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NTRANEURONAL A�, NON-AMYLOID AGGREGATES AND
EURODEGENERATION IN A DROSOPHILA MODEL OF ALZHEIMER’S

ISEASE
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bstract—We have developed models of Alzheimer’s disease
n Drosophila melanogaster by expressing the A� peptides that
ccumulate in human disease. Expression of wild-type and Arc-
ic mutant (Glu22Gly) A�1–42 peptides in Drosophila neural
issue results in intracellular A� accumulation followed by non-
myloid aggregates that resemble diffuse plaques. These his-
ological changes are associated with progressive locomotor
eficits and vacuolation of the brain and premature death of the
ies. The severity of the neurodegeneration is proportional to

he propensity of the expressed A� peptide to form oligomers.
he fly phenotype is rescued by treatment with Congo Red that
educes A� aggregation in vitro. Our model demonstrates that
ntracellular accumulation and non-amyloid aggregates of A�
re sufficient to cause the neurodegeneration of Alzheimer’s
isease. Moreover it provides a platform to dissect the path-
ays of neurodegeneration in Alzheimer’s disease and to de-
elop novel therapeutic interventions. © 2005 IBRO. Published
y Elsevier Ltd. All rights reserved.

ey words: dementia, drug screen, A� peptide, arctic,
onformational.

lzheimer’s disease is the most common dementia, affect-
ng 15 million people worldwide. By 2050 it is estimated
hat a quarter of Western populations will be older than
5 years and hence particularly at risk (Puglielli et al.,
003). Current therapies palliate the memory and behav-

oral deficits of the disease but there is an urgent need to
evelop drugs that have disease-modifying activity. The
lassical histopathological lesions in the brain of an indi-
idual with Alzheimer’s disease are extracellular amyloid
laques and intracellular neurofibrillary tangles. The amy-

Corresponding author. Tel: �44-1223-336825; fax: �44-1223-336827.
-mail address: dcc26@cam.ac.uk (D.C. Crowther).
bbreviations: A�, amyloid beta peptide; AlzArc1, AlzArc2 and AlzArc3,

hree Drosophila lines expressing the Arctic mutant (Glu22Gly) of A�1–42

eptide; Alz40.1, Alz40.2 and Alz40.3, three Drosophila lines expressing
he A�1–40 peptide; Alz42.1, Alz42.2 and Alz42.3, three Drosophila lines
xpressing the A�1–42 peptide; APP, amyloid precursor protein; DAB,
,3=-diaminobenzidine tetrahydrochloride; Glu22Gly, Arctic mutant; PBS,

1118
2
hosphate-buffered saline; SDS, sodium dodecyl sulfate; w , strain of
ies from which the transgenic flies were derived.
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oid plaques are found particularly in the hippocampus, the
imbic cortex and the neocortex (Dickson, 1997) and are
omposed of �-amyloid peptides, which are proteolytic
ragments of the larger transmembrane amyloid precursor
rotein (APP; Selkoe, 2001).

There is growing evidence that it is the �-amyloid
eptides that are central to the pathogenesis of Alzhei-
er’s disease (Crowther, 2002). These peptides are gen-
rated by �- and �-secretase cleavage of APP to yield
eptides of either 40 or 42 amino acids in length (A�1–40 or
�1–42). The difference in peptide length is due to variation

n the cleavage site of �-secretase. Three genetic loci have
een linked to familial Alzheimer’s disease, APP itself and
he presenilin-1 and presenilin-2 genes that code for over-
apping, but distinct, �-secretase activities (Lai et al.,
003). In health the shorter, less aggregatory A�1–40 pep-

ide predominates; however, in sporadic and most cases of
amilial Alzheimer’s disease either the ratio of A�1–42 to
�1–40 is increased or the total concentration of A�1–42 is

aised. In the rare cases of familial Alzheimer’s disease
here the production of A�1–42 is unchanged, or reduced,

hen mutations within the �-amyloid peptide, such as the
rctic mutation, greatly accelerate its aggregation (Nilsberth
t al., 2001; Dahlgren et al., 2002; Murakami et al., 2002).

Despite these genetic data the pathogenic role of
-amyloid plaques has been questioned because of the
resence of plaques in some healthy, elderly individuals
nd also because of the poor correlation between the
umber of amyloid plaques and the degree of dementia in

ndividuals with Alzheimer’s disease (Wilcock and Esiri,
982). The debate has centered on whether the amyloid
laque is the neurotoxic species or whether it represents a
elatively inert, end-point of �-amyloid peptide aggrega-
ion. The observation that total brain �-amyloid peptide
oncentration correlates better with dementia than plaque
ount (Naslund et al., 2000) has underpinned the conclu-
ion from in vitro and in vivo experiments that it is soluble,
ligomeric aggregates of A� peptides that are the neuro-
oxic species (Lambert et al., 1998; Walsh et al., 2002).
ligomeric A� has characteristic electron microscopic ap-
earances including spheroids, rings and short fibrils
Lashuel et al., 2002, 2003). Fractionation of the aggregat-
ng peptides has shown that monomeric peptide is not toxic
ut that oligomeric peptide gains toxicity that is subse-
uently lost when mature fibrils are formed (Lashuel et al.,
003). Recently a polyclonal antibody has been raised that
as specific affinity for oligomeric A� allowing detection of
he putative toxic species in vitro and in vivo (Kayed et al.,

003).

