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Abstract

Transgenic mice carrying human Amyloid Precursor Protein mutations present amyloid plaque deposition in the brain upon aging. In this
study, we characterized the changes of cortex proteome and endogenous Apolipoprotein E in these mice. Differential analysis of two-dimensional
electrophoresis images revealed spots altered upon aging, transgene addition and plaque deposition. Alpha-synuclein and cytochrome oxidase
polypeptide Va were up-regulated in transgenic mice. Upon aging, expression of ATP synthase o, o enolase, UMP-CMP kinase, and dihydropy-
rimidinase like-2 protein was modified. These proteins and their modification probably play a role in the amyloid aggregate formation in these

mice.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A growing body of evidence suggests that abnormal process-
ing of the Amyloid Precursor Protein (APP), and the accumula-
tion of resulting amyloid (3 peptides (AB) in amyloid plaques is
one of the earliest events occurring in Alzheimer’s disease (AD),
whereas the subsequent pathological pathways activated in the
brain are still a topic of debate. This amyloid cascade hypothesis
postulates that the formation of these plaques would enhance
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microglial and astrocytic activation and alter neuronal ionic
homeostasis as well as oxidative injury. The consecutive alter-
ation of the kinase and phosphatase activities ultimately would
result in the formation of neurofibrillary tangles composed of
hyperphosphorylated tau proteins. Finally, the widespread neu-
ronal and synaptic dysfunctions generate the clinically observed
cognitive symptoms including progressive memory loss, instru-
mental dysfunctions, and behavioural abnormalities [1]. Based
on these assumptions, various transgenic mouse models for AD
have been developed that over-express mutant forms of APP in
an effort to elucidate the potential role of A3 in the pathogenesis
of the disease. The first model described in 1996 over-expressed
the Swedish mutation of human APP and was called Tg2576 [2].
These mice exhibit elevated A3, as well as classic senile plaques
with dense amyloid cores diffusely deposited in the neocortex
and limbic areas. They are accompanied by changes in choliner-
gic neurotransmission that may underlie deficits in learning and
memory observed at 8 months of age [3]. The amyloid plaques in
these mice are associated with dystrophic neuritis and activated
microglia [4]. All these studies demonstrated that Tg2576 was a
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relevant model to study, thus validating, the amyloid hypothesis.
However, other studies have revealed that Tg2576 mice show a
lower degree of inflammation and neurodegeneration than AD
patients [5]. Double transgenic mice, called Tg2576PSEN1, car-
rying the same mutation on APP and a mutation on the gene
coding for presenilin 1 are also useful for studying the A depo-
sition mechanism since amyloid plaques appear in the brain as
early as 3-5 months of age in these mice [6].

Apolipoprotein E (ApoE) also appears to play a major role
in the pathogenesis of AD, as the relative risk of developing
dementia increases in individuals who inherit an ApoE &4 allele.
Individuals carrying the ApoE &4 and developing AD, have
a greater number of amyloid plaques. However, the precise
role of ApoE in the pathogenesis of AD is still poorly under-
stood. Several studies have shown that the mechanisms through
which ApoE contributes to pathogenesis of AD include depo-
sition, aggregation, and clearance of AP peptides [7,8]. More
recently, an hypothesis under investigation by several groups
supported that ApoE is involved in deposition and clearance of
AR by direct protein—protein interaction [9,10]. Several stud-
ies already demonstrated that peptide fragments derived from
ApoE are present in brain tissue of AD patients [7,11-13].
Immunohistological studies suggested that both C-terminal and
N-terminal truncated forms of ApoE are associated with amy-
loid plaques [14] and neurofibrillary tangles in human AD brains
[15]. Indeed, ApoE also plays a role in stabilizing neurofibril-
lary tangles [16] and in the disruption of cytoskeletal structure
and function [17]. Employing a knockout strategy, the Tg2576
mice were crossed with ApoE null mice and showed a reduction
of AP deposition, absence of neuritic degeneration, and reduc-
tion of vascular amyloidosis [18]. These authors concluded that
ApoE affects the amount, morphology, and localization of A3
deposits in Tg2576 mice. Whether endogenous murine ApoE in
these APP mutant mice was undergoing truncation as in human
AD brains was not demonstrated.

