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Early-onset cataract and Alzheimer’s disease occur
with high frequency in Down syndrome (trisomy 21),
the most common chromosome duplication in hu-
man live births. Previously, we used in vivo and lens
organ culture models to demonstrate Alzheimer
pathophysiology in oxidative stress-related lens de-
generation. Currently, well-characterized Alzheimer
transgenic mouse models are used to extend these
findings. Here, we report on mice carrying a com-
plete copy of a wild-type human A�PP (hA�PP) gene
from the Down syndrome critical region on chromo-
some 21. hA�PP mice produce fiber cell membrane
defects similar to those described in human cataracts
and increased age-related lens degeneration. hA�PP
expression and mRNA alternative splicing in human
and mouse lens and cornea favor longer, potentially
more amyloidogenic forms. Endogenous mouse A�PP
expression is increased in transgenic lenses, consis-
tent with the cycle of oxidative stress proposed in the
mechanism of Alzheimer pathophysiology. Alterna-
tive splicing previously designated as neuron-specific
occurs in human lens and cornea, and is maintained
by hA�PP expressed in mouse tissues. These present
data implicate A�PP in fiber cell formation and in
early-onset cataracts in Down syndrome. Finally, our
findings provide further support for our hypothesis
that Alzheimer pathophysiology contributes to the
cataract formation that is increasing in the aging pop-
ulation. (Am J Pathol 2002, 161:1985–1990)

Evidence indicates that Alzheimer pathophysiology con-
tributes to the loss of mental function and visual clarity
that can occur during aging. In trisomy 21 (Down Syn-
drome, DS), a condition with features of premature aging,

virtually all individuals develop Alzheimer’s disease (AD)
in their fifth decade1 and a high percentage develop
cataracts beginning in childhood.2,3 Two factors have
been cited that implicate Alzheimer precursor protein
(A�PP) in DS Alzheimer pathophysiology. First, the A�PP
gene is located within the DS critical region of human
chromosome 21 and mouse chromosome 16.4,5 Second,
A�PP is not normally maximally expressed and therefore
susceptible to gene dosage effects.4 In addition, Alzhe-
imer-related presenilin and co-expressed Notch receptor
proteins play a role at most, if not all, stages of eye
development in Drosophila and vertebrates.6,7

In DS brain tissue, A�PP expression is 4- to 5-fold
greater than normal, rather than the 50% expected from
one extra gene copy.8 This is consistent with an oxidative
stress mechanism for Alzheimer pathophysiology by con-
tributing to A�PP gene induction and further augmenting
expression.9,10 Alzheimer pathophysiology is linked with
physiological oxidative stress principally due to the in-
creased formation of �-amyloid (A�) peptides. Amyloid
disease proteins like A� are increasingly understood as
producing deleterious oxidative effects via interactions
with metal ions.11–13 For example, human A� is more
deleterious than mouse A� due to additional metal-bind-
ing histidine residues. Transition metals, in particular
copper, influence aggregation and confer superoxide
dimutase (SOD) enzyme activity on amyloid disease pro-
teins leading to an inappropriate production of hydrogen
peroxide.11–14 Moreover, A� turnover is on the order of 3
hours in brain tissues,15 highlighting the need for regula-
tion of A�PP expression and A� formation. These factors
contribute to a significant elevation of A�PP and A� in DS
brain tissue. In addition to expression levels, A�PP mRNA
alternative splicing is affected in DS and AD, as well as in
normal aging, such that longer transcripts and protein
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isoforms linked with increased deleterious A� production
are favored.16–19

Early-onset AD also occurs in non-trisomy individuals,
however at a much lower rate. The majority of gene
mutations linked with familial early-onset AD occur in
presenilin genes that mediate �-secretase (protease)
A�PP cleavage and increase A�.20,21 Less frequent mu-
tations occur in A�PP itself near A� proteolytic cleavage
sites, and accessory genes including apolipoproteins
have been identified that predispose one to AD.22 In
addition to A�PP proteolysis, presenilins have a broader
role that includes Notch and receptor tyrosine kinase
proteolytic processing.23

A�PP has a diverse set of biological activities ascribed
to its various functional protein domains These include a
putative transcription activator domain,24 interaction site
for JNK signaling proteins,25 and a non-amyloidogenic
copper-binding domain.26 Human and mouse A�PP
genes contain 18 exons, of which exons 7, 8, and 15 are
alternatively spliced. The presence of exons 7 and 15 in
mature A�PP mRNA correlates with increased A� pro-
duction and pathophysiology in vivo and in vitro.18,19 Exon
7 encodes a KPI domain implicated in cell differentia-
tion,27 and exon 15 disrupts a chondroitin sulfate modi-
fication site for forming appican28 that is linked with pro-
tein sorting, cell adhesion, and axon sprouting in
neurons.28,29

