MECHANISMS OF DISEASE
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Cytosolic 3-amyloid deposition and supranuclear cataracts in
lenses from people with Alzheimer’s disease
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Summary

Background Pathological hallmarks of Alzheimer’s disease
include cerebral p-amyloid (AB) deposition, amyloid
accumulation, and neuritic plague formation. We aimed to
investigate the hypothesis that molecular pathological
findings associated with Alzheimer’s disease overlap in the
lens and brain.

Methods We obtained postmortem specimens of eyes and
brain from nine individuals with Alzheimer’'s disease and
eight controls without the disorder, and samples of primary
aqueous humour from three people without the disorder
who were undergoing cataract surgery. Dissected lenses
were analysed by slit-lamp stereophotomicroscopy, western
blot, tryptic-digest/mass  spectrometry  electrospray
ionisation, and anti-AB surface-enhanced laser desorption
ionisation (SELDI) mass spectrometry, immunohistochem-
istry, and immunogold electron microscopy. Aqueous
humour was analysed by anti-AB SELDI mass spectrometry.
We did binding and aggregation studies to investigate Ap-
lens protein interactions.

Findings We identified AB1-40 and AB1-42 in lenses from
people with and without Alzheimer's disease at
concentrations comparable with brain, and AB1-40 in
primary aqueous humour at concentrations comparable
with cerebrospinal fluid. AB accumulated in lenses from
individuals with Alzheimer’'s disease as electron-dense
deposits located exclusively in the cytoplasm of
supranuclear/deep cortical lens fibre cells (n=4). We
consistently saw equatorial supranuclear cataracts in
lenses from people with Alzheimer’s disease (n=9) but not
in controls (n=8). These supranuclear cataracts colocalised
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with enhanced AB immunoreactivity and birefringent Congo
Red staining. Synthetic AB bound aB-crystallin, an
abundant cytosolic lens protein. AR promoted lens protein
aggregation that showed protofibrils, birefringent Congo
Red staining, and AB/aB-crystallin coimmunoreactivity.

Interpretation AR is present in the cytosol of lens fibre
cells of people with Alzheimer’'s disease. Lens AB might
promote regionally-specific lens protein aggregation,
extracerebral amyloid formation, and supranuclear
cataracts.

Lancet 2003; 361: 1258-65

Introduction

Pathogenesis of Alzheimer’s disease is characterised by
age-dependent cerebral deposition of B-amyloid (AR)
peptides, which are 39—43 aminoacid residues long and
are generated by endoproteolytic cleavage of the
B-amyloid precursor protein (B-APP). The APR1-42
isoform is enriched in neocortical deposits,! is
overproduced in people with familial Alzheimer’s
disease,? and contributes to disease-associated oxidative
stress, protein aggregation, and neurotoxic effects.’

The human lens is also vulnerable to age-dependent
degenerative changes and shows progressive deposition
of insoluble protein and extensive oxidative damage.*’
Early-onset cataracts and Alzheimer’s disease are typical
comorbid disorders in adults with Down’s syndrome®
and in those with familial Danish dementia,” an
Alzheimer’s disease variant with cerebral AR
amyloidosis. Evidence shows that AP is expressed in
rodent and monkey lens.® Conversely, aB-crystallin—an
abundant cytosolic lens protein and small heat-shock
protein with MOLECULAR CHAPERONE properties’—is
expressed in brain of individuals with Alzheimer’s
disease.'” Moreover, AR interacts with aB-crystallin in
vitro'"? and in AB-expressing transgenic Caenorhabditis
elegans.”

Despite speculation®'*"* about the possibility of
overlapping Alzheimer’s disease-associated molecular
pathological findings in the lens and brain of people with
this disorder, to our knowledge, no study to date has
investigated this hypothesis in man. Thus, we aimed to
investigate this hypothesis.

Methods

Samples

The study adhered to hospital regulations, national laws,
and the Declaration of Helsinki. Procurement of tissue
specimens for this study was approved by institutional
review boards at the Massachusetts General Hospital
and the Massachusetts Eye and Ear Infirmary, Boston,
MA, USA. We obtained informed consent for research
use of the brain and both eyes from next-of-kin relatives.
Lenses were dissected from intact globes obtained
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GLOSSARY

ELECTROSPRAY IONISATION MASS SPECTROMETRY

Analytical technique for the study of large molecules, especially
proteins and peptides. The technique derives detailed information
about molecular weights and structures from very small sample
quantities. Electrospray ionisation refers to the methods by which the
molecule under analysis is charged, or ionised. In this technique,
charged droplets are generated by spraying the sample solution under
a strong electric field. lonisation occurs by protonation to produce gas-
phase macromolecular ions directly from solution. The ionised
molecule is then injected into a mass spectrometer to precisely
determine the molecular mass/charge ratio.

