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Abstract
Alterations in ultrastructural features of the lens fiber cells lead to scattering and opacity typical of cataracts. The organelle-free cytoplasm of the
lens nuclear fiber cell is one such component that contains vital information about the packing and organization of crystallins critical to lens trans-
parency. The current work has extended analysis of the cytoplasmic texture to transparent and advanced cataractous lenses from India and related
the extent of texturing to the nuclear scattering observed using the DebyeeBueche theory for inhomogeneous materials. Advanced age-related
nuclear cataracts (age-range 38e75 years) and transparent lenses (age-range 48e78 years) were obtained following extracapsular cataract removal
or from the eye bank, at the L.V. Prasad Eye Institute. Lens nuclei were Vibratome-sectioned, fixed and prepared for transmission electron mi-
croscopy using established techniques. Electron micrographs of the unstained thin sections of the cytoplasm were acquired at 6500� and percent
scattering for wavelengths 400e700 nm was calculated using the DebyeeBueche theory. Electron micrographs from comparable areas in an ox-
idative-damage sensitive (OXYS) rat model and normal rat lenses preserved from an earlier study were used, as they have extremely textured and
smooth cytoplasms, respectively. The DebyeeBueche theoretical approach produces plots that vary smoothly with wavelength and are sensitive to
spatial fluctuations in density. The central lens fiber cells from advanced cataractous lenses from India and the OXYS rat, representing opaque lens
nuclei, produced the greatest texture and scattering. The transparent human lenses from India had a smoother texture and less predicted scattering,
similar to early cataracts from previous studies. The normal rat lens had a homogeneous cytoplasm and little scattering. The data indicate that this
method allowed easy comparison of small variations in cytoplasmic texture and robustly detected differences between transparent and advanced
cataractous human lenses. This may relate directly to the proportion of opacification contributed by the packing of crystallins. The percent scat-
tering calculated using this method may thus be used to generate a range of curves with which to compare and quantify the relative contribution of
the packing of crystallins to the loss of transparency and scattering observed.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The ocular lens is designed to be transparent and transmits
visible light to the retina with negligible absorption and scatter-
ing. Transparency of the ocular lens depends primarily on its
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ultrastructure. The lack of cellular organelles along the light
path (Bassnett, 2002), close packing of fiber cells to minimize
extracellular space (Taylor et al., 1996), organization of its pre-
dominant component proteins (crystallins) (Bettelheim and
Siew, 1983; Delaye and Tardieu, 1983) and the conspicuous
absence of large fluctuations in refractive index contribute to
this crucial feature of the lens (Benedek, 1971; Bettelheim,
1985; Zigler, 1994; Kuszak and Costello, 2004). Cataract,
defined as any opacity of the lens, is characterized by overall
cell cytoplasmic texture in advanced cataractous lenses from Indian subjects
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diminished contrast at the retina due to both absorption and
increased scattering of incident light leading to visual deficit
(Duncan, 1981; Brown and Bron, 1996; Datiles and Magno,
2004; Costello and Kuszak, 2008). Age-related nuclear cata-
racts, the most common form of human cataracts (Murthy
et al., 2007), begin as white hazy scattering in the nuclear
core and progressively involve more of the nucleus as the cat-
aract matures. Ultrastructural features that have been reported
from our laboratory to be contributory to the scattering and
opacity of human lens nuclei include enlarged extracellular
spaces, extracellular space deposits (Costello et al., 1992; Al-
Ghoul et al., 1996), distinct 1e4 mm globular particles called
multilamellar bodies (Gilliland et al., 2001, 2004) and texturing
of fiber cell cytoplasm seen in thin sections (Al-Ghoul and
Costello, 1996; Taylor and Costello, 1999; Freel et al., 2002).

An important observation from these ultrastructural studies
was that early or immature age-related nuclear cataracts were
similar in morphology to transparent non-cataractous lenses
(Al-Ghoul and Costello, 1996; Al-Ghoul et al., 1996; Kuszak
et al., 1998; Freel et al., 2002), except for a greater number of
large scattering particles, the multilamellar bodies (Gilliland
et al., 2001, 2004). However, few such detailed comparisons
have been possible with advanced cataracts due to methodo-
logical reasons, especially problems of availability and ade-
quate fixation of the interior of the dense ocular lens. The
study of advanced age-related nuclear cataracts may provide
valuable data regarding the physical basis of transparency
and the mechanisms of cataract formation, and may corrobo-
rate or invalidate widely held theories about these aspects of
lens research. Moreover, this may also provide us with clues
for delaying the onset of cataract or addressing the critical
need to devise preventative strategies for cataract, which is
the leading cause of blindness in the world, particularly in
developing countries (Thylefors et al., 1995; Dandona et al.,
2001; Foster, 2001; Nirmalan et al., 2003).

