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Abstract Cholesterol is implicated to play a role in Alzhei-
mer disease pathology. Therefore, the concentrations of
cholesterol, its precursors, and its degradation products in
brain homogenates of aging wild-type and 

 

�

 

-amyloid pre-
cursor protein transgenic mice carrying the Swedish muta-
tion (APP23) were analyzed. Among the sterols measured,
lanosterol is the first common intermediate of two different
pathways, which use either desmosterol or lathosterol as the
predominant precursors for de novo synthesis of brain cho-
lesterol. In young mice, cholesterol is mainly synthesized via
the desmosterol pathway, while in aged mice, lathosterol is
the major precursor. 24

 

S

 

-hydroxycholesterol (cerebroste-
rol), which plays a key role in the removal of cholesterol
from the brain, modestly increased during aging.  No dif-
ferences in the levels of cholesterol, its precursors, or its
metabolites were found between wild-type and APP23 trans-
genic mice. Moreover, the levels of the exogenous plant ste-
rols campesterol and sitosterol were significantly elevated in
the brains of APP23 animals at age 12 and 18 months. This
time point coincides with abundant plaque formation.
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In the human brain, cholesterol is entirely produced in
situ. Currently, there is little evidence for the transfer of
cholesterol or its precursors from the plasma via the
blood-brain barrier (BBB) of fetus, newborn, or adult (1).
Brain cholesterol metabolism is well balanced by a low

 

rate of synthesis, elimination of excessive cholesterol after
conversion into 24

 

S

 

-hydroxycholesterol (24

 

S

 

-OH-Chol),
and release into the systemic circulation (2–4). Neurons
are continuously supplied with free cholesterol, either by
de novo synthesis or by uptake using ligands and specific
membrane transport systems.

Epidemiological, biochemical, and genetic evidence
link cholesterol metabolism with Alzheimer disease (AD),
one of the most frequent age-dependent neurodegenera-
tive diseases of the human brain (5). So far, little is known
about the levels of cholesterol and its precursors (such as
lanosterol, lathosterol, or desmosterol) in the brain dur-
ing aging. The apolipoprotein E (apoE) 

 

�

 

4 allele is the
major genetic risk factor for AD (6). Additionally, it is as-
sociated with increased plasma cholesterol concentra-
tions. Cholesterol has been demonstrated to modulate

 

�

 

-amyloid precursor protein (APP) processing. APP and
its proteolytic product A

 

�

 

 play an important role in the
etiology of AD. The amyloid deposits in AD brains are ag-
gregates of the 40- to 42-residue A

 

�

 

 peptides (7, 8), origi-
nating from the large precursor protein APP (9, 10). High
cholesterol concentrations in the medium of cultured
cells inhibit secretion of 

 

�

 

-cleaved soluble APP (11–13).
Low cholesterol concentrations stimulate the non-amy-
loidogenic pathway by its effect on ADAM-10, the major

 

�

 

-secretase (14). APP transfected hippocampal neurons
exhibit lower A

 

�

 

 secretion after cellular cholesterol deple-
tion (15). High dietary cholesterol accelerates plaque for-
mation in APP transgenic mice (16). Inhibition of the en-
zyme converting 7-dehydrocholesterol to cholesterol by
the synthetic drug BM 15.766 is associated with reduced
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�

 

-amyloid precursor
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�

 

4, epsilon 4; GC-MS, gas chro-
matography-mass spectrometry; 24
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-OH-Chol, 24
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-hydroxycholesterol;
TMSi, trimethylsilyl.
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A

 

�

 

 accumulation (17). Simvastatin, an inhibitor of choles-
terol synthesis, reduces A

 

�

 

 levels in vivo and in vitro (18).
Moreover, a significantly reduced incidence of AD and de-
mentia was reported in patients treated with statins (19,
20). Simvastatin treatment of hypercholesterolemic pa-
tients affected the ratio of 24

 

S

 

-OH-Chol to cholesterol in
plasma (21). Increased plasma and cerebrospinal fluid
levels of 24

 

S

 

-OH-Chol, the major degradation product of
brain cholesterol (2, 22, 23), have been observed in early-
onset AD and vascular demented patients (24).

The lack of information on cholesterol sterol levels in
the aging brain prompted us to study the brain sterol me-
tabolism in APP23 transgenic mice, which develop typical
AD-related pathological changes (25). Concentrations of
brain cholesterol, cholesterol precursors, the brain-spe-
cific cholesterol metabolite 24

 

S

 

-OH-Chol, and the plant-
derived sterols campesterol and sitosterol were analyzed.

MATERIALS AND METHODS

 

Animals

 

We analyzed material from transgenic mice, which express hu-
man APP751 with the Swedish mutation under the control of the
murine Thy1 promoter (APP23), and also from wild-type litter-
mate control mice (25). The animals received a standard chow
(pellets) containing plant sterols (0.08% of all sterols) and cho-
lesterol (10% of all sterols). Analysis of sterol content in brain
homogenates was performed in groups of five wild-type and five
APP transgenic mice at 3, 6, 9, and 12 months, respectively, and
in 10 wild-type and 11 APP transgenic mice at 18 months. The
animal experiments were in accordance with the German animal
protection laws.