MOLECULAR CHAPERONE

Molecular chaperones are cellular proteins that assist in the
establishment and maintenance of proper protein folding, a
requirement for normal protein function. In addition to promotion of
correct protein folding, molecular chaperones prevent aberrant protein
interactions and help stabilise cellular proteins against unfolding
induced by age, heat, oxidants, or ultraviolet light. Examples of
molecular chaperones include heat shock proteins. These are highly
conserved proteins that are expressed in both prokaryotic and
eukaryotic cells when those cells are stressed by environmental
conditions, such as exposure to certain chemicals, pathogens, or heat;
examples of heat shock proteins are HSP70, HSP90, and the small
heat shock protein family that includes HSP27 and aB-crystallin.

REVERSED-PHASE HIGH PERFORMANCE LIQUID
CHROMATOGRAPHY (RP-HPLC)

A liquid partition chromatography analytical chemistry technique. A
stationary phase consisting of very small non-polar particles packed in
a column is used with a polar liqguid mobile phase (reversed phase) to
fractionate polar solutes. Polar molecules will elute from a particular
column/mobile phase combination with a characteristic retention time,
thus facilitating chemical characterisation. Various detection methods
(eg, fluorescence, electrochemical) are available to quantitatively
assess compounds as they are eluted from the column.

TANDEM MASS SPECTROMETRY

Analytical technique involving serial mass spectrometric analyses of a
protein or peptide with intervening molecular fragmentation in a
collision chamber. This analysis permits mass/charge comparison
before and after fragmentation, thus providing a means for
determination of aminoacid composition. When used in combination
with trypsinisation or other enzymatic digestion of an unknown protein
sample, tandem mass spectrometry permits precise aminoacid
sequencing and specific identification of small quantities of protein.

TBOC CHEMISTRY

Method for peptide synthesis that involves use of tert-butyloxycarbonyl
(tBOC) to block amino groups during successive cycles of aminoacid
addition.

THIOFLAVIN FLUORESCENCE ANALYSIS

The fluorochromic dyes and thioflavin-S thioflavin-T fluoresce when
bound to amyloid or protein that assumes an amyloid-like structure.
Thioflavin dyes interact with the quartenary structure of the B-pleated
sheet, rather than with specific aminoacid sequences or moities.
Thioflavin dyes are not specific for amyloid and can react with other
cellular components, including fibrinoid, arteriolar hyaline, keratin, and
zymogen granules.

through collaborative arrangement with the
Massachusetts Alzheimer’s Disease Research Center,
Boston, MA, USA. All lens specimens used in this study
did not have traumatic, morphological, or cold-storage
artifacts. Comprehensive neuropathological examina-
tions were done in accordance with established pro-
cedures and assessed by CERAD (consortium to
establish a registry for Alzheimer’s disease) criteria.'®

We obtained primary aqueous humour samples from
consenting adult volunteer patients who did not have
Alzheimer’s disease and who were undergoing routine
cataract extraction at the Massachusetts Eye and Ear
Infirmary. We took samples of anterior chamber fluid at
the beginning of intraocular surgery with a sterile 0-5 mL

tuberculin syringe and froze these at —-80°C until
analysis.

Procedures

Peptide synthesis

Human AR peptides (ARB1-40, AB1-42) were commercially
synthesised by TBOC CHEMISTRY and purified by chromato-
graphy on a preparative C-18 or C-4 REVERSED-PHASE HIGH
PERFORMANCE LIQUID CHROMATOGRAPHY (RP-HPLC) system
(at the W M Keck Foundation Biotechnology Resource
Laboratory, Yale University Medical School, New Haven,
CT, USA). Lot purity (>98%) was assessed by mass
spectrometry and composition by aminoacid analysis. We
received gifts of purified recombinant human aB-crystallin
(J Liang, Brigham and Women’s Hospital, Boston); rabbit
polyclonal antibodies raised against human oB-crystallin
(J Liang; J Horwitz, UCLA School of Medicine); and
mouse monoclonal antibody WO2 raised against AB5-8
(C Masters). We purchased as purified IgG monoclonal
antibodies against AP (6E10 [AB1-17] and 4G8
[AB17-24]; Signet Laboratories, Dedham, MA; and A4
[AB8-17]; Dako, Carpenteria, CA, USA) and against
B-APP (22C11 [N-terminal [B-APP66-81]; Research
Diagnostics, Flanders, NJ, USA; A8717 [C terminal
B-APP676-695]; Sigma, St Louis, MO, USA). We
determined protein concentrations by the bicinchoninic
acid method (Pierce, Rockford, IL).