The current study has concentrated specifically on the ultra-
structure of cytoplasmic texturing seen in dehydrated and
embedded thin-section micrographs of nuclear tissue from ad-
vanced age-related cataracts. This feature is directly related to
the packing, density and organization of crystallins within lens
fiber cells. Biochemical studies have reported that crystallins
aggregate into high-molecular-weight particles (Jedziniak
et al., 1973; Spector and Roy, 1978; Zigler, 1994; Benedek,
1997) and this is generally accepted to be the underlying cause
of scattering seen in nuclear cataracts. The size of these pre-
sumably distinct particles, in theory, should be in the range
20e200 nm to produce significant scattering (Benedek,
1971; Bettelheim, 1985; Clark, 1994), a size range that can
be visualized easily in thin-section electron micrographs.
Yet, high-molecular-weight aggregate particles have not been
observed within the cytoplasm of well-preserved human nu-
clear fiber cells (Costello et al., 1992; Al-Ghoul and Costello,
1996; Al-Ghoul et al., 1996; Taylor and Costello, 1999; Freel
et al., 2002). Fourier analysis has been used to quantify cyto-
plasmic texturing in age-related nuclear cataracts (possibly
from protein modification or redistribution) and to relate it
to the scattering (Taylor et al., 1997; Taylor and Costello,
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1999; Freel et al., 2002; Costello and Johnsen, 2004), as the
technique is sensitive to small variations not perceived by
eye. Results from these studies show that the cytoplasm in
mild age-related cataracts is similar to age-matched transpar-
ent lenses and in these instances cytoplasmic variations do
not account entirely for the observed scattering.

An extension of detailed ultrastructural analyses to more
advanced age-related nuclear cataracts extracted during sur-
gery from blind subjects in India has offered preliminary infor-
mation regarding the innermost fiber cells (Costello et al.,
2006). In the current study, we have estimated the contribution
of the packing and organization of the fiber cell cytoplasm to
light scattering from the in vivo lens nucleus in transparent
lenses to lenses with a range of opacities. The well-established
DebyeeBueche theory for inhomogeneous materials (Debye
and Bueche, 1949) has been used in this analysis, as has
been used in the past for characterizing scattering from the
lens (Bettelheim and Paunovic, 1979; Bettelheim et al.,
1981; Bettelheim and Siew, 1983), because this theory is
robust and directly applicable to thin sections of densely
packed amorphous proteins. The analysis indicates that the
organization of the cytoplasm is altered markedly in advanced
age-related nuclear cataracts and is a major contributor to the
total light scattering by cataractous nuclei.

2. Materials and methods
2.1. Lens material
Lens nuclei from advanced age-related nuclear cataracts
(graded 3e4 on a 0e4 scale by clinicians; n¼ 10) were obtained
from subjects in the age-range 38e75 years, who underwent
extracapsular cataract extractions at L.V. Prasad Eye Institute,
Hyderabad, India. The nuclei were brought from the operating
room to a laboratory in the facility in a vial containing gauze
moistened with saline at room temperature immediately follow-
ing extraction. Patient information obtained was limited to the
age, gender, diabetes mellitus status and the nuclear cataract
grading by the surgeon, following guidelines of the Institutional
Review Board for protection of human subjects. Transparent
whole donor lenses (n¼ 4; age-range 48e78) obtained from
the Ramayamma International Eye Bank located within the
Institute had limited information available, usually only the
age and gender. All lenses were obtained according to the tenets
of the Declaration of Helsinki. Oxidation sensitive (OXYS)
(n¼ 1) and normal rat (n¼ 1) lenses preserved from earlier
studies (Marsili et al., 2004) were used for comparison.
2.2. Fixation and sectioning
Lenses obtained were examined using a hand-held slit lamp
(model 510, Eidolon Corporation, MA, USA) and had their
equatorial diameters and thicknesses measured using calipers.
They were sectioned into 200 mm thick slices using a Vibratome
(series 1000, St. Louis, MO, USA). The freshly cut slices were
then prepared as described in earlier studies (Freel et al., 2002).
In brief, they were immersed in modified Karnovsky’s fixative
cell cytoplasmic texture in advanced cataractous lenses from Indian subjects
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(2.5% glutaraldehyde, 2% paraformaldehyde and 1% tannic
acid in 0.1 M sodium cacodylate buffer, pH 7.2) for 12e18 h,
washed in 0.1 M cacodylate buffer three times, treated with
0.5% osmium tetroxide for 1 h at 4 �C, washed with deionized
distilled water, washed in 50% ethanol, and en bloc stained in
the dark with 2% uranyl acetate dissolved in 50% ethanol, fol-
lowed by dehydration in a graded ethanol series. The sections
were then infiltrated and embedded in epoxy resin. Thin-section
mesas were raised along the optic axis to include the embryonic
and inner fetal nuclear fiber cells and sections with thickness
ranging from 50 to 70 nm were cut using a diamond knife
(Diatome US, Fort Washington, PA, USA). The sections thus
collected on copper grids were not grid-stained with uranyl
acetate or lead citrate by design. They were visualized at
80 kV using an FEI-Philips Tecnai 12 (FEI Company, Hillsboro,
OR, USA) transmission electron microscope (TEM).
2.3. Cytoplasm image collection
Representative images for all the lenses (1024� 1024 pixels,
equating to approximately 2.6 mm2 area) of the cytoplasm
within different embryonic or inner fetal lens nuclear fiber cells
were collected at a magnification of 6500� using a Gatan dig-
ital camera (Gatan Inc., Pleasanton, CA, USA; model 794,
1024� 1024 pixel CCD located below the image plane) and
DigitalMicrograph Software (v. 3.9.3, Gatan Inc.). These
images were collected with care, avoiding features that could
confound calculations like membranes, compression bands,
knife marks and other known variations due to sample prepara-
tion. Fourier analysis was carried out on each of these images
using the fast Fourier transform algorithm of DigitalMicrograph
Software, the basis and theory of which have been discussed in
earlier publications (Taylor and Costello, 1999; Freel et al.,
2002). Fourier analysis also helped detect obvious defocus or
imperfections undetectable by the naked eye in these relatively
low-contrast images during their collection and such images
were not used in the analyses.
2.4. Theoretical treatment
From Debye and Bueche (1949), the intensity of light scat-
tered from a tissue at an angle q is given by