Proteomics is the strategy of choice to screen for simulta-
neous changes occurring in biochemical pathways during the
course of AD. Such changes can occur as expression differ-
ences, post-translational modifications or proteolytic degrada-
tion that can be observed in two-dimensional electrophoresis
(2DE). Changes in the proteome of the cortex have been reported
by one group using Tg2576 at 24 months compared to control
littermates [19]. Several proteins related to the neurodegenera-
tive process were identified. However, authors of this study did
not describe early changes occurring before detectable amyloid
deposition. This issue is addressed in the present study.

Changes of the proteome were screened in the cortex of
two transgenic mouse models (Tg2576 and Tg2576PSEN1) at
3 month and 2-year-old when the amyloid plaque load was
absent and cover between 2% and 5.2% of the total cortex area,
respectively. A variety of comparisons were made between the
different mice used in this study to identify proteins changes
with the highest biological significance. The results presented
here demonstrate that a number of proteins were differentially
expressed in APP transgenic mice even before the apparition
of noticeable amyloid deposits. Additionally, in aged transgenic
mice, the apparition of amyloid plaques was accompanied by

an accumulation of murine ApoE fragments in the cortex. This
study provided a basis for future experiments to determine the
mechanisms by which the differentially expressed proteins are
modulated in aging and plaque formation.

2. Experimental
2.1. Animals and tissues

Tg2576 mice expressing APPggron/me71L at high level
under control of the hamster prion protein (PrP) promoter
have been described previously [2] (commercially available at
Taconic Inc., Germantown, NY, USA). The double transgenic
Tg2576PSEN1 mouse line was first developed by Jankowsky et
al. [6]. The latter carries a mutation on the human presenilin 1
gene (commercially available at The Jackson Laboratory, Bar
Harbor, ME, USA). These mice have an increased proportion of
the AB42 peptide present in plaques with an accelerated depo-
sition at 3—5 months. All animal studies were approved by the
local ethical review committee, and were carried out in accor-
dance with Swiss government regulations and NIH guidelines on
the care and welfare of laboratory animals. This study included
five different animal models: 3-month-old Tg2576 mice (n=2),
3-month-old control littermates (n = 2), 2-year-old Tg2576 mice
(n=2) and Tg2576PSEN1 (n=1), and 2-year-old control litter-
mates (n=2). Mice were anaesthetised with pentobarbital and
perfused transcardially with 0.9% saline. Brains were removed,
left cortex samples were snap frozen, lyophilized and kept at
—80 °C for proteomic analysis.

2.2. Gel electrophoresis

All reagents and apparatus have been described previously
[20]. All the gels were run in the same experiment. One hundred
micrograms of lyophilized cortex tissue was suspended in 30 pl
of Laemmli buffer [21] and loaded on to a 1DE pre-cast bis tris
glycine gel NuPage 12% (Invitrogen, Basel, Switzerland). Gels
were run under constant voltage (200 V) until the bromophenol
blue front reached the end of the gel. For large 2DE analyti-
cal gels, 1 mg of lyophilized cortex was suspended in 400 wl
of the rehydration buffer, i.e. 5M urea, 2 M thiourea, 4% (w/v)
CHAPS, 65 mM DTE, 2% (v/v) ampholines 4-8, and a trace of
bromophenol blue. The samples were vortexed for 1 h at room
temperature before rehydration of the non linear 18 cm IPG strips
(GE Healthcare). Electrophoretic migration was performed as
described previously [22]. Gels were silver stained [23]. A
preparative 2DE gel was run with 2 mg of pooled lyophilized
cortex from young and old mice. This gel was stained with
Coomassie blue R250, and used for mass spectrometric analysis.

2.3. Protein visualization and software analysis

Stained gels were scanned with a laser densitometer. Scanned
images were analyzed with ImageMaster™ 2D Platinum soft-
ware powered by Melanie 4.0 (GE Healthcare and Genebio,
Switzerland). Spots were detected and quantified automatically.
The relative optical density (OD) and relative volume were com-
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puted to correct for differences in gel staining. These measures
take into account variations due to protein loading and staining,
by considering the total OD or volume over all the spots in the
gel. The digitized 2DE images of cortex were then compared by
the matching method as described in the statistical analysis.