Lens classification

Dissected lenses were bathed in 37°C isotonic medium
TC-199 (Invitrogen, Carlsbad, CA, USA), illuminated with
a slit-lamp apparatus attached to a Zeiss OPMI-1 surgical
stereophotomicroscope (Carl Zeiss, Thornwood, NY,
USA) fitted with a Zeiss-Urban stereoscopic beam-splitter
(Urban Engineering, Burbank, CA, USA), and graded in
accordance with Cooperative Cataract Research Group
criteria'” by a skilled rater masked to clinical history and
neuropathological diagnoses.

B-APP purification and western blots

We homogenised tissues in ice-cold phosphate-buffered
saline and ultracentrifuged the samples at 100000 g for 1 h
at 4°C. The pellet was retained as membrane extract. We
adjusted the salt concentration to 350 mmol/L. NaCl pH 8,
and applied the extract to Macro-Q anion exchange resin
(Pharmacia, Peapack, NJ).'"® Samples were eluted with
1 mol/LL NaCl in 50 mmol/LL Tris pH 8-0, blotted, and
probed for B-APP with monoclonal antibody 6E10, which
detects an epitope in the AR region of B-APP. The identity
of detected bands as B-APP was conferred by affinity
purification, 6E10 immunoreactivity, and SDS-PAGE
migration consistent with purified B-APP (110 and
130 kD). We homogenised lyophilised lenses in ice-cold
phosphate-buffered saline and ultracentrifuged them at
100000 g for 1 h at 4°C. The soluble or urea-resolubilised
pellet fractions were standardised for protein concentration
and equal volumes were electrophoresed on Tris/tricine-
polyacrylamide gels and western blotted. We detected AR
with mouse monoclonal antibody WO2 and analysed the
western blots by densitometry."

Tryptic digest sequencing and electrospray ionisation mass
spectrometry

We prepared lens homogenate as described above and
ultracentrifuged it. The supernatant and urea-resolubilised
pellet fractions were dissolved separately in sample buffer
containing 8 mol/l. urea, heated, electrophoresed on
10-20% Tricine gels, and stained with Coomassie blue. A
discretely staining, roughly 4 kD, Coomassie-detectable
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band was excised, minced, and subjected to in-gel
trypsinisation. We fractionated extracted peptides by
RP-HPLC and subjected them to ELECTROSPRAY IONISATION
MASS SPECTROMETRY and LCQ-DECA ion-trap mass
spectrometry (ThermoFinnigan, San Jose, CA). Eluting
peptides were isolated and fragmented by TANDEM MASS
SPECTROMETRY. We identified peptide sequences by a
computer search program (Sequest, ThermoFinnigan) that
matches the acquired fragmentation pattern to known
proteins.

Surface-enhanced laser desorption ionisation mass
spectrometry

We incubated human lens protein extracts or primary
aqueous humour samples on a surface-enhanced laser
desorption ionisation (SELDI) mass spectrometry protein
array chip (Ciphergen Biosystems, Fremont, CA, USA)
precoated with mouse monoclonal antibody against A
(4G8) or non-immune mouse IgG. We detected bound
protein by SELDI time-of-flight mass spectrometry.
Calibration was done with synthetic human AB1-42 and
AB1-40.

Immunohistochemistry and staining

Lenses were fixed (0-5% glutaraldehyde 2 h; 4%
paraformaldehyde 2 days), embedded in paraffin, and
sectioned at 8 pm. We stained the tissue sections with
alkaline Congo Red, and examined them with brightfield
and cross-polarised light photomicroscopy, or treated them
with 90% formic acid, immunostained with monoclonal
antibodies against AR (4G8 or BA4), and processed them
for conventional immunohistochemistry (Vectastain, Vector
Laboratories, Burlingame, CA, USA). We did THIOFLAVIN
FLUORESCENCE ANALYSIS on 8 pm paraffin-embedded
sections stained with 1% thioflavin-S, differentiated in 1%
acetic acid, and detected by fluorescence photomicroscopy.

