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Human nuclear cataract formation is a multi-factorial disease with contributions to light scattering from
many cellular sources that change their scattering properties over decades. The aging process produces
aggregation of cytoplasmic crystallin proteins, which alters the protein packing and texture of the
cytoplasm. Previous studies of the cytoplasmic texture quantified increases in density fluctuations in
protein packing and theoretically predicted the corresponding scattering. Multilamellar bodies (MLBs)
are large particles with a core of crystallin cytoplasm that have been suggested to be major sources of
scattering in human nuclei. The core has been shown to condense over time such that the refractive
index increases compared to the adjacent aged and textured cytoplasm. Electron tomography is used
here to visualize the 3D arrangement of protein aggregates in aged and cataractous lens nuclear cyto-
plasm compared to the dense protein packing in the cores of MLBs. Thin sections, 70 nm thick, were
prepared from epoxy-embedded human transparent donor lenses and nuclear cataracts. Tilt series were
collected on an FEI T20 transmission electron microscope (TEM) operated at 200 kV using 15 nm gold
particles as fiducial markers. Images were aligned and corrected with FEI software and reconstructed
with IMOD and other software packages to produce animated tilt series and stereo anaglyphs. The 3D
views of protein density showed the relatively uniform packing of proteins in aged transparent lens
nuclear cytoplasm and less dense packing of aged cataractous cytoplasm where many low-density
regions can be appreciated in the absence of the TEM projection artifacts. In contrast the cores of the
MLBs showed a dense packing of protein with minimal density fluctuations. These observations support
the conclusion that, during the nuclear cataract formation, alterations in protein packing are extensive
and can result in pronounced density fluctuations. Aging causes the MLB cores to become increasingly
different in their protein packing from the adjacent cytoplasm. These results support the hypothesis that
the MLBs increase their scattering with age and nuclear cataract formation.

© 2012 Elsevier Ltd. All rights reserved.
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membrane enclosing a cytoplasm composed mainly of condensed
specific crystallin proteins. From a cell biology viewpoint, the most

1. Introduction

Human nuclear cataract formation is an age-related disease
possibly influenced by many environmental, metabolic and
genetic factors that produce increased diffuse light scattering fol-
lowed, in later stages, by complete opacification in the central
region of the lens (Costello and Kuszak, 2008; Graw, 2009; Michael
and Bron, 2011; Zhou et al., 2011). The entire mass of the lens
nucleus is filled with mature fiber cells consisting of a plasma
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probable sources of scattering in human age-related nuclear
cataracts include aggregation of cytoplasmic proteins (Benedek,
1997; Metlapally et al., 2008), damage to membranes producing
cellular debris (Al-Ghoul et al., 1996; Costello et al., 2008; Vrensen
and Willekens, 1989), and large particles, called multilamellar
bodies (MLBs), containing a core of cytoplasmic proteins and
a lipid-rich membrane coat (Costello et al., 2007; Gilliland et al.,
2001, 2004, 2008). Modified cellular structures in the lens
change with time, leading to a gradual increase in opacity and an
overall diminished contrast at the retina due to absorption and
scattering of incident light. Many of the ultrastructural alterations
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can be visualized with thin-section transmission electron
microscopy (TEM), although technical limitations, due to artifacts
of projecting structural features onto the image plane, have put
serious constraints on the information available from morpho-
logical studies. To overcome some of these limitations, we have
used electron tomography (Frey et al., 2006; Schietroma et al.,
2009), a valuable tool that helps visualize the 3D arrangement of
lens fiber cell proteins in the cytoplasm and particle cores. The
advantages offered by tomography include improvement in image
quality by potentially minimizing image degradation caused by the
superimposition of mass within a thin section. The orientation and
thickness of a slice within a 3D reconstruction can be selected to
optimize the visualization of specific details. The improvement is
analogous to that obtained when out-of-focus light is removed
using confocal, multiphoton or deconvolution light microscopy,
where the objects are more clearly seen in optical slices even
though the technical and software enhancements have not altered
the resolution of the images. The preliminary images presented
here provide new insights about how protein redistribution during
aging contributes to the formation of high molecular weight
(HMW) protein aggregates that produce excessive light scattering
from human lens nuclei.