2.4. Protein Identification by tandem mass spectrometry

Spots of interest were cut out from the preparative 2DE gel
and destained by washing twice with 30% acetonitrile in 50 mM
ammonium bicarbonate for 45 min at 37 °C. Gel pieces were
then dried for 30 min in a Hetovac vacuum centrifuge (HETO,
Allerod, Germany). Dried pieces of gel were subjected to protein
digestion by trypsin and peptide extraction using previous pub-
lished protocols [24]. MS and MS/MS analysis of peptides from
2DE gel spots were performed with a 4700 Proteomics Analyzer
MALDI-TOF/TOF mass spectrometer (Applied Biosystems,
Framingham, MA, USA) according to the tuning procedures
suggested by the manufacturer. Peak lists were generated with
the Launch peak to Mascot tools with the following settings:
for the MS data, mass range 8504000, peak density of maxi-
mum 50 peaks per 200 Da, minimal signal to noise ratio of 10,
minimal area of 100, max peak 200; for the MSMS data, mass
range between 60 and 2000; peak density of maximum 50 peaks
per 200 Da, minimal signal to noise ratio of 5, minimal area of
20, and maximum number of peak set at 200. Acquired MS and
MS/MS data were compared to the database using the MASCOT
search engine (http://www.matrixscience.com). The combined
PMF and MS/MS search was performed on all entries present
in UniProtSPTR database, version number 062005 containing
1929823 sequence entries at the time of the study. Search set-
tings allowed two missed cleavages with the trypsin enzyme
selected, three variable modifications (carboxymethylated cys-
teine, deamidation and oxidation of methionine), a peptide m/z
tolerance of 0.2 Da. A parent MS filtering was applied to the
raw data between 800 Da and 4000 Da with a minimum S/N fil-

Table 1
Results of the linear regression of the gels

ter of 10. The MS/MS peak filtering was set between 60 Da and
20 Da below each precursor mass with a minimum S/N filter of 5.

2.5. Western blot

Proteins separated by 2DE or SDS—-PAGE were electroblot-
ted onto PVDF membranes as described by Towbin et al. [25].
Proteins of interest were detected using anti-human ApoE poly-
clonal antibodies (1:1000, Chemicon Int.) and an ECL™ west-
ern blotting detection kit (GE Healthcare). For stripping, the
PVDF membranes were incubated for 30 min at 50°C in a
62 mM Tris buffer containing 2% (w/v) SDS, 3% (w/v) DTE,
pH 6.7. After rinsing with water, the stripped membranes were
developed with the ECL™ kit again to check the absence of
any immunoreactivity before probing with the anti-actin anti-
body (D1/200, Sigma—Aldrich).

2.6. Statistical analysis

The experimental gel containing the highest number of spots
was selected as the reference gel. A linear regression analysis
of all gels versus the reference gel was performed to evaluate
the inter-gel variations of the vol% and to select a threshold
value indicative of variability. A ratio of the means at 1.4 was
applied to extract variable spots between different classes. Then
spots variability as a function of transgene insertion, aging or
amyloid plaque deposition was investigated. Two types of tests
(with null hypothesis of no differential expression) at a 5% level
risk were performed: a non parametric Wilcoxon Rank Sum
test (Mann—Whitney), which does not make strong assump-
tions over the underlying distribution of the data and a Student
test of differences in means. To perform the Student test on
differences of means, the underlying assumptions on this test
were checked. Namely, a Student #-test will provide valid and
interpretable results if the underlying distribution of each sam-
ple is normally distributed and if the variances of each sample

Gel 1 vs. gel 2 a b 1/a (a—1) x 100% R? Number of spots matched
5083 vs. Ref 0.5 0.04 2 -50 0.72 866
5084 vs. Ref 0.55 0.03 1.8 —45 0.72 869
5085° vs. Ref 0.65 0.01 1.54 =35 0.75 948
5086° vs. Ref 0.8 0.02 1.25 —20 0.8 796
5087¢ vs. Ref 0.57 0.05 1.75 —43 0.6 793
50899 vs. Ref 0.59 0.033 1.69 —41 0.56 847
5090¢ vs. Ref 0.64 0.065 1.56 -36 0.45 667
5091¢ vs. Ref 0.64 0.02 1.56 -36 0.78 935
5083 vs. 5084% 1.2 —0.018 0.83 20 0.848 1010
5087¢ vs. 5086° 1.3 —0.032 0.77 30 0.838 873
5090° vs. 5091¢ 14 0.015 0.71 40 0.713 637

The R? value indicates the quality of the fit. The inter-gel global scale variability in vol% is read as (a — 1) x 100%, whereas b reads as offset variability. The number

of spots matched is indicated in the last column.
4 2-year-old non transgenic.
b 2-year-old mice Tg2576PS1.
¢ 2-year-old mice Tg2576.
94 3-month-old non transgenic.
¢ 3-month-old Tg2576.
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are equal. Given the small number of data, these assumptions
were tested by applying the Shapiro-Wilks normality test and
the Fisher equality of variance test. When the equality of vari-
ance was confirmed, a version of the Student comparison of
two means test incorporating the Welsch/Satterthwaite correc-
tion was used. The issue of relative power of each test plays a
role in the results.