Immunogold electron microscopy

Fixed lenses were cryosectioned and processed for
immunogold electron microscopy.” We used mouse
monoclonal antibodies against AR (4G8) or against 3-APP
(22C11) for immunostaining. Protein aggregates and lens
specimens assayed for double anti-Af/anti-aB-crystallin
immunogold analysis were spotted on carbon-coated
hydrophilic grids, incubated with monoclonal antibody 4G8
or non-immune mouse IgG, incubated with rabbit anti-
mouse polyclonal antibody (Dako, Carpenteria, CA), and
exposed to commercially obtained 15 nm gold-conjugated
protein-A (Jan Slot, Utrecht, Netherlands). We fixed grids
with 1% glutaraldehyde, quenched them with glycine,
incubated them with anti-aB-crystallin polyclonal antibody
(J Liang, Brigham and Women’s Hospital, Boston, MA,
USA) or normal rabbit serum, and exposed the grids to
10 nm gold-conjugated protein-A (Jan Slot). Because of the
high concentration of aB-crystallin relative to Af in the
lens, the anti-aB-crystallin dilution was adjusted to boost
visualisation of both proteins. To control for antibody
specificity, primary antibodies (monoclonal antibody
against AP [4G8] and polyclonal antibody against
aB-crystallin) were preabsorbed overnight at 4°C with
excess antigenic protein—ie, synthetic human AB1-40 or
recombinant human aB-crystallin, respectively—and briefly
centrifuged before use. We negatively stained immunogold
electron microscopic specimens with uranyl acetate and
examined them on a JEOL 1200EX transmission electron
microscope (Jeol USA, Peabody, MA, USA).

ELISA binding assay
We incubated recombinant human aB-crystallin for 1 h at

20°C in 96-well microtitre plates precoated with synthetic
human AB1-42, synthetic human AB1-40, or bovine serum
albumin. Bound aB-crystallin was detected by incubation
with a rabbit polyclonal antibody then by anti-rabbit
horseradish peroxidase conjugate. Bound complex was
developed with 3,3',5,5'-tetramethylbenzidine dihydrochlo-
ride.” Absorbance (450 nm) was spectrophotometrically
assessed (SpectraMax Plus, Molecular Devices, Sunnyvale,
CA, USA) and blanked against wells without added aB-
crystallin. Datapoints are means (SE) of triplicate
measurements.

In-vitro assays

We homogenised intact human lenses in ice-cold, filter-
sterilised, analytical-grade HPLC water (Sigma, St Louis,
MO, USA) and ultracentrifuged them at 100 000 g for 1 h
at 4°C. We retained the supernatant as soluble total lens
protein. Synthetic human APR1-42 was ultrasonically
solubilised in HPL.C water and centrifuged to remove
precipitated material. Incubation mixtures (AP1-42,
45 mg/LL [10 pmol/L]; total lens protein, 1 g/I)) were
prepared in sterile chelating resin-treated (Chelex 100,
Sigma) phosphate-buffered saline (pH 7-4), plated under
sterile conditions in 96-well microtitre plates, sealed, and
incubated in the dark for 7 days at 37°C.

Role of the funding source

The sponsors had no role in study design, data collection,
data analysis, data interpretation, writing of the report, or in
the decision to submit the report for publication.

Results

We first identified and characterised B-APP and A in the
adult human lens (figures 1, 2, and 3). We detected full-
length B-APP (110 kD and 130 kD) by affinity purification
and western blot with monoclonal antibody 6E10, an
antibody that detects the AR region of B-APP (figure 1). We
also detected full-length B-APP in the B3 human lens
epithelial cell line and primary human lens epithelial cells by
western blot with antibodies against the C-terminal
(A8717) and N-terminal (22C11) domains of 3-APP (data
available from authors). Results of western blot with WO2
(figure 1), a monoclonal antibody against AR, showed an
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Figure 1: Western blot analysis of 3-APP (A) and A (B) in the
human lens and retina

