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Abstract Extensive knowledge of the protein components
of the senile plaques, one of the hallmark lesions of Al-
zheimer’s disease, has been acquired over the years, but
their lipid composition remains poorly known. Evidence
suggests that cholesterol contributes to the pathogenesis of
Alzheimer’s disease. However, its presence within senile
plaques has never been ascertained with analytic methods.
Senile plaques were microdissected from sections of the iso-
cortex in three Braak VI Alzheimer’s disease cases and com-
pared with a similar number of samples from the adjoining
neuropil, free of amyloid-B peptide (AP) deposit. Two cases
were ap0£4/ap0£3 and one case was apo&e3/apoe3. A
known quantity of “C-abeled cholesterol was added to the
samples as a standard. After hexane extraction, cholesterol
content was analyzed by liquid chromatography coupled
with electrospray ionization mass spectrometry. The mean
concentration of free cholesterol was 4.25 + (0.1 attomoles/
p.m3 in the senile plaques and 2.2 + 0.49 attomoles/ pm3 in
the neuropil (t =4.41, P<0.0009). The quantity of free cho-
lesterol per senile plaque (67 + 16 femtomol) is similar to
the published quantity of AP peptide.lll The highly signifi-
cant increase in the cholesterol concentration, associated
with the increased risk of Alzheimer’s disease linked to the
apoe4 allele, suggests new pathogenetic mechanisms.—
Panchal, M., J. Loeper, J-C. Cossec, C. Perruchini, A. Lazar,
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Neurofibrillary tangles, mainly composed of hyperphos-
phorylated tau protein, and senile plaques (SPs) are the
two hallmark lesions of Alzheimer’s disease (AD) (1-4).
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The core of the SP is made of aggregated amyloid-8 (AB)
peptide. AP peptide is cleaved from a type 1 transmem-
brane protein, the amyloid protein precursor (APP), by
the sequential activities of the 3 and vy secretases. Special
staining of microscopic sections from brain samples of
AD patients has long suggested that SPs were enriched in
lipids (5). The presence of cholesterol among those lipids
is plausible since apolipoprotein E (apoE), a transporter
of cholesterol, has been found in the SPs by immunohis-
tochemistry (6, 7). The apoe4 allele is currently consid-
ered as the risk factor best associated with AD (8). Although
the role of cholesterol has remained elusive, a much
debated meta-analysis has shown that the use of statins,
which inhibit cholesterol synthesis, was associated with a
decreased prevalence of AD (9, 10). In cell cultures, the
interaction between APP and cholesterol metabolism has
been found so intricate that APP has been considered a
sensor modulating the cholesterol content of the cell
membrane (11).

Histological studies have apparently confirmed the
cholesterol enrichment of the SPs in transgenic mice and
AD patients (12). Two methods have been used. I) Filipin,
a well-known fluorescent probe of membrane cholesterol,
labels the SPs and subsequently resists the photobleaching
that rapidly decreases the fluorescence of the surrounding
tissue. 2) An enzymatic technique based upon cholesterol
oxidase activity was initially devised (and commercialized)
for colorometric cholesterol assay (not for histochemistry).
It is based on the oxidation of Amplex Red® (10-acetyl-3,7-
dihydroxyphenoxazine) into brightly fluorescent resorufin.

Abbreviations: AP, amyloid-f peptide; AD, Alzheimer’s disease;
apok, apolipoprotein E; APP, amyloid protein precursor; LCM, laser
capture microdissection; LC-MS, liquid chromatography coupled with
mass spectrometry; LRP, low density lipoprotein receptor-related pro-
tein; SP, senile plaque.
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Both techniques stained the SPs (12, 13). However, the
filipin staining was not abolished by cholesterol extrac-
tion; the SPs were still stained in the absence of cholesterol
oxidase, and resorufin alone was found to stain amyloid.
The belief that cholesterol was abundant in the SPs could
thus have been based on false positive labeling (14). A
more analytical approach was needed. The mere compari-
son of tissue homogenates from control and AD cases
would have been unsatisfactory: tissues contain many struc-
tures, such as vessels, cell membranes, or various lesions,
that could influence the results and obscure alterations
directly linked to the SPs. Another strategy was chosen
here: the SPs were microdissected from the rest of the tis-
sue by laser capture microdissection (LCM) and compared
with an equivalent volume of surrounding AB-free neuro-
pil. The hexane extracts of the microdissected samples
were analyzed by liquid chromatography coupled with
mass spectrometry (LC-MS). A known amount of [3,4-"°C]
cholesterol was added as an internal standard to quantify
the free cholesterol content in SPs and neuropil.