In mammalian lenses, A�PP, A�, presenilins, and
Notch receptors are expressed and processed in equa-
torial epithelial and cortical fiber cells.10,30–33 Previously,
we demonstrated increased levels of A�PP and A� in
cortical fiber cells in cultured intact rat and monkey
lenses exposed to oxidative stress. Concurrent with
higher A�PP and A� levels we demonstrated the activa-
tion of classic oxidative stress-related cell signaling path-
ways and AP-1 (Jun/Fos) transcription factor binding to
cognate DNA sites.10 In another study, systemic oxida-
tive stress was produced using a thiamine (vitamin B1)
deprivation regimen in mice that models Wernike-Korsa-
koff encephalopathy and produces Alzheimer-associ-
ated brain pathology. There we demonstrated lens fiber
cell degeneration with locally increased distributions of
A�PP, A�, and presenilin proteins.32

In the present study we examine lenses from trans-
genic mice that model the A�PP gene dosage imbalance
that occurs in DS. Human A�PP (hA�PP) transgenic mice
were engineered by introducing a copy of the yeast
artificial chromosome B142F9 containing �400 kilobases
of DNA from the wild-type human A�PP locus on human
chromosome 21 into mouse chromosomes.34–36 This
study describes hA�PP mice34 (gift of B. Lamb, Cleve-
land, OH) that carry one copy of the hA�PP gene locus
with all exon coding sequences, all intron intervening
sequences, and much native 5� promoter and 3� flanking
DNA, allowing for alternative hA�PP transcript splicing in
mouse tissues. We describe changes in morphology and
increased age-related fiber cell degeneration in hA�PP
transgenic mouse lenses that suggest a role for hA�PP
gene dosage effects in the high levels of early-onset
cataract observed in DS individuals.

Materials and Methods

Transgenic Animals and Tissue Preparation

hA�PPtg/tg transgenic mice34 and age-matched wild-type
C57-black mice were obtained from Charles River Labo-
ratories (Wilmington, MA). Human eye research donor
material was obtained after retina removal (gift of M.
Zarbin, Newark, NJ). Histological sections were prepared
by members of the Ocular Services Branch of the Na-
tional Eye Institute (NEI) (Bethesda, MD) from enucleated
eyes fixed in 4% paraformaldehyde (Fisher, Pittsburgh,
PA) in phosphate-buffered saline (pH 7.4) and embed-
ded in paraffin.10 RNA and protein from eye tissues were
solubilized in Trizol (Invitrogen, Carlsbad, CA) or “strong
lysis buffer” (Cytosignal, Mamhead, UK) respectively.
Lens fiber cell structure in 12 wt and 12 hAPPtg/tg lenses
was observed in paraffin thin sections stained with he-
matoxylin and eosin using standard blue/green immuno-
fluorescence filters. Membrane organization is visible by
fluorescence microscopy due to intrinsic eosin fluores-
cence, a fluorescein-related dye.

Analysis of A�PP Expression and Alternative
Splicing

cDNA was produced from total RNA using AMV reverse
transcriptase (Invitrogen) and polydT oligonucleotide prim-
ers. The resultant cDNAs were amplified with PCR kits
(Invitrogen) using the following 5� to 3� primers. Mouse
glyceraldehyde dehydrogenase (GAPDH): TCCACCAC-
CCTGTTGCTGTAGC, CCACAGTCCATGCCATCACTGC;
mouse A�PP exons 6–9: AGTAGAAGTCGCCGAAGAG-
GAG, CTCGTCCCCGGGTGTCTCCAGG; mouse A�PP
exons13–17:TGCTCTACAATGTCCCTGCGG,ACCATGAG-
TCCGATGATGGCG; human A�PP exons 6–9: AAGTAG-
TAGAAGTAGCAGAG, ATTCTCATCCCCAGGTGTCTC;
and human A�PP exons 13–17: TACAACGTGCCTGCAGT-
GGCC, AAGGTGATGACGATCACTGTC. Amplified prod-
ucts from at least four lenses were resolved on agarose
gels, purified, and their sequences determined to confirm
identifications (Molecular Resource Facility, UMDNJ-New
Jersey Medical School).