ved.
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Understanding the pathways of neurodegeneration in
lzheimer’s disease and the search for disease-modifying
rugs requires a faithful animal model. Ideally this should
ermit the testing of candidate compounds acting at the
arious points on the pathogenetic cascade from A� gen-
ration and aggregation through to the pathways of cell
eath. Current mouse models replicate the abnormal pro-
essing of APP in the human disease and develop clear
-amyloid plaques. Although mouse models show mild
ehavioral deficits these are laborious to characterize and
evelop after many months (Westerman et al., 2002). Until
ecently mouse models of Alzheimer’s disease did not
emonstrate global neuronal loss despite florid amyloid
laque pathology; however, a recent quadruple-mutant
ouse has shown neuronal loss in association with intra-

ellular accumulation of A� (Casas et al., 2004). In view of
he problems with mouse systems (Davis and Laroche,
003) we and others (Greeve et al., 2004; Iijima et al.,
004) have generated a Drosophila model of Alzheimer’s
isease by driving A� production in the CNS and retina of

he fly. Our model has enabled us to correlate the rate of
� aggregation with the severity of various Alzheimer’s
henotypes and has demonstrated that Congo Red signif-

cantly rescues the Alzheimer’s fly.

EXPERIMENTAL PROCEDURES

eneration of transgenic flies

he A�1–42 peptide (underlined) was cloned with a secretion signal
eptide from the Drosophila necrotic gene (Green et al., 2000)
MASKVSILLLLTVHLLAAQTFAQDAEFRHDSGYEVHHQKLVFFA
DVGSNKGAIIGLMVGGVVIA) into the Gal4-responsive pUAST
xpression vector. The QuikChange XL site-directed mutagenesis
it (Stratagene, La Jolla, CA, USA) was used to introduce the
rctic A�1–42 mutation (Glu22Gly) and to introduce a premature
top codon, shortening the coding sequence by two amino acids,
o produce the A�1–40 peptide. Two of the wild-type transgenic Alz
ines had the A�1–42 transgene inserted on chromosome 2
Alz42.1 and Alz42.2) and one line had the transgene on chromo-
ome 3 (Alz42.3). The double transgenic (Alz42.2�Alz42.3) line
as generated by crossing the Alz42.2 and Alz42.3 lines. The
rctic A�1–42 lines had the transgene inserted on either chromo-
ome 2 (AlzArc1 and AlzArc3) or 3 (AlzArc2). The insert was on
hromosomes 2 (Alz40.3) or 3 (Alz40.1 and Alz40.2) in lines
xpressing the A�1–40 peptide. The presence of the A�1–40

UAST construct in transgenic flies was confirmed by PCR from
enomic DNA. The A� peptides were expressed by crossing
ransgenic flies with the Gal4-elavc155 pan-neuronal driver strain.
orrect proteolytic processing of the secretion signal peptide was
onfirmed by expression of identical A�1–42 constructs in Dro-
ophila S2 cells. The constructs were subcloned into the pMT/V5-
is vector (Invitrogen) and transfected into S2 cells using
uGENE 6 (Roche, Lewes, UK). Twenty-four hours after induction

he cell pellets and conditioned media were examined by immu-
oprecipitation and Western blotting of SDS-PAGE gels using the
G8 monoclonal antibody. Expression and correct processing of
�1–42 were confirmed by immunoprecipitation and Western blot-

ing from 100 fly heads from transgenic flies and controls. Efficient
etection of A�1–42 derived from fly heads required that the nitro-
ellulose membrane be boiled for 5 min in phosphate-buffered

aline (PBS) following electroblotting. t
ongevity and climbing assay

lies expressing one or two copies of A�1–42, Arctic A�1–42 or
�1–40 peptide were incubated at 29 °C in groups of up to 30 in
-inch glass vials with new food every 2 days. Viable transgenic
nd control (Gal4-elavc155) flies were counted daily. Flies in Fig. 3
ere cultured on standard food with dried yeast. Flies in Figs. 4
nd 5 were cultured on instant fly food containing the required test
ompound until eclosion and thereafter on standard fly food with a
00 mg streak of yeast paste containing the test compound.
ppropriate untreated flies were cultured in parallel on the instant

ood to control for small differences in survival between standard
nd instant fly food. Differences in survival were analyzed using
he SPSS 11 Kaplan-Meier software package. To assess climbing
ehavior up to 20 flies were placed at the bottom of a clean 3-inch
lass vial and a second identical vial was placed above. After 20 s
he two vials were separated and the number of flies at the top and
ottom were counted. The proportion of Alzheimer’s flies in the top
ial was compared over time with the proportion of control flies
that expressed only the Gal4-elavc155 driver). The number of
bservations of fly locomotor function ranged between 319 and
036, representing more than five cohorts of flies for each trans-
enic strain.

mmunohistochemistry and microscopy

t time points up to 3 weeks post-eclosion the Alzheimer’s flies were
ecapitated and the proboscis was dissected away to facilitate pen-
tration of the fixative. For the low power images Zamboni’s fixative
as used (0.2% v/v picric acid, 2% w/v paraformaldehyde, 0.1 M
hosphate buffer pH 7.2–7.6) whereas tissue for higher power im-
ges was fixed with 2% w/v paraformaldehyde, 0.1 M phosphate
uffer pH 7.2–7.6. After fixation the tissue was embedded in paraffin
ax and immunostaining was performed on 6 �m sections with the
G8 monoclonal antibody (20 ng/�l in PBS) with biotinylated anti-
ouse antibody (Vector Laboratories Ltd, Peterborough, UK; 1:200