2. Materials and methods
2.1. Lenses

Age-related cataractous lens nuclei were obtained after extra
capsular surgical extraction as described earlier (Gilliland et al.,
2004; Metlapally et al., 2008). From the US, eight nuclei 56—85
years old were obtained with grades 1-3, and from India, 10
nuclei 38—75 years old were obtained with grades 3—4, on a 0—4
nuclear cataract scale (Chylack et al., 1983). The Indian nuclei
were advanced nuclear cataracts from patients who were func-
tionally blind at the time of cataract surgery. Transparent donor
lenses ranged in age from 34 to 71 years for 8 lenses from the US
and 48—78 years for 5 lenses from India. Representative images of
transparent donor lens with typical pale yellow nuclei have been
published previously (Al-Ghoul et al., 1996; Chylack et al., 1983;
Taylor et al., 1996) and many images of age-related nuclear cata-
racts of the type examined here have been reported (Al-Ghoul et al.,
1996; Chylack et al., 1983; Costello and Kuszak, 2008). An example
of an extracted nucleus representative of the advanced cataracts
from India was published previously (Costello et al., 2008). All
lenses were obtained following procedures reviewed by the

Fig. 1. Cytoplasmic texture in donor and cataractous nuclear fiber cells. A: Conventional electron micrograph from a human transparent nucleus (Indian donor, 56 years; grade 0 on
a 0—4 scale). B: and C: Selected images at different tilts from the tomographic reconstruction. D: Conventional electron micrograph from an advanced nuclear cataract (Indian, 48
years; grade 4 on a 0—4 scale). E: and F: Selected images of the tomographic reconstruction at different tilts. The packing of cytoplasmic protein in the transparent donor lens is
relatively smooth, homogeneous and dense showing uniform texturing (A—C) with fluctuations roughly 20—50 nm, whereas the packing in the nuclear cataract is heterogeneous
(D—F) with irregular regions of high density (E: red arrowheads) and low density (E: white arrows) some of which are about 100—200 nm across. Several 15 nm gold particles
appear as black dots in the electron micrographs and as light spots in the inverse contrast reconstructions. Bars are 200 nm (A, D) and 100 nm (B, E).



74 M,J. Costello et al. / Experimental Eye Research 101 (2012) 72—81

Institutional Review Board for protection of human subjects
according to the tenets of the Declaration of Helsinki.

2.2. Sample preparation and transmission electron microscopy

Vibratome sections approximately 200 um thick were cut from
fresh lenses and processed as described previously (Gilliland et al.,
2004). Briefly, Vibratome sections were immersion fixed for
12—18 h in 2.5% glutaraldehyde, 2% paraformaldehyde and 1%
tannic acid in 0.1 M cacodylate buffer (pH 7.2). Fixed sections
were washed with 0.1 M cacodylate for three 15-min washings,
treated with cold 0.5% osmium tetroxide for 60 min, washed with
deionized distilled water for three 15-min washings, washed once
with 50% ethanol for 5 min, stained in 2% uranyl acetate (in 50%
ethanol) in the dark for 30 min and dehydrated through a graded
ethanol series. Sections were infiltrated and embedded in an epoxy
resin (Epon 812, EMS, Hatfield, PA). Thin sections (70 nm) were cut
with a diamond knife (Diatome US, Hatfield, PA) from mesas raised
to include the embryonic and fetal nuclei. Sections on copper grids
(300 mesh hexagonal) were stained with uranyl acetate and lead
citrate.