Immunopreciptiation and Western Blotting

Total lens protein solubilized in “strong lysis buffer” was
immunopreciptitated with pan-specific mouse monoclo-
nal A�PP antibody, clone 22C11, using an Immuno-
catcher kit (Cytosignal). Subsequently, immunoprecipi-
tates were resolved on acrylamide gels and blotted to
filter paper. Identical blots were probed with pan-specific
22C11 or KPI-specific (Sigma, St. Louis, MO) antibodies
to qualitatively assess A�PP isoforms. A� was detected
using an affinity purified human A�(1–16) specific mono-
clonal antibody (Biosource, Camarillo, CA) on Western
blots of synthetic human A� peptides (Sigma) and total
lens proteins from wt and hA�PP mice resolved on 20%
SDS-PAGE gels with 5% urea included in all buffers.
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Results

To first establish hA�PP transgene expression in mouse
lenses and to compare the native human A�PP mRNA
splicing pattern with the hA�PP transgene, we purified
total RNA from ocular tissues for analysis by RT-PCR.
Figure 1 demonstrates the pattern of mRNA splicing for
native A�PP expression in wt mouse (Figure 1A) and
human (Figure 1B) tissues. Using PCR primers corre-
sponding to exons 6 and 9, we determined that the
predominant forms of alternatively spliced mRNAs in wt
mouse and human lens and cornea contain exon 7 �/�
exon 8 which encode A�PP 751 and 770 amino acid
proteins. In contrast, the major A�PP mRNA expressed in
brain (present data and reference 37) and retina is the
shorter 695 amino acid encoding transcript (exon 6 to 9
splicing).

The amplified products shown in Figure 1C demon-
strates hA�PP transgene expression in mouse tissues.
The alternative splicing pattern for hA�PP expressed in
mouse tissues appears quite similar to the pattern ob-
served in human eyes. The longer human A�PP tran-
scripts again predominate in transgenic lens and cornea,
and higher levels of hA�PP 695 transcripts were present
in transgenic mouse retina. As expected, no hA�PP
mRNA was present in wt mouse lenses. When we exam-
ined A�PP protein expression in hA�PPtg/tg mouse lenses
we found the protein expression pattern corresponded
well with the mRNA splicing patterns we identified. Figure
1D demonstrates that predominantly longer forms of
A�PP protein are present in hA�PPtg/tg mouse lenses
using KPI/exon7- and pan-specific antibodies. In addi-

tion, human A� was present in transgenic but not wt
mouse lenses (Figure 1E).

A second region of A�PP encoded by exons 14, 15,
and 16 also undergoes alternative splicing and is linked
with increased Alzheimer pathophysiology.17 The junction
of exons 14 and 16 encodes a chondroitin sulfate addition
site for producing appican.28,29 We detected species dif-
ferences between the human and mouse in the splicing of
A�PP exon 15 in lens. Moreover, the human and mouse
splicing patterns were separately maintained in transgenic
animals that co-express the mouse and human genes (Fig-
ure 1F). Normal human lens and cornea predominantly
express A�PP with exon 15 and this was also the case in
transgenic eye tissues. This exon 15 splicing pattern was
previously identified as unique to neuronal cells in hu-
mans.17 In contrast, mouse A�PP transcripts �/� exon
15 are present in wt and hA�PPtg/tg lenses at comparable
levels. These results indicate that nucleotide sequences
residing at the human and mouse exon 14, 15, and 16
intron/exon boundaries are recognized and used differ-
ently by lens RNA splicing machinery in human or mouse
lenses.

Alzheimer pathophysiology can be initiated by a vari-
ety of factors including oxidative stress. In lens organ
cultures oxidative stress stimulates A�PP expression
and increases A� peptides.10 In turn, A� can contrib-
ute additional oxidative stress to form a “vicious cy-
cle.”38 We used semi-quantitiative RT-PCR to begin
examining one aspect of this model in the lens (Figure
1, F and G). Mouse A�PP transcripts assayed in RT-
PCR reactions using wt and hA�PPtg/tg transgenic

Figure 1. Human A�PP transgene expression and alternative mRNA splicing in mouse ocular tissues. A: RT-PCR detection of mouse A�PP using exon 6 and 9
primers in mouse tissues. B: RT-PCR analysis of human A�PP exons 6 to 9 in human lens and cornea. C: hA�PP transgene expression in hA�PPtg/tg mouse tissues.
D: Duplicate immunoprecipitations of total A�PP protein from hA�PPtg/tg mouse lenses subsequently probed with anti-KPI domain (exon 7) or pan-A�PP-specific
antibodies to detect A�PP isoforms. E: Human A� peptides detected in hA�PPtg/tg and wt mouse lenses. F and G: Exon 15 alternative splicing in human, transgenic
mouse, and wt mouse lenses using exon 13 and 17 primers. GAPDH-amplified products are included for semi-quantitative comparison.
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mouse lenses are greater in transgenic lenses relative
to GAPDH expression.