METHODS

Cases

AD patients had been enrolled in a brain donation program of
the Brain Bank “GIE NeuroCEB” run by a consortium of Patients
Associations (including France Alzheimer Association) and
declared to the Ministry of Research and Universities, as re-
quested by French Law. An explicit consent had been signed by
the patient himself, or by the next of kin, in the name of the
patient, in accordance with the French Bioethical Laws. The proj-
ect had been approved by the ad hoc committee of the Brain
Bank. At the time of death, the corpse was transported to the
mortuary of a University Hospital belonging to the NeuroCEB
network and the brain was removed. One hemisphere, randomly
left or right, was fixed in buffered 4% formaldehyde for the neu-
ropathological diagnosis of AD. The other hemisphere was
immediately sliced. Samples from the superior temporal gyrus
(Brodmann area 22), around 4 cm® in volume, were mounted on
a cork piece with Cryomount embedding medium and dipped in
isopentane cooled by liquid nitrogen. The samples were kept in
a deep freezer at —80°C.

ApoE genotyping

Genomic DNA was extracted from another frozen brain sample.
Between 100 and 200 pg of brain tissue was minced and homog-
enized in 2 ml of PBS, pH 7.4. Two milliliters of lysis buffer (100
mM Tris, pH 7.5, 20 mM NaCl, 100 mM EDTA, and 2% SDS) was
added, with 80 pl of a 400 pg/ml proteinase K. The solution was
left at 50°C for the night. One volume of a solution of phenol/
chloroform/isoamyl alcohol (25:24:1) was added. The sample
was mixed for 15 min in an orbital agitator and centrifuged for
10 min at 4,000 rpm. The organic phase was discarded and the
process was repeated once on the aqueous phase. A solution of
ammonium acetate 10 M, a third of the volume (around 1.33
ml), was added to the aqueous solution and then two volumes
(around 10.66 ml) of 96% ethanol at —20°C . After mixing, the
precipitated DNA was rinsed twice in 70% ethanol and left to dry.
It was resuspended in 100 pl of Tris EDTA 10:1.

PCR was performed with the following primers: APOE sense,5"-
TAAGCTTGGCACGGCTGTCCAAGGA-3’; APOE antisense,
5-ACAGAATTCGCCCCGGCCTGGTACAC-3". For each sample,

the reaction mixture (50 pl) contained 100 ng of human genomic
DNA, PCR buffer (1x), 2 pl ANTPs (10 mM), 1.5 pl forward and
reverse primers (10 pm), and 0.5 pl Taq DNA polymerase (Qjiagen,
Courtaboeuf, France). The cycling program was carried out after
a preheating step at 95°C for 15 min and 35 cycles of denatur-
ation at 95°C for 1 min, annealing at 60°C for 1 min, and exten-
sion at 70°C for 2 min in a DNA thermal cycler (AnalyticJena®;
Jena, Germany). After purification, 1.5 pl of DNA were used in
the sequencing reactions (BigDye Terminator® cycle sequenc-
ing kit; Applied Biosystems, Villebon sur Yvette, France) using
the same primers (see above). The 227 amplified fragments were
then purified by Sephadex G-50 resin (Sigma-Aldrich, Saint-
Quentin Fallavier, France) and sequenced using the 3730 DNA
analyzer (Applied Biosystems).