n PBS) as the secondary antibody and subsequently with avidin–
RP, developing with nickel chloride-enhanced 3,3=-diaminobenzi-
ine tetrahydrochloride (DAB). Fly tissue for oligomer staining was
reated as described above. Tg2576 mice (Hsiao et al., 1996),
xpressing the Swedish mutation of human APP (Lys670Asn,
et671Leu), were anesthetized and exsanguinated before the brain
as removed and immersion-fixed in 4% w/v paraformaldehyde
efore embedding in paraffin and sectioning at 6 �m. Postmortem
lzheimer’s disease brain was immersion-fixed in 10% w/v formal
aline before embedding in paraffin and sectioning at 6 �m. Oli-
omers were stained with an A� oligomer-specific antibody (Kayed
t al., 2003; 1:100 dilution of antiserum) with a biotinylated anti-rabbit
ntibody as the secondary antibody. Congo Red staining with hema-
oxylin counterstaining of fly sections and control human renal amy-
oid sections was performed as described previously (Puchtler and
weat, 1965). The external surfaces of the eyes were visualized by
canning electron microscopy and the architecture of the retina was
iewed in 6 �m sections of araldite-embedded tissue stained with
ethylene Blue.

All experiments using human and animal tissue complied with
ocal and international ethical guidelines. We minimized the use of
uman and animal tissue.

RESULTS

rosophila transgenesis

e have tested the hypothesis that intracellular and non-
myloid aggregates of A�1–42 are the neurotoxic species in
lzheimer’s disease by expressing A�1–42 and other A�
eptides (fused to a secretion signal peptide) in the neural
issue of D. melanogaster. Independent transgenic lines were
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ig. 1. Plaque formation and neurodegeneration in the brain and retina of Alzheimer’s flies. Scanning electron microscopy was used to examine the
ppearance of the Drosophila eyes at eclosion (scale bar�100 �m). Control Gal4-elavc155 flies (a) and flies expressing one A�1–40 transgene (data
ot shown, three independent strains examined) had normal eyes whereas flies expressing one A�1–42 transgene (b) had a mild rough eye phenotype.
xpression of two A�1–42 transgenes (c) or one Arctic A�1–42 transgene (d) gave increasingly severe rough eye phenotypes. Immunohistochemistry
ith the 4G8 monoclonal antibody of the retina and brain of flies expressing a single A�1–42 transgene (Alz42.1) showed undetectable levels of A�
xpression at eclosion that was indistinguishable from control flies (e, f). However by day 10 intracellular accumulation of A� could be detected
arrowheads, g, h). By day 15 the intracellular accumulation of A� peptide was more marked (arrowheads) and there were large accumulations of

eptide (arrow) in the region of the cell bodies bordering the lamina and medulla (i, j).
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ig. 1. At day 0 (k, l) there was low-level intracellular accumulation of peptide. By day 5 (m, n) the intracellular staining was more marked (arrowhead)
nd there were numerous large accumulations (arrows) of peptide. At day 10 (o, p) the intracellular staining remained (arrowheads); however, the

arger the foci of A� appeared to be extracellular and were accompanied by vacuolation (arrows). The histological changes were further accelerated
n flies expressing a single copy of the Arctic A�1–42 transgene. On day 0 (q, r) there was widespread, intense intracellular accumulation (arrowhead).
ntracellular staining was still present at day 5 (s, t); however, extracellular deposits (arrow) were now visible. By day 9 there was widespread
acuolation (arrows) with concomitant reduction in staining intensity (u, v). The same features are evident at earlier time points in flies expressing two

opies of the A�1–42 transgene (Alz42.2�Alz42.3).
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erived in which the coding sequences for the A�1–42 peptide
Alz42.1, Alz42.2, Alz42.3), the A�1–40 peptide (Alz40.1,
lz40.2, Alz40.3), or the A�1–42 peptide containing the Arctic
utation (Glu22Gly; AlzArc1, AlzArc2, AlzArc3) were placed
ownstream of multiple binding sites for the yeast transcrip-
ional activator Gal4. The Glu22Gly amino acid substitution
auses more rapid protofibril formation with increased neu-
otoxicity and results in early onset Alzheimer’s disease
Nilsberth et al., 2001; Murakami et al., 2002). In contrast the
�1–40 peptide aggregates less readily than A�1–42 and
rovides a powerful control for the non-specific effects of
eptide expression. Lines of transgenic flies carrying the
al4-responsive constructs were then crossed with Gal4-
lavc155 flies in order to drive expression of the A� peptides

n the nervous system and retina (Brand and Perrimon,
993). Parental flies were cultured for 5 days at 25 °C to
romote efficient egg laying. The developing offspring were
ubsequently incubated at 29 °C to enhance expression of
he Alzheimer’s transgene.

istological phenotype of flies expressing A�

nitial observations of the Alzheimer’s flies revealed a com-
only described mild developmental abnormality of the cor-
eal lens of the compound eye. The resulting rough eye
henotype contrasts with the smooth appearance of the eye

n flies expressing only the Gal4-elavc155 driver (Fig. 1a). This
ffect was gene dose dependent, such that flies expressing
ne copy of the A�1–42 transgene had a mild rough eye
Fig. 1b) whereas flies expressing two copies of the A�1–42

ransgene (Fig. 1c) had a moderate rough eye. A single copy
f Glu22Gly transgene (Fig. 1d) was sufficient to cause a

ig. 1. Expression of a single copy of the A�1–40 transgene gave clea
1 (w, x). Detailed examination of the structure of the brain and retina u
ells. These changes were seen most clearly in sections of the retina
f a 21 day old fly expressing a single copy of the A�1–42 transgene (Alz
as enhanced with nickel in e, g, i, k, m, o, q, s, u, w and x.
arked rough eye at hatching (eclosion). In contrast flies c
xpressing the A�1–40 peptide, the form of the peptide that
auses less oligomer and fibril formation (Jarrett and Lans-
ury, 1993), had normal eyes (data not shown). Despite
he rough eye phenotype, microscopic inspection of glu-
araldehyde-fixed, araldite-embedded sections demon-
trated that the architecture of the underlying retina and
rain was normal at eclosion in all transgenic lines ex-
ressing the A� peptides (data not shown).