2.3. Electron tomography

For tomographic analysis, 15 nm colloidal gold particles were
deposited on one side to serve as fiducial markers. Thin sections
selected for analysis were irradiated in a spread electron beam
before initiating a tilt series to limit anisotropic specimen thinning
during image collection. Single-tilt series (Model 2020, Fischione
Instruments, Export, PA) were collected at 11,500- and 29,000-fold
magnifications (corresponding to a pixel size of 1.95 and 0.78 nm,
respectively) using an FEI Tecnai G> Twin operated at 200 kV
coupled to a 2048 x 2048 FEI Eagle CCD camera (at the Shared
Materials Instrumentation Facility, SMiF, Duke University). The FEI
tomography acquisition software package was used to acquire tilt
series, from —65° to +65°, in 2° increments. The IMOD software
package (Kremer et al., 1996) was used for the entire procedure of
image alignment and reconstruction. The Amira software package
(Version 5.3.2; Mercury Computer Systems, San Diego, CA, USA)
was used for the three-dimensional analysis and visualization.

3. Results

3.1. Comparison of lens nuclear cytoplasm from an Indian
transparent donor lens and an opaque nucleus from an
advanced cataract

The texture of nuclear fiber cell cytoplasm is a measure of the
extent of post-translational modifications, cross-linking and
aggregation of crystallins during aging and cataract formation.
Representative electron micrographs (Fig. 1A, D) and selected
images from tomographic reconstructions (Fig. 1B, C, E, F) demon-
strate differences in the fiber cell cytoplasmic texturing of a human
transparent lens (Indian donor, 56 years, A—C) and an advanced
nuclear cataract (Indian, 48 years, D—F). The transparent lens
cytoplasmic protein packing is relatively homogeneous and dense,
showing uniform texturing, whereas the packing in the nuclear
cataract is heterogeneous with irregular high- and low-density
regions (Fig. 1E, arrowheads and arrows, respectively). The cata-
ractous sample shows marked density fluctuations that partially
account for the nuclear opacity based on a quantitative analysis
(Metlapally et al., 2008). Several 15 nm gold particles, appearing in
the 2D micrographs as dark circular structures and as light spots in
the inverse contrast reconstructions, serve as an internal size cali-
bration as well as fiducial markers. The gold particle size was

chosen to match closely the measured average size of the spherical
assemblies of alpha-crystallin monomers (Haley et al., 2000, 1998),
the most abundant protein in the fiber cell cytoplasm.

Careful examination of selected images from a 3D reconstruc-
tion shows that the nuclear cytoplasm from a donor lens is
composed of closely packed small globular units uniformly
distributed with little variation in the distribution through the
depth of the section. The structural subunits are similar in average
size to the gold particles (10—20 nm) as is most evident in the video
of step-wise animated rotations (Fig. 2 video). Corresponding
cytoplasm from a nuclear cataract shows clumping of protein into
irregular aggregates of higher density (brighter regions in recon-
structions) and lower density (irregular dark) regions between the
aggregates. These fluctuations are more evident at selected tilts in
the video of the reconstruction (Fig. 3 video). The result is a mark-
edly increased variability in protein density that results in
pronounced fluctuations in refractive index. As suggested previ-
ously, such a pattern of protein texture could account for the
excessive light scattering leading to nuclear opacity in this
advanced Indian cataract (Metlapally et al., 2008).

The resolution of the reconstructions is similar to the 2D elec-
tron micrographs based on the visualization of plasma membrane
(Fig. 4). The stained halves of the membrane bilayer in a typical
electron micrograph (Fig. 4A, inset arrows) are visible as two dark
lines separated by a light central band representing the stain-
excluding hydrophobic layer. The overall thickness is about 7 nm
based on high-magnification TEM images (Costello et al., 1989,
2008; Gilliland et al., 2001). Exactly the same region and
membrane are visible in the 3D reconstruction when a thin slice is
imaged at the proper orientation so that the membrane is viewed
edge-on (Fig. 4B, inset arrows), revealing the distinctive single
bilayer membrane with the same curvature and overall thickness
along its length. Because both halves of the bilayer are visible, it is
reasonable to estimate the resolution of the images and recon-
structions at about 3—4 nm, similar to the estimates given in other
tomography studies of thin sections (Burette et al, 2012;
Schietroma et al., 2009). These images also illustrate some impor-
tant advantages of tomographic reconstruction. The 2D TEM image
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Video S1. Fig. 2. Still image from a video animation of a tomographic reconstruction
for a transparent donor lens. Width is 1600 nm.
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Video S2. Fig. 3. Still image from a video animation of a tomographic reconstruction
for an advanced nuclear cataract. Width is 1600 nm.