AD=Alzheimer’s disease. (A) Human brain (lane 1), lens (lane 2), and
retina (lane 3). B-APP was purified and concentrated by anion exchange
chromatography. Antibody used was 6E10. (B) Supernatant (lanes 1 and
3) and urea-resolubilised pellet (lanes 2 and 4) of lens homogenate;
synthetic human AB1-40 (0-5 ng; lane 5). Antibody used was WO2 (upper)
and WO2 preabsorbed with excess synthetic human AB1-40 (lower).
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Figure 2: Tryptic digest sequencing/LC-tandem mass
spectrometry of the roughly 4 kD band derived from lens
homogenate from an adult with Alzheimer’s disease

The identified tryptic peptide corresponds to the AB region of B-APP
(688-699). A unique 12-residue tryptic peptide derived from the 4 kD
band detected by anti-AB western blot is highlighted by a black box
overlying the human AB sequences.

immunoreactive band that migrated at a molecular weight
equivalent to apparent monomeric Af (about
4 kD). This band was detectable in both the supernatant
and urea-resolubilised pellet fractions obtained from
human lens protein homogenate derived from patients
with and without Alzheimer’s disease. We did not detect
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Figure 3: Anti-A3 SELDI-mass spectrometry of human lens
protein extract

(Upper) Protein-chip array coated with mouse anti-AB 4G8. (Lower) Array
precoated with non-immune mouse IgG.

this approximately 4 kKD band when blots were probed with
monoclonal antibody WO2 preabsorbed with excess
synthetic AR (figure 1) or with a polyclonal antibody
directed against the C-terminal domain of B-APP (data
available from authors). In a small sample of lenses analysed
by anti-AB western-blot densitometry, a trend towards
amplified total monomeric AR load was reported in lenses
from three individuals with Alzheimer’s disease (total
monomeric AR 3-01, 04, 617 ng/g protein) relative
to lenses from three age-matched controls (0-52, 0-98,
0-53 ug/g protein) when assayed on the same blot.

The identity of AB in human lens was confirmed by
tryptic digestion sequencing with electrospray ionisation
LC-tandem mass spectrometry, as shown in figure 2.
Analysis of an approximately 4 kD band—excised and
sequenced from SDS-PAGE that corresponded to an anti-
AP western blot of lens extract obtained from an 83-year-
old man with severe Alzheimer’s disease—yielded a
12-residue tryptic peptide (LVFFAEDVGSNK, molecular
weight 1326-49 kD) with two charge states, +2 and +1, that
uniquely identified an internal peptide within the AR region
of B-APP (B-APP688-699). This aminoacid sequence of
the identified tryptic peptide is identical in both AB1-40
and AB1-42. To distinguish these two A isoforms, SELDI
mass spectrometry was done on human lens extract from a
56-year-old woman without Alzheimer’s disease (figure 3).
When the protein-chip array was precoated with the mouse
anti-AB monoclonal antibody 4G8, we detected two major
peaks that corresponded to human AB1-40 (observed
molecular weight, 4331-1 kD; predicted molecular weight,
4329-9 kD) and AB1-42 (observed 4517-8 kD; predicted
4514-1 kD) in a relative mass ratio of about 5/1,
respectively. Signals were not seen when array wells were
precoated with non-immune mouse IgG or without capture
antibody (data available from authors). The detected peaks
were identical to those obtained with synthetic human
AB1-40 and AB1-42 and in lens protein extracts spiked
with synthetic human AP (data available from authors).

Anti-AB SELDI mass spectrometry analyses of adult
human primary aqueous humour from three people
without Alzheimer’s disease (79-year-old woman; 74-year-
old man; 87-year-old woman) yielded a large peak
that corresponded to human AB1-40 (mean 29-0 pg/L
[SD 12-5]) and a minor peak near the assay detection limit
that corresponded to AB1-42 (data available from authors).
We did not analyse aqueous humour from postmortem
specimens due to the susceptibility of this fluid to
postmortem changes.