Age-related changes in the brain and retina of the trans-
enic flies were visualized by staining tissue sections with the
G8 monoclonal antibody that detects all A� peptides. In all
y strains we found A� to be most intense in regions of the
rain that contain neuronal cell bodies. Flies expressing one
opy of the A�1–42 transgene (Alz42.1) did not have detect-
ble levels of A�1–42 expression on the day of eclosion
day 0; Fig. 1e, f); however, by day 10 (Fig. 1g, h) intracellular
ccumulation was apparent (arrowheads). By day 15 (Fig. 1i,

) the intracellular accumulation was more marked (arrow-
eads) and there were large accumulations of peptide
arrow) where neuronal bodies predominate, particularly bor-
ering the lamina and medulla.

In flies possessing two copies of the A�1–42 transgene
Alz42.2�Alz42.3) intracellular accumulation of A� was
pparent at day 0 (Fig. 1k, l). By day 5 (Fig. 1m, n) the

ntracellular staining was more marked (arrowhead) and
umerous larger foci of staining were apparent (arrows)
ith a distribution similar to the Alz42.1 flies at day 15. At
ay 10 (arrowhead, Fig. 1o, p) the intracellular staining
emained; however, the larger foci of A� appeared to be
xtracellular and were associated with vacuolation (ar-
ows), a sign of neurodegeneration. The same pathological

llular staining; however, plaques and vacuolation were absent at day
-embedded tissue demonstrated vacuolation and atrophy of neuronal
shows the atrophy (arrowhead) and vacuolation (arrow) in the retina
compared with a 21 day old control Gal4-elavc155 fly (z). DAB staining
r intrace
sing resin
. Panel y
hanges were more marked and occurred earlier in flies
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xpressing a single copy of the Glu22Gly transgene (Al-
Arc2). Arctic A�1–42 expression was most intense at eclo-
ion (Fig. 1q, r) with staining being intense within cells
arrowhead). Intracellular staining was still present at day 5
arrowhead, Fig. 1s, t); however, extracellular deposits of
� were now apparent in higher power images (arrow).
he few flies surviving to day 9 (Figs. 1u, v) showed
educed A�1–42 staining with widespread vacuolation of
he brain and retina (arrows). Confirmation that these ap-
earances represent a specific model of Alzheimer’s dis-
ase in humans came from the expression of A�1–40. Flies
hat expressed one copy of the A�1–40 transgene showed
eptide expression without plaque formation or vacuola-
ion for up to 21 days after eclosion (Fig. 1w, x).

Greater resolution of the structure of the eye was
ossible with glutaraldehyde-fixation and resin-embed-
ing of tissue. Flies expressing one copy of the A�1– 42

ransgene (Alz42.1) demonstrated normal retinal and

ig. 2. Detection of A� in transfected S2 Drosophila cells, brain tis
ell lysates (C) and culture media (M) from S2 cultures transfecte
ipitated with 1 �g of the 4G8 monoclonal antibody bound to sepharo
DS-PAGE gel and detected by Western blotting with 4G8 (0.2 ng/�
uffer (REB) were spiked with 100 pmol of pure A�1– 42 and process
s an intracellular monomer (A�1– 42, C, lower arrowhead) with so
�1– 42 was secreted into the medium (A�1– 42, M, arrowhead). Arct

ysates only (Arctic A�1– 42, C, arrowhead). (b) Protein extracts from
ntibody bound to sepharose-protein A. Immunocomplexes were r
lotting with 4G8 (0.2 ng/�l). Alz42.2�Alz42.3 flies expressing two
r control fly extract spiked with pure synthetic A� peptide (spiked A
ection of a Tg2576 transgenic mouse (ii) and Alz42.2�Alz42.3 flies
howed small spherical or bullet-shaped structures in the neuropil (a
laques exhibited diffuse staining (arrowhead).
rain structure at days 0, 5 and 15 (data not shown) but T
y day 21 (Fig. 1y) there was marked vacuolation of the
etina (arrow) with atrophy of photoreceptors (arrow-
ead) in marked contrast with control flies at day 21
hich retained normal retinal structure (Fig. 1z).

andling of the A�1–42 transgene product by
rosophila cells

e demonstrated that processing of the A�1–42 peptide oc-
urs correctly by using the Drosophila S2 cell culture system.
rosophila S2 cells were transfected with plasmids express-

ng the same signal peptide-A� construct that was used to
enerate the corresponding transgenic flies. The A�1–42 pep-
ide was visualized as a 4 kDa band in the cells and culture
edia by immunoprecipitation and sodium dodecyl sulfate

SDS)–polyacrylamide gel electrophoresis followed by West-
rn blot analysis with the 4G8 monoclonal antibody (Fig. 2a)

ndicating the correct removal of the secretion signal peptide.