Diagnosis

Multiple samples from the formalin-fixed hemisphere, includ-
ing the hippocampus and isocortical area Brodmann 22, were
embedded in paraffin and cut at 5 pm of thickness. The sections
were stained with hematoxylin-eosin and immunostained with
anti-Ap (6F/3D clone; Dako, Trappes France) and anti-tau (poly-
clonal rabbit anti-tau antibody; Dako; Trappes code number A
0024). The lesions were staged according to Braak and Braak
(15). The density of the SPs was evaluated according to the
CERAD protocol (16). The diagnosis criteria of the NIA-Reagan
Institute were used (17). Care was taken to select cases with a
high number of mature SPs containing an amyloid central core
of AB peptide. Three sporadic cases, numbers 1, 2, and 3 (ages
64, 78, and 83), at Braak stage VI with “frequent” SPs and NIA-
Reagan “high probability” were chosen.

Samples for microdissection

Ten micrometer thick brain sections from the temporal cortex
were obtained from the frozen block with a Leica CM 3050
S cryostat. They were mounted on polyethylene-naphthalate
membrane-coated glass slides (P.A.L.M. MembraneSlides 1.0
PEN; Zeiss, Bernried, Germany) and stored until immunostain-
ing at —80°C.

Immunohistochemistry preceding the microdissection

A method for reliably staining the SPs in the frozen section was
needed to enable the observer to clearly identify the areas to be
microdissected. The criteria of choice for such a method were as
follows: good sensitivity, absence of interference with mass spec-
trometry, and ease of use. Our observation agreed with the state-
ment of Riifenacht et al. (18): Whereas “amyloid plaques from
mouse tissue showed a virtually identical staining with Congo
red, thioflavin, or anti-AB antibodies,...most plaques from
human tissue were reliably detected only by immunostaining.”
Immunohistochemistry had distinct advantages for our project:
SPs are readily identified, and the antibodies being excluded
from the hexane during sterol extraction do not interfere with
the analysis. Peroxidase-based amplification requires the use of
hydrogen peroxide that could alter the lipids. This is why alkaline
phosphatase and a chromogen of the Fast Red type were chosen.
Detergents and pretreatment, possibly altering the concentra-
tion or the structure of cholesterol, were avoided. We were able
to visualize the SPs using a rapid immunohistochemistry tech-
nique without pretreatment. The frozen brain sections were
thawed for a few minutes at room temperature and incubated for
30 min at room temperature in a 200 pl solution containing 5
prg/ml of monoclonal 6F/3D antibody (specific for the AR peptide
epitope amino acids 8-17). The samples were then washed three
times for 5 min with TBS. Secondary biotinylated goat anti-mouse
antibodies (incubated for 15 min at room temperature) were
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detected by the biotin-streptavidin-alkaline phosphatase complex
using the Dako REAL™ detection system and the alkaline phos-
phatase/RED kit (Dako; code K5005). The slides were then
washed once for 5 min with TBS and once with double distilled
water and air-dried. Immunostained mature SPs had a central,
highly compact core, separated from a less immunoreactive
corona by a clear halo. LCM was performed the same day as
immunohistochemistry.

Microdissection of SPs

The UV laser-based PALM® Microbeam 3.0 (Carl Zeiss,
P.A.L.M. Microlaser Technologies, Bernried, Germany) was
used to microdissect SPs and AB free neuropil. This system
resorts to a pulsed 336 nm UV laser beam that is able to cut
the section at the focus point but causes minimal damage to the
surrounding tissue even at a short distance of the cut (Fig. 1). A
final laser pulse produces enough pressure to catapult the mi-
crodissected sample into an appropriate collection vial (19).
The surface area of the microdissected spot was recorded by the
system. Since the thickness of the section was constant (10 pm),
the volume of microdissected material could be evaluated by
summing the area of the individual spots and multiplying the
result by 10 pm.

The laser power was set at 64-84 mW. The laser pulse lasted 1
ms; the spotsize was 1 wm. A total of 3,714 SPs were microdissected
from three sections per case in three AD cases and collected in the
lid of an AdhesiveCap (P.A.L.M. Microlaser Technologies). A simi-
lar number of spots, each covering an area comparable to the area
occupied by a SP, were captured in the surrounding neuropil, free
from AB deposit. These control samples were collected in another
AdhesiveCap. Finally, each AdhesiveCap contained about 400
plaques or AP free neuropil spots of equivalent volume col-
lected from one single microscopic slide. Eighteen AdhesiveCaps
were analyzed (three caps for the SPs and three for the AB free
neuropil = six caps per case in three cases).