These findings gave us encouragement to do a slit-lamp
survey of human lenses obtained from nine people with
confirmed Alzheimer’s disease neuropathology (five
women, four men; mean age 79-1 years [SD 11-0]; mean
postmortem interval 15 h [SD 8]) and eight controls (two
with frontotemporal dementia; one with progressive
supranuclear palsy; one diffuse Lewy body disease with
minimum amyloid pathology; three without neurological
disease; and one 14-year-old male). Supranuclear
cataracts, an uncommon phenotype,” were noted in all
those with Alzheimer’s disease (figure 4), but in none of
the controls. These cataracts were typically concentrated
in the equatorial region and in some cases extended into
deep cortical areas. We noted variation in the extent of
opacification, cataract morphology, and comorbid lens
pathological findings. We excluded the possibility that the
cataracts were artifacts, since we did not see lens swelling,
diffuse cloudiness, or other global changes that
would indicate organ damage; moreover, postmortem
lens changes do not result in focal lens opacification
(L' T Chylack Jr, unpublished data).
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086 Con

Figure 4: Slit-lamp survey of lenses from people with Alzheimer’s disease and controls

AD=Alzheimer’s disease. Con=control. (A) Stereoscopic photomicrographs of one lens from an 80-year-old woman with severe Alzheimer’s disease without
(left) and with (middle) slit-lamp illumination. Visual convergence of white dots indicates stereoscopy. Supranuclear cataracts are present in the superior
and inferior left-hand quadrants. Control lens from an 80-year-old woman without Alzheimer’s disease (right) without supranuclear cataracts. (B) Dashed arc
or circle indicates extent of supranuclear cataract. In lens 323 (79-year-old woman), asterisk represents nuclear cataract. Lens 086 (from a 63-year-old
woman with frontotemporal dementia and Parkinson’s disease) shows no evidence of supranuclear or cortical cataracts. Lens 681 from a 68-year-old
woman; lens 283 from an 82-year-old woman; and lens 301 from a 72-year-old woman.

We did histological analysis of lenses obtained from age-
matched individuals with (n=4) and without (n=4)
Alzheimer’s disease (figure 5). Lenses from people with the
disorder showed AB-immunostaining in the supranuclear

showed abundant clusters of electron-dense AB-immuno-
reactive material that localised exclusively to the lens fibre-
cell cytoplasm. AP immunoreactivity was not seen in
classic amyloid fibrils, extracellular regions, membrane-

and cortical lens subregions. Congo
Red staining revealed dichroism and
red-green birefringence when viewed

under strong cross-polarised light,
tinctorial properties that are
pathognomonic of amyloid. This

birefringent staining was seen in the
same regions that showed Ap immuno-
staining. We also noted artifactual
Congo Red staining of collagen in the
lens capsule that did not show anti-Ap
immunostaining. Intense thioflavin-S
fluorescence was also seen in the same
supranuclear and deep cortical lens
regions in which we detected AB-
immunoreactivity and birefringent
Congo Red staining (data available
from authors). Assessment of elderly
control lens showed faint AP
immunoreactivity in the supranuclear
and deep cortical lens regions. The
superficial cortical regions in control
lens showed  congophilia  with
minimum  birefringence. In the
specimens from people with
Alzheimer’s disease, lens regions
showing strong AP-immunoreactivity
and Congo Red staining accorded with
the same supranuclear and deep
cortical areas in which cataracts were
identified by slit-lamp examination
(figure 5, G).

Analysis of Alzheimer’s disease lens
specimens (n=4) by anti-Af3 immuno-
gold electron microscopy (figure 5)

560 B SNaEs) I 1 AB
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Figure 5: Histological analysis (A-G) and ultrastructural characterisation (H-M) of lenses
from people with Alzheimer’s disease and controls

(A) Anti-AB immunostaining of lens from an 80-year-old woman with Alzheimer’s disease. (B) Congo Red
staining and (C) red-green birefringence in same lens. (D) Faint anti-AB immunostaining in control lens
from an 80-year-old woman without Alzheimer’s disease. (E) Congo Red staining and (F) faint
birefringence in same control lens. (G) Correlation of histological localisation of AR and cataract
pathology in Alzheimer’s disease lens. (H) Anti-AB immunogold electron photomicrograph of deep
cortical region of lens from an 82-year-old woman with Alzheimer’s disease. (H) Black arrows show anti-
AB-immunoreactive clusters present exclusively within the lens fibre-cell cytoplasm. Scale bar=200 nm.
(I) Higher magnification of same lens section showing the enhanced electron-density of the cytosolic
AB-immunoreactive aggregates (black arrows). (J) Anti-AB immunogold electron photomicrograph of
deep cortical region of control lens from a 76-year-old woman without Alzheimer’s disease. Scale
bar=200 nm. (K, L) Absence of immunostaining in the lens specimen from the individual in H and |
probed with anti-AB 4G8 preabsorbed with excess synthetic human AB (K) or anti-B-APP 22C11 (L).
Scale bars=200 nm. (M) Alzheimer’s disease lens showing double immunogold staining for AR and
aB-crystallin within one electron-dense cytosolic aggregate. Larger (15 nm) and smaller (10 nm) gold
particles detect AR and aB-crystallin immunoreactivity, respectively. Cap=capsule; epi=epithelium;
cor=cortex; snc=supranucleaus; nuc=nucleus.
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Figure 6: AR and human lens protein interactions