 

Western blot

 

For immunoblotting, snap-frozen hemispheres were homo-
genized in lysis buffer (1% Triton X-100, 50 mM Tris pH 8.0,
120 mM NaCl) including complete protease inhibitor cocktail
(Roche), and mixed with an equivalent volume of a 2-fold sam-
ple loading buffer. Electrophoresis was performed on 16% Tri-
cine sodium dodecylsulfate-polyacrylamide gels (Novex, San Di-
ego, CA) and the proteins were electroblotted to Hybond

 

®

 

nitrocellulose membranes (Amersham Pharmacia Biotech, Little
Chalfont, UK). Western blots were probed with the monoclonal
antibody W0-2 (1 

 

�

 

g/ml). For A

 

�

 

 detection, the blotted mem-
brane was heated in boiling phosphate buffered saline for 5 min
to enhance the signal. It was then blocked with 10% non-fat dry
milk in TBS for 2 h at room temperature. After washing the
membrane the primary antibody was added and incubated over-
night at 4

 

�

 

C. The immunoreactivity of bound antibodies was de-
tected by horseradish peroxidase-conjugated anti-mouse im-
munoglobulin G secondary antibody (Amersham) followed by
chemiluminescense detection (Amersham) according to the
manufacturer’s instructions.

 

Preparation of brain homogenates for sterol extraction

 

Brain hemispheres were carefully rinsed with 0.9% NaCl solu-
tion and snap-frozen in liquid nitrogen. The frozen brain ali-
quots were cut into small slices and kept frozen at 

 

�

 

80

 

�

 

C until
homogenization. Aliquots (ranging from 4–13 mg) of the frozen
slices were homogenized in 1.2 ml Tris buffer solution. Fifty mi-
croliters of butylated hydroxytoluene in methanol (5 mg/ml)
was added to protect the sterols from autoxidation.

 

Sterol analysis

 

Fifty micrograms of 5

 

�

 

-cholestane (Serva) (50 

 

�

 

l from a stock
solution of 5

 

�

 

-cholestane in cyclohexane; 1 mg/ml), 1 

 

�

 

g
epicoprostanol (Sigma) (10 

 

�

 

l from a stock solution epico-
prostanol in cyclohexane; 100 

 

�

 

g/ml), and 200 ng racemic
[23,23,24,25-

 

2

 

H

 

4

 

]24-OH-Chol (Medical Isotopes Inc., Pelham)
(50 

 

�

 

l from a stock solution 24-OH-Chol in toluene; 4 

 

�

 

g/ml)
were added as internal standards to an aliquot (500 

 

�

 

l) of brain
homogenate. Sterols and oxysterols were extracted by cyclohex-
ane after saponification and neutralization. The solvents were
evaporated and the residual sterols and oxysterols were deriva-
tized to trimethylsilyl (TMSi)-ethers by adding 1 ml TMSi-reagent
(pyridine-hexamethyldisilazane-trimethylcholorsilane; 9:3:1, v/v/v;
all reagents were supplied by Merck) and incubated for 1 h at
64

 

�

 

C. The solvents were evaporated under nitrogen at 65

 

�

 

C. The
pellet was dissolved in 160 

 

�

 

l n-decane. Eighty microliters of the
solution was transferred into micro-vials for gas-liquid chromato-
graphic-mass spectrometric (GC-MS) analysis of cholesterol pre-
cursors, metabolites, and plant sterols. The residual 80 

 

�

 

l was di-
luted with 400 

 

�

 

l n-decane for analysis of cholesterol by gas
chromatography-flame ionization detection. 5

 

�

 

-cholestane and
cholesterol/TMSi ethers were separated on a cross-linked methyl
silicone DB-XLB 122-1232 fused silica capillary column (J&W)
(30m 

 

�

 

 0.25 mm id 

 

�

 

 0.25 

 

�

 

m film thickness) in a Hewlett Pack-
ard (HP6890) gas-chromatograph. The oven temperature was
initially kept at 150

 

�

 

C for 3 min, then increased by 30

 

�

 

C/min to a
final temperature of 290

 

�

 

C. At 280

 

�

 

C, an aliquot of 1 

 

�

 

l was in-
jected in a splitless mode by an automated sampler and injector
(HP 7683). Hydrogen was used as the carrier gas with an inlet
pressure of 9.9 psi, resulting in a total gas-flow of 1.1 ml/min.
Flame ionization detection was performed at 280

 

�

 

C. The concen-
tration of cholesterol was calculated by one-point calibration us-
ing 5

 

�

 

-cholestane as internal standard. The peak area of choles-
terol is divided by the peak area of 5

 

�

 

-cholestane and multiplied
by the amount of 5

 

�

 

-cholestane added to the sample (50 

 

�

 

g).
This calculation method was validated against standard curves
for cholesterol and showed a high validity. The identity of choles-
terol was proven by comparison with the mass spectrum of au-
thentic cholesterol as a standard (Sigma).

Combined GC-MS analysis for quantification of lathosterol,
desmosterol, lanosterol, campesterol, sitosterol, and 24

 

S

 

-OH-
Chol was performed on a cross-linked methyl silicone DB-XLB
122-1232 fused silica capillary column (J&W) (30 m 

 

�

 

 0.25 mm
id 

 

�

 

 0.25 

 

�

 

m film thickness) using an HP5890 Series II plus gas-
chromatograph combined with an HP5971 mass selective detec-
tor. An aliquot of 1 

 

�

 

l was injected by automated injection (HP
7673 autosampler and automatic injector) in a splitless mode at
an injection temperature of 280

 

�

 

C. The initial oven temperature
was kept at 150

 

�

 

C for 1 min, thereafter it was increased at a rate
of 30

 

�

 

C/min to a final temperature of 290

 

�

 

C. The temperature
of the transfer line was kept at 280

 

�

 