: Laser
'\ microdissection

in cap tube

=

Cholesterol extraction and quantification

Material. [3,4-°C]cholesterol (99% of the carbon atoms
located in positions 3 and 4 are of the e isotope) was obtained
from Cambridge Isotope Laboratories. The 99% pure natural
cholesterol (“natural cholesterol”), acetonitrile, formic acid,
and n-hexane (=hexane) were from Sigma-Aldrich and Tris,
NaCl, and HCI from VWR (Fontenay-sous-Bois, France). Stock
solutions of cholesterol and [3,4—13C]cholesterol were prepared
at 10 ng/pl solution in ethanol. All solvents used were of ana-
lytical grade.

Methods. In order to quantify cholesterol in the samples, an
internal standard made of 20 ng (51.5 pmol) of [?),4—13C]choles-
terol was added to the collected material. For each cap, four suc-
cessive extractions were carried out with 200 wl of hexane. Samples
were vortexed and incubated for a few minutes at room tempera-
ture, before centrifugation (12,000 rpm, 3 min). The supernatants
were pooled in a glass tube. Hexane was evaporated under air flow,
and the residue was dissolved in 90 pl acetonitrile.

LC-MS

The extracts were analyzed by LC-MS. Thirty microliters of the
acetonitrile extracts were loaded onto a XTerra® RP C3 3.5 pm
pore size 4.6 x 10 mm column (Waters, France) and eluted at
55°C with a water:acetonitrile gradient (linear from 80:20 to
25:75 by volume in 5 min and then linear to 0:100 by volume in
15 min, and a final hold of 1 min). Formic acid (0.03% by vol-
ume) was included in both solvents to facilitate ionization. The
flow rate was 1.3 ml/min. The MS detection was performed using
a Micromass ZQ) single quadrupole (Waters). Electrospray posi-
tive ionization was performed using capillary voltage of 3.5 kV,
cone voltage of 30 V, desolvation nitrogen flow of 400 1/h, desol-
vation temperature of 350°C, and source temperature of 120°C.
The MH" ions of natural and "“C labeled cholesterols were
detected at m/z=369.3 and 371.3, respectively.

———

[3,4-13C, Jcholesterol
spiking

Cholesterol extraction in hexane

Mass spectrometry analysis and quantification

Fig. 1. Analytical procedure. The tissue sections were immunostained with the 6F/3D anti-Af antibody. SPs
were microdissected and catapulted in a cap by laser pressure catapulting (LPC). The samples were spiked with
20 ng of [3,4—1 SC] cholesterol. After sterol extraction with hexane, the preparations were evaporated and
dissolved in acetonitrile. MS analysis was performed and quantification was achieved by comparing the ratio of
the peak area of natural isotope of free cholesterol with the added [3,4—130]Cholesterol internal standard.
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Calibration curves

Increasing amounts of natural cholesterol and of [3,4—13C]
cholesterol standards were injected in the column. After MS,
the peak areas (PAs) of the natural isotope and of YC choles-
terol were evaluated by numerical integration. Regression curves
were calculated and a linear model was applied: cholesterol
(injected) = a.PA+b.

RESULTS

ApoE status of the cases

Cases 1 and 3 were of the apo £€3/&4 genotype. Case 2
was £3/¢e3.

Calibration

The curves for natural cholesterol and [3,4—13C] cholesterol
standards were not statistically different. The data were
pooled and the following regression coefficients were
found: a = 1.46.10 ° and b = —5.76 with r = 0.99 (Fig. 2),
which were applied to both natural and [3,4-"’C]choles-
terol. With these parameters, the calibration line explained
98% of the total variance. The regression line crossed the
abscissa at a positive value, indicating that, at low values,
the signal was noisy. For practical applications, we consid-
ered that the lower limit of quantification of our measure-
ment, defined as the lowest concentration of cholesterol
obtained with linearity, was 5 ng of cholesterol and the
range of measurement was 5 to 50 ng (Fig. 2). The accu-
racy, calculated as the difference between the mean of the
expected value and the mean of assessed value of choles-
terol, was —0.77 ng. We concluded that the systematic bias
was limited (and mainly concentrated around the low val-
ues; Fig. 3). Eighteen injections of 20 ng of [3,4-°C] cho-