inset (Fig. 4A, inset) shows mass within the 70 nm section
obscuring the membrane and the adjacent extracellular space
(because the tilt angle is not optimal) and in the reconstruction
using a thinner slice (about 40 nm) the membrane is seen to have
two protein-like deposits on the concave surface of the membrane
extending into the extracellular space (Fig. 4B, inset, second and
third arrows from bottom) consistent with previous images of
membranes (Costello et al., 2008). Because the membrane’s natural
curvature is preserved along its length, the inset (Fig. 4B) also
suggests that the single-tilt reconstruction has produced good
resolution in all directions.

Further comparisons of the reconstructions from transparent
donor lenses and nuclear cataracts demonstrate the importance of

selecting the proper 3D view. Representative slices through the 3D
reconstructions show the texture and homogeneity of the protein
mass distribution (Fig. 5A and D). These views are consistent with
and analogous to standard TEM images (Fig. 1A and D). The donor
lens cytoplasm in a thin slice of the reconstruction is relatively
smooth and homogeneous whereas the cataract cytoplasm shows
variations in density. At one location (Fig. 5A and D, boxed) stepping
through the reconstruction shows that there is very little change for
the donor lens (Fig. 5B;—B3) but significant 3D density variations for
the cataract (Fig. 5E;—E3), perhaps indicative of the large-scale
ultrastructural changes that occur during cataract formation. This
is much easier to visualize at higher magnification of the selected
regions (Fig. 5C and F) and in stereo anaglyph videos of the recon-
structions (Figs. 6 and 7 videos). Even in projections of several slices
through the reconstructions adjusted at the same threshold levels in
reverse contrast, the density of protein packing in the donor cyto-
plasm is relatively uniform (Figs. 5C and 6) compared to the wide
variations in density of the cataract (Figs. 5F and 7). The clumping of
protein into large aggregates separated by low-density regions gives
the cataract a characteristic pattern of density fluctuations. The scale
of the fluctuations is illustrated by the 16-nm diameter circle placed
over a high-density region (Fig. 5F), although it is clear that none of
the globular patterns presents a circular profile as native alpha-
crystallins would (Peschek et al., 2009) and adjacent low-density
regions are very irregular in size and shape. The high-density
regions could be visualizations of age-related HMW protein aggre-
gates that contribute to the excessive scattering and nuclear opa-
cification of this lens.

3.2. Electron tomography of multilamellar bodies in early stage
nuclear cataracts

The cytoplasm in early stage nuclear cataracts is only slightly
more textured than the transparent donor control (Fig. 8, US age 85,
grade 2 on 0—4 scale). This minor cytoplasmic texturing is also
similar to 7 out of 10 advanced cataracts from India and corre-
sponds to predicted scattering of about 10% or less (Metlapally et al.,
2008). Thus, cytoplasmic texture during aging and at the beginning
of nuclear cataract formation contributes in a minor way to nuclear

Fig. 4. Plasma membrane ultrastructure in the transparent donor nucleus (Indian, 56 years). A: Conventional electron micrograph showing a curved membrane (that appears
electron lucent at low magnification) and the trilamellar profile barely visible at high magnification (inset, arrows). The black dots are 15 nm gold particles. B: The same curved
membrane in A seen in the tomographic reconstruction. A thin slice at the proper orientation is used to reveal the trilamellar profile in great clarity (inset, arrows). The 7 nm thick
membrane and deposits on the membrane (second and third arrows from bottom) are easily resolved. Gold particles were selectively removed during the reconstruction. Bars

