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Multilamellar bodiesaspotential scattering particlesin human age-

related nuclear cataracts

Kurt O. Gilliland,* Christopher D. Freel,! C. Wedley Lane,! W. Craig Fowler,2 M. Joseph Costellot

Department of Cell and Devel opmental Biology, University of North Carolina at Chapel Hill, Chapel Hill, NC; 2Department of

Ophthalmology, Duke University Eye Center, Durham, NC

Purpose: To characterize within human age-related nuclear cataracts rare spherical objects covered by multiple mem-
branes, termed multilamellar bodies (MLBS).

M ethods: Adult human normal, transparent lenses were obtained from eye bank donors and age-related nuclear cataracts
were obtained immediately after extracapsular extraction. Each sample was Vibratome sectioned fresh into 200 um thick
sections that were fixed and embedded for light or electron microscopy. Confocal images were recorded from sections
stained with the lipid soluble dye, Dil.

Results: Light micrograph montages of the equatorial plane containing the fetal and embryonic nuclel were examined.
Rare, but distinct, circular 1-3 um diameter objects were observed consistently in the cataracts. These objects did not
appear to be components of the complex intercellular interfaces. Serial sectionsindicated that the objects were spherical,
or contained aspherical component. For about 20,000 fiber cell cross-sectionsin each lens, the frequency of MLBswas 10
times higher in cataracts than in the normal lens nuclei. Although extensive searching with the electron microscope was
necessary, the size, circular profile and multiple layers of thin (5 nm) membranes easily identified the MLBs. Interiors of
the MLBs displayed variable textures. Confocal images indicated that the coverings were enriched in lipid compared to
the adjacent plasma membranes. The calculated density of the MLBs in the cataractous nuclei was about 3800/mm?,
which represents a volume fraction of 0.00003.

Conclusions: Because the MLBs are large compared to the wavelength of light, display interiors with variable staining
textures and have lipid-rich coverings, they appear to beideal candidates for large scattering particles that may contribute

to the forward light scattering in nuclear cataracts.

The sources of light scattering in human nuclear cataracts
are unknown. Many studies have suggested that the primary
insult in age-rel ated cataract formation is oxidative damageto
cytoplasmic proteins and membranes [1,2]. Although oxida-
tion may be the fundamental biochemical change leading to
age-related degeneration of the lens, as well as other tissues,
theinitial biochemical stepsoccur ontoo small ascaleto have
asignificant effect on the scattering of white light. In order to
produce scattering particles of sufficient size, the oxidative
changes must accumulate or initiate a cascade of physical
changes that produce local fluctuations in refractive index.
Numerous proposalsfor cellular changes have been described,
such as the condensation of cytoplasmic proteins into heavy
molecular weight aggregates [3].

Such hypotheses are useful conceptually for theinterpre-
tation of biomicroscopic, biochemical and ultrastructural data.
However, identification of specific scattering particlesin hu-
man cataracts corresponding to the predicted cellular alter-
ations has proven elusive. Although high molecular weight
aggregates of cytoplasmic crystallins have been documented
extensively [4-6], the visualization of the aggregates has been
difficult. The nuclear cytoplasm of well-preserved aged hu-
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man lenses and most human nuclear cataracts is smooth and
homogeneous by light and el ectron microscopy [7,8]. Thefew
exceptions reported show a sight texturing of the cytoplasm
that may represent crystallin aggregation and/or precipitation
[9]. However, such texturing was present in only afraction of
the nuclear cataracts examined, suggesting that other sources
of scattering are more important for the majority of nuclear
cataracts [10].

For scattering particles to be generated, biochemical or
cellular changes must produce refractive index fluctuations
on ascale sufficient to interact with light. There aretwo main
theoretical approaches that deal with the scale of the fluctua-
tions. Based on madifications of the Rayleigh scattering theory
of dilute solutions, Benedek [11] suggeststhat objects or den-
sity fluctuations larger than half the wavelength of light, or
about 200 nm, will produce significant light scattering. The
second theoretical approach, based on scattering from inho-
mogeneous materials, suggests that fluctuations on a smaller
scale, down to 20 nm, may be significant [12,13]. Thus, adis-
tinction can be made between small scattering particles,
roughly 20-200 nm, and large scattering particles, 200-1000
nm and larger. Such adistinction is useful because it can help
relate the geometry of the scattering particles to the observed
scattering. For example, it has been suggested that age-de-
pendent condensation of cytoplasmic proteins to form heavy
molecular weight aggregates produces small irregular scatter-
ing particles that yield diffuse scattering at high angles, as
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seen typically in slit-lamp images of normal aging lenses and
nuclear cataracts [14,15].