iðqÞ ¼ I

r2

p2

32l4

1þ cos2q

2
Vh2uðqÞ ð1Þ

where I is the intensity of the incident light, r is the distance
from the tissue that the scattered light is measured, and l is
the wavelength of the incident light in the tissue. V is the vol-
ume of the tissue and h2 is the average squared fluctuation from
its average dielectric constant 3 (equal to square of the average
refractive index). The correlation volume u(q) is given by

uðqÞ ¼ 4p

ZN

0

s2gðsÞsinðhsÞ
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ds ð2Þ
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where h ¼ ð4p=lÞsinðq=2Þ. The function gðsÞ is the radial
auto-correlation function of the fluctuations of the dielectric
constant and is given by

gðsÞ ¼ 1

h2Ns

X
ffiffiffiffiffiffiffiffiffi
x2þy2
p

¼s

Aðx; yÞ ð3Þ

where Ns is the number of points with coordinates (x, y) that
are a distance s from the origin of the auto-correlation image
A. A is equal to the modulus of the Fourier transform of the
modulus of the Fourier transform of the fluctuations of the
dielectric constant of the tissue, or

Aðx; yÞ ¼ jJfjJfhðx; yÞgjgj ð4Þ
The average squared fluctuation of dielectric constant h2

(which also equals A(0, 0)) is in the denominator of Eq. (3)
so that g(0)¼1.

The total scattered light over all angles is equal to

Stotal ¼ 2p

Zp

0

iðqÞr2sin q dq ð5Þ

If one assumes that the illuminated tissue is spherical with
a radius R, the total incident light flux equals the incident in-
tensity times the cross-sectional area of the tissue, or

Itotal ¼ IpR2 ð6Þ
So, the fraction of light scattered equals

Stotal
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2.5. Image processing
TEM staining intensity has been used as an indicator of
protein density and refractive index by many researchers
(Gisselberg et al., 1991; Vaezy and Clark, 1994, 1995; Vaezy
et al., 1995; Taylor et al., 1997; Taylor and Costello, 1999;
Clark, 2001). This is because heavy metal stains used in elec-
tron microscopy are generally non-specific (Glauert, 1965;
Hayat, 1971) and refractive index is linearly proportional to
density and relatively independent of the actual molecule
(Michielsen, 1999). We have employed the stain densitye
refractive index relationship because it is the only available
method of estimating refractive index at optical wavelengths
using non-optical techniques at electron microscopy resolution
(Marsili et al., 2004).