C. Multiplier voltage was set
to 2700 eV. Electron impact ionization was employed at 70 eV
ionization energy. Selected-ion monitoring (SIM) was performed
by cycling the quadrupole mass filter between the chosen 

 

m/z

 

 val-
ues at a rate of 2.0 cycles s

 

�

 

1

 

. TMSi-ether of epicoprostanol was
measured at 

 

m/z 

 

370 (M

 

	

 

-OTMSi), lathosterol at 

 

m/z

 

 458 (M

 

	

 

),
desmosterol at 

 

m/z

 

 441 (M

 

	

 

-CH

 

3

 

), lanosterol at 

 

m/z

 

 393 (M

 

	

 

-
OTMSi-CH

 

3

 

), campesterol at 

 

m/z

 

 472 (M

 

	

 

), sitosterol at 

 

m/z

 

 486
(M

 

	

 

), 24-OH-Chol at 

 

m/z

 

 413 [M

 

	

 

-OTMSi-CH(CH

 

3

 

)

 

2

 

], and deu-
terated 24-OH-Chol at 

 

m/z

 

 416 [M

 

	

 

-OTMSi-CD(CH

 

3

 

)

 

2

 

]. The
concentrations of lathosterol, desmosterol, lanosterol, campes-
terol, and sitosterol were calculated from standard curves using
epicoprostanol as internal standard. The concentrations of 24

 

S

 

-
OH-Chol were calculated from standard curves using racemic
24

 

R

 

,

 

S

 

-OH-Chol in increasing concentrations and deuterated ra-
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cemic 24

 

R

 

,

 

S

 

-OH-Chol as internal standard (isotope dilution
method). Identification of all sterols was proven by comparison
with the full-scan mass spectra of authentic compounds. Addi-
tional qualifier (characteristic fragment ions) ions were used for
structural identification.

 

Statistics

 

Data are expressed as mean 

 




 

 SD. Statistics for differences in
wild-type and transgenic mice and for age differences were per-
formed using two-tailed Student’s 

 

t

 

-test. Differences between
months of age in transgenic and wild-type mice were evaluated
by ANOVA and by Bonferroni adjusted post-hoc tests. Correla-
tion analysis was performed with a Pearson’s correlation coeffi-
cient. The level of significance used was 5%. All statistical calcula-
tions were performed using SPSS software (SPSS Inc.).

 

RESULTS

 

Western blotting of brain lysates

 

As expected, APP23 mice expressed abundant human
full-length APP, as well as 

 

�

 

-cleaved C-terminal-stubs (C-99
fragment). The W0-2 monoclonal antibody recognizes the
amino acid epitope 1–8 of A

 

�

 

. Detectable A

 

�

 

 was found as
early as 3 months of age and it increased in an age-depen-
dent manner with significantly elevated concentrations at
9, 12, and 18 months of age (

 

Fig. 1

 

).

 

Cholesterol metabolites in aging wild-type and APP
transgenic mice

 

Bonferroni adjusted post-hoc test of variance showed
no differences in the level of cholesterol or its precursors
between wild-type and APP23 mice.

The relationship of different precursors and the 24S-
OH-Chol metabolite to cholesterol was expressed as the
ratio of the different non-cholesterol sterols to choles-
terol. The ratio of 24S-OH-Chol to cholesterol varied from
2.1 to 3.0 ng/�g in APP23 mice, and from 1.9 to 2.9 ng/
�g in wild-type mice. ANOVA revealed a modest age-
related effect in the ratio of 24S-OH-Chol to cholesterol
(P � 0.05). Ratios of 24S-OH-Chol to cholesterol in-
creased from 3 months to 9 months (2.16 
 0.04 ng/�g, 3

months, to 2.36 
 0.07 ng/�g, 6 months, to 2.52 
 0.07
ng/�g, 9 months in APP23 mice; and 2.17 
 0.18 ng/�g,
3 months, to 2.43 
 0.17 ng/�g, 6 months, to 2.53 
 0.05
ng/�g, 9 months in wild-type mice). The ratio of 24S-OH-
Chol to cholesterol showed highly significant positive cor-
relations with the corresponding ratios of lathosterol (R �
0.637, P � 0.0001) and lanosterol (R � 0.360, P � 0.005)
as well as a weak negative correlation with that of desmos-
terol (R � �0.323, P � 0.02) (Fig. 2).

The ratios of lathosterol to cholesterol and lanosterol to
cholesterol showed similar profiles. They increased dur-
ing the time from three to nine months and slightly de-
creased in the time up to 18 months. In contrast, the pro-
file of desmosterol to cholesterol reached a maximum at 6
months and significantly decreased thereafter. The ratio
at 18 months was less than a third of the ratio observed at
the age of 3 months. ANOVA revealed highly significant
differences between the ratios of all three cholesterol pre-
cursors with aging (P � 0.001), except for the ratio of
lanosterol to cholesterol in the transgenic mice with only
a moderate change (P � 0.05). Bonferroni adjusted post-
hoc test showed highly significant lower ratios of lathos-
terol to cholesterol when comparing the ratios for all wild-
type mice between 3 and 6 months with 9, 12, and 18
months at a level of P � 0.001.