The bimodal scattering model is consistent with the ex-
tensive analysis of the scattering of human donor lenses
[15,16]. Both normal and cataractous human lenses were ex-
posed to dlits of white light and the scattering was recorded at
variousangles. The scattering profileswere model ed such that
the backscattered light, contributing mainly to dlit-lamp im-
ages, was produced by small scattering particles and the for-
ward scattering was accounted for by large scattering particles.
Significantly, the analysis suggested that the large scattering
particles have an average diameter of about 1.4 um and oc-
cupy avolume fraction less than 0.00005 [15,16].

In the present morphological analysis of human lens nu-
clei, we report objects that occur with afrequency consistent
with that predicted by theoretical modeling [15,16]. Theserare
objects usually have a spherical core covered by multiple
membrane layers and are thus termed multilamellar bodies

© 2001 Molecular Vision

(MLBSs). With diameters often in the range of 1-3 um, thick
coverings of multiple membranes and variabl e staining densi-
tiesin electron micrographs, our evidence suggeststhat MLBs
aredistinct fromother vesicle-like profiles[7,17] and are sites
of loca refractive index variations. Because the MLBs are
globular and have dimensions comparable to the wavelength
of white light, they meet the criteria for large scattering par-
ticles that potentially produce significant forward scattering.

METHODS
Lenses. Five cataractous human nuclei (ages 72, 75, 81, 85,
and 85) were obtained after extracapsular cataract extraction
from the Duke University Eye Center (Durham, NC). These
cataractsweretransported to the University of North Carolina
at Chapel Hill the day of surgery and were prepared for analy-
sis. Five normal human eyes (ages 50, 59, 65, 66, and 71)
were obtained from the North Carolina Eye and Human Tis-
sue Bank (Durham, NC). These eyes were transported within

A

Figure 1. Diagrams of the lens processing procedure. A: Diagram of
anintact human age-related nuclear cataract aswould be seenin dark-
field microscopy. Thethin rim representsthelens capsule. Thedlightly
yellow nucleus is shown to have radially decreasing light scattering
typical of the cataractous nuclei analyzed here and pictured previ-
ously [7,9]. B: Vibratome sectioning of an intact lens into 200 um
thick slices using athin razor blade as the knife (k). The central sec-
tion through the embryonic nucleus (en) isshown in face view where
all developmental regions are visible (en, fn = fetal nucleus, jn =
juvenile nucleus, an = adult nucleus, and ¢ = cortex). Sections of the
nuclel from extracapsular extraction obtained in this study were bi-
sected (dashed line) for further processing. C: Split Vibratome sec-
tion from a nucleus showing the approximate cell shapes in each
developmental region. Long radial mesas (upper) were used for pre-
paring 0.5 um thick sections for light microscopy. Cellular appear-
ances in digitized light micrographs are superimposed on the left
edge and drawings of cellsare shown on the right edge. Small mesas
(lower) were prepared of selected regions as a prelude to cutting 70
nm thin sections for transmission electron microscopy.
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12 h of death to the University of North Carolina at Chapel
Hill, where the transparent lenses were dissected from the
globes and prepared for analysis in the same fashion as the
cataracts. All specimens were collected following the tenets
of the Declaration of Helsinki.

Donor lenses were pale yellow to yellow in color (using
the scale for in vitro lenses by Chylack, et al. [18]) and were
fully transparent to white light. When placed on arectangular
grid, the transparent lenses did not distort the image of the
grid and they showed no cortical spokesor shadeswhen viewed
with oblique or darkfield illumination. The age-related cata-
ractous nuclel showed yellow to dark yellow coloration [18]
but were not brunescent. The nuclear scattering corresponded
to agrade 2-3 on ascale 0-4 [18] and is therefore similar to
the nuclear cataracts analyzed previously [7,9].

Figure 2. Microscopic images of embryonic fiber cells. A 50 year
old normal transparent lens (A, B) and an 81 year old age-related
nuclear cataract (C, D) are compared using two microscopic tech-
niques. Lipid-containing membranesand circular profilesare visual-
ized in afluorescence microscope using the lipophilic stain, Dil (A,
C), whereas similar fields of the same lenses are seen in histological
sections stained with TBO (B, D). Many circular profilesarevisible
at the intercellular interfaces especially where three cells join. Only
afew lipid-containing profiles are visible in the cytoplasm (arrow-
heads). The quantitative analysis showsthat the normal lenshas more
profilesthan the cataract, and most of the profiles are near intercellu-
lar interfaces. In the upper right corner of each imageisalensloca-
tor diagram (yellow for anormal lens and gray for a cataract) which
contains a black dot to indicate which developmental region of the
lens (see Figure 1B) is shown in the micrograph.
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The equatorial diameter and anterior-to-posterior thick-
ness of each lens was measured before being mounted with
cyanoacrylate glue onto ametal sectioning tray. Lenses were
covered with warm 2.5% agar, then submerged in Tyrode's
salt solution (Sigma, St. Louis, MO) at 10 °C, and sectioned
using avibrating knife microtome (TPI Vibratome model 1000,
St. Louis, MO) at an amplitude of 7, aspeed of approximately
0.2 mm/s, and a cutting angle of 12° (Figure 1).