transgenic flies and mice and an Alzheimer’s disease patient. (a)
e empty pMT vector, A�1– 42 and Arctic A�1– 42 were immunopre-
in A. Immunocomplexes were resolved on an 18% w/v Tris– glycine
ol cell lysates from non-transfected cells (NT) and RIPA extraction
allel. A�1– 42 was correctly processed and was found predominantly
-resistant dimer (A�1– 42, C, upper arrowhead). A small amount of
ran as SDS-stable oligomers, predominantly tetramers, in the cell
heads were immunoprecipitated with 1 �g of the 4G8 monoclonal

on an 18% Tris– glycine SDS-PAGE gel and detected by Western
f the A�1– 42 transgene (A�) were compared with control flies (nil)
munostaining of human Alzheimer’s disease brain section (i), brain
ng A�1– 42 (iii) with A�-oligomer-specific antiserum. All three tissues

immunostaining. The murine tissue was unique in that the amyloid
sue from
d with th
se-prote
l). Contr

ed in par
me SDS
ic A�1– 42

100 fly
esolved
copies o

�). (c) Im
expressi
he wild type A�1–42 peptide was predominantly retained
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ithin the cells, mostly as a monomer but with some SDS-
esistant dimeric peptide present (Fig. 2a, A� , lane C,

ig. 3. Characterization of flies expressing A� peptides. (a) The long
ne (Alz42.2, diamonds; and Alz42.3, empty circles) or two copies (A
hown, representative of AlzArc1 and AlzArc3; triangles) of the A�1–4

f Alz40.3 and Alz40.2; filled circles) of A�1–40 under the control of the
ood every 2–3 days. Expression of the A�1–42 peptide in the fly’s ner
lzheimer’s flies that climbed to the top tube was compared with age
9 °C climb less with age becoming immobile by day 17 (empty bars;
he A�1–42 transgene (Alz42.1; gray bars; 1036 fly observations in
ompared with controls, a phenotype that is further accelerated by ex
19 fly observations in 13 locomotor assays).
1–42

rrowheads). A small amount of wild type A�1–42 was se- b
reted into the media (Fig. 2a, A�1–42, lane M, arrowhead).
� with the Glu22Gly showed higher molecular mass

ontrol w1118 flies (filled squares) was compared with flies expressing
lz42.3; empty squares) of the A�1–42 transgene, one copy (AlzArc2
with the Arctic mutation or one copy (Alz40.1 shown, representative
vc155 driver. The flies were cultured at 29 °C and transferred to fresh
e resulted in a dose-dependent reduction in survival. (b) The ratio of
control flies. Control flies (the Gal4-elavc155 driver line) incubated at
observations in 55 locomotor assays). Alzheimer’s flies that express
otor assays) show an accelerated decline in climbing behavior as
of the transgene containing the Arctic mutation (AlzArc1; black bars;
evity of c
lz42.2�A

2 peptide
Gal4-ela

vous tissu
-matched
1244 fly

44 locom
pression
1–42

ands within the cells that represent SDS-resistant oli-
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D.C. Crowther et al. / Neuroscience 132 (2005) 123–135130
omers, predominantly tetramers, of the Arctic A�1–42 pep-
ide (Fig. 2a, Arctic A�1–42, lane C, arrowhead). We could not
etect secreted Arctic A�1–42 (Fig. 2a, Arctic A�1–42, lane M).
pecific bands were not observed in samples from control
ells lacking the A�1–42 plasmid (data not shown) or in cells
ransfected with the blank pMT plasmid (Fig. 2a, pMT, lanes

ig. 4. Effect of MK-801 on Alzheimer’s flies. (a) Three micromolar
ransgene (Alz42.2�Alz42.3; filled circles; n�47, P�0.0001) as comp
pecific rescue of the Alzheimer’s phenotype because the survival of c
�M MK-801 (filled triangles; n�47, P�0.2). (b) Treatment of Arctic flie

filled diamonds; n�47, P�0.0001).
and M). Immunoprecipitation of A�1– 42 from transgenic t
y heads demonstrated the presence of a species con-
istent with a correctly processed dimer (Fig. 2b, A�),
sing control extract spiked with pure synthetic A�1– 42

eptide as the molecular weight marker (Fig. 2b, spiked
�). A similar band was not present in control fly extract

Fig. 2b, nil). Thus Drosophila cells are able to process

prolonged the survival of flies expressing two copies of the A�1–42

untreated flies (empty circles; n�113). The effect of MK-801 was a
118 flies (filled squares; n�356) was not prolonged when treated with
; empty diamonds; n�183) with 3 �M MK-801 also prolonged survival
MK-801
ared with
ontrol w1

s (Arc2E
he transgene product to generate a 4 kDa peptide that
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ig. 5. Effect of Congo Red on Alzheimer’s flies. (a) Five percent w/v Congo Red markedly prolonged the survival of flies expressing two copies of
he A�1–42 transgene (Alz42.2�Alz42.3; filled circles; n�73, P�0.0001) as compared with untreated flies (filled diamonds; n�113). However 1% w/v
ongo Red did not significantly prolong the survival of Alzheimer’s flies (empty circles; n�60, P�0.1). Ten percent and 15% w/v Congo Red gave
imilar results to 5% w/v Congo Red. The Congo Red effect was specific because there was no prolongation in survival when control w1118 flies (filled
quares; n�356) were treated with 5% w/v Congo Red (filled triangles; n�100, P�0.05). (b) Treatment of Arctic flies (Arc2E; filled diamonds; n�183)
ith either 1 or 5% w/v Congo Red significantly prolonged survival as compared with controls (1% w/v Congo Red, empty circles, n�160, P�0.0001;
nd 5% w/v Congo Red, filled circles, n�408, P�0.0001). Treatment with 10% and 15% w/v Congo Red gave similar results to 5% w/v Congo Red.
c) Treatment with Congo Red improved the histological appearances in 9 day old flies expressing two copies of the A�1–42 transgene
Alz42.2�Alz42.3). The burden of A� deposits (arrows) was markedly higher in untreated Alzheimer’s flies (a, b) as compared with flies treated with