Natural cholesterol

regression line
60 g Pooled

50 i
*~_13C cholesterol
Range of measurement regression line

40

30 5ng=LLOQ

Quantity of cholesterol (ng)

1000 000 2000 000 3000 000 4000 000

Peak area (arbitrary units)

Fig. 2. Calibration curves: quantity of cholesterol as a function of
the peak areas. Increasing‘ and known amounts of natural choles-
terol and of internal [3,4- 3C]cholesterol standards were extracted
and analyzed by LC-MS. The curves obtained with natural and
[3,4—13C2]cholesterol are indicated. Since they were not statistically
different, a pooled curve was obtained and used for the subsequent
assessment. The parameters of the curve were as follows: quantity
of cholesterol = 1.50-10 ”-peak area — 5.68. The linear regression
explained 98% of the variance. The curve is drawn only in the
segment where the measurements were made (see text). LLOQ,
lower limit of quantification.

lesterol and multiple assessments of injected natural and
[3,4-°C] cholesterol standards at 1.25, 2.5, 5, 10, 20, 30,
and 50 ng were performed. The mean coefficient of varia-
tion between measurements was 7% when the values taken
into account were located in the range of quantification.
The standard deviation of the measurement (mean = 1.42
ng) was similar for low and high values of cholesterol, sug-
gesting homoscedasticity. Injection of natural cholesterol
standard gave rise to about 1% crosstalk on the channel at
m/z = 371.3 as expected from the natural ¥ abundance.
This signal has not been taken into account in peak inte-
gration because of the small values of cholesterol content.
In contrast, no signal was detected at the m/z 369.3 when
[3,4-"°C]cholesterol was injected. In each case, only one
peak was produced per analyte at the expected retention
time of 12.35 min (Fig. 4). We made sure that hexane did
not extract contaminants from the AdhesiveCap by analyz-
ing hexane left in an empty cap, following all the steps
of the extraction protocol. No MS signal at the expected
retention time could be detected above noise at both m/z.

Estimation of the quantity of cholesterol in SPs and A3
free neuropil

Each AdhesiveCap containing microdissected samples
was spiked with 51.5 pmol (20 ng) of [3,4—13C]cholesterol as
internal standard and was independently extracted with
hexane. The quantity of measured B standard was esti-
mated with the previously calculated regression coefficients.
Since the number and the volume of the microdissected
samples had been recorded, the quantity of cholesterol
could be expressed either per SP or per pms.

Between 213 and 516 (mean: 412) microdissected SPs
and equivalent volumes of neuropil were assessed three
times for each of the three cases. The mean concentration
of cholesterol was 4.25 + 0.10 attmol/pmS (mean + SE) for
the SPs versus 2.20 + 0.49 attmol/pm3 for the neuropil. An
ANOVA was performed taking into account the “case” and
the “SP/ neuropil” factors (Fig. 5). The power of the test
was 0.99 attmol/ pm3 for the difference between SP and
neuropil and 0.21 attmol/pm3 for the difference between
cases. The mean difference between SP and neuropil was
2.04 attmol/pm” (ddl = 1, F = 19.45, t = 4.41, and P <
0.0009). The mean difference between the cases was not
significant for any pair of cases. There was no interaction
between the “cases” and “SP/neuropil” factors. The quan-
tity of cholesterol per SP was calculated by dividing the
total quantity of free cholesterol by the number of micro-
dissected SPs. We found an average of 67 + 16 fmol (mean
+SE) of free cholesterol per plaque.

DISCUSSION

Using LCM on cryostat sections of Brodmann area 22,
immunostained for AR peptide, we microdissected cored
SPs and AP free adjoining neuropil. The presence of free
cholesterol was evaluated in the two types of samples by
LC-MS. The addition of a known quantity of a [3,4-"C]
cholesterol standard made the quantitative assessment
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Fig. 3. Precision and accuracy. The quantities of as-
sessed cholesterol are plotted against the known
quantities of cholesterol injected into the column. A
line of slope 1, representing the theoretical line for
which estimated quantity = injected quantity, is drawn
to show deviation from the theoretical value. The
bars are 1 SD above and below the mean estimates.