Light microscopy: Vibratome sections approximately 200
pum thick were fixed in 0.5% glutaraldehyde, 2% paraformal -
dehyde, and 1% tannic acid in 0.1 M cacodylate buffer (pH
7.2) for 12 to 18 h. Sections were washed with deionized dis-
tilled water for three 15-min washings, stained in 2% agqueous
uranyl acetate in the dark for sixty min, washed with deion-
ized distilled water for one 10-min washing, and then dehy-
drated through a graded ethanol series. Sections were infil-
trated and embedded in LR Whiteresin (Electron Microscopy
Sciences, Ft. Washington, PA). Histological sections (0.5 pm
thick) were cut along one half of the equatorial axis (Figure
1C) and mounted on glass slides. Mounted sections were
stained with toluidine blue oxide (TBO), cover dipped, and
examined with an Olympus BX40 (OPELCO, Dulles, VA)
brightfield microscope.

Transmission electron microscopy: Vibratome sections
approximately 200 um thick were fixed in 2.5% glutaralde-
hyde, 2% paraformal dehyde, and 1% tannic acidin 0.1 M ca
codylate buffer (pH 7.2) for 12 to 18 h. Sections were washed
with 0.1 M cacodylatefor three 15-min washings, treated with
cold 0.5% osmium tetroxidefor sixty min, washed with deion-
ized distilled water for three 15-min washings, washed once
with 50% ethanol for 5 min, stained in 2% uranyl acetate (etha-
nol-based) in the dark for thirty min, and then dehydrated
through a graded ethanol series. Sections were infiltrated and
embedded in an epoxy resin. Thin sections (70 nm) were cut
from mesas raised along various locations of the equatorial
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Figure 3. Distance mapping of profilesfrom the membrane. Quanti-
tative measurements were made from four normal lenses and four
cataracts. Circular profileswere counted in random areas (7000 pm?)
of embryonic and fetal nuclear regions, and the distance between
each profile and the cell membrane was measured. Results demon-
strate that the normal lens contains more circular profiles than the
cataract, although the differenceisnot statistically significant. These
profilesare predominantly located within 4 um of the cell membrane.
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axis (Figure 1C) and stained with uranyl acetate and lead cit-
rate for viewing at 80 kV on a JEOL 200CX (JEOL, Inc.,
Peabody, MA) or a Philips-FEI Tecnai 12 (FEI Company,
Hillsboro, OR) transmission electron microscope.

Confocal and fluorescence light microscopy: Sections of
2to 4 um were cut from LR White embedded Vibratome sec-
tions on a microtome and stained with the lipophilic dye, Dil
(1,1-dioctadecyl-3,3,3',3-tetramethylindocarbocyanine per-

chlorate; Molecular Probes, Inc., Eugene, OR) following the
procedures published previously [17]. Optical sectioningon a

ZeissLSM-410 (Carl Zeiss, Inc., Thornwood, NY) laser scan-
ning confocal microscope was used to examine the tissues.

2 S X /l Hb’ b5 Sk Sl 5
Figure 4. Electron micrographs of normal and cataractous lenses. A
50 year old normal transparent lens (A, B) and an 81 year old age-
related nuclear cataract (C, D) are compared using transmission el ec-
tron microscopy. Electron micrographs at low magnification (A, C)
are consistent with light micrographs in Figure 2. High magnifica-
tion images (B, D) of circular profiles (*) in the cytoplasm confirm
that they are bounded by paired membranesincluding agap junction
(arrows), implying that they are derived from projections of the cel-
lular interface rather than isolated vesicles. Square array junctions
containing M1P/Aquaporin0 channelsare marked by arrowheads (D).
E and F arefurther magnifications of the area of interest near the“*”
from B and D. In the upper right corner of images A-D is alens
locator diagram (light gray for a normal lens and dark gray for a
cataract) which contains a black dot to indicate which devel opmen-
tal region of the lens (see Figure 1B) is shown in the micrograph.

© 2001 Molecular Vision

Theconventional fluorescenceimagesweretakenwithaZeiss
Axioplan 2 microscope.