(A) Binding of recombinant human aB-crystallin to immobilised synthetic
human AB1-42, synthetic human AB1-40, or bovine serum albumin
(BSA). (B) Binding competition by addition of excess free AB. Bars are
mean. Error bars are SE. (C) Human total lens protein (TLP) coincubated
with synthetic human AB1-42 for 7 days and analysed by anti-AB/anti-aB-
crystallin double immunogold electron microscopy. Black arrows indicate
protofibrils. (C, inset) Precipitated aggregates stained with Congo Red and
viewed by brightfield (C, upper) or cross-polarised light (C, lower) showing
red-green birefringence. (D) TLP coincubated with synthetic human
AB1-42 and analysed by anti-Ap/anti-aB-crystallin double immunogold
electron microscopy with primary antibodies preabsorbed with excess
AB1-40 and aB-crystallin. (E) TLP coincubated as in D and assayed with
non-immune mouse IgG (mlgG) and rabbit serum (NRS). (F) TLP incubated
without AB and assayed as in C. (G) Synthetic human AB1-42 incubated
without TLP and assayed as in C. Boxes in the figures show gold particle
size (to scale). Scale bars=100 nm.

associated material, or in the lens epithelium. Age-related
sclerosis prevented investigation of the lens nucleus.
Minimum AP immunoreactivity was detected in human
lens fibre cells from elderly controls. AR immunoreactivity
was not seen in a control lens from a healthy 14-year-old
male or in the B3 human lens epithelial cell line (data
available from authors). Preabsorption of the antibody
with excess synthetic human AR (figure 5) or exclusion of
the primary anti-AB antibody (data available from authors)
abolished immunostaining in lens sections from people
with Alzheimer’s disease. Sections probed with mono-
clonal antibody 22C11 directed at the N-terminal ecto-
domain of B-APP (figure 5), non-immune antibody, or
secondary antibody alone (data available from authors)
similarly did not show fibre cell anti-Af immunoreactivity.

We reasoned that some of the AR-immunoreactive
deposits we detected might coaggregate with other
cytosolic lens proteins such as aB-crystallin. In support of
this hypothesis, electron-dense cytosolic aggregates were
detected that showed immunoreactivity to both Af and
aB-crystallin (figure 5). This finding prompted us to
investigate the interaction of AR with aB-crystallin in vitro.
Saturable high-affinity binding was recorded (Kapp about
20 nmol/L) that was competitively inhibited by addition of
excess soluble AB (figure 6). We reasoned that this binding
and the potent pro-oxidant properties of AR could, over
time, promote lens-protein aggregation within the fibre-
cell cytosol. We investigated this possibility by incubation
of human total lens protein extract with synthetic human
AB1-42 for 7 days and analysis of the resulting mixtures by
anti-Af/anti-aB-crystallin double immunogold electron
microscopy. Formation of electron-dense aggregates was
noted (figure 6) that were similar to those detected in the
ex-vivo lens specimens from people with Alzheimer’s
disease. Single aggregates showed both AB and oB-
crystallin  immunoreactivity, birefringent Congo Red
staining (figure 6), and amplified thioflavin-S fluorescence
(data available from authors) indicative of amyloid.
These aggregates also showed curvilinear protofibrillar
structures® but not classic A fibrils. Double immunogold
electron microscopic analysis with primary monoclonal
antibodies preabsorbed with excess AR and aB-crystallin,
or non-immune mouse IgG and normal rabbit serum did
not result in immunogold staining (figure 6). These data
suggest our results were not attributable to non-specific
staining artifact. Total lens protein or AP incubated alone
showed only single-label immunostaining for aB-crystallin
or AP, respectively.

