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Oxidative stress is recognized as one of the earliest and most intense pathological processes in Alzheimer’s disease (AD), and the

antioxidant vitamin E has been shown to efficiently prevent amyloid plaque formation and neurodegeneration. Plasma phospholipid

transfer protein (PLTP) has a major role in vitamin E transfers in vivo, and PLTP deficiency in mice is associated with reduced brain vitamin

E levels. To determine the impact of PLTP on amyloid pathology in vivo, we analyzed the vulnerability of PLTP-deficient (PLTP-KO) mice

to the toxic effects induced by intracerebroventricular injection of oligomeric amyloid-b25–35 (Ab25–35) peptide, a non-transgenic model

of AD. Under basal conditions, PLTP-KO mice showed increased cerebral oxidative stress, increased brain Ab1–42 levels, and a lower

expression of the synaptic function marker synaptophysin, as compared with wild-type mice. This PLTP-KO phenotype was associated

with increased memory impairment 1 week after Ab25–35 peptide injection. Restoration of brain vitamin E levels in PLTP-KO mice

through a chronic dietary supplementation prevented Ab25–35-induced memory deficits and reduced cerebral oxidative stress and

toxicity. We conclude that PLTP, through its ability to deliver vitamin E to the brain, constitutes an endogenous neuroprotective agent.

Increasing PLTP activity may offer a new way to develop neuroprotective therapies.
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INTRODUCTION

Oxidative stress is widely recognized as a hallmark of
natural aging and a key factor in the etiology of
neurodegenerative disorders, including Alzheimer’s disease
(AD). Increased oxidative stress is observed in both
transgenic and non-transgenic models of AD, and in
humans, oxidative damage is recognized as one of the
earliest changes in familial as well as sporadic forms of AD
(Clark et al, 2010). Several in vitro and in vivo findings
came in support of a beneficial effect of the antioxidant
vitamin E in the prevention of amyloid plaque formation
and neurodegeneration (Ricciarelli et al, 2007; Nishida et al,
2009), and increased plasma levels of this antioxidant have
recently been associated with a reduced risk of developing
AD in advanced age (Mangialasche et al, 2010). Although
overexpression or targeted disruption of specific genes in
transgenic animals has offered a convenient way to
determine the contribution of one given factor to the
processes of aging and neurodegeneration, there is still a
paucity of well-suited animal models allowing to address

selectively the contribution of oxidative injury to their
etiology. In this context, controlled alteration in the
incorporation and distribution of the lipid-soluble
vitamin E antioxidant into the brain tissue is likely
to constitute a relevant approach. In support of the
latter view, it was recently reported that early vitamin E
supplementation in young mice reduces amyloid-b peptide
levels and amyloid deposition in a transgenic model of AD
(Sung et al, 2004).
As a lipophilic molecule, vitamin E is transported as part

of circulating lipoproteins. Although its delivery to periph-
eral organs was shown to involve the non-specific
holoparticle uptake of lipoprotein particles through their
cellular receptors (Lemaire-Ewing et al, 2010), a molecular
transfer of a-tocopherol, ie, the main isomer of vitamin E,
was shown to be mediated in vivo by the plasma
phospholipid transfer protein (PLTP) (Kostner et al, 1995;
Desrumaux et al, 1999; Tzotzas et al, 2009). Thus,
genetically engineered mice with PLTP deficiency were
shown to accumulate a-tocopherol in circulating apolipo-
protein B-containing lipoproteins at the expense of
peripheral tissues (Jiang et al, 2002; Drouineaud et al,
2006; Desrumaux et al, 2010; Ogier et al, 2007). In
particular, earlier studies from our group have shown a
significant, 35% decrease in the vitamin E content of the
brain in PLTP-deficient (PLTP-KO) mice, with a concomi-
tant increase in the amount of the aging pigment lipofuscin
in cortex and substantia nigra (Desrumaux et al, 2005).
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Although PLTP-mediated vitamin E transfers were shown
to have a key role in its pro-atherogenic and pro-thrombotic
potency, it has not been established whether they can affect
natural and/or pathological aging. To address this question,
PLTP-KO mice were used in the present study as a valuable
model to study the contribution of partial vitamin E
deficiency to the etiology of AD. We used an established
non-transgenic model of AD, ie, the intracerebroventricular
injection of an oligomeric preparation of the amyloid-b
(25–35) peptide fragment (Ab25–35). This acute Ab25–35
injection model has been previously shown to induce within
1 week highly pertinent pathomimetic alterations, including
learning and memory deficits, cholinergic cell loss, oxida-
tive stress, neuroinflammation, Ab1–42 seeding, and Tau
hyperphosphorylation in rodents (Maurice et al, 1996;
Klementiev et al, 2007; Chavant et al, 2010).