Quantitative analysis. Light micrograph negatives were
scanned using a Polaroid Sprintscan 35 and color corrected
using Adobe Photoshop version 5.02 (San Jose, CA). Cells
and circular profiles were counted, and the distance between
these circular profiles and the nearest cell membrane was
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measured with NIH Image version 1.62 (National Institutes
of Health, Bethesda, MD), enhanced with a subroutine pro-
vided by Dr. John Russ (North Carolina State University, Ra-
leigh, NC). MLBs were counted in histological sections of
greater than 1 mm? for each lens. The datawere analyzed sta-
tistically using StatView version 5.0 (SASIngtitute, Inc., Cary,
NC), employing the non-parametric Mann-Whitney test, ap-
propriate for datawith small n, which shows trends that were
considered significant for p<0.05. The number of MLBs per
area was extrapolated to a number per volume using the
Floderus equation [19].

RESULTS
Cytoplasmic profiles in normal and cataractous lenses:
Vesicle-like profiles surrounded by cytoplasm have been sug-
gested as a source of scattering in nuclear cataracts[17]. Such
profiles within the cytoplasm were examined quantitatively
in order to evaluate their potential role as scattering particles
and to distinguish them from MLBs. Examples of the profiles
are visible by fluorescence and brightfield light microscopy
(Figure 2). Consistent with transmission €l ectron microscopic
comparisons published previously [7,9], the embryonic and
fetal nuclear regions of normal and cataractous lenses are
morphologically indistinguishable. Note specifically that the
cytoplasm of the cellsin each region is smooth and homoge-
neous, particularly evident for the embryonic nucleus in the
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Figure 5. Light micrographs of normal and cataractous lenses. The
embryonic (A) and fetal (B) nuclear regions of anormal lens appear
virtually indistinguishable from the embryonic (C) and fetal (D)
nuclear regions of acataract. A multilamellar body (MLB), however,
can be seenin D (arrow). MLBs occur both in normal lenses and in
cataracts, but they occur with 10 times greater frequency in cata-
racts. Sectioning and staining artifacts are noted by arrowheads. The
stain color and refractile properties visible during focusing readily
distinguish the stain artifacts from MLBs. In the upper right corner
of eachimageisalenslocator diagram (yellow for anormal lensand
gray for a cataract) which contains a black dot to indicate which
developmental region of the lens (see Figure 1B) is shown in the
micrograph.
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TBO-stained cytoplasm in Figure 2B and Figure 2D. Like-
wise, themembranes and cellular interfaces of the normal lens
(specifically labeled in Figure 2A and seen in negative con-
trast in Figure 2B) appear similar to those of the cataract. Both
have similar complexity and similar numbers of finger-like
projections from one cell into an adjacent cell. In these im-
agesthevesicle-like profiles often appear to be sections of the
globular distal ends of cell-to-cell projections where the con-
nection to the nearby cell membraneis not evident (Figure 2).

Thevesicle-likeprofileswithinthecell cytoplasm aremost
often located near cellular interfaces, with only a very few
being located in the center of the cell away from the plasma
membrane. The distribution of profiles was measured by ex-
amining approximately 7,000 um?of randomly selected tissue
in the embryonic and fetal nuclear regionsin each of four nor-
mal lenses and four cataractous nuclei. The quantitative data
demonstrate that these cytoplasmic profiles are predominantly
within 4 um of the nearest cell membrane (Figure 3). In sum-
mary, 177 cells from normal lenses were found to contain the
observed 75 circular profiles (an average of 0.43 profiles per
cell) and 174 cellsfrom cataractous nuclel were found to con-
tain the observed 38 profiles (an average of 0.23 profiles per
cell, Table 1).

High magnification el ectron micrographs reveal that the
circular profilesare bounded by paired, not single, membranes
(Figure 4). Therefore, these profiles are most likely cross and
oblique sections of finger-like projections derived from the

TABLE 1. A COMPARISON OF CYTOPLASMIC PROFILE FREQUENCY IN
NORMAL AND CATARACTOUS NUCLEI

Nor mal Nucl ei
Age (years) Profiles Cells Profiles/Cell
50 21 62 0. 34
59 9 27 0.33
66 15 48 0.31
71 30 40 0.75
Tot al 75 177
Mean + SD 0.43 #0.21
Cat aract ous Nucl ei
Age (years) Profiles Cells Profiles/Cell
75 7 53 0.13
81 12 39 0.31
85(a) 10 33 0. 30
85(b) 9 49 0.18
Tot al 38 174
Mean * SD 0.23 0.09

Normal and cataractous nuclei contain varying numbers of circular
profiles. In this sample of about 7,000 um? of the embryonic/fetal
nuclear regions in each lens, the normal nuclei have more profiles
per cell than the cataracts, but the difference is not statistically sig-
nificant (p=0.11).
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cellular interface rather than isolated cytoplasmic vesicles. The
profiles vary in size but are commonly in the range of 0.2-0.5
pum in diameter. The interiors of the profiles are similar to the
surrounding cytoplasm. Although a greater number of pro-
files was observed in normals, statistically there was no dif-
ference between the number of cytoplasmic profiles in the
normal and the cataractous nuclei (p=0.11).