Discussion

We have identified AB1-42 and AB1-40 in the human lens
and AB1-40 in human primary aqueous humour. Our
findings show that concentrations of AB1-42 and AR1-40
in the human lens, and AB1-40 in primary human
aqueous humour, are comparable with those in aged
human cerebral cortex and cerebrospinal fluid,
respectively.” We also noted increased deposition of
electron-dense AB-immunoreactive aggregates within lens
fibre-cell cytoplasm in the supranuclear subregion of lenses
from people with Alzheimer’s disease.

The cytosolic localisation of lenticular AP is important,
since this peptide localises to the same cellular
compartment as the highly concentrated crystallins within
the lens fibre cell. These cells have limited ability to turn
over protein as the lens ages. Thus, lens AR is in a position
to foster cytosolic lens protein aggregation. This hypothesis
is lent support by our evidence from double immunogold
electron microscopic examination of lenses from people
with Alzheimer’s disease showing AP and aB-crystallin
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immunoreactivity within single cytosolic aggregates and
by results presented in this study showing high-affinity
binding and coaggregation of AR and aB-crystallin.

Although other investigators have noted AB within other
intracellular compartments,®?* the finding of this peptide
in the cytoplasm proper was unexpected. The mechanism
by which AB accumulates in this compartment is unclear.
The cytosolic localisation of AR in the lens could result
from release of this peptide from other intracellular
compartments during terminal differentiation of lens
epithelial-cell as they mature into long-lived, post-mitotic
lens fibre cells. During this process, epithelial cells on the
anterior surface of the lens migrate to the equatorial
germinative zone and there undergo elongation, nuclear
and organellar disintegration, and cessation of protein
synthesis. B-APP and its metabolic products, including
AP, might be initially contained within organelles
implicated in B-APP processing—ie, endoplasmic
reticulum, Golgi apparatus, and trans-Golgi network.
Because these organelles disintegrate during terminal
differentiation, AR might be released into the cytosol. An
alternative  explanation  invokes  endocytic AP
reinternalisation, a clearance pathway that has been
proposed as a possible initiation site for accumulation of
AP in the brain.” This latter mechanism accords with the
presence of AR in primary aqueous humour. The origin
and fate of AB in the supranuclear lens fibre cells and in
the anterior chamber remain to be established.

Because of the anatomically circumscribed accumu-
lation of AB within the lens, our quantitative analysis might
have underestimated local AR tissue concentration in the
supranuclear lens subregion. A more extensive quantitative
AR analysis done on microdissected lens specimens is
underway.

A limitation of this study is the small sample sizes.
Nevertheless, our findings do provide evidence for
extracerebral Alzheimer’s disease-associated amyloid
pathology.”® In particular, we have seen apparent Af-
related amyloid pathological findings in the equatorial
supranuclear and deep cortical subregions of lenses from
people with Alzheimer’s disease. It is noteworthy that
equatorial supranuclear cataracts in this peripheral lens
subregion are rare* compared with common age-related
cataracts. By contrast with age-related cataracts, equatorial
supranuclear cataracts are anatomically obscured from
inspection by the iris, and are thus neither apparent on
routine medical examination nor associated with visual
impairment.

We postulate that a relation exists between our finding
of AB-immunoreactive cytosolic microaggregates in the
cytoplasm of supranuclear lens fibre cells and cataract
formation in the same lens subregion. Within the lens
fibre-cell cytoplasm, electron-dense aggregates—such as
those we saw in the lenses from people with Alzheimer’s
disease—represent sharp discontinuities in the local
refractive index. Since small refractive index fluctuations
result in very large increases in local light scattering,”** we
postulate that AB-mediated lens protein aggregation might
contribute to the increased light scattering we detected as
supranuclear cataracts in lens specimens from people with
Alzheimer’s disease. This hypothesis is lent support by
results of other studies that show protein-protein
interactions between AP and aB-crystallin.'" "

Longevity of expressed protein in the lens fibre cells, the
inefficient protein turnover capacity of mature lens fibre
cells, and optical accessibility of the lens from the
periphery suggest that AR deposition in the lens might
promote regionally-specific lens protein aggregation that
could be detectable throughout the course of Alzheimer’s

disease. Further exploration of this hypothesis and
assessment of the putative association between Alzheimer’s
disease and supranuclear cataracts awaits controlled
ophthalmological studies in people at progressive stages in
the Alzheimer’s disease process.
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