm) to
UV-B (280-315nm), which is hypothesized to be the most physiologically relevant
spectrum in protein change and cataract development [39] [76] [77] [78]. UV-B may be
linked to cleaving proteins and other types of protein conformation change, and therefore
may be an important factor in UV-radiation type cataractogenesis [79]. Also, the chosen
power of 1W/cm? is an arbitrary level, and so studying changes in dose level and

exposure time is valuable. It may also be that the use of broad-spectrum UV caused non-
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physiologic changes in proteins, potentially accounting for the lack of expected trends in
the data.

The program developed can also be used with other treatments, such as hydrogen
peroxide exposure, which can help elucidate the effects of a different, but also
physiologically relevant, ageing mechanism [80]. While the results are mixed here and in
the literature on the changes to secondary proteins with ageing and cataract formation,
oxidation mechanisms have not been assessed in vitro in a quantifiable way without
destruction of the tissue.

Subsequent studies should also measure the differences in WS and W1 proteins.
There could be important differences in protein distribution, response, and absolute
amounts between these two types of protein in the lens, and observing how they change
with age and oxidation mechanisms can help explain why there may be some
asymmetries. The same thinking can also be expanded to lipids in the lens, which serve
an important function [67].

Lastly, the program can be used to form a baseline in human lenses and observe
the differences in the human lens with ageing versus a young porcine lens. This can help
illustrate the differences in both ageing and species with regard to the various features

measured here.
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