Multilamellar bodies: Extensive examination of mon-
tages of TBO-stained histological sections revealed the pres-
ence of rare circular structures that were distinct from the cy-
toplasmic profiles described above (Figure 5). Many of the
objects were nearly perfect circles with wide clear borders
(Figure 5D, arrow), were significantly larger than the cyto-

© 2001 Molecular Vision

plasmic profiles, and were not necessarily close to the cell
interfaces. Once these objectswererecogni zed as unique struc-
tures, sectionsfromten lenses (five normal and five cataracts)
were searched thoroughly at high magnification in the light
microscope and using printed montages. Figure 5 illustrates
the approximate frequency of the circular objects; that is, ap-
proximately one object was visible in afield of several hun-
dred fiber cells cut in cross-section in the equatorial plane.
Many of the objects appeared to be clusters or close associa-
tions of similar structures (Figure 6). While the mean diam-
eter of these structureswas 2.4 um, awide range of diameters
was observed because the sections of individual MLBs were
captured at different planes within their spherical shapes. In

Figure 7. Serial sectionsof an MLB. Serial sectionsof an MLB in acell in the embryonic nucleus. The MLB is not presentin A or H. Based
on 0.5-um-thick light microscopy serial sections, the MLB (arrow) increasesin sizein B through D, achieving itswidest diameter (3.4 um) in
E and decreasesin sizein F and G. The appearance of this typical MLB in serial sections suggests that its overall shape is spherical. The
arrowheads indicate sectioning/staining artifacts.
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addition, these structures appeared within the cytoplasm, as
well as near the cellular interfaces, at ten times greater fre-
guency in cataracts compared to normal lenses.

To establish the hypothesized spherical geometry of ama-
jority of the unique structures, one structure wastraced through
eight 0.5 um sections arranged in a seria pattern (Figure 7).

Figure 8. Gallery of transmission electron micrographs. TEMs are
consistent with light micrographs. At about 20,000 times magnifica-
tion, MLBs display variable cytoplasmic textures and unusual geo-
metric patterns. A: Circular profile of an MLB with aninterior that is
smoother than the surrounding cytoplasm. B: Complex MLB with
three domains, each with a different stain density and texture. C: A
circular profile containing an irregular network of highly condensed
strands. In the upper right corner of each imageisagray lenslocator
diagram which contains ablack dot to indicate which devel opmental
region of the lens (see Figure 1B) is shown in the micrograph.
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Inthefirst section, the circular structureisnot present (Figure
7A), whilein the second, third, and fourth serial sections (Fig-
ure 7B-D), it appearsto be growing larger, achieving its maxi-
mum diameter of 3.4 um in the fifth section (Figure 7E). In
the sixth and seventh sections (Figure 7F-G), it becomes
smaller until finally in the eighth section (Figure 7H) it isno
longer present.

Thin section transmission electron micrographs show that
these unique bodies vary not only in shape but also in cyto-
plasmic texture (Figure 8). Whereas some of these structures
exhibit asmooth interior similar to the surrounding cytoplasm
(Figure 8A), others exhibit differing degrees of texturing and
variable stain density in different areas (Figure 8B). Electron
micrographs also reveal that in some of these spherical struc-
tures, thetexture can be extensively condensed or reorganized
S0 as to appear totally different from the surrounding cyto-
plasm (Figure 8C).

High magnification electron micrographs establish that
these large spherical bodies have multilamellar membranes
(Figure 9). Unlike finger-like projections or circular profiles,
which consistently exhibit paired membranes, these large
spherical objects are bounded by three to eight bilayer mem-

TABLE 2. COMPARISON OF THE FREQUENCY OF ML Bs

Nor mal | enses
Age (years) M.Bs  Area (mm¥) ML.Bs/ ( rm¥)
50 0 1.74 0.0
59 6 1.03 5.8
65 1 1.52 0.7
66 1 1.60 0.6
71 0 2.00 0.0
Tot al 8 7.89
Aver age 1.4
Cat aract ous | enses
Age (years) M.Bs  Area (mm¥) ML.Bs/ ( rm¥)
72 31 1.48 20.9
75 6 1.33 4.5
81 16 1.63 9.8
85( a) 9 1.36 6.6
85(b) 21 2.02 10. 4
Tot al 83 7.82
Aver age 10. 4