In the current study, representative electron micrographs
from all lenses used had a 1024� 1024 pixels region of inter-
est (ROI) selected. The refractive index of white pixels was set
equal to that of cytoplasm, 1.35 (Charney and Brackett, 1961),
cell cytoplasmic texture in advanced cataractous lenses from Indian subjects
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and the refractive index of black areas was set to be that of
dense protein, 1.51 (Philipson, 1973; Freegard, 1997), as
described previously by Marsili et al. (2004). These values
were then squared to create an image of the distribution of
the dielectric constant 3. The average dielectric constant
of the image was then subtracted from it, to create an image
of the fluctuations of 3. The average squared fluctuation of
the dielectric constant h2 was calculated by averaging the
squares of all the values in the fluctuation image. The fluctu-
ation image was then multiplied by a Hanning window func-
tion (Diniz et al., 2002). This function reduces the amplitude
of the spatial variation of the fluctuations as they approach
the edge of the ROI. It is done because the Fourier transform
used in this analysis assumes that the ROI wraps around at all
edges (i.e., is a torus) and thus gives spurious frequencies due
to the sharp discontinuities at the edges. The windowed image
was then converted to an auto-correlation image A(x, y) by
taking the modulus of the transform of the modulus of the
transform, using the Fast Fourier Transform (FFT) algorithm.
The auto-correlation image was then converted to the linear
function g(s) by averaging all the values at given distances
from the center of the image and then dividing by h2 (so
that g(0)¼ 1). Values of the normalized function g(s) that
were less than 0.005 were set to zero. This value was chosen
because it approximated the noise floor of the Fourier trans-
forms. Finally, values of g(s) for s> 200 nm were set to
zero. The assumption behind this was that any fluctuations
greater than 200 nm in extent were artifactual (due to staining
variation, etc.) and not related to cytoplasmic protein packing.
This modified g(s) and the constants 3 and h2 were then in-
serted into Eq. (7) to solve for percent scattered light as a func-
tion of wavelength (from 400 to 700 nm). The DebyeeBueche
theory assumes spherical symmetry, and therefore percent
scattering was determined for a spherical nuclear cataract.
The volume of the human embryonic and fetal lens nuclear
regions examined was considered to be 24 mm3 for this calcu-
lation (Gilliland et al., 2001). The radius of the sphere and
therefore the cross-sectional area were calculated from this
known volume, followed by the scattered intensity at all an-
gles. The photons scattered at all angles were obtained by
integrating these scattered intensities and this was divided by
the product of the incident intensity and the cross-sectional
area to obtain percent scattering. Percent scattering from cyto-
plasmic images of cataracts were averaged to make statistical
comparisons with results obtained from transparent human
lenses.
2.6. Statistics
Representative images from 10 advanced cataractous lenses
and four transparent donor lenses from India were used to cal-
culate percent scattering as described above. The area under
each curve was obtained by numerical integration over 400e
700 nm using the trapezoidal rule for numerical integration.
The results were then compared between cataractous and
transparent Indian lenses using unpaired student t-test.
Please cite this article in press as: Metlapally, S., et al., Analysis of nuclear fiber

using DebyeeBueche theory, Exp. Eye. Res. (2007), doi:10.1016/j.exer.2007.11.
3. Results
3.1. Structure of lens nuclear fiber cells in advanced age-
related cataracts from India
The lens nuclei from advanced age-related nuclear cataracts
were studied using various techniques. The average equatorial
diameter of nuclei used in this study was 7.9 mm, indicating
that most of the entire adult nucleus was available. Gross mor-
phological appearance revealed that most of these nuclei were
fully opaque when examined with a hand-held slit lamp. Low
magnification views of cellular morphology and cytoplasmic
texture visible in thin-section micrographs from Indian cata-
ractous lens nuclear fiber cells (Fig. 1A) were essentially iden-
tical to transparent Indian lens nuclear fiber cells (Fig. 1B) and
nuclear cataracts from the United States (Costello et al., 1992;
Al-Ghoul et al., 1996), showing uniform staining of the cyto-
plasm and cell interfaces, seen in these figures as white lines
with various simple and complex cellular profiles.
3.2. Nuclear fiber cell cytoplasmic texture
Images of the cytoplasm within nuclear fiber cells at 6500�
magnification revealed visible differences in the cytoplasmic
texture between the cataractous and transparent lenses in micro-
graphs collected from these lenses. The cataracts showed con-
siderable texturing of the cytoplasm as seen in representative
images; however, the supposed high-molecular-weight aggre-
gates were not visualized as distinct particles (Fig. 2AeC). In
comparison transparent Indian donor lenses showed minor tex-
turing and essentially appeared smooth (Fig. 2D). The cyto-
plasm within OXYS rat lens fiber cells appeared much more
textured at this magnification (Fig. 2E) and concurred with sim-
ilar findings reported in previous studies (Freel et al., 2002;
Marsili et al., 2004). The normal rat lens cytoplasm had the
smoothest appearance (Fig. 2F), also in agreement with earlier
observations (Freel et al., 2002; Marsili et al., 2004).

Percent scattering is plotted as a function of wavelength
(Fig. 3). Each curve showed a decrease in percent scattering
with increasing wavelength as described before for the lens
(van den Berg, 1997). Consequently, plots show a greater
spread in the blue end of the spectrum (shorter wavelengths)
compared to the red end, although the ratios are probably
nearly constant. Also, an important advance from previous
studies by Marsili et al. (2004) and Costello and Johnsen
(2004) was that there were no rapid fluctuations in the calcula-
tions due to use of the Hanning function and the removal of
artifactual fluctuations greater than 200 nm in size using filters.