Lens Fiber Cell Defects and Age-Related
Degeneration in hA�PP Mice

Consistent phenotypic differences were observed in
hA�PPtg/tg mice. In contrast to the regular fiber cell orga-
nization and membrane morphology observed in wt
lenses, individual fiber cells in hA�PPtg/tg mice are irreg-
ularly shaped and the fiber cell arrays are misaligned.
Fluorescence photomicrographs of cross-sections of
lens fiber cells are presented in Figure 2. The lens re-
gions shown in each of these photomicrographs are lo-
cated within the lens transition zone, where fiber cell
organelle loss occurs, and outside the lens center re-
ferred to as the fetal nucleus. Fibers in the fetal nucleus
are formed during embryogenesis. Fiber cell morphology
in a wt 16- month-old mouse lens is shown in Figure 2, A
and E. Figure 2B demonstrates the irregular shape and
alignment of lens fibers cell arrays in hA�PPtg/tg mouse
lenses of the same age. In addition to changes in fiber
cell shape and alignment, numerous bodies with circular
profiles in thin section were present in all transgenic lens
histological sections. The perimeters of these objects
have the same staining properties as surrounding fiber
cell membranes suggesting that they are also mem-

brane-bound. Panels C and D in Figure 2 demonstrate
that these objects retain their circular profiles in sections
cut at increasingly oblique angles, consistent with these
objects being spherical in three dimensions. However,
these membrane bodies may also represent cross-sections
of finger-like projections described by others in senescent
human and monkey lenses,39,40 and further experiments
will determine whether these objects may have a multila-
mellar makeup similar to those demonstrated in the fetal
nucleus of human nuclear cataracts.41 Numerous circles
were present in hA�PPtg/tg lenses examined in transgenic
mice 6 months or older and not in wt controls. Twelve
hA�PPtg/tg and twelve 16-month-old control lenses were
examined. Membrane circles in hA�PPtg/tg mouse lens fi-
bers are �1 to 5 �m in diameter, a dimension that would
allow them to interact with visible light and potentially con-
tribute to lens opacification.

In addition to abnormalities in fiber cell membrane
morphology, hA�PPtg/tg mice exhibit increased age-re-
lated fiber cell degeneration and cortical plaque forma-
tion. Lenses from 6-month-old hA�PPtg/tg (Figure 3A) and
wt (Figure 3B) and from 16-month-old hA�PP mice (Fig-
ure 3, C and D) were examined in paraffin sections
stained with hematoxylin and eosin. The transgenic
mouse lens in Figure 3A contains swollen cortical fiber
cells and lens plaques (areas of apparent greater densi-
ty). In addition, fiber cell nuclei are disorganized in the
outer cortical region in comparison with wt lenses. How-
ever, the lens degeneration phenotype was variable in
severity and onset. An example of this variability is dem-
onstrated in photomicrographs of the left eye (Figure 3C)
and right eye (Figure 3D) from the same transgenic ani-
mal. Although both lenses are affected, one eye has
considerably more swollen and disorganized lens fiber

Figure 2. Lens fiber cell membrane abnormalities in hA�PP mice. Fluores-
cence photomicrographs of lens fibers in 16 month-old wt and hA�PPtg/tg

mice stained with hematoxylin and eosin (a fluorescein-related dye). A and
E: wt and B–D and F: hA�PPtg/tg lenses. A and B: Perpendicular fiber cell
cross sections showing fiber cell arrays. C, D, and E: Lens fibers in oblique
and longitudinal sections. Circular cross-sections indicated with arrows are
�1 to 5 �m in diameter. Regions shown are 250 to 325 �m from the
perimeter (Lenses are �2.5 mm in diameter).