Greater than 1 mm? of fetal and embryonic nuclear regions were
searched in each of 5 normal and 5 cataractous nuclei. A total of 83
MLBs in the cataracts, but only 8 in the normal lenses, were ob-
served in about 8 mm? of histological sections examined from each
type of specimen. Comparing the MLBs per unit area examined, the
cataracts exhibited 10.4 MLBs/'mm?, whereas the normal lenses
showed only 1.4 MLBSmm?. The Mann-Whitney statistical test for
small n supports the trend that the cataracts have more MLBs than

the normals (p=0.016).
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branes. The geometry of the packing of the layersisdistinctly
different from the typical plasma membranes and intercellu-
lar junctions in the same region (Figure 10). The membrane
thickness, 5 nm, of the multilayered membranes (Figure
10A,C,E) suggests that they contain relatively little protein
compared to gap junctions (Figure 10B,D,F) or undulating
membrane domainsrich in MIP/Aquaporin0 (Figure 10G,H).
The undulating membranes at typical cellular interfaces are
formed by paired membranes (Figure 10H) and are thus dis-
tinct from the multilamellar coverings of the unique spherical
multilamellar bodies. The high lipid content of the MLBs is
supported by the confocal images employing a lipid-soluble
dye, Dil (Figure 11). Lipid-containing membrane pairs at cel-
lular interfaces and in circular profiles are easily visualized
(Figure 11, arrowheads). The increased intensity and distinc-
tive geometry of the MLBs (Figure 11B-D) strongly suggest
that the layers are rich in lipids. Serial confocal optical sec-

Figure 9. Electron micrographs of an MLB. Transmission electron
micrographs of an MLB inacell of the embryonic nucleuswith high
magnification views of membranes. Electron micrographs of one
MLB (A) with insets (B, C, D, E) displaying multiple layersin dif-
ferent locations of the MLB. Although only a small portion of the
complete layer is preserved, the geometry of the packing of the lay-
ersis distinctly different from typical membranes and junctions in
the same region. The multilayered regions consistently produce a
membrane thickness of 5 nm or less. The small membrane thickness
is consistent with high lipid content. The white segmented line sur-
rounding the MLB in Aindicates the length and location of the vis-
ible multilayered lipid membranes within the space forming the cir-
cular border of the MLB. Short parallel arrows mark the hydropho-
bic interiors of adjacent lipid bilayers within multilamellar stacks.
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tions through these intensely fluorescent bodies also indicate
that many are nearly perfect spheres (data not shown).
Quantification of the distribution of MLBs was accom-
plished by examining more than 1 mm? of fetal and embry-
onic nuclear regionsin 0.5 um TBO-stained sections of each
of 5 normal lenses and 5 cataractous lenses. This thorough
examination revealed 83 MLBsin the cataracts but only 8in
the normal lenses. All five of the cataracts contained MLBS,
whereas two of the five normal lenses contained no observ-
able MLBs. The cataracts exhibited 10.4 of these spherical
structures per square millimeter of tissue examined, whereas
the normal lenses showed only 1.4. The Mann-Whitney sta-
tistical test for small n suggests that the difference is signifi-
cant (p=0.016, Table 2). To predict the number of MLBs that
would be present per unit volume, the Floderus equation was
used [19]. The numerical density of ML Bswasdetermined by
relating the number of structures per unit area to the section
thickness and structure diameter. In 1 mm?®, the cataract iscal-
culated to contain 3887 MLBs, whereas the normal lens is
likely to contain just 382. The total volume of the fetal and
embryonic nuclel of a typical aged human lens is about 24
mm?[20], suggesting that theinner regions of the nuclear cata-
racts examined contain over 90,000 MLBs. Sincethe average
volume of an MLB is 7.24 um?, it was determined, based on
the numerical density, that the MLBs occupy a volume frac-
tion of 0.00003 of the cataract, with the normal lenses having

Figure 10. Comparisons of membranes by TEM. High-magnifica-
tion transmission electron micrographs alow comparison of mem-
brane thickness and staining patterns. The multilayered regionsin A,
C, and E are segments of multilayered membranesfrom MLBs, each
containing three bilayers. The 5-nm distance from one lipid layer to
another in these MLB membranes is probably too small to accom-
modate lensintegral membrane proteins. The gap junctionsin B, D,
and F are 16 nm thick, and the single membrane in G (typical for
square array junctions containing MI1P/Aquaporin0Q) is 7 nm thick.
These membranes are typical of the undulating membranes pictured
inH (arrowheads). A, C, and E are taken from different ssgments of
the MLB in Figure 9. Gap junctionsin B, D, and F are taken from
different gap junctions, two of which are shown in H(arrows).
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afraction 10 times smaller (Table 3).