In general, advanced human cataracts showed significantly
higher predicted scattering than transparent human lenses
( p< 0.01, unpaired t-test, Fig. 3), implying significant opacifi-
cation. This was compatible with the crude observations of
higher texturing seen in micrographs of cataracts compared
to transparent lenses from India (Fig. 2AeC vs. D). In addition,
the OXYS rat model showed the greatest percent scattering,
also representing an opaque lens. The data from the OXYS
rat were in agreement with observations from micrographs
cell cytoplasmic texture in advanced cataractous lenses from Indian subjects
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Fig. 1. Low magnification micrographs from representative advanced catarac-

tous and transparent human lenses appear similar. Equivalent regions from

these two types of lenses (A) and (B), aged 75 and 56 years, respectively, in

this illustration, appear essentially the same with respect to membrane profiles

and cytoplasmic textures visible by eye and no obvious damage is evident.

Scale bars are 1 mm.
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and from previous studies as well (Freel et al., 2002). Normal
rat lenses which were observed to have the smoothest cyto-
plasm by eye demonstrated the least predicted scattering as be-
fore (Freel et al., 2002; Marsili et al., 2004). These calculations
were made for the contribution of the scattering seen from the
cells in the innermost developmental regions of the human lens
and generalized to the scattering from the entire volume of
these regions (calculated to be 24 mm3).

The data for the Indian cataracts have been averaged (Fig. 4)
and reveal the same general trends, with the cataractous tissue
Please cite this article in press as: Metlapally, S., et al., Analysis of nuclear fiber
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scattering more than the transparent human lens tissue. The
average Indian cataract from this study shows approximately
eight times more scattering than the Indian transparent lens.
These values for percent scattering from the embryonic and fetal
nuclear regions of the lens are intended to be compared on a rel-
ative scale and are not absolute values for in vivo lens tissue.

The cytoplasm from the fiber cells within cataracts and the
transparent lens (Fig. 2A, C and D) were analyzed and plotted
as three-dimensional graphs in Fig. 5AeC to better understand
the scattering in relation to the scattering angles. The scatter-
ing, represented here as Rayleigh ratios, has been plotted
against the scattering angle and the wavelength of incident
light in the visible region (400e700 nm). The cataract repre-
sented in Fig. 2A demonstrated high percent scattering
(Fig. 3-yellow line) and showed large-scale fluctuations that
resembled fluctuations caused by disturbances approaching
200 nm in size, based on the large amount of light scattered
at low angles (Fig. 5A). This implies a considerable opacifica-
tion due to the textural disturbances in the cytoplasm alone. In
comparison, the cataract represented in Fig. 2C demonstrated
intermediate percent scattering (Fig. 3-green line) and demon-
strated moderate fluctuations of the cytoplasm that showed no
tendency for scattering at low or high angles (Fig. 5B). In this
case, it is possible that opacification is either modest or has
contributions from other components of the lens (e.g., mem-
branes and multilamellar bodies). The plot from a representa-
tive transparent donor lens (Figs. 2D and 3-black line) was
essentially even and horizontal (Fig. 5C), implying negligible
scattering due to fluctuations in the cytoplasm.

4. Discussion

The current study preserved the oldest fiber cells (embryonic
and fetal nuclei) in advanced nuclear cataracts from India to
study the texture of the fiber cell cytoplasm in electron micro-
graphs using the DebyeeBueche theory. The results indicate
that the methods were successful in relating the cytoplasmic
texture to the predicted scattering, also a measure of opacity.
The results also suggest that the predicted scattering based on
cytoplasmic texture is directly related to the extent of cataract
formation, as advanced cataracts evaluated in this study (higher
nuclear cataract grades) were found to have predicted scattering
values considerably different from transparent donor lenses.

Advanced age-related nuclear cataracts, in this instance
from blind subjects in India, have been evaluated for the first
time using previously established methods for preserving the
interiors of the dense, impermeable ocular lens (Costello
et al., 1992; Al-Ghoul and Costello, 1996; Freel et al.,
2002). Preliminary information obtained reveals that these ad-
vanced Indian cataracts are similar in their overall cell struc-
ture to less advanced cataracts obtained from the United
States and examined in earlier studies (Costello et al., 2006).
The differences appear to lie mainly in the extent of cataract
maturity and not in any feature unique to lenses from India.
This implies that lenses respond similarly to stress in both
populations, although perhaps the extent of damage is greater
over a shorter duration of time because of either greater
cell cytoplasmic texture in advanced cataractous lenses from Indian subjects
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Fig. 2. Higher magnification images from human lenses and comparable regions in OXYS and normal rat lenses reveal qualitative differences in cytoplasmic tex-

tures. Images collected at 6500� for analysis of scattering revealed visible differences with human advanced cataracts from India (A, B and C) and OXYS rat (E)

lenses showing highly textured cytoplasms followed by the relatively smooth texture seen in human transparent lenses from India (D). Normal rat lenses (F) had the

smoothest texture compared to the rest of the lenses examined in this study. Scale bars are 0.5 mm.
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intrinsic susceptibility of the Indian population to known
stresses or the potency of environmental cataractogenic factors
in India and their interactions with this susceptibility.