Concentrations of campesterol and sitosterol in the
brain are normally kept at a very low level. In transgenic
animals, levels of campesterol as well as sitosterol to cho-
lesterol were significantly elevated during aging (ANOVA;
P � 0.001). The ratio of campesterol to cholesterol was
2.3- to 4.1-fold higher than the ratio of sitosterol to choles-
terol, with the most differences in the younger animals.
Ratios of campesterol and sitosterol to cholesterol were
significantly higher in the APP23 compared with wild-type
mice at 12 months (1.09 
 0.06 ng/�g vs. 0.83 
 0.08 ng/
�g and 0.44
 0.02 ng/�g vs. 0.26 
 0.02 ng/�g, respec-
tively; P � 0.001 for both) and 18 months of age (1.33 

0.10 ng/�g vs. 0.81
 0.05 ng/�g, and 0.59 
 0.06 ng/�g
vs. 0.29 
 0.03 ng/�g, respectively; P � 0.001 for both).
Bonferroni adjusted post-hoc test revealed significant dif-
ferences in the ratios of sitosterol to cholesterol in wild-
type mice between 3 months and 12 and 18 months (P �
0.014 and P � 0.001, respectively), between 6 months and
12 and 18 months (P � 0.022 and P � 0.001, respec-
tively), and between 9 and 18 months (P � 0.001). Signifi-
cantly lower ratios of campesterol and sitosterol to choles-
terol in transgenic mice were found between 3, 6, and 9
months and 12 and 18 months (P � 0.001 for all) and be-
tween 12 months and 18 months of age (Fig. 3).

DISCUSSION

Cholesterol and its precursors
ApoE is the main carrier of free cholesterol in the

brain. The �4 allele of apoE is the major known genetic
risk factor for sporadic AD (6). The �4 isoform corre-
lates positively with amyloid plaque formation and A�
deposition. Growing evidence indicates a potentially im-

Fig. 1. Western blot analysis of brain lysates (20 �g per lane) of
aged APP23 transgenic mice using A� antibody W0-2. Abbrevia-
tions: Mo, month; APP, �-amyloid precursor protein; A�, Abeta;
�-stub, C-99 APP fragment).
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portant link between cholesterol, �-amyloid, and AD.
Changing cholesterol levels affect APP metabolism in
vitro (11, 14, 15, 26) and in vivo (16, 18). The mecha-
nism for these observations is largely unknown. As there
is an obvious lack of information about cholesterol me-
tabolism in the aging brain, the levels of cholesterol, its

precursors, or degradation products were analyzed in
mouse brain. In agreement with previous studies (see
below), two different cholesterol synthesizing pathways
were found. Desmosterol levels decreased dramatically
with age, whereas lathosterol and lanosterol levels in-
creased, indicating that the aged brain utilizes the la-

Fig. 2. Cholesterol metabolism in the aging APP23 transgenic (dark bars) and wild-type mouse (light bars)
brain, with ratios of lathosterol, lanosterol, and desmosterol to cholesterol, cholesterol/mg wet weight, and
ratio of 24S-OH-Chol to cholesterol.
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thosterol rather than the desmosterol pathway as a pre-
cursor route.

There are three main known functional differences be-
tween the central nervous system (CNS) and the periph-
eral nervous system (PNS): 1) While axons in the PNS can
regenerate after injury, those in the CNS cannot. 2) De-
generation of axons and the myelin sheeth following in-
jury occurs much more rapidly in the PNS than in the
CNS; and 3) in rodents, PNS myelination commences be-
fore CNS myelination (27). Bourre et al. described how
Schwann cells in the PNS use the 7-dehydrocholesterol
pathway, while oligodendrocytes in the CNS may prefer
the desmosterol pathway (28). Cholesterol biosynthesis in
mammals is a very complex biochemical process that in-
cludes a great number of enzymatical reactions in early-
step (29) and late-step cholesterol synthesis (Fig. 4). In
late-step synthesis, discrete oxidoreductive and/or de-
methylation reactions occur, which start with the com-
mon precursor lanosterol. Desmosterol (24-dehydrocho-
lesterol) has been implicated with myelination processes.
While high desmosterol levels could be detected in the
brain of young rat and mouse (30, 31) and in fetal human
brain (32), no desmosterol was found in the brain of adult
rats (33) or humans (32). The same holds true for the

brain of newborn guinea pigs, which is fully myelinated at
birth (33). The brain of Sprague-Dawley rats exhibited
4-fold decreasing desmosterol contents between 4 and 21
days, and almost undetectable levels at 6 months of age.
In the present study, concentrations of desmosterol de-
creased significantly after 6 months of age. This discrep-
ancy could be explained by the sensitivity of the methods
used to quantify cholesterol related sterols. The continu-
ous increase of lathosterol and lanosterol further indi-
cated that cholesterol synthesis is dominated by the lathos-
terol pathway during aging. The late-step cholesterol
precursors are involved in a variety of CNS and peripheral
processes. For example, 1) elevated desmosterol concen-
trations in an infant with lethal multiple malformations
(such as macroencephaly) have been described. GC-MS
demonstrated an abnormal accumulation of desmosterol
in kidney, liver and brain tissue (34). Abnormally elevated
levels of precursors of the lathosterol pathway is a bio-
chemical consequence in cerebrotendinous xanthomato-
sis, a disorder which is characterized by neurological and
psychiatric symptoms (35).

The cholesterol brain content increases dramatically
during postnatal development between 5 and 21 days, to
about 12–13 mg/g at the age of 3 months, but only very
slightly during adulthood and aging (14 mg/g at 12
months of age) (28). However, an increase of the ratio of
cholesterol to protein in mouse of about 14% between 1
month and 12 months of age has also been reported (36).
The authors performed quantification of cholesterol by a
modified enzymatic assay using unspecific sterol oxidases,
which may be not very sensitive. This method is suitable
and validated for determination of total cholesterol in se-
rum or plasma in healthy humans where the content of
cholesterol is 104–106-fold higher than normal levels of
other sterols and oxysterols (37). We strongly believe that
it is important to quantify sterols with highly sensitive and
specific HPLC, GC, and/or GC-MS methods. In the
present study, we observed no elevation of cholesterol
during aging.