DISCUSSION
The normal and cataractous|enses examined here with confo-
cal and brightfield light microscopy are essentially indistin-
guishablein the embryonic and fetal nuclear regions. Thecells
of both the normal lenses and the cataracts contain smooth
cytoplasm surrounded by membranes of similar complexity.
Membranous profiles within the cytoplasm were also similar

Figure 11. Comparison of normal and cataractouslenses. MLBscan
be seen in cataractous tissue by laser scanning confocal microscopy
using the lipid dye, Dil. Optical sectioning reveals lipid structures
(B-D) of the same size and morphology as those examined by light
and transmission el ectron microscopy, while the normal lenses typi-
caly contained no MLBs (A). Circular profiles (arrowheads in A)
are distinguished from the obvious MLBsin B-D. In the upper right
corner of each imageisalenslocator diagram (yellow for a normal
lens and gray for a cataract) which contains a black dot to indicate
which developmental region of the lens (see Figure 1B) isshownin
the micrograph.

TABLE 3. PREDICTION OF THE NUMBER OF ML BS PER UNIT VOLUME

Nor mal Cat ar act
N, (M.Bs/ mmf) 382 3887
Vo 0. 000003 0. 00003

The Floderus equation was used to determine the numerical ensity
(N,) of the MLBs. The number of MLBs per unit area, the section thickness
(0.5 pum), and the average diameter of an MLB (2.36 um) led to adetermina-
tion that there are 10 times as many MLBsin the cataract than in the normal
lens. These calculations are based on:

N, =N, /(T +d-2h)
where

N,, = Number of profiles of afeature/unit test volume

(i.e., numerical density)

N, = Number of profiles of afeature/unit test area

(measured, MLBS/mm?)

T = Section thickness = 0.5 \mu m (measured)

d = Profile diameter = 2.39 \mu m (measured average)

h = Height of the cap = 1/3 T (calculated)
Height of the cap (the smallest observed profile in the section) serves as a
correction for the small polar regions of a sphere, which become lost to the
eye since they are grazed during sectioning and therefore are only present in
part of one section. For further information on the Floderus equation, see
Bozzolaand Russell [19].
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in number and appearance (Figure 2). In contrast, confocal
images, employing thelipid fluorescent dye, Dil, werereported
to show amarkedly higher number of cytoplasmic profilesin
nuclear cataractous lenses and almost no profilesin aged nor-
mal lenses[17]. A clear explanation of the differencesin our
study compared to the earlier report isnot obvious. Three pos-
sible explanations based on sampling are (a) the normal lenses
show such alow density of profiles (about 0.4 profile per cell;
Table 1) that certain regions may show no profiles, (b) fiber
cellscut obliquely may expose the large number of profilesat
the complex intercellular interface, and (¢) the sample popu-
lation of cataractsis sufficiently small in both studiesthat dis-
tributions of profiles that are exceptional, rather than repre-
sentative, may be given greater weight. A further differencein
the studies should be noted. The profilesin the confocal study
wereinterpreted aslipid vesicles[17]. Lipid vesiclesaretypi-
cally bounded by single membranes, whereas our transmis-
sion electron microscopic results clearly demonstrate that the
cytoplasmic profileswe observed are bounded by paired mem-
branes (Figure 4). The transmission el ectron microscope im-
ages also suggest that cytoplasmic profiles are derived from
the plasmamembranes because the paired membranes display
characteristic undulations and gap junctionsidentical to those
observed at cellular interfaces[21,22]. Based on the close prox-
imity of the profiles to the cell surfaces (Figure 3) and on the
demonstration in thick sections that finger-like projections of
nuclear fiber cells are present in monkey lenses [23] and hu-
man lenses [24], the profiles are most likely intercellular pro-
jectionsrather than lipid vesicles. The distinguishing features
of the cytoplasmic profiles include their paired membranes,
similar numbersin normal lenses compared to cataracts, simi-
lar staining density of their interiors with the adjacent cyto-
plasmand consistent size, typically 0.2-0.5 um diameter [ 7,20].

Whereas circular profiles occur with high frequency in
normal and cataractous|enses, therearelarger spherical struc-
tures that seldom occur and are therefore difficult to observe
in microscopic preparations. Extensive searching revealed,
however, typically spherical structures wrapped in multiple
layers of membranes, which we have termed multilamellar
bodies, or MLBs, because the layers are not typical of other
membranous structures and the objects appear to be isolated
distinct globular bodies embedded within the nuclear fiber
cells. In summary, the features that characterize the MLBs
include multiple thin membranes, ten times greater frequency
in the nuclear cataracts compared to the normal lenses, sepa-
ration from the cell plasmamembrane with interiorsthat have
variable staining density, and an average diameter of 2.4 um.