% w/v Congo Red (c, d) stained with the 4G8 monoclonal antibody. Magnification was 40� for a and c and 100� for b and d.



c
t
b
t
r
o

A

T
a
t
t
d
d
m
m
b
A
s
c
s
s
t
a
m
o

t
l
o
A
w
c
f
s
(
A
c

A

T
t
l
f
m
fl
e
K
s
p
a
n
2
w
c
w
m
A
t

m
v
d
t
v
p
t
m
o
A
(

h
1
t

B

I
h
c
c
c
L
P
B
s
c
l
A
1
p
A

m
t
u
n
s
t
c
m
w
o

V
h

H
d
b
t
e
p
c
s
a
c
c
f

D.C. Crowther et al. / Neuroscience 132 (2005) 123–135132
orresponds to the A�1– 42 peptide that accumulates in
he brains of humans with Alzheimer’s disease. Despite
eing correctly processed into the secretory pathway,
he majority of the A� peptide is not secreted but is
etained within the cell as aggregates, at least a fraction
f which are SDS-stable on gel electrophoresis.

�1–42 oligomers are present in Drosophila brain

he brains of flies expressing A�1–42 were stained with an
ntiserum that recognizes only the oligomeric conformer of
he Alzheimer’s peptide (Kayed et al., 2003). We found that
he pattern of staining achieved with this antiserum was
ependent on the handling of tissue, in particular the
egree of antigen retrieval. However, using identical im-
unochemical conditions for sections from human Alzhei-
er’s disease brain (Fig. 2 ci), murine Alzheimer’s model
rain sections (Tg2576 mice; Fig. 2 cii) or flies expressing
�1–42 in their brains (Fig. 2 ciii) we could demonstrate
imilarities in the pattern of staining. In all three tissues we
ould observe small, immunoreactive spheroid- or bullet-
haped bodies in the neuropil. The murine tissue also
howed staining of the amyloid plaques that characterize
his model system. There was no clear time course in the
ppearance of these bodies in the fly models of Alzhei-
er’s disease. No staining was seen in flies that expressed
nly the elav driver (data not shown).

Neurodegeneration occurred in the Alzheimer’s flies in
he absence of �-amyloid formation as evidenced by the
ack of staining with the dye Congo Red and the absence
f apple-green birefringence in sections of flies expressing
�1–42 or Arctic A�1–42 at any age (data not shown). This
as in contrast to the positive staining of control amyloid-
ontaining tissue. Moreover, examination of neural tissue
rom flies expressing the A�1–42 transgene with transmis-
ion electron microscopy did not reveal any amyloid fibrils
data not shown). Our data suggest that intracellular
�1–42 and/or subsequent non-�-amyloid aggregates can
ause neurodegeneration.

lzheimer’s flies have reduced longevity

he effect on the whole fly of expressing the A�1–42 pep-
ide in fly neural tissue was then assessed. We performed
ongevity assays on flies expressing A� peptides and
ound that expression of the A�1–42 peptide caused a
arked reduction in survival (Fig. 3a) as compared with

ies without a transgene. Survival assays were repeated in
xcess of three times for all lines of flies and the SPSS 11
aplan-Meier software package was used to analyze the
ignificance of the data. The three lines of flies that ex-
ressed a single Alzheimer’s transgene (Alz42.1, Alz42.2
nd Alz42.3) had a median survival of 13 days (Alz42.1,
�100; Alz42.2, n�100; Alz42.3, n�100), compared with
0 days for the control flies (w1118, n�100; P�0.0001
1118 vs. Alz42.2). Viability was further reduced if two
opies of the A�1–42 transgene (Alz42.2�Alz42.3; n�100)
ere expressed in neural tissue, such that the
edian survival was 9 days (P�0.0001, Alz42.2 vs.
lz42.2�Alz42.3). The Glu22Gly had a striking effect such
hat flies expressing one copy of this transgene having a m
edian survival of only 4 days (n�94, P�0.0001 AlzArc2
s. Alz42.2�Alz42.3). At 29 °C there was no transgene-
osage effect for the Arctic flies such that the double
ransgenic flies AlzArc1�AlzArc2 also had a median sur-
ival of 4 days; when the expression of the Arctic A�1–42

eptide was reduced by culturing the flies at 25 °C a
ransgene-dosage effect was apparent. In this case the
edian survival for flies expressing one (AlzArc2, n�212)
r two copies (AlzArc1�AlzArc2, n�89) of the Arctic
�1–42 transgene was 10 and 6 days respectively

P�0.0001).
Expressing one copy of the A�1–40 transgene at 29 °C

ad no effect on survival (median survival of Alz40.1 was
8 days, n�107, P�0.4 vs. w1118, n�100), demonstrating
hat the less aggregatory A� peptide alone was not toxic.

ehavioral phenotype of Alzheimer’s flies

nitial observations indicated that the Alzheimer’s flies be-
aved normally at eclosion and subsequently developed lo-
omotor deficits. Locomotor activity was assessed with a
limbing assay that has been used to monitor aging-related
hanges in Drosophila (Ganetzky and Flanagan, 1978;
e Bourg and Lints, 1992) and to characterize transgenic
arkinson’s flies with locomotor dysfunction (Feany and
ender, 2000). Flies expressing one A�1–42 transgene
howed accelerated decline in climbing behavior relative to
ontrol flies, becoming immobile by day 10 (Fig. 3b). This

ocomotor dysfunction occurs in association with intracellular
� but prior to the development of extracellular plaques (Fig.
g, h) and prior to signs of neurodegeneration. The locomotor
henotype was enhanced by the expression the Arctic
�1–42 transgene (immobile by day 2).