3. Results

3.1. Two-dimensional gel electrophoresis statistical
analysis

The representative gel used as the reference for the matching
is shown in Fig. 1 and linear regression of all the gels are given
in Table 1. The values of the R? coefficients indicate a good
fit in general on the matched gels and perfectly tolerable varia-
tions in the scale of the vol% measures. For each gel, they vary
between —50% and —20% on average with respect to the ref-
erence gel. The significance of the linear regression coefficient
should be acceptable given the high number of spots matched
between the reference gel and other gels. A linear regression was
also computed for gel belonging to the same class. The regres-
sion shows a very acceptable level overall homogeneity in the
vol% expression between the two ‘designed-as-homogenous’
gels (maximum 40% variability). Therefore, a threshold for the
ratio of the means was set at 1.4 as indicative of a variation
between two classes. Using such criteria, we performed a differ-
ential analysis with Image Master depending on three different
variables: the effect of transgene addition, the age effect, and
the consequences of the amyloid plaque deposition. Ten spots
showing a variation upon one of these effects were selected for
fine statistical analysis as described in Section 2 and reported in
Table 2. The linear regression analysis across all class for these
10 spots confirmed a maximal intra-class variability of 40%.

In order to identify protein varying upon the APP transgene
addition, the Tg2576 mice (n=4), aged of 3 and 24 months,
were compared to the controls (n =4), young and old. Both Stu-

Fig. 1. Gel image of silver-stained 2DE showing protein spots identified by
MALDI-TOF-TOF. First dimension was performed on pH 3.5-10 IPG strips.
Second dimension was run on home-made acrylamide gradient 9-16% T gels.

Table 2

Identified differentially expressed protein spots

Amyloid deposit effect

AGE effect

SwissProt Transgene effect

accession
number

Protein

Spot

identified

Wilcoxon

T-test

Plaque
(n

Wilcoxon Change No Plaque

T-test

Old (n

Wilcoxon Change Young (n

T-test

Tg2576

(n

Change No Tg

5)

4)

p-value

value

p-

=3)

=6)

(n

p-value

p-value

mean + SD

mean £ SD

p-value

p-value

=4)

(n=4)

mean £ SD
0.507 £ 0.182 0.629 + 0.33

mean + SD

mean + SD

0.395 + 0.043 0.776 £ 0.079 0.0003
0.267 + 0.083 0.552 £+ 0.023 0.0022*

mean + SD

0.357

0.299

ns

0.365
0.206

0.656 &+ 0.203 0.534 + 0.268 0.424

ns

0.0142
0.0142

Up

055042

Alpha-synuclein

1042
1200

0.273

0.364 £ 0.164 0.446 £ 0.176 0.270°%

ns

0.445 £ 0.138  0.349 & 0.182 0.199%+#

ns

Up

P12787

Cytochrome oxidase
polypeptide Va
Alpha enolase

0.190
0.190
0.047

0.190
0.046

0.074 + 0.014  0.094 £ 0.031

ns

0.0158
0.008

0.092 + 0.023 0.035

0.066 £ 0.01

Up

0.442

0.075 £ 0.018 0.085 £ 0.025 0.229
0.051 &+ 0.029 0.063 £ 0.024 0.273

0.068 + 0.021

ns

P17182

667
979
968
953
901

0.062 & 0.028 0.036 £ 0.01

Down
Up

0.079 £ 0.011 0.032 £ 0.009 0.0003
0.061 &+ 0.009 0.085 £ 0.016 0.0159
0.051 &+ 0.010 0.078 £ 0.013 0.0146
0.050 & 0.005 0.071 £ 0.017 0.0326*
0.293 £+ 0.132  0.149 + 0.054 0.057