Based ontheir geometrical patterns, smooth contours, and
multiple layers of lipid, MLBs appear to be distinct from the
edge processes and interdigitations that characterize aged
nuclear fiber cells[20,22]. The size of MLBs (commonly 1-3
pum diameter) and the variable appearance of their interiors
compared to the adjacent fiber cell cytoplasm suggest that they
might be asignificant source of light scattering in nuclear cata-
racts. Van den Berg [15] suggested that particles larger than
thewavelength of light could control forward light scattering.
In particular, he hypothesized that particles of a mean radius
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of 692 nm (mean diameter of 1.38 um), should they exist,
would be significant sources of forward light scattering [15].
Importantly, van den Berg [ 15,16] used amathematical model
to calculate that these large particles would need only to oc-
cupy avolume fraction between 0.000003 [15] and 0.000006
[16] of the donor lenses he examined in order to produce the
significant forward scattering he observed. Our results indi-
cate that, while MLBs occupy about 0.000003 of the volume
of the normal human lens, they occupy as much as 0.00003 of
the equivalent volume of the cataracts. Thisis similar to the
volume fraction of 0.00005 occupied by the large particlesin
the only nuclear cataract reported by van den Berg [15,16].
Thisremarkabl e agreement between the sizeand volumefrac-
tion of the large scattering particles predicted by mathemati-
cal modeling [15,16] and our observations for MLBs further
suggest that the ML Bs should be considered as likely sources
of nuclear light scattering.

Theformation of MLBsmust certainly be acomplex pro-
cess. Either by faulty fiber cell differentiation or simply by
aging, fiber cells might become sufficiently dehydrated to
compact excessively, causing a decrease in cell volume and
therefore excess membrane surface area. This compaction
would bring complex intercellular processes into close prox-
imity [25]. Localized cell disruption, perhaps by oxidative
damageto membranes[26], could lead to cell fragmentswithin
thefiber cell cytoplasm. During cellular “housekeeping”, these
excess pockets of membrane might pinch off and coil up to
form spherical bodies wrapped in multiple layers of lipids. It
should be noted that multiple layers of thin membranes have
been reported for human lenses in regions of cell disruption
[27] andin arat model for high oxidative stress[28]. Further-
more, a number of reports describe punctate opacities con-
taining lipids [29-31] and calcium [32]. None of the struc-
tures of these opacities were similar to the MLBs and none
were shown to be in the fetal and embryonic nuclei. Other
punctate opacities within the nucleus have recently been re-
ported for genetic mutations of connexin [33,34] and called
zonular nuclear pulverulent cataracts. The ultrastructures of
these opacities have not been determined. It should be em-
phasized that the discrete, punctate opacitiesin the literature,
some of which are in the 1-10 um size range, are distinctly
different from the ML Bs described here which are not visible
by eye or biomicroscopic examination and, importantly, hu-
man nuclear age-related cataracts do not normally display
punctate opacifications.

MLBsare unique becausethey arelarge particlesthat are
bound by multiplelipid layers and they often contain unusual
internal textures. The coverings of MLBs, composed of 3 or 8
layers of tightly packed lipids, display an unusually thin
interlayer spacing of about 5 nm. This thickness is probably
too small to accommodate integral membrane proteins (Fig-
ure 10), such as those in the connexin or MIP/AquaporinO
families. Therefore, itisunlikely that these MLBsare derived
from gap junctions or square array junctions[35-37]. Instead,
it is likely that the MLBs form by the redistribution of lipid
components of the membrane into athick shell that could iso-
late the MLB interior. Differentia aging of the MLB interi-

129

© 2001 Molecular Vision

ors, due perhaps to the absence of channels and communicat-
ing junctions, may account for the variable staining densities
observed in electron micrographs (Figure 8).

Although the number of MLBs observed is quite small,
the frequency of MLBs in the cataracts, compared to the nor-
mal lenses, suggests that they should be considered as poten-
tial scattering particles. Because the sample populations are
not age-matched, we cannot rule out the possibility that aging
isafactor in the appearance of the MLBs. Regardless of their
etiology, their distinctive internal structure, compared to the
fiber cytoplasm, suggests that they are sources for local fluc-
tuations in refractive index. The correspondence of the size
and frequency of the MLBs to the large particles predicted
theoretically gives additional support to the conclusion that
the ML Bsare potentially major sources of scattering in nuclear
cataracts, even though at present we have no direct evidence
that the ML Bs scatter light. Further studiesare needed to evalu-
ate how significant the potential scattering particlesareinthe
multifactorial process of nuclear cataract formation. The con-
tribution that ML Bs make to the scattering from human age-
related cataracts will be better understood when their mecha
nism of formation is described, their chemical compositionis
defined, their distribution throughout the nucleus has been
determined and their capacity to produce the observed scat-
tering is confirmed in theoretical modeling studies of nuclear
cataracts.
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