500 nm overview (A, B) and 50 nm in insets (A, B).
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Fig. 5. Detailed comparison of cytoplasmic texture in reconstructions from donor and cataractous nuclei. A: Overview of a selected region of cytoplasm in the reconstruction of the
transparent donor nucleus (Indian, 56 years). B: Different levels (B;—B3) along the z-axis at the boxed region in (A). Note the minimal density fluctuations at each level. C: Zero tilt
view of the reconstruction at the boxed region in (A). Note that the scale of cytoplasmic density fluctuations is typically less than 50 nm. A 16 nm circle (upper left) over a cluster of
high density globules would correspond to the profile of an alpha-crystallin sphere but no such correspondence is seen here or in the remainder of the image. D: Overview of
a representative region of cytoplasm from the advanced nuclear cataract (Indian, 48 years). E: Different levels (E;—Es3) along the z-axis at the boxed region in (D). Note the wide
variation in densities. F: Zero tilt view of the reconstruction at the boxed region in (D). Regions of particle clustering and wide density fluctuations are obvious with some in the
50—100 nm range. A 16 nm circle (center) surrounds a cluster of globules but does not circumscribe a recognizable substructural unit or distinguish the cluster from adjacent
irregular clusters. Moreover, large low-density regions of irregular size and shape are present enhancing fluctuations in density. Bars 100 nm (A, B) and 25 nm (B, E). Zero tilt views

are 120 nm on an edge (C, F).

light scattering. Other contributions to nuclear scattering need to
be considered for the development of nuclear cataracts. Multi-
lamellar bodies (MLBs) have been observed in all nuclear cataracts
examined from the US and India (Gilliland et al., 2004, 2008). MLBs
in standard 2D electron micrographs (Fig. 8A and C) display an
overall circular or elliptical profile and a central core of uniform
staining density. The low-density regions surrounding the cores
probably originally contained the multiple lipid bilayers that
characterized the MLBs as distinct structures when they were
formed (Costello et al., 2010). As a result of aging and post-
translational modification including lipid breakdown, the regions

around the cores may have lost all the lipid-rich membranes as the
low-density rims have enlarged in size. This probably represents
the most advanced state of the MLBs observed (Costello et al.,
2010). An important observation is that the texturing of the cyto-
plasm and the MLB cores are similar (with fluctuations in density
less than 50 nm) and emphasizes the large fluctuations (on
a micron scale) in protein density across the MLBs (Fig. 8). Over
a range of magnifications, the cytoplasm within the cores (Fig. 4B
and D, central boxed regions) appears to be similar to or slightly
smoother than the surrounding cytoplasm (Fig. 8B and D, outer
boxed regions). The appearance of these MLBs suggests that, as the
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Video S3. Fig. 6. Anaglyph stereo video animation of a transparent donor lens. Width
is 120 nm.

cores age, they appear to have condensed, leaving large clear low-
density rims. Thus, the high density and fine texture of some cores
(Fig. 8D) are consistent with the measured high refractive index
and predicted increased light scattering (Costello et al., 2010).
The textures of the surrounding cytoplasm and MLB cores are
readily compared in videos of the 3D reconstructions (Figs. 9 and 10
videos).

4. Discussion
Electron tomographic reconstructions of standard thin sections

were employed to extend the ultrastructural analysis of the texture
of nuclear fiber cell cytoplasm from transparent donor and

Video S4. Fig. 7. Anaglyph stereo video animation of an advanced nuclear cataract.
Width is 120 nm.

cataractous lenses. The cytoplasmic texture is a direct indication of
the extent of post-translational modification of crystallin proteins
and their aggregation during aging and cataract formation.
Previous examination of 2D electron micrographs using quantita-
tive Fourier image analysis demonstrated slight texturing of aged
transparent lenses and early stage nuclear cataracts (Freel et al.,
2002; Taylor and Costello, 1999). However, it was difficult to
determine the extent of texturing by direct examination of the 2D
images because the projection artifact compresses all the structural
information into flat images. Electron tomography is used here to
explore the true 3D distribution of protein density throughout the
thin sections. The most important comparison was between
a 56-year-old Indian donor lens to a totally opaque nuclear cata-
ract from a 48-year-old Indian patient. The low magnification views
(Fig. 1) and 3D reconstructions (Figs. 2 and 3 and video
supplements) clearly showed major differences in texture that
were emphasized at high magnification (Fig. 5) and especially in
animated stereo views (Figs. 6 and 7 and video supplements). The
protein mass in the transparent donor nucleus filled the 3D thin
section nearly uniformly, whereas the cataract showed marked
variations in density sufficient to create pronounced fluctuations in
refractive index. At the edges of low-density regions, small globular
particles were seen clustered to form larger dense objects that may
be the first microscopic views of HMW protein aggregates. The
similar ages of the compared nuclei suggest that the differences in
texture are most likely due to cataract formation.