Figure 3. Lens degeneration and cortical plaque formation in hA�PP mice.
Hematoxylin and eosin stained hA�PP and wt mouse eyes lenses viewed
under bright-field illumination. A: 6-month-old hA�PPtg/tg transgenic mouse.
B: 6-month-old wt mouse lens. C and C*: Left eye from a 16-month-old
hA�PPtg/tg transgenic mouse. D and D*: Right eye from a 16-month-old
hA�PPtg/tg transgenic mouse. Mouse lenses are �2.5 mm in diameter.
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cells containing plaques and flocculent material. Of inter-
est was our observation that little or no perturbations in
cornea and retina structure were apparent in hA�PPtg/tg

transgenic animals suggesting the lens has the greatest
sensitivity to Alzheimer pathophysiology in this human
A�PP gene dosage model.

Discussion

The present study demonstrates that mice carrying a
complete copy of a genomic human A�PP gene, in ad-
dition to the native A�PP gene, express both genes in
mouse ocular tissues. Human and mouse lenses pre-
dominantly express longer and potentially more deleteri-
ous alternatively spliced forms of A�PP. However, the
human and mouse A�PP genes undergo different alter-
native splicing regulation and these splicing patterns are
separately maintained in transgenic mouse tissues.

When lens fiber cell morphology in mice that express a
copy of the human A�PP gene was examined we ob-
served that hA�PPtg/tg mouse lens fiber cells exhibit dif-
ferences in membrane morphology. Fiber cells are irreg-
ularly shaped, not aligned in regular arrays, and
consistently contain numerous circular membrane-bound
bodies in fiber cells outside the lens fetal nucleus. In
histological sections, these objects have circular profiles
in perpendicular sections as well as in more longitudinal
sections. These circles or spheres may be related to
similar structures identified in the lens nucleus of senes-
cent human and other primate lenses.39–41 In addition,
similar membrane-bound bodies were described in the
central fetal nucleus of lenses from a glutathione perox-
idase gene-knockout mice that also model oxidative
stress in the lens.42 In our preliminary examination of
hA�PPtg/tg fetal lens sections we did not observe any
similar structures in day 15 post-conception fetal
hA�PPtg/tg lenses, suggesting these membrane-bound
bodies form after initial fiber cell differentiation begins.
This observation is consistent with our localization of
membrane-bound bodies in adult lenses outside the cen-
tral fetal nucleus.

The present data describing morphological abnormal-
ities in hA�PP mice suggests these changes result from
inappropriate lens development or trans-differentiation
attributed to increased A�PP gene dosage that also pro-
duces the more deleterious human A� peptides11–14 in
mouse tissues. The present findings suggest that in-
creased human A�PP and A� expression in lenses can
contribute to morphological changes, as well as protein
aggregation effects,43 that lead to cataract formation.

When considering the mechanism of increased A�PP
dosage in membrane morphology, a second example
comes from Drosophila studies. Flies have been geneti-
cally engineered to overexpress an extra copy of the
Drosophila A�PP gene.44 Such animals exhibit a dramatic
increase in membrane synaptic boutons in neuronal
cells. These boutons have the expected increased distri-
bution of synapsin and other neuronal markers on their
membrane surface. Synaptic boutons bear a cursory re-
semblance to lens membrane circles described here

insofar as both involve increased formation of membrane
out-pouchings related to A�PP dosage.

The present study identified consistent changes in lens
fiber cell morphology in hA�PP mice, however, we ob-
served variability in the lens degeneration phenotype,
even in eyes from the same animal. The present data
agree with the variability in lens degeneration described
in the classic human A�PP Tg2675 mouse model of AD
and lens degeneration phenotypes presented by oth-
ers.45,46 Tg2675 mice express an A�PP cDNA with the
Swedish familial AD mutation driven by the prion promot-
er47 that also directs lens gene expression.48 In con-
strast, the present study describes mice carrying a com-
plete copy of the wild-type human A�PP gene expressed
by native human A�PP promoter sequences. Taken to-
gether, these findings suggest that additional factors are
involved in the age-related lens degeneration phenotype
in models of lens Alzheimer pathophysiology. Finally,
details concerning the relationships between fiber cell
degeneration, aberrant lens membrane formations, and
A� oxidative stress remain to be determined.

In addition to the fundamental role Alzheimer-related
proteins have in ocular lens development and mainte-
nance, the presence of predominantly longer, potentially
more deleterious A�PP transcripts in human lens may
indicate an inherent vulnerability to Alzheimer pathophys-
iology. In summary, the present data provide further ev-
idence for a role for Alzheimer pathophysiology in oxida-
tive stress-related, and age-related cataract formation,
and that A�PP gene dosage effects may contribute to
early-onset cataracts in DS.
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