Down

0.242
0.242

0.1

ns

QYDBP5

UMP-CMP kinase

0.067 & 0.016 0.088 £ 0.013 0.047

0.031

Up
Up

0.079 + 0.015 0.125

ns

ATP synthase o chain Q03265

0.047

0.058 + 0.013  0.082 £ 0.015 0.076
0.052 &+ 0.009 0.078 £ 0.018 0.074

Up

0.031

0.060 + 0.017 0.073 £ 0.014 0.125

ns

Q03265

ATP synthase o chain Q03265

ATP synthase o chain

0.023

Up

0.031

Up

0.342
0.557

0.057 & 0.010 0.066 £ 0.020 0.239

0.208 + 0.027 0.217 £ 0.163 0.348*

ns

0.011

+0.009 0.010>*

0.264 & 0.112 0.111

Down

0.031

Down

ns

008553

Dihydropyrimidinase-
related protein-2

174

0.201 £ 0.079 0.0844  0.142 Down  0.273 &£ 0.066 0.162 £ 0.061 0.031 0.083

0.279 & 0.07

ns

ns 0.258 & 0.053 0.218 £ 0.102 0.414 0.557

008553

Dihydropyrimidinase-
related protein-2

177

0.047

0.161 £ 0.056 0.071 £ 0.049 0.031%%

Down

0.142

0.158 £ 0.059 0.109 £ 0.072 0.148

ns

0.657

0.144 £ 0.052 0.121 £ 0.083 0.467

ns

P56480

ATP synthase 8 chain

194

Mean values are expressed in vol%.

4 Indicates a rejection of the equality of variance, a 7-test with correction for inequality of variances is used. Given the potentially low power of all the tests we use, the p-values of a Wilcoxon Rank Sum test over

the means is also given.

b Indicates a rejection of the normality distribution. T-test is not applicable.



Table 3
MALDI-TOFTOF identification

Spot Protein SwissProt Exp? p/ Theo® p/ Exp* Mr Theo? Mr PMF peak Peptide identified Peptide ion
number identified accession match by MSMS score (Mascot
number Y%coverageP threshold)
TVEGAGNIAAATGFVK 123 (threshold 45)
EQVTNVGGAVVTGVTAVAQK 56
1042 Alpha-synuclein 055042 4.7 4.74 14000 14476 54 TKEQVTNVGGAVVTGVTAVAQK 3
pha-sy : ' TVEGAGNIAAATGFVKK 37
TKEGVVHGVTTVAEK 2
TKEGVLYVGSK 19
Cytochrome oxidase SHGKQETDEEFDA 47 (threshold 46)
1200 polypeptide Va P12787 5.0 5.01 10000 12436 37 RLNDEASAVR 31
SGKYDLDFKSPDDPSR 32 (threshold 48)
AGYTDQVVIGMDVAASEFYR 34
667 Alpha enolase P17182 5.95 6.36 47000 47009 34 YITPDQLADLYK 2
p : : YNQILRIEEELGSK 23
AGAVEKGVPLYR 20
SFRNPLAK 11
ATP svnthase aloh EAYPGDVFYLHSR 82 (threshold 49)
901 i synthase alpha Q03265 6.4 8.28 28000 55310 23 EVAAFAQFGSDLDAATQQLLSR 40
chain QGQYSPMAIEEQVAVIYAGVR 17
ATP svnthase alom EVAAFAQFGSDLDAATQQLLSR 72 (threshold 49)
968 i synthase alpha Q03265 6.0 8.28 21000 55310 24 LKEIVTNFLAGFEP 47
chain QGQYSPMAIEEQVAVIYAGVR 20
ATP synthase alpha EVAAFAQFGSDLDAATQQLLSR 64 (threshold 48)
953 hain Q03265 6.0 8.28 22000 55310 28 LKEIVTNFLAGFEP o4
AHGGYSVFAGVGER 125 (threshold 48)
VLDSGAPIKIPVGPETLGR 83
ATP svnthase b AIAELGIYPAVDPLDSTSR 68
194 i synthase beta P56480 5.1 4.99 60000 51749 58 IMDPNIVGNEHYDVAR 55
chain LVLEVAQHLGESTVR 40
VALVYGQMNEPPGAR 31
VVDLLAPYAK 17
979 UMP-CMP ki QIDBPS 5.6 5.68 21000 22165 65 NKFLIDGEPR 32 (threshold 45)
- tnase : : TMDGKADVSFVLFFDCNNEICIER 2
KPFPDFVYKR 56 (threshold 48)
Dihydropyrimidinase- AVGKDNFTLIPEGTNGTEER 29
174 related 008553 5.9 5.95 62000 62170 47 IVLEDGTLHVTEGSGR 25
protein-2 NLHQSGFSLSGAQIDDNIPRR 20
DIGAIAQVHAENGDIIAEEQQR 15
Dihydropyrimidinase- KPFPDFVYKR 26 (threshold 51)
177 related 008553 5.8 5.95 62000 62170 41 AVGKDNFTLIPEGTNGTEER 6
protein-2 GLYDGPVCEVSVTPK 20

2 Exp and Theo stands for Experimental and Theoretical, respectively.
b PMF peak match is generated by MASCOT and represented as the %coverage of the mature protein sequence described in the database.