50
2 3
o
[
5 40
@
[«]
=
(&)
S 30
g
©
=
5 ¥ .
@ 20 - ‘@\ o Estimated cholesterol (ng)
1] @
& — Expected
4
104
0 +§ . . . . . .
0 10 20 30 40 50

Injected cholesterol {(ng)

possible. Free cholesterol, using the same stable isotope as
internal standard, has already been assessed in subcellular
membranes of Chinese hamster ovary cells (20). To our
knowledge, our report describes, for the first time, the
quantification of free cholesterol content in microdis-
sected samples. It is also the first report that analyzes a
lipid component in microdissected SPs from human AD
brain tissue. We found that the SPs were greatly enriched
in free cholesterol. The concentration of cholesterol could
reach twice the value of cholesterol that was found in the
AB free neuropil. This is all the more surprising that
microdissected neuropil was probably contaminated by

80000 -
70000 -
60000 -
50000 -

40000

Intensity

30000 -

20000

10000 -

60

SPs since, if it easy to identify immunopositive spots, it is
impossible to make sure that apparently AB-free spots do
not include a partial volume of a nearby SP. This is why the
cholesterol enrichment may actually be even higher. The
question of the presence of cholesterol in the so-called dif-
fuse deposits, which are large immunoreactive areas found
in AD patients as well as in cognitively normal individuals
(21), has not been solved by this experiment, focused on
mature SPs. It should be investigated with other strategies
allowing more sensitive immunohistochemical detection
of AB peptide and involving other areas (such as the cere-
bellum where diffuse deposits are largely predominant).

N SIR 369.30 ES+
Cv=30

» Retention time

13 14 15 (min)

Fig. 4. Example of a chromatogram single ion recording (SIR) chromatogram of 20 ng of extracted
cholesterol (at m/z 369.3) and [3,4—13C2]cholesterol standards (at m/z 371.3).
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Attomolfum?

SP Neuropil

Fig. 5. Quantification of free cholesterol content in the neuropil
and in SPs. Samples from three different human AD brains were
used, and three measurements were performed on each case.
Cholesterol concentration per microdissected volume is given in
attomol/ pmg. Bars = 1 SE of the mean for three measurements.
The ANOVA indicated no difference between the cases and a mean
difference of 2.04 attmol/ pms between SP and AB free neuropil
(ddl=1, F=19.45, t = 4.41, and P< 0.0009).

Evidence for the presence of cholesterol in the SPs has
already been presented (12, 13). However, the histochem-
ical cholesterol oxidase method that was used on tissue
sections was proven to be unreliable; on the other hand,
the cholesterol probe filipin could have labeled the SPs
unspecifically (14). Our alternative approach using LCM
and LC-MS avoids these drawbacks and additionally allows
a quantitative measurement.

Cholesterol that we detected in the SP was free as it is in
cellular membranes. The presence of apoE in the SP is
probably related to this accumulation of free cholesterol.
ApoE plays an important role in the transport of choles-
terol. Immunohistochemistry has shown its presence in
cored SPs (6). This neuropathological finding has pre-
ceded the discovery that the 4 allele of the apoE gene was
an important risk factor of AD (8) and has been confirmed
several times since (7, 22). The number of cases was
evidently too small to permit the study of the influence of
the apoE genotype on cholesterol concentration. Two
cases had one apoe4 allele. In the first one, the difference
in cholesterol concentration between neuropil and SPs
was the largest; in the second apog4/apoe3 case, it was the
smallest, suggesting at least that the apoE genotype is not
the only determinant of the cholesterol concentration.
However, since the cholesterol efflux from neurons de-
pends on the apoE isoform (E2 > E3 >E4) (23), itis prob-
able that the content of the SPs in apoE and cholesterol
will vary with the genotype; this point has to be further
explored in a larger series of cases. Moreover, a receptor
of apoE, the LDL receptor-related protein (LRP), has also
been identified by immunohistochemistry around the
core of the SP (24). Various ligands of LRP, among which
apoE, have been shown to stimulate neuritic outgrowth
(25). They could be involved in the formation of the neu-
ritic corona of the SP. Dense cored AB plaques spontane-
ously form in APP(V717F) transgenic mice. When these
animals are crossed with apoE knocked-out mice, the
deposits of AB peptide are only of the diffuse type (26)

and are devoid of LRP immunoreactivity (24). This result
suggests that LRP is upregulated in the presence of apoE
in the SP and that apoE is necessary to the concentration
of AB peptide in the core of the plaque. Finally, it has re-
cently been suggested that the SP contains phospholipids
(27) that are accumulated in its periphery.