An important concern is how the observed cytoplasmic textures
contribute to the predicted light scattering from the nuclei. Images
derived from the tomograms suggest that the transparent donor
lens displays minor density fluctuations with dimensions less than
50 nm whereas the cataract shows large particle clusters and
variations in density in the range 50—200 nm. These rough esti-
mations cannot be determined accurately because the particle
clusters and low-density regions between clusters are highly
irregular in size and shape. Such distributions are appropriately
analyzed employing the Debye—Bueche theory for inhomogeneous
materials, as performed on lens nuclear cytoplasm including the
Indian lenses examined here (Metlapally et al., 2008). The quanti-
tative analysis was based on the observation that heavy metal en
bloc stains generally bind to proteins non-specifically, that protein
density is related to optical density in electron micrographs and
that protein density is directly proportional to refractive index
regardless of the molecular identity. The optical density variations
in electron micrographs were converted to fluctuations in refractive
index as inputs to the Debye—Bueche formulae for light scattering
as a function of angle and wavelength (Metlapally et al., 2008).
Relevant to the present study, the Debye—Bueche analysis pre-
dicted the low amount of light scattering for the Indian donor lens
at less than 2% for 400 nm incident light (see Fig. 3, black line in
Metlapally et al., 2008) and for the Indian advanced cataract the
predicted scattering was 34% for 400 nm incident light (see Fig. 3,
yellow line in Metlapally et al., 2008). Thus, the observed textures
in the Indian lenses can be directly related to predicted light scat-
tering and the density fluctuations in the Indian cataract are
sufficient to render the nucleus opaque.

Tomography was performed on MLBs from typical age-related
nuclear cataracts from the US (Fig. 8). The MLBs examined were
selected as representative of advanced stage MLBs found in all
nuclear cataracts including those from India (Gilliland et al., 2008)
and are characterized by roughly 2-pm oval shapes in sections
(ellipsoidal in 3D), a condensed core and a wide low-density rim
around the core (Costello et al, 2010). The cytoplasm and
membranes adjacent to the MLBs are typical of cells in the fetal and
embryonic nuclei of human lenses. The 3D reconstructions show
that the cytoplasm has become textured during the aging process
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Fig. 8. Multilamellar bodies from an early stage nuclear cataract. A: Conventional electron micrograph of an MLB core surrounded by a well-defined electron lucent rim and typical
cytoplasm from an age-related nuclear cataract (US cataract, 85 years; grade 2 on a 0—4 scale). B: Zero tilt view of the tomographic reconstruction showing similar texture of the
adjacent cytoplasm (outer boxed region) compared to the core (central boxed region). C: Conventional electron micrograph of a mature MLB with a dense core and very large
electron lucent rim (US cataract, 85 years; grade 2 on a 0—4 scale). D: Zero tilt view of the reconstruction showing typical textured cytoplasm adjacent to the MLB (outer boxed
region) similar to or slightly more textured than the core of the MLB (central boxed region). In this reverse contrast image, the rim is dark and has very low mass density (epon
embedding media) even though the contrast has been adjusted to bring up structural features only faintly visible in the standard TEM image in 8C. Black and white dots are 15 nm
gold fiducial markers. Scale bars are 500 nm.