Importance of 24S-OH-Chol
Peripheral cholesterol is eliminated and converted into

bile acids by the liver through oxidation and degradation
of the cholesterol side-chain (38). In contrast, no evi-
dence for such metabolism is found in the brain (39). A
new mechanism for elimination of cholesterol from the
brain was recently described by Lütjohann et al. and
Björkhem et al. (2, 4, 22); the conversion of cholesterol
into 24S-OH-Chol and a flux of this oxysterol through the
blood-brain barrier into the circulation. The enzyme in-
volved in this reaction was recently identified as a cyto-
chrome P-450 species denoted CYP46 (40). This enzyme is
almost exclusively expressed in brain and evidence was
presented that more than 90% of the 24S-OH-Chol in the
human circulation originates from this organ (22, 41),
while in mouse and rat, only 50% and 70% originate from
the brain, respectively. 24S-OH-Chol levels increased only
mildly with age in both APP23 and wild-type mice. This
observation is remarkable despite a massive pathology

Fig. 3. Ratios of campesterol and sitosterol to cholesterol in
APP23 (dark bars) and wild-type mouse brain (light bars). The
levels were significantly elevated (***P � 0.001) in 12 and 18
months old APP23 transgenic mice.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Lütjohann et al. Cholesterol profile in aged APP transgenic mouse brain 1083

such as abundant neuritic plaques with sprouting neu-
rites, accompanying gliosis and a mild neuron loss in the
brain of aged APP23 mice (42). Nevertheless, a differen-
tial distribution of cholesterol between subcellular mem-
brane components during aging is most likely. Cholesterol
is thought to condense the packing of sphingolipids in
rafts (43). Both lipids form a concentration gradient
along the secretory pathway with enriched compartments
toward the cell surface (44, 45). Lipid rafts play an essen-
tial role in exocytic transport routes and endocytic uptake
(46). We assume that misregulated intraneuronal A�/APP
anterograde, retrograde, and transcytotic transport is a
key feature of AD (47). A recent study reported that intra-
cellular A� accumulates in late endosomes of Niemann-
Pick Type C (NPC1) mutant cells linking A� with choles-
terol transport (48).

Cholesterol and A� reduction
Recently, Refolo et al. (17) reported that treatment

of presenilin-1 and APP double-transgenic mice with
BM15.766, a 7-dehydrocholesterol reductase inhibitor in
late-step cholesterol synthesis, decreased the amount of
A� produced. A strong positive correlation between the

amount of plasma cholesterol and A� was found in both
untreated and BM15.766 cholesterol lowered animals.

It is well established that most of the cholesterol in the
adult CNS is present in its free form (49–51), with only
trace amounts of esterified cholesterol. Very recently,
Puglielli et al. (52) analyzed the influence of esterification
of cholesterol on A� production in different cell lines.
The authors used two different ACAT inhibitors, a fatty-
acid anilide derivative that mimics acyl-CoA, and a de-
rivative of urea. They found that esterified cholesterol
modulated the generation of A�. Similar to other in vitro
studies, cholesterol turned out to be the effective com-
pound influencing APP processing. However, the influ-
ence of cholesterol precursors was largely neglected.

Phytosterols in APP transgenic animals
Cerebral amyloid angiopathy (CAA) is one of the patho-

logical hallmarks in AD brain and in APP transgenic mice
(42, 53–55). It is generally assumed that the BBB integrity
can be interrupted by aggregation of A� peptides causing
CAA at later stages. APP transgenic mice have proven to
be very useful for the study of the cascade of pathological
alterations occurring early in the brain of AD patients.

Fig. 4. The steroid pathway from lanosterol to cholesterol and the conversion of cholesterol to 24S-hydroxy-
cholesterol (24S-OH-Chol).
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The ratios of campesterol and sitosterol to cholesterol,
both dietary plants sterols, were significantly higher in
transgenic compared with wild-type mice at age 12 and 18
months. Our observation indicates either i) that the BBB
is affected as early as 12 months of age in APP23 mice, or
ii) that in aged APP23 mice there is an altered phytosterol
transport into the brain.

Recently, Poduslo et al. compared BBB permeability of
different proteins, such as insulin, albumin, and A�1-40 in
an AD double transgenic mouse model expressing APP
and presenilin-1 (56). The authors concluded that alter-
ations in the BBB may be possible but of lower impor-
tance. We observed that the phytosterols campesterol and
sitosterol are significantly higher at 12 months of age com-
pared with littermate non-transgenic controls. At this at a
time point, all transgenic APP mice exhibit plaques (25).

In conclusion, the aging brain favors the lathosterol
rather than the desmosterol pathway for late-step choles-
terol synthesis. Increased levels of plant sterols were iden-
tified only in the brain of APP23 transgenic mice, which
may point to altered transport through or leakage of the
blood brain barrier due to A� deposition.

This study was carried out with the kind support from the
Bundesministerium für Bildung, Forschung und Technologie
(01EC9402 to D.L. and K.v.B.); the Fritz Thyssen Foundation
(T.A.B.); the Alzheimer Forschung Initiative e.V. (T.A.B. and
G.M.); and the Deutsche Forschungsgemeinschaft (Mu901 to
G.M., T.A.B., and S.F.B.; 488 to K.B.). The technical support of
Anja Kerksiek is gratefully acknowledged.