61 (9002) 08 g “1801wiony) °f / | 12 211400 “Q
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dent #-test and Wilcoxon test showed that two spots differed
significantly between the transgenic and the control group sug-
gesting that these proteins expression was dependant on geno-
type (Table 2). They were identified as the a-synuclein and the
cytochrome oxidase polypeptide Va.

The effect of aging was estimated by comparing all the 2-
year-old mice (n=35), control, Tg2576 and Tg2576PSENI, to
the 3-month-old mice, control and Tg2576 (n=4). Six spots
were found differential at the 5% level, four spots increased
upon aging among which « enolase, and three isoforms of ATP
synthase a chain; while two spots decreased including UMP-
CMP kinase, dihydropyrimidinase-related protein-2 (DRP-2).

Changes upon amyloid deposition were investigated in
three transgenic mice of 2-year-old (Tg2576, n=2, and
Tg2576PSEN1, n=1) versus all the other mice where no sig-
nificant amyloid deposition was observed by microscopy. His-
tological examination confirmed the deposition of amyloid into
plaques. Their surface area represented 2.05 % of the cortex in
2-year-old Tg2576 and up to 5.3% in aged Tg2576PSEN1 (data
not shown). The three isoforms of ATP synthase a chain were
found up-regulated with the Wilcoxon test. While, UMP-CMP
kinase, two isoforms of DRP-2 and ATP synthase 3 chain were
found significantly down-regulated.

Table 3 summarizes both PMF data and peptide sequenced
by MS/MS for these 10 spots that were considered to validate
the identification using MASCOT search engine to interrogate
the UniProtSPTR database.

3.2. Western blot analysis of Apolipoprotein E

Several studies support the hypothesis that ApoE partici-
pates in an age-related abnormal regulation of AP clearance
and amyloid deposition. To further validate this assumption,
the expression of murine ApoE was assessed by western blot

Actin

ApoE

— 144

Fig. 2. Western blot analysis of ApoE immunoreactivity after separation by
SDS-PAGE. One hundred micrograms of cortex samples were run on a 12%
bis tris polyacrylamide gel (Novex). Following transfer to PVDF, ApoE iso-
forms and fragments were detected with anti-human ApoE polyclonal antibody
(1:1000, Chemicon Int.) and developed by ECL. Then the blot was stripped and
reprobed with anti-actin antibody (1:200, Sigma—Aldrich). Lane 1, 3-month-old
Tg2576 mouse; lane 2, 2-year-old Tg2576PSEN1 mouse; lane 3, 3-month-old
control littermate of the Tg2576 mouse line; lane 4, 2-year-old Tg2576 mouse.

p/
33 ﬁlﬁ 10
100
e
34 ?
e
™ A\ . e
= s o,
B ]
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Fig. 3. Western blot analysis of ApoE immunoreactivity after separation by large
format 2DE. One milligram of cortex sample of a 2-year-old double transgenic
mouse (Tg2576PSEN1) was resolved on a large 2DE gel. Following transfer
to PVDF, ApoE isoforms and fragments were detected with anti-human ApoE
polyclonal antibody (1:1000, Chemicon Int.) and developed by ECL.

images. SDS—PAGE revealed that ApoE was over-expressed in
both single and double transgenic old mice and that many ApoE
fragments were produced in the cortex of both type of mice when
compared to the young mice (Fig. 2). However, ApoE over-
expression was of greater magnitude in Tg2576PSENI1 than in
Tg2576 mice, while the actin band was equivalent in all the sam-
ples loaded onto the gel. A cortex sample from the 2-year-old
Tg2576PSEN1 was separated by 2DE gel and electroblotted on
to a PVDF membrane for probing with anti-ApoE antibodies
(Fig. 3). As expected from the SDS—-PAGE results, many ApoE
isoforms and fragments were present in the cortex of this mouse.
The main reactivity was found at the expected Mr and p/ of the
full length ApoE (34 kDa and 5.5, respectively). A number of
truncated fragments of Mr below 34 kDa were recognized as
well. Some of these fragments have a very basic p/ compared
to the full length ApoE. A faint reactivity was observed at a
Mr higher than 34 kDa. These two spots could correspond to
aggregated ApoE.