While the exact nature of the stresses encountered by each
lens examined is difficult to determine, multiple factors are
Please cite this article in press as: Metlapally, S., et al., Analysis of nuclear fiber
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likely to be involved, resulting, among other outcomes, in
increased cytoplasmic texture in mature cataracts. Biochemical
evidence indicates that high-molecular-weight aggregates exist
(Jedziniak et al., 1973, 1975; Spector and Roy, 1978; Zigler,
1994) and that they are potential sources of scattering in the
cell cytoplasmic texture in advanced cataractous lenses from Indian subjects
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Fig. 3. Percent scattering plotted against wavelength of visible light for repre-

sentative cells from all the lenses. Cataracts from India revealed significantly

higher scattering from the cytoplasm of their innermost cells compared to

transparent donor lenses. Scattering from the OXYS rat was the highest and

concurred with the cytoplasmic texture visible by eye and with earlier findings.

Normal rat lenses with the smoothest texture showed the least scattering. The

yellow line, the grey line immediately below it and the green line were calcu-

lated from the images of cytoplasm from cataracts shown in Fig. 2A, B and C,

respectively. The transparent human lens represented by the black line was cal-

culated from the image shown in Fig. 2D. Calculations for percent scatter in

the OXYS and normal rat were made from Fig. 2E and F, respectively.
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cytoplasm. However, as noted above, they were not found as
distinct particles in the current or previous ultrastructural stud-
ies (Costello et al., 1992; Freel et al., 2002, 2003; Costello and
Johnsen, 2004). The filters used in the calculations ensured that
aggregates in the size range most likely encountered in the
cytoplasm (20e200 nm) were analyzed. The use of filters was
reasonable in view of the fact that scattering curves obtained
were smooth, providing consistent and meaningful results for
the visible wavelengths of light. Comparison with the transpar-
ent human lenses from India for these calculations further em-
phasized the contributions of cytoplasmic complexity towards
predicted scattering, revealing differences on a relative scale.
Fig. 4. Average percent scattering plotted against wavelength of visible light.

Data from the 10 cataracts were averaged and compared with the average per-

cent scattering from transparent donor lenses (*error bars not computed for the

transparent lens because five cells from the same lens were used to obtain the

average percent scatter). Cataractous lenses revealed considerably higher scat-

tering than transparent lenses from India. Error bars represent� standard error.
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The images used in these calculations were chosen from well-
preserved regions of the inner fetal and embryonic nucleus. It
is possible that the texture varied for different cells within
each nucleus, if, for instance, older cells in the embryonic
nucleus were more damaged than those in the fetal nucleus.
This feature has not been explored systematically in the current
study, although it may explain some of the variability in the pre-
dicted scattering based on cytoplasmic textural variations.

Fourier analysis provides us with a powerful tool to analyze
variations not readily visualized by eye and has been used suc-
cessfully in earlier studies to characterize the fluctuations seen
in the fiber cell cytoplasm (Freel et al., 2002, 2003; Costello
and Johnsen, 2004; Marsili et al., 2004). The preservation of
a variety of textures from human and animal lenses suggests
that the chemical fixation procedures have stabilized the native
protein distributions. This conclusion is supported by using
high-pressure freezing as the initial fixation step, followed
by freeze-substitution, which produces similar patterns of pro-
tein distribution to conventional chemical fixation (Costello,
2006). The important difference in the current study is that
the Fourier transforms of images are used as inputs into the
DebyeeBueche equation to predict scattering in advanced
age-related cataracts that have not been studied previously.