REFERENCES

1. Dietschy, J. M., and S. D. Turley. 2001. Cholesterol metabolism in
the brain. Curr. Opin. Lipidol. 12: 105–112.

2. Lütjohann, D., O. Breuer, G. Ahlborg, I. Nennesmo, A. Siden, U.
Diczfalusy, and I. Björkhem. 1996. Cholesterol homeostasis in hu-
man brain: evidence for an age-dependent flux of 24S-hydroxy-
cholesterol from the brain into the circulation. Proc. Natl. Acad.
Sci. USA. 93: 9799–9804.

3. Snipes, G. J., and U. Suter. 1997. Cholesterol and myelin. In Cho-
lesterol: Its Functions and Metabolism in Biology and Medicine. R.
Bittman, editor. Plenum Press, New York. 173–204.

4. Björkhem, I., D. Lütjohann, O. Breuer, A. Sakinis, and A. Wenn-
malm. 1997. Importance of a novel oxidative mechanism for elimi-
nation of brain cholesterol. Turnover of cholesterol and 24(S)-
hydroxycholesterol in rat brain as measured with 18O2 techniques
in vivo and in vitro. J. Biol. Chem. 272: 30178–30184.

5. Dartigues, J. F. and L. Letenneur. 2000. Genetic epidemiology of
Alzheimer’s disease. Curr. Opin. Neurol. 13: 385–389.

6. Corder, E. H., A. M. Saunders, W. J. Strittmatter, D. E. Schmechel,
P. C. Gaskell, G. W. Small, A. D. Roses, J. L. Haines, and M. A. Peri-
cak-Vance. 1993. Gene dose of apolipoprotein E type 4 allele and
the risk of Alzheimer’s disease in late onset families. Science. 261:
921–923.

7. Glenner, G. G., and C. W. Wong. 1984. Alzheimer’s disease: initial
report of the purification and characterization of a novel cere-
brovasular amyloid protein. Biochem. Biophys. Res. Commun. 120:
885–890.

8. Masters, C. L., G. Simms, N. A. Weinman, G. Multhaup, B. L. Mc-
Donald, and K. Beyreuther. 1985. Amyloid plaque core protein in
Alzheimer disease and Down syndrome. Proc. Natl. Acad. Sci. USA.
82: 4245–4249.

9. Kang, J., H. G. Lemaire, A. Unterbeck, J. M. Salbaum, C. L. Mas-

ters, K. H. Grzeschik, G. Multhaup, K. Beyreuther, and B. Mueller-
Hill. 1987. The precursor of Alzheimer’s disease amyloid A4 pro-
tein resembles a cell-surface receptor. Nature. 325: 733–736.

10. Tanzi, R. E., J. F. Gusella, P. C. Watkins, G. A. P. Bruns, P. H. St.
George-Hyslop, M. L. Van Keuren, D. Patterson, S. Pagan, D. M.
Kurnit, and R. L. Neve. 1987. The amyloid � protein gene: cDNA
cloning, mRNA distribution, and genetic linkage near the Alzhei-
mer locus. Science. 235: 880–994.

11. Bodovitz, S. and W. L. Klein. 1996. Cholesterol modulates alpha-
secretase cleavage of amyloid precursor protein. J. Biol. Chem. 271:
4436–4440.

12. Racchi, M., R. Baetta, N. Salvietti, P. Ianna, G. Franceschini, R. Pa-
oletti, R. Fumagalli, S. Govoni, M. Trabucchi, and M. Soma. 1997.
Secretory processing of amyloid precursor protein is inhibited by
increase in cellular cholesterol content. Biochem. J. 322: 893–898.

13. Gottfries, C. G. 1986. Monoamines and myelin components in ag-
ing and dementia disorders. Prog. Brain Res. 70: 133–140.

14. Kojro, E., G. Gimpl, S. Lammich, W. März, and F. Fahrenholz.
2001. Low cholesterol stimulates the nonamyloidogenic pathway
by its effect on the alpha -secretase ADAM 10. Proc. Natl. Acad. Sci.
USA. 98: 5815–5820.

15. Simons, M., P. Keller, B. De Strooper, K. Beyreuther, C. G. Dotti,
and K. Simons. 1998. Cholesterol depletion inhibits the genera-
tion of beta-amyloid in hippocampal neurons. Proc. Natl. Acad. Sci.
USA. 95: 6460–6464.

16. Refolo, L. M., M. A. Pappolla, B. Malester, J. LaFrancois, T. Bryant-
Thomas, R. Wang, G. S. Tint, K. Sambamurti, and K. Duff. 2000.
Hypercholesterolemia accelerates the Alzheimer’s amyloid pathol-
ogy in a transgenic mouse model. Neurobiol. Dis. 7: 321–331.

17. Refolo, L. M., M. A. Pappolla, J. LaFrancois, B. Malester, S. D.
Schmidt, T. Thomas-Bryant, G. S. Tint, R. Wang, M. Mercken, S. S.
Petanceska, and K. E. Duff. 2001. A cholesterol-lowering drug re-
duces beta-amyloid pathology in a transgenic mouse model of Alz-
heimer’s disease. Neurobiol. Dis. 8: 890–899.

18. Fassbender, K., M. Simons, C. Bergmann, M. Stroick, D. Lüt-
johann, P. Keller, H. Runz, S. Kuhl, T. Bertsch, K. von Bergmann,
M. Hennerici, K. Beyreuther, and T. Hartmann. 2001. Simvastatin
strongly reduces levels of Alzheimer’s disease beta-amyloid pep-
tides Abeta 42 and Abeta 40 in vitro and in vivo. Proc. Natl. Acad.
Sci. USA. 98: 5856–5861.