AR peptide could be associated, during or just after its
secretion, with lipid particles that would permit its extra-
cellular transport. The association could, on the contrary,
be secondary, as a reaction to the precipitation of the A3
fibrils. The chronology of apoE accumulation pleads for
the latter hypothesis: it has indeed been observed that
apoE immunoreactivity is generally absent from the early,
diffuse deposits of AR peptide (7), and LRP is not found in
apoE negative SPs (24). However, one should keep in
mind that the concentration of AB peptide and of the
molecules that might be associated with it is much lower in
diffuse deposits and could remain below the detection
limit. Moreover, if the AB fibrils were secondarily associ-
ated with cholesterol, apoE, and LRP, synthetic AB pep-
tide injected in wild-type or APP transgenic mice should
also be secondarily associated with the same partners. The
injections of synthetic AR peptide, however, only resulted
in amorphous masses of material. By contrast, the injec-
tion of still poorly defined cerebral extracts from patients
or APP transgenic mice (28) accelerated the formation of
SPs as soon as they contained an increased concentration
of AB peptide.

On the other hand, the hypothesis that AB peptide is
embedded in a lipoprotein particle during its secretion, or
shortly after, helps to explain why the peptide remains in
solution in the extracellular space and can be concen-
trated in the SP. ApoE has been shown to induce the efflux
of cholesterol (23) in lipid particles, isolated from the
supernatant of cell culture (29).

The choice between the two scenarios, one in which A
peptide is secreted with lipid partners and apoE, and the
other, in which fribrillar AB structures are secondarily
associated with lipids and apoE, largely relies on a better
understanding of the content of the SP. Microdissection
now provides the technology adapted to reach this goal.
The LC-MS method that we used here, necessitated a pri-
ori knowledge of the species that was studied to determine
which deuteriated standard had to be added, in known
quantity, to the samples. Further studies, relying on other
strategies (electrospray MS-MS and mass spectrometry
imaging), have to determine if other membrane lipids are
to be found in the amyloid deposit of the SPs. In the
MS-MS approach, no a priori hypotheses concerning the
accumulated lipids are needed. This technology could
help determining whether cholesterol has been oxidized
or esterified or whether any of the AP peptide is covalently
modified by cholesterol as has been suggested (30)

AB peptides have a natural tendency to form oligomers
that aggregate as fibrils. It is, today, generally admitted
that oligomers are the toxic species while fibrils are devoid
of effects. Soluble AP dimers have been extracted from AD
brains and have been shown to potently impair synapse
structure and function (31). It has been imagined that
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plaque cores could act as reservoirs for inert fibrils and
play a protective role. Natural lipids, such as cholesterol,
sphingomyelin, and gangliosides, “destabilize and rapidly
resolubilize mature A amyloid fibers” in oligomeric toxic
aggregates (11, 32). The free cholesterol that we identified
in the SPs could thus be noxious by helping the reversion
of amyloid fibrils into toxic oligomers.

The amount of AB peptide contained in one SP is 50 to
100 fmol as estimated by LC-MS following SP microdis-
section (18). With 67 + 16 fmol of cholesterol per SP, we
reached the completely unexpected result that there was
an equivalent number of AB peptide and of free choles-
terol molecules per plaque. This mole-to-mole ratio sug-
gests the direct interaction of one molecule of A to one
molecule of cholesterol and should prompt new investiga-
tions on this possibly physical interaction.

Several recent studies point to the role of cholesterol in
the metabolism of APP. APP has even been considered
as a “cholesterol sensor” (11). The massive accumulation
of cholesterol, at a concentration similar to that of AR
peptide itself, is a new piece of information that may be
crucial in the unraveling of the pathogenesis of AD .l
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