An earlier, DebyeeBueche analysis, referred to as the ‘ran-
dom fluctuation theory,’ was performed on the scattering from
transparent human lenses (Bettelheim and Paunovic, 1979).
They included an extension of the theory for the evaluation
of orientation fluctuations that might detect anisotropic struc-
tures, such as bundles of cytoskeletal elements (Bettelheim
and Paunovic, 1979). The calculated correlation functions
were determined from scattering curves of frozenethawed sec-
tions of lenses cut at different depths perpendicular to the optic
axis. The correlation functions were interpreted in terms of
high-molecular-weight protein aggregates dispersed in a me-
dium of lower average refractive index. The most important
findings were that the density fluctuations predominated
(much larger than orientation fluctuations) and that the average
size of the aggregates for aged lenses was about 300e450 nm
with an average separation of about 400e1200 nm (Bettelheim
and Paunovic, 1979). This approach was also applied to human
cataractous lenses (Bettelheim et al., 1981; Siew et al., 1981).
All lenses showed increased scattering in the nucleus and
were considered to be nuclear cataracts based on the photo-
graphic evaluation (Chylack et al., 1981; Siew et al., 1981).
There was reasonably good correlation of the regions of opacity
in the intact cataracts with the regions of greatest density fluc-
tuations. The average aggregate protein size was predicted to be
about 250e500 nm with separations from 400 to 1800 nm. The
most consistent finding was that the density fluctuations were
more prominent than orientation fluctuations and that consider-
able variability among cataracts suggested that each cataract
had distinguishing characteristics. It is worth noting that the
orientation fluctuations showed rapid changes at the cortex/
nucleus interface, where cell compaction is evident, and in
the central nucleus where the anisotropy probably involves
the membranes, because no cytoskeletal elements are present
(Bettelheim and Paunovic, 1979; Bettelheim et al., 1981). In
cell cytoplasmic texture in advanced cataractous lenses from Indian subjects
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Fig. 5. Scattering exhibited as Rayleigh ratios plotted against scattering angle and wavelength. Two different cataracts and a transparent human lens were plotted as

three-dimensional graphs. (A) The lens exhibiting the highest percent scattering (also Fig. 2A and Fig. 3-yellow line) shows large-scale fluctuations that cause

considerable opacity and represent large density fluctuations, as implied by the high scattering at low scattering angles. (B) A different cataractous lens represent-

ing medium scattering (also Fig. 2C and Fig. 3-green line) and (C) a transparent donor lens (also Fig. 2D and Fig. 3-black line) are shown for comparison. Scat-

tering is represented as Rayleigh ratios which are the ratios of scattered intensity to incident intensity times the ratio of the squared distance to the detector over the

volume of the sample. The use of Rayleigh ratios enhances comparisons because polarization effects and scattering geometry are automatically taken into account.
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the current study we have emphasized only the density fluctu-
ations and have imaged cytoplasm only in regions without
membranes, thus avoiding anisotropic features that could con-
tribute to the orientation fluctuations. Furthermore, the calcula-
tion of predicted scattering does not depend on a molecular
interpretation of the scattering patterns. Even in the absence
of high-molecular-weight aggregates as distinct particles, dif-
ferences in density fluctuations appear to be sufficient to distin-
guish the cataracts and produce a wide range of calculated
scattering intensities.

The DebyeeBueche analysis was also employed to exam-
ine the influence of concentration on scattering in model sys-
tems of condensed protein solutions (Bettelheim and Siew,
1983). It was shown that, as the concentration increased
Please cite this article in press as: Metlapally, S., et al., Analysis of nuclear fiber

using DebyeeBueche theory, Exp. Eye. Res. (2007), doi:10.1016/j.exer.2007.11.
beyond a certain threshold, the calculated scattering began to
decrease. This concentration effect was clearly demonstrated
for isolated bovine cytoplasm by Delaye and Tardieu (1983).
These two papers support the idea that destructive interference
of scattered light rays increases as the scattering units become
closely packed with only short-range order and this pattern is
the basis for the transparency of fiber cell cytoplasm. Con-
versely, it is implied that dilution of the crystallins will
increase scattering; however, dilution would not normally be
possible within the human lens nucleus where dehydration is
maintained during aging and cataract formation. It has been
suggested that the driving force behind the dehydration of
the nuclear cytoplasm is the self-association and aggregation
of crystallins leading to fewer mobile components and to
cell cytoplasmic texture in advanced cataractous lenses from Indian subjects
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a greatly reduced osmotic stress (Tardieu et al., 1992; Kenwor-
thy et al., 1994). This close association and aggregation of
crystallins occurs normally and accounts for the hardening
of the nucleus in most non-primate animal models that do
not rely on accommodation. In humans the hardening of the
nucleus is delayed for about four decades, but it should be em-
phasized that nuclear hardening during the onset of presbyopia
usually precedes the formation of age-related nuclear cataracts
(McGinty and Truscott, 2006).

This raises the question of how a densely packed and dehy-
drated nuclear cytoplasm can produce excess light scattering.
The commonly held view is that the extensive post-translational
modification of crystallins produces high-molecular-weight
aggregates that have a higher refractive index and scatter light
(Benedek, 1997). The evidence for the existence of the high-
molecular-weight aggregates is compelling (Jedziniak et al.,
1973,1975; Spector and Roy, 1978) and their role in normal
lens aging and cataract formation is critical. Limited morpho-
logical evidence indicates that individual aggregates are irregu-
lar assemblies of smaller subunits in isolated nuclear cytoplasm
from bovine (Kramps et al., 1975; Siezen et al., 1979), rabbit
(Liem-The et al., 1975) and human (Costello and Kuszak,
2008) lenses. However, the morphology of the intact cytoplasm
suggests that the aggregates assemble into a complex three-
dimensional network of closely packed protein with smaller
more mobile crystallins filling in spaces to create a homoge-
neous cytoplasm. This current study of advanced cataracts
from India suggests an alternative explanation of cataract for-
mation. Because the low magnification views of nuclear fiber
cell cytoplasm appear smooth and high magnification views
do not reveal high-molecular-weight particles, the modifica-
tions of crystallins (Lampi et al., 1998; Hanson et al., 2000;
Truscott, 2005) may release cytoplasmic components from
the dense network. The loss of material at local sites would pro-
duce low-density regions (holes or voids) that are not filled in
with other proteins because the components of the network in
aged lenses are relatively immobile. The result would be fluc-
tuations in density and in refractive index that could account for
the increased scattering demonstrated here using the Debyee
Bueche analysis.