(Fig. 8), qualitatively slightly more textured than the cytoplasm MLBs displayed here is estimated to be less than 10% of the incident
from the Indian donor lens but significantly less textured compared light (Metlapally et al., 2008). The important observation for these
to the Indian cataract (Figs. 1-3). The predicted scattering from MLBs is that the cores display similar texturing to the surrounding
nuclei with cytoplasmic texturing similar to that seen around the cytoplasm, suggesting that the protein in the MLB cores is at least as

Video S5. Fig. 9. Video animation of an MLB from a US nuclear cataract. Width is Video S6. Fig. 10. Video animation of an MLB from a US nuclear cataract with a dense
3300 nm. core and wide clear rim. Width is 3500 nm.
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condensed. New quantitative methods have been employed to
predict the refractive index of MLB cores from the standard TEM
electron micrographs: The calculated refractive indices for the MLB
cores were 1.46 (Fig. 8A) and 1.48 (Fig. 8C), compared to an assumed
index of the cytoplasm of 1.42 (Costello et al., 2010). The Mie theory
of light scattering predicts that the total scattering from nuclei
containing such MLBs would be in excess of 30% (Costello et al.,
2010). Based on an analysis of the angular dependence of Mie
scattering (Costello et al., 2007, 2010), light scattering from
textured cytoplasm has a major component at high angles
(contributing to retinal stray light), whereas scattering from the
MLBs is predicted to occur preferentially in the forward direction,
mainly within 15° of the optic axis, thus potentially having a major
effect on image formation at the fovea.

All of the reconstructions indicate that the cytoplasm is
composed mainly of globular objects that are closely packed and
similar in size, roughly in the range of 10—20 nm. This size range for
structural components is similar to that of alpha-crystallin oligo-
meric assemblies, which are spherical hollow-core particles with
a protein shell and a hydrophobic interior typical of small heat
shock protein (sHsp) complexes and consistent with their role as
molecular chaperones (Horwitz, 1992, 2003, 2009). The alpha-
crystallins have been shown to be heteromeric and variable in
size, ranging from about 12 to 18 nm with an average size of about
16 nm, based on cryo-EM imaging and reconstructions at about
4 nm resolution (Haley et al., 1998, 2000). Recent hydrodynamic
and negative stain TEM analysis confirmed the spherical shape in
reconstructed recombinant alphaB-crystallin particles at 13.5 nm
diameter (molecular mass of 475 kDa, 24 subunits) with 2 nm
resolution (Peschek et al., 2009). A range of sizes for isolated native
bovine alpha-crystallin, up to 20 nm diameter (molecular mass in
excess of 600 kDa, 32 subunits), have been reported (Peschek et al.,
2009) and early TEM studies reported sizes slightly smaller than
10 nm (Koretz and Augusteyn, 1988). Because of the distinctive
spherical shape and high concentration of alpha-crystallin, it was
expected that the particles would be readily recognizable in
intact cytoplasm. However, this does not appear to be the case, even
for young rat lens cortical cytoplasm that was analyzed by
conical tomography in which the high density of protein obscured
the underlying fine structure of the cytoplasmic components
(Schietroma et al., 2009; Zampighi et al., 2011). Furthermore, the
aging of the lens induces numerous modifications to alpha-
crystallin based on recent proteomics analyses (Asomugha et al.,
2010; Grey and Schey, 2009; Sharma and Santhoshkumar, 2009;
Su et al.,, 2011). These modifications include deamidations, oxida-
tions and acetylations, as well as truncations and phosphorylations
that could affect sHsp particle assembly and chaperone function. An
important observation for human lenses is that almost no native
alpha-crystallin was detected in the nuclear region of aged lenses
by MALDI imaging mass spectrometry (Grey and Schey, 2009). The
modifications to alpha-crystallin also include extensive chaperone
interactions with partially unfolded target proteins, especially beta-
and gamma-crystallins, both of which also show extensive post-
translational modifications (Asomugha et al., 2010; Lampi et al.,
1998; Su et al.,, 2011). At the resolution available in the recon-
structions, it does not appear that any of the crystallin molecular
components or complexes can be uniquely identified.