19. Wolozin, B., W. Kellman, P. Ruosseau, G. G. Celesia, and G. Siegel.
2000. Decreased prevalence of alzheimer disease associated with
3-hydroxy-3-methyglutaryl coenzyme A reductase inhibitors. Arch.
Neurol. 57: 1439–1443.

20. Jick, H., G. L. Zornberg, S. S. Jick, S. Seshadri, and D. A. Drach-
man. 2000. Statins and the risk of dementia. Lancet. 356: 1627–
1631.

21. Locatelli, S., D. Lütjohann, H. H-J. Schmidt, C. Otto, U. Beisiegel,
and K. von Bergmann. 2002. Reduction of plasma 24S-hydroxy-
cholesterol (cerebrosterol) levels using high-dosage simvastatin in
patients with hypercholesterolemia: evidence that simvastatin af-
fects cholesterol metabolism in the human brain. Arch. Neurol. 59:
213–216.

22. Björkhem, I., D. Lütjohann, U. Diczfalusy, L. Stahle, G. Ahlborg,
and J. Wahren. 1998. Cholesterol homeostasis in human brain:
turnover of 24S-hydroxycholesterol and evidence for a cerebral or-
igin of most of this oxysterol in the circulation. J. Lipid Res. 39:
1594–1600.

23. Papassotiropoulos, A., D. Lütjohann, M. Bagli, S. Locatelli, F. Jes-
sen, R. Buschfort, U. Ptok, I. Björkhem, K. von Bergmann, and R.
Heun. 2002. 24S-hydroxycholesterol in cerebrospinal fluid is ele-
vated in early stages of dementia. J. Psychiatr. Res. 36: 27–32.

24. Lütjohann, D., A. Papassotiropoulos, I. Björkhem, S. Locatelli, M.
Bagli, R. D. Oehring, U. Schlegel, F. Jessen, M. L. Rao, K. von Berg-
mann, and R. Heun. 2000. Plasma 24S-hydroxycholesterol (cere-
brosterol) is increased in Alzheimer and vascular demented pa-
tients. J. Lipid Res. 41: 195–198.

25. Sturchler-Pierrat, C., D. Abramowski, M. Duke, K. H. Wiederhold,
C. Mistl, S. Rothacher, B. Ledermann, K. Burki, P. Frey, P. A. Pa-
ganetti, C. Waridel, M. E. Calhoun, M. Jucker, A. Probst, M.
Staufenbiel, and B. Sommer. 1997. Two amyloid precursor protein
transgenic mouse models with Alzheimer disease-like pathology.
Proc. Natl. Acad. Sci. USA. 94: 13287–13292.

26. Galbete, J. L., T. R. Martin, E. Peressini, P. Modena, R. Bianchi, and
G. Forloni. 2000. Cholesterol decreases secretion of the secreted
form of amyloid precursor protein by interfering with glycosylation
in the protein secretory pathway. Biochem. J. 348: 307–313.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Lütjohann et al. Cholesterol profile in aged APP transgenic mouse brain 1085

27. Rawlins, F. A., and M. E. Smith. 1971. Myelin synthesis in vitro: a
comparative study of central and peripheral nervous tissue. J. Neu-
rochem. 18: 1861–1870.

28. Bourre, J. M., M. Clement, D. Gerard, R. Legran, and J.
Chaudiere. 1990. Precursors for cholesterol synthesis (7-dehydro-
cholesterol, 7-dehydrodesmosterol, and desmosterol): choles-
terol/7-dehydrocholesterol ratio as an index of development and
aging in PNS but not in CNS. J. Neurochem. 54: 1196–1199.

29. Goldstein, J. L., and M. S. Brown. 1990. Regulation of the me-
valonate pathway. Nature. 343: 425–430.

30. Kritchevsky, D., and W. L. Holmes. 1962. Occurence of desmos-
terol in developing rat brain. Biochem. Biophys. Res. Commun. 2:
128–131.

31. Paoletti, R., R. Fumagalli, E. Grossi, and P. Paoletti. 1965. Studies
on brain sterols in normal and pathological conditions. J. Am. Oil
Chem. Soc. 42: 400–404.

32. Fumagalli, R., and R. Paoletti. 1963. The identification and signifi-
cance of demosterol in the developing human and animal brain.
Life Sci. 5: 291–295.

33. Kritchevsky, D., S. A. Tepper, N. DiTullo, and W. L. Holmes. 1965.
Desmosterol in developing rat brain. J. Am. Oil Chem. Soc. 42:
1024–1028.

34. FitzPatrick, D. R., J. W. Keeling, M. J. Evans, A. E. Kan, J. E. Bell,
M. E. Porteous, K. Mills, R. M. Winter, and P. T. Clayton. 1998.
Clinical phenotype of desmosterolosis. Am. J. Med. Genet. 75: 145–
152.

35. Dotti, M. T., G. Salen, and A. Federico. 1991. Cerebrotendinous
xanthomatosis as a multisystem disease mimicking premature age-
ing. Dev. Neurosci. 13: 371–376.

36. Eckert, G. P., C. Kirsch, and W. E. Mueller. 2001. Differential Ef-
fects of lovastatin treatment on brain cholesterol levels in normal
and ApoE deficient mice. Neuroreport. 12: 883–887.