For this study, a change in the data collection procedure has
given a better overview of cytoplasmic texture. Earlier studies
from our laboratory sampled a smaller area while collecting
micrographs for such analysis (using a higher magnification
of 21,000�), unlike the larger area sampled in the current study
(magnification 6500�). We considered the chosen magnifica-
tion sufficient to collect images of the cytoplasm from the rel-
atively large cells in the embryonic and fetal nucleus without
interference from membranes or areas containing other proce-
durally induced imperfections, allowing us to examine data
from larger contiguous regions. Also, a key assumption of
the DebyeeBueche theory is that the scattering predicted
from cells in the inner core of the lens nucleus, when applied
to the nuclear volume representative of these cells as done in
the current study, gives us a measure of opacity. The predicted
scattering in the current study has been calculated for a spheri-
cal volume as an approximation to the actual ellipsoid shape
Please cite this article in press as: Metlapally, S., et al., Analysis of nuclear fiber

using DebyeeBueche theory, Exp. Eye. Res. (2007), doi:10.1016/j.exer.2007.11.0
and is used for comparisons on a relative scale. In addition,
it should be noted that the contributions of lens fiber cell mem-
branes and multilamellar bodies are not accounted for in these
calculations. This is beneficial in the study of scattering and
opacity of the lens, because it allows separation of the contri-
butions of each of these components to scattering using differ-
ent theories that account for their unique properties.

The results indicate that advanced cataracts show a greater
texture and are estimated to scatter a larger proportion of the
incident light than immature cataracts and transparent lenses.
As mentioned before, this relates directly to the packing, den-
sity and organization of the crystallins. An increased texturing
may therefore signify modifications of the crystallins due to
aging changes, leading to the loss and/or redistribution of
the cytoplasmic components, causing refractive index fluctua-
tions and scattering (Al-Ghoul and Costello, 1996; Taylor and
Costello, 1999). The fundamental goal then is to demonstrate
that all advanced cataracts of the common type, i.e., age-
related nuclear, have similar features and accumulate evidence
for the hypothesis regarding the loss and/or redistribution of
cytoplasmic protein. A large body of biochemical evidence
points to modifications of the crystallins (Zigler, 1994; Lampi
et al., 1998; Ma et al., 1998; Hanson et al., 2000; Truscott,
2005) and some ultrastructural evidence supports the redistri-
bution of cytoplasmic material, most likely soluble crystallins
and crystallin fragments, through damaged membranes into
extracellular spaces where deposits are formed (Costello
et al., 1992, 2006). Biochemical results support the hypothesis
that aggregation of crystallins is favored by oxidation, deami-
dation and truncation leading to conformational changes that
promote crystallin insolubility and cataract (Hanson et al.,
2000). However, the loss of cytoplasmic material by itself re-
mains to be proven.

The scattering discussed in this study encompasses both
forward (or low angle) scattering, which impacts directly on
visual deficit, and backward (or high angle) scattering, which
is directly relevant to the clinician’s grading of cataract prior
to surgery. The large fluctuations seen in the images of the
cytoplasm from some cataractous lenses (Figs. 2A, 3-yellow
line and 5A) are likely to cause a significant visual disability
because of their central location and low scattering angles,
even without factoring in the contributions of membranes
and especially multilamellar bodies (Costello et al., 2007).
We demonstrated in the current study that advanced cataracts
(higher nuclear cataract grades), in general, show increased
texturing and scattering. A systematic approach examining
several regions within each lens in a number of lenses in the
future will permit the creation of a library of fiber cells from
different clinical cataract grades and corresponding scattering.
Comparison of these with in vivo methods of estimating the
optical properties of the aging lens using light scattering as
a tool, some of which have been demonstrated before (Thur-
ston et al., 1997), will allow estimates of the contribution of
cytoplasmic packing to overall opacity. In particular, this
may lead to the refinement of objective clinical cataract grad-
ing, taking into account objective measures of both back scat-
tering and forward scattering in the in vivo lens.
cell cytoplasmic texture in advanced cataractous lenses from Indian subjects
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