By expressing A� in the brain of the flies we are
odeling the final common pathway of neurodegeneration

hat, in Alzheimer’s disease, is triggered by a wide range of
pstream factors. We show clearly that the locomotor,
eurodegenerative and survival phenotypes were more
evere under conditions that favored the A�1–42 aggrega-
ion (raising the temperature or increasing the number of
opies of the A�1–42 transgene) or expressing the Arctic
utation that favors oligomer formation. This is in keeping
ith the overproduction of A�1–42 in the sporadic and most
f the genetic forms of Alzheimer’s disease (Selkoe, 2001).

alidation of the Alzheimer’s fly for
uman drug screening

aving achieved a biologically faithful model of Alzheimer’s
isease we validated the fly as a platform for drug discovery
y testing the therapeutic efficacy of MK-801, an inhibitor of

he excitatory action of glutamate on the NMDA receptor. The
xcitotoxic action of glutamate in Alzheimer’s disease is sup-
orted clinically by the finding that Memantine, a non-
ompetitive glutamate antagonist, is the only therapy that
lows the progression of Alzheimer’s disease (Reisberg et
l., 2003). Drosophila have closely homologous NMDA re-
eptors expressed in the brain (Ultsch et al., 1993) and
onsequently we administered 3 �M MK-801 in the fly food
rom the embryonic stage onwards. Treatment with MK-801

arkedly prolonged the survival of Alzheimer’s flies express-
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ng two copies of the A�1–42 transgene (Alz42.2�Alz42.3;
ig. 4a; P�0.0001) and flies expressing the Glu22Gly mutant
f A�1–42 (AlzArc1, Fig. 4b, P�0.0001). There was no addi-
ional rescue with 30 and 150 �M MK-801. Therefore the
lzheimer’s fly can be rescued by a therapeutic intervention

hat is effective in the treatment of human Alzheimer’s
isease.

ongo Red, an inhibitor of A�1–42 aggregation,
escues the Alzheimer’s fly

e then assessed whether blocking oligomerization of the
�1–42 peptide would rescue the Alzheimer’s phenotype.
he azo-dye Congo Red binds to �-amyloid (Klunk et al.,
989) and inhibits fibrillization of A�1–42 in vitro (Lorenzo and
anker, 1994; Podlisny et al., 1998). Indeed Congo Red has

ecently been shown to inhibit oligomerization of polyglu-
amine repeats in association with a striking improvement in
otor function and survival in a mouse model of Huntington’s
isease (Sánchez et al., 2003). It also rescues neurodegen-
ration and improves motor function in a Drosophila model of
olyglutamine repeat disease (Apostol et al., 2003). The dou-
le A�1–42 transgenic Alzheimer’s flies (Alz42.2�Alz42.3)
ere therefore fed on a 30% w/v mix of Congo Red dye with
east paste from the time of hatching but this had no effect on
urvival. However, feeding the double transgenic
Alz42.2�Alz42.3; Fig. 5a) and the Arctic (AlzArc1; Fig. 5b)
ies on 5% w/v Congo Red from the embryonic stage re-
ulted in a significant increase in longevity (P�0.0001 for
oth lines). The specific rescue by Congo Red of the Alzhei-
er’s phenotype was demonstrated by the absence of any
ffect on the survival of control flies (Fig. 5a). Immunohisto-

ogical sections from double A�1–42 transgenic flies
Alz42.2�Alz42.3) fed on 5% w/v Congo Red showed a clear
eduction in plaque formation and delay in vacuolation with
reservation of the architecture of the brain and retinal tis-
ues (Fig. 5c). We were not able to determine the effect of
ongo Red on the climbing phenotype because of non-
pecific toxicity of Congo Red on control flies (treated flies
ere immobile by day 7 vs. day 17 for untreated flies). Thus
ongo Red is able to rescue models of both the sporadic and

amilial forms of Alzheimer’s disease by inhibiting A� aggre-
ation in vivo.

DISCUSSION

he evidence that pro-aggregatory A� peptides underlie
he neuronal dysfunction and death seen in Alzheimer’s
isease is robust (Hardy and Selkoe, 2002). However it is
ot clear which species is directly neurotoxic and whether
he toxic effect is mediated from within the cell or from the
xtracellular space. We have developed a Drosophila
odel of Alzheimer’s disease based on the secretion of A�
eptides to gain insight into these questions. Initially A�
as expressed in a Drosophila cell line to demonstrate that

he secretion signal peptide was being removed and that
�1–42 was being correctly generated. Although A� cor-

ectly entered the secretory pathway our data showed that
uch of the A� and all of the Arctic A� was
1–42 1–42

etained within the cell as monomer or SDS-resistant oli- c
omers. Similarly in brain sections from young transgenic
ies, A� is initially intracellular and only later are extracel-

ular deposits and vacuolation observed. Given our obser-
ations in the fly it is interesting to note the evidence that