37. Breuer, O., and I. Björkhem. 1995. Use of an 18O2 inhalation tech-
nique and mass isotopomer distribution analysis to study oxygen-
ation of cholesterol in rat. Evidence for in vivo formation of 7-oxo-,
7 beta-hydroxy-, 24-hydroxy-, and 25-hydroxycholesterol. J. Biol.
Chem. 270: 20278–20284.

38. Princen, H. M. G., S. M. Post, and I. Twisk. 1997. Regulation of bile
acid synthesis. Curr. Pharmac. Design. 3: 59–84.

39. Dhopeshwarkar, G. A., and C. Subramanian. 1981. Lack of catabo-
lism of brain cholesterol. Lipids. 16: 389–392.

40. Lund, E. G., J. M. Guileyardo, and D. W. Russell. 1999. cDNA clon-
ing of cholesterol 24-hydroxylase, a mediator of cholesterol ho-
meostasis in the brain. Proc. Natl. Acad. Sci. USA. 96: 7238–7243.

41. Meaney, S., M. Hassan, A. Sakinis, D. Lütjohann, K. von Berg-
mann, A. Wennmalm, U. Diczfalusy, and I. Björkhem. 2001. Evi-
dence that the major oxysterols in human circulation originate
from distinct pools of cholesterol: a stable isotope study. J. Lipid
Res. 42: 70–78.

42. Calhoun, M. E., P. Burgermeister, A. L. Phinney, M. Stalder, M.
Tolnay, K. H. Wiederhold, D. Abramowski, C. Sturchler-Pierrat, B.

Sommer, M. Staufenbiel, and M. Jucker. 1999. Neuronal overex-
pression of mutant amyloid precursor protein results in promi-
nent deposition of cerebrovascular amyloid. Proc. Natl. Acad. Sci.
USA. 96: 14088–14093.

43. Smaby, J. M., M. Momsen, V. S. Kulkarni, and R. E. Brown. 1996.
Cholesterol-induced interfacial area condensations of galactosyl-
ceramides and sphingomyelins with identical acyl chains. Biochem-
istry. 35: 5696–5704.

44. Liscum, L., and N. J. Munn. 1999. Intracellular cholesterol trans-
port. Biochim. Biophys. Acta. 1438: 19–37.

45. van Meer, G. and J. C. Holthuis. 2000. Sphingolipid transport in
eukaryotic cells. Biochim. Biophys. Acta. 1486: 145–170.

46. Ikonen, E. 2001. Roles of lipid rafts in membrane transport. Curr.
Opin. Cell Biol. 13: 470–477.

47. Bayer, T. A., O. Wirths, K. Majtenyi, T. Hartmann, G. Multhaup, K.
Beyreuther, and C. Czech. 2001. Key factors in Alzheimer’s dis-
ease: beta-amyloid precursor protein processing, metabolism and
intraneuronal transport. Brain Pathol. 11: 1–11.

48. Yamazaki, T., T. Y. Chang, C. Haass, and Y. Ihara. 2001. Accumula-
tion and aggregation of amyloid beta-protein in late endosomes of
Niemann-Pick type C cells. J. Biol. Chem. 276: 4454–4460.

49. Johnson, A. C., A. R. McNabb, and R. J. Rossiter. 1948. Lipids of
normal brain. Biochem. J. 43: 573–577.

50. Brante, G. 1949. Studies on lipids in the nervous system with spe-
cial reference to quantitative chemical determination and topical
distribution. Acta Physiol. Scand. 18: 1–89.

51. Cumings, J. N., H. Goodwin, E. M. Woodwar, and I. L. Chaikoff.
1958. Lipids in the brains of infants and children. J. Neurochem. 2:
289–294.

52. Puglielli, L., G. Konopka, E. Pack-Chung, L. A. Ingano, O. Bere-
zovska, B. T. Hyman, T. Y. Chang, R. E. Tanzi, and D. M. Kovacs.
2001. Acyl-coenzyme A: cholesterol acyltransferase modulates the
generation of the amyloid beta-peptide. Nat. Cell Biol. 3: 905–912.

53. Cras, P., M. Kawai, S. Siedlak, P. Mulvihill, P. Gambetti, D. Lowery,
P. Gonzalez-DeWhitt, B. Greenberg, and G. Perry. 1990. Neuronal
and microglial involvement in beta-amyloid protein deposition in
Alzheimer’s disease. Am. J. Pathol. 137: 241–246.

54. Van Dorpe, J., L. Smeijers, I. Dewachter, D. Nuyens, K. Spittaels, C.
Van Den Haute, M. Mercken, D. Moechars, I. Laenen, C. Kuiperi,
K. Bruynseels, I. Tesseur, R. Loos, H. Vanderstichele, F. Checler, R.
Sciot, and F. Van Leuven. 2000. Prominent cerebral amyloid angi-
opathy in transgenic mice overexpressing the London mutant of
human APP in neurons. Am. J. Pathol. 157: 1283–1298.

55. Winkler, D. T., L. Bondolfi, M. C. Herzig, L. Jann, M. E. Calhoun,
K. H. Wiederhold, M. Tolnay, M. Staufenbiel, and M. Jucker. 2001.
Spontaneous hemorrhagic stroke in a mouse model of cerebral
amyloid angiopathy. J. Neurosci. 21: 1619–1627.

56. Poduslo, J. F., G. L. Curran, T. M. Wengenack, B. Malester, and K.
Duff. 2001. Permeability of proteins at the blood-brain barrier in
the normal adult mouse and double transgenic mouse model of
Alzheimer’s disease. Neurobiol. Dis. 8: 555–567.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