4. Discussion

The Tg2576 mice contain mutant forms of APP that drive the
production of AB40 and AB42, and the deposition of amyloid
plaques in the brain. They recapitulate the amyloid-related neu-
ropathology characteristic of AD patients [2], despite the fact
that these mice do not show as much neurofibrillary pathology
as observed in humans. Numerous studies using these trans-
genic mice have been undertaken to understand the degeneration
pathways induced by APP and amyloid peptides. Proteomics is
an ideal technology for detecting changes in protein expression
occurring in the process of development and aging of genetically
engineered mice. The present study demonstrated that specific
changes in the proteome occur in the cortex of transgenic mouse
models for AD upon transgene expression, aging and amyloid
plaque deposition.
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4.1. Age-independent molecular changes that were
specifically related to mutant APP expression

Compensatory and adaptive mechanisms are likely to occur
upon a transgene expression in animal models. Using simi-
lar models to those of our study, Skynner et al. [26] have
found between 4 and 8 protein spots consistently differentially
expressed between genetically altered and wild-type mice. They
could identify an isoform change of mortalin in the Tg2576 mice.
In our study, we identified two proteins that increased upon trans-
gene addition: a-synuclein and cytochrome oxidase polypeptide
Va. Alpha-synuclein, also known as the non-A3 component of
AD amyloid, is a pre-synaptic terminal molecule that accumu-
lates in the plaques and amyloid-enriched fractions from AD
brain [27]. Our results show that up-regulation of APP is associ-
ated to an up-regulation of a-synuclein at 3 months, even before
the apparition of amyloid deposits. This could explain why in
aged Tg2576 mice, a-synuclein was found to be a major intracel-
lular accumulating protein in neurites resembling those seen in
the Lewy body variant of AD [28]. The co-regulation pathways
of the expression of these genes remain to be clarified.

4.2. Ageing molecular changes and Amyloid plaque
deposition effect in transgenic APP mice

One of the difficulties encountered when studying such age-
related phenotypes is to distinguish between age-dependent and
age-independent molecular changes. To address this issue we
compared the proteome map of all aged animals to the 3-month-
old animals included in this study, and then differentiate them
from the plaque bearing animals.

In humans, ageing remains the most important but poorly
understood risk factor for dementia and especially AD. Ageing
can be considered as a progressive, inevitable process partly
related to the oxidative damage of biomolecules that is not
counteracted by protective functions. Disruptions in energy
metabolism have been suggested to be a prominent feature.
Because mitochondria are the major site of free radical pro-
duction in cells, they are also a primary target for oxidative
damage and subsequent dysfunction. The main protein changes
found in our study related to aging were associated to the energy
metabolism and mitochondrial enzymes. Indeed, we found three
different spots identified as ATP synthase « chain up-regulated
in the aged mice and in presence of amyloid deposits. Interest-
ingly, a cytosolic accumulation of ATP synthase o chain has been
documented in neurofibrillary degeneration of AD [29]. There-
fore, our results are further validating the Tg2576 model as a
relevant model to study AD neurodegeneration processes. Since
ATP, the energy source is generated through glycolysis, it is not
surprising to observe a concomitant increase of a-enolase that
catalyses 2-phospho-D-glycerate in phosphoenol-pyruvate. Up-
regulation of a-enolase might be a compensatory mechanism
for the increased activity of the ATP synthase in aging. Increase
of murine brain a-enolase upon aging has also been reported
previously by others [30]. Previous work suggested that pro-
tein levels of glycolytic enzymes might be up-regulated during
aging to compensate for the metabolic decline of mitochondrial

respiration. Alpha-enolase may be part of that glycolytic com-
pensation.