ntracellular A� peptide accumulation is an early step in
oth Alzheimer’s disease (LaFerla et al., 1997; Yang et al.,
999; Gouras et al., 2000; Glabe, 2001) and the neurode-
eneration associated with Down syndrome (Gyure et al.,
001; Mori et al., 2002). There is further evidence that A�
eurotoxicity is mediated primarily from an intracellular

ocation (Zhang et al., 2002; Casas et al., 2004). In our fly
odels the process of intracellular accumulation and neu-

odegeneration was accelerated by expressing A�1–42

ith the Arctic mutation that favors protofibril formation and
ncreases neurotoxicity (Nilsberth et al., 2001; Lashuel
t al., 2003). Furthermore the survival of the flies was
rolonged and the accumulation of A� was reduced by
eeding flies with Congo Red, an azo-dye that reduces
�1–42 oligomerization in vitro (Podlisny et al., 1998). Flies
xpressing the less aggregatory A�1–40 peptide acted as
ontrols for the non-specific effects of expressing a foreign
ydrophobic peptide in the Drosophila brain. The A�1–40

eptide was clearly visualized within cell bodies of neu-
ones in a similar distribution to the A�1–42 peptides; how-
ver, extracellular deposition and vacuolation did not
ccur.

These transgenic fly models also allow dissection of the
emporal relationship between the detection of intracellular
� accumulation and the observed locomotor phenotype.
lies expressing the A�1–42 peptide had a progressive de-
line in locomotor function. This was apparent at a time when
nly intracellular A� was seen within the brain. A likely con-
lusion from this observation is that non-amyloid aggregates
f A�, probably peptide oligomers, induce neuronal dysfunc-

ion that in turn is manifest as a behavioral phenotype. We
ave performed immunohistochemistry with an oligomer-
pecific antiserum on sections from human Alzheimer’s dis-
ase brain, mouse model brain and fly model brain. A similar
attern of staining in all three tissues suggests that the role of
ligomeric A� in the fly model is representative of its role in
he human disease. The presence of oligomer staining when
� accumulation is exclusively intracellular suggests that the

oxic oligomers of A� exert their neurotoxic effects from an
ntracellular location. Taken together these data show that
ntracellular A�1–42 is able to cause locomotor deficits and

ay play an important role in neuronal dysfunction in the
arly stages of Alzheimer’s disease.

The focal accumulations of A�1–42 that form in the
rains of transgenic Drosophila did not stain with Congo
ed or display fibrils on electron microscopy. These A�
ggregates are similar to the diffuse, or pre-amyloid
laques, that are thought to be a precursor of the mature
euritic plaques seen in Alzheimer’s disease (Iwatsubo
t al., 1994, 1995). This is supported by previous reports
hat the early plaques are composed exclusively of the
�1–42 peptide with the more mature plaques being a
ixture of A�1–42 and A�1–40 (Hirayama et al., 2003).
emarkably the Alzheimer’s fly resembles a family that

arries a mutation at the �-secretase cleavage site in the
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PP that results in almost exclusive A�1–42 production
Kumar-Singh et al., 2000). This kindred suffers an aggres-
ive form of Alzheimer’s disease characterized by the dep-
sition of abundant, predominantly non-fibrillar, diffuse
laques. Our data from transgenic Drosophila provide
trong supportive evidence that intracellular A�1–42 and/or
on-amyloid extracellular plaques are sufficient to cause
euronal dysfunction and death in Alzheimer’s disease in
he absence of mature �-amyloid plaques.

One of the aims of this project was to develop a model
hat could be used for testing novel agents that may be
ffective in slowing the progression of Alzheimer’s dis-
ase. We validated the fly as a platform for human drug
iscovery by demonstrating that the glutamate receptor
ntagonist MK-801 significantly rescued the Alzheimer’s
henotype, reproducing the beneficial effect of the drug
emantine. The further demonstration that treatment with
ongo Red can ameliorate the Alzheimer’s phenotype
hows not only that blocking �-strand linkage and A�1–42

ggregation reduces the toxicity of the A�1–42 peptide, but
lso that the fly is useful for screening and testing anti-
ggregation agents. There is no suggestion from previous
ork that either MK-801 or Congo Red non-specifically

educes protein expression. Furthermore Congo Red is not
oxic to control flies as would be expected if protein syn-
hesis were impaired. For these reasons it is unlikely that
he beneficial effects of Congo Red and MK-801 can be
xplained by a non-specific reduction in expression of the
� transgenes. Therefore our Drosophila model will be
seful in assessing therapies that attenuate aggregation of
he A�1–42 peptide as well as those that block the excito-
oxic effects of glutamate. The fly has many advantages
ver existing mouse models of Alzheimer’s disease as a
latform for drug discovery. These include the clarity of the
henotype, the rapid progression of the disease, the low
ost of fly culture and the power of genetic manipulations
nd screens in the fly.

In summary, our Drosophila model of Alzheimer’s
isease provides a clear demonstration of the temporal rela-
ionship between the accumulation of intracellular A�1–42,
xtracellular non-amyloid plaques and neurodegeneration.
ocomotor dysfunction is observed prior to plaque formation
nd neurodegeneration and may be caused by intracellular
�1–42. The time of onset of neurodegeneration is inversely
roportional to the propensity of the A� peptide to form oli-
omers and is rescued by feeding Alzheimer flies with Congo
ed that blocks A� oligomerization. These data show that

ntracellular A� and extracellular non-amyloid plaques cause
eurodegeneration in our fly model of Alzheimer’s disease.
ur data provide strong support for the development of ther-
peutic agents that block oligomer formation in vivo.
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