Great interest has been generated in HMW protein aggregates
as possible sources of excess light scattering in human age-related
nuclear cataracts (Benedek, 1971; Jedziniak et al., 1973, 1975;
Spector et al., 1974). When originally described and detected
by dynamic light scattering, these aggregates were estimated
to be between 50 and 150 million daltons, which would
represent globular particles with equivalent diameters of about
50 nm—70 nm, based on a typical protein density of 1.37 g/cm®

(Erickson, 2009). The irregular aggregates visible in the Indian
cataract at high magnification (Figs. 5F and 7) are close to this size,
as are the fluctuations in density in this region. To our knowledge,
no other microscopic visualization of HMW aggregates or their
distribution has been reported from intact human lenses or nuclear
cataracts. Aggregations of alpha-crystallin in a fraction showing
extensive self-association isolated from transparent bovine nuclei
show HMW aggregates 100—500 nm in diameter (Kramps et al.,
1975). Irregular particle aggregates were described in the urea
insoluble membrane fraction from a nucleus of an age-related
nuclear cataract (Costello and Kuszak, 2008). The prominent
feature of these potential HMW aggregates was the association of
nearly spherical 14—16 nm diameter particles in linear and
branched arrays that contained at least 20—40 particles and could
be enclosed within a diameter of 100 nm. The aggregates could be
linked by self-association of alpha-crystallin or the core of the
aggregates could be composed of partially degraded beta- and
gamma-crystallins bound to chaperone forms of alpha-crystallin
(Rao et al.,, 1995). Another possibility is that the particles could be
linked to beaded filament proteins or their fragments (FitzGerald,
2009; Sandilands et al., 1995; Wang et al., 2010). In recent conical
tomography studies of rat lens deep cortical cytoplasm, interme-
diate beaded filaments in unique kinked patterns or underlying
alpha-crystallin assemblies were emphasized (Schietroma et al.,
2009; Zampighi et al., 2011). No such filaments or assemblies
were observed in the reconstructions presented here from aged
human nuclei. However, intermediate filaments could still
contribute to the formation of HMW aggregates. Maturation and
fragmentation of beaded filament proteins occurs during the final
stages of differentiation and aging (FitzGerald, 2009) and recently
proteomics was used to show that intact filensin and phakinin
beaded filament proteins are contained in the HMW aggregates in
aged donor and cataractous nuclei (Su et al., 2011).

Electron tomography has potential for uncovering the complex
crystallin interactions in fiber cell cytoplasm that occur during
aging and cataract formation. The resolution of 3—4 nm available in
this and other tomography studies of conventional thin sections
(Burette et al., 2012; Frey et al.,, 2006; Schietroma et al., 2009;
Zampighi et al.,, 2006), does not allow unique identification of
specific crystallins and their modified forms. Technical improve-
ments, such as multiple tilt axes, higher tilt angles to reduce the
missing cone of information, and higher accelerating voltages, may
provide improved resolution at the level of individual molecules.
Further improvements may be possible with new methods for
vitrification, such as, high pressure freezing shown to preserve
thick sections from adult human lens nuclei (Costello, 2006).
Vitrified thick sections could be processed by freeze substitution,
which preserves more of the cytoplasmic components, followed by
tomography of thin sections at room temperature (Sosinsky et al.,
2008) or could be cryo-sectioned followed by examination of
frozen hydrated thin sections at low temperature (Vanhecke et al.,
2011). Both approaches will be technically demanding and will
provide complementary methods of contrasting crystallin proteins
in native configurations after they are formed in young lenses
compared to aggregated forms in aged cataractous lenses.

5. Conclusions

Electron tomography has been used to emphasize the distinctive
differences in the uniform packing of cytoplasmic proteins in
transparent donor lenses compared to the heterogenous distribu-
tion of protein in some advanced cataracts. Potential HMW protein
aggregates are visible in reconstructions of advanced nuclear
cataracts. The fine texture of proteins reported here for the cores of
large globular MLBs is consistent with very densely packed protein
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and high refractive index, as well as pronounced fluctuations in
refractive index across the MLBs that are predicted to produce
strong light scattering.
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