In our study, we found a down-regulation of
dihydropyrimidinase-related protein-2 (DRP-2) upon aging.
This result was in contradiction to the up-regulation of DRP-2
in old mice brain observed by Poon et al. [30]. However, such a
dys-regulation and high heterogeneity was confirmed by Lubec
et al. studying the expression at the mRNA and protein levels
of DRP-2 in down syndrome and AD brains [31]. A decrease
of DRP-2 was also found in a 2DE gel study on AD brains,
however the same authors found increased of ATP synthase
B chain, decrease of ATP synthase o chain and apparently
no change on a-synuclein [32]. Finally, a comparative study
of 2-year-old Tg2576 mice versus old control littermates was
performed by Shin et al. [19]. Several proteins identified in their
study were also found differentially expressed in ours, although
some of the changes that we observed were in the opposite
direction. These authors observed an increase of the a-enolase
as we did; and, they did not see any difference in the a-synuclein
protein, the ATP synthase o chain was down-regulated and the
DPR-2 was up-regulated. ATP synthase a chain and DRP-2 are
represented in 2DE as several spots. The differences observed
between the different studies could be associated with different
specific isoforms. The actual variations of their expression
should be studied on a time course basis and with an absolute
quantitative technology such as an ELISA assay.

In summary, the proteins identified in this study are undoubt-
edly dys-regulated in the pathologic processes associated with
aging and/or amyloid deposition in the brain. The pathways
regulating the expression of these energy metabolisms-related
proteins must be further elucidated to potentially propose them
as targets for compensatory therapy in AD.

4.3. Murine Apolipoprotein E is truncated in old transgenic
mice

In humans, colocalisation of ApoE and A in senile plaques
has been proved by immunohistochemical studies and revealed
the presence of ApoE fragments when specific antibodies
directed against N-terminal and C-terminal part of the protein
were used [14]. The evidence of the neurotoxicity of human
ApoE fragments has also been shown in vitro [33] and reviewed
in detail elsewhere [34]. Considering the numerous studies using
APP mouse models, the lack of information concerning the
murine ApoE and potential variants similar to the human vari-
ants is surprising. Interestingly, human ApoE and mouse ApoE
exhibit 72% identity. Moreover, the mouse ApoE as described
in the SwissProt database carries two Arg residues resembling
those in the human ApoE &4 isoform. Therefore, we can hypoth-
esize that changes in endogenous murine ApoE occurring in
these transgenic mice models could reflect what is happening
in human upon senile plaque deposition. Kuo et al. [35] mea-
sured murine ApoE levels in brains of Tg2576 mice and controls
at intervals between 2 and 20 months by scanning densitome-
try of western blot. These authors suggested that the amount
of endogenous ApoE in the brains of Tg2576 mice compared
to control littermates was elevated by an average of 45% at 2
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months; and up to 60% at the age of 20 months. However, no
western blot image was provided in that paper and surprisingly
the authors did not report the presence of ApoE fragments. In
our study, we investigated the behaviour of endogenous murine
ApoE by western blot images. We demonstrated that murine
ApoE is cleaved in aged transgenic mice and this truncation
seemed enhanced by the accumulation of amyloid deposits.
Murine microglial cells have been found to produce truncated
ApoE in vitro [36], which may correspond to the ApoE frag-
ments observed in the present study. The higher molecular
weight spots highlighted by the antibody used in our study may
correspond to the aggregation of ApoE, which has also recently
been described in human AD [37].

The protease responsible for the cleavage of ApoE could
potentially be a therapeutic target for prevention and treatment
of AD. Research aimed at identifying this protease is therefore
a high priority. In vitro experiments have shown that a wide
range of proteases can cleave ApoE, yielding N- and C-terminal
fragments [38]. However, no specific protease responsible for
ApoE cleavage in vivo has yet been identified. Surprisingly, no
previous study has shown the ApoE fragments by 2DE and
no literature concerning the p/ of these fragments has been
found that would help to unravel the type of cleavage. Our
results suggest that the APP mouse models might be highly valu-
able to screen for ApoE proteases and corresponding inhibitors.
Whether cleavages of ApoE occur before or after deposition in
the amyloid plaques also remain to be clarified and could be
investigated in these mouse models.

4.4. Concluding remarks

In conclusion, the present study demonstrated specific AD-
associated protein changes in the cortex of APP transgenic
mouse models. These changes appear to be related to three
distinct processes that are likely to intermingle in the patho-
genesis of AD, including a particular genetic background, an
effect of age and the burden of amyloid deposition. Altered pro-
tein expression is reflected notably in quantitative changes of
protein level in comparative samples, but also in more subtle
qualitative modifications, as exemplified by the truncation of
murine ApoE found here.
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