MATERIALS AND METHODS

Animals

PLTP-KO mice and wild-type (WT) mice, bred on a
homogeneous C57BL/6 background, were used in the present
study. PLTP-KO mice were a kind gift from Dr X. C. Jiang’s
laboratory (SUNY Downstate Medical Center, New York, NY,
USA) (Jiang et al, 1999). Mice were fed a standard chow diet
(A03 diet, Safe, Augy, France) or a vitamin E-supplemented
chow diet (A03 containing 800mg/kg a-tocopherol acetate,
Safe). Male mice were used between 3 and 4 months of age
and behavioral experiments were performed between 1000
and 1700 hours. All animal procedures were conducted in
strict adherence of the EU Directive 86-609, modified by the
decrees 87-848 and 2001-464.

Drugs, Administration Procedures, and Sample
Preparation

Ab25–35 peptide was from Genepep (St Jean-de-Vedas,
France). It was solubilized in sterile distilled water at a
concentration of 3mg/ml and stored at � 20 1C until use.
Before injection, the peptide was incubated at 37 1C for 4
days, leading to aggregation and formation of low molecular
weight oligomers, as previously described (Maurice et al,
1996; Zussy et al, 2011). It was administered intracerebro-
ventricularly (i.c.v.) in a final volume of 3 ml per mouse.
Sterile water (vehicle, V) was used as a negative control, as
we previously reported that i.c.v. injection of a scrambled
Ab35–25 control peptide led to similar results as seen in
V-injected animals (Zussy et al, 2011). Control groups
received a 3-ml injection of the vehicle (V) only. For
behavioral testing, animals were used between days 7 and 10
post-injection. For biochemical assays, animals were killed 7
days post-injection by decapitation. Brain hippocampus
and temporal cortex were harvested, frozen by immersion
in liquid nitrogen, and stored at � 80 1C until homogeniza-
tion. Immediately before the assays, brain samples were
homogenized by sonication in ice-cold phosphate buffer
containing anti-phosphatases (Phostop, Roche, France) and
a protease inhibitor cocktail (Complete, Roche). Samples
were centrifuged (10min, 1000 g, 4 1C), and supernatants
were harvested for biochemical analyses.

Behavioral Analyses

Spontaneous alternation in the Y-maze. Short-term
spatial memory assessment using the Y-maze paradigm
was performed as previously described (Maurice et al,
1996). The percentage of alternation was calculated as
(actual alternations/maximum alternations)� 100.

Novel object recognition. Mice were placed individually in
a square open-field (50 cm� 50 cm� 50 cm high) made in
white Plexiglas placed over a floor equipped with infrared
light-emitting diodes. Animals were first habituated to the
open-field during 10min (session 0), and total locomotion
and percentage of total time spent in the center of the open-
field (25� 25 cm2) were analyzed by videotracking (View-
point, Champagne-au-Mont-d’Or, France). After 24 h, ses-
sion 1 was performed by placing two identical objects at
defined positions in the open-field (at 1

4 and 3
4 of one

diagonal). Each mouse was placed in the open-field, and the
exploratory activity was recorded during a 10-min session
using the Nosetrack protocol (ViewPoint), in terms of
number and duration of contacts with each object. In session
2, 24 h later, the object in position No.2 was replaced by a
novel object differing in color, shape, and texture from the
familiar object. Each mouse was placed again in the open-
field, and the exploratory activity was recorded during
10min. The activity was analyzed similarly. The preferential
exploration index was calculated as the ratio of the number
of contacts with the object No.2 over the total number of
contacts with the two objects. Calculations using the
duration of contacts led to strictly similar results and are
not presented. Animals showing o10 contacts with objects
during session 1 or 2 were considered inactive and discarded
from the calculations. In the present study, this accounted
for 26/105 mice (24.8% attrition) in the WT group and 33/
107 mice (30.8% attrition) in the PLTP-KO group. Although
these percentages appeared rather high, no genotype-related
effect was measured (P40.05, Fisher’s exact test).

Lipid Assays

Cholesterol content. Cholesterol was assayed in brain
homogenates by gas chromatography–mass spectrometry
(GC–MS). The extraction procedure, derivatization, and
GC/MS quantification were conducted as previously de-
scribed (Desrumaux et al, 2005).

Phosphatidylcholine and sphingomyelin contents. Lipids
were extracted according to the method of Folch et al
(1957). Phosphatidylcholine and sphingomyelin were as-
sayed by liquid chromatography–mass spectrometry (LC–
MS) as described in more detail in Supplementary Materials
and Methods.

a-Tocopherol contents. a-Tocopherol was extracted from
brain homogenates as previously described (Katsanidis and
Addis, 1999) and assayed by GC–MS. The detailed procedure
is available in Supplementary Materials and Methods.

Fatty acids contents. Fatty acids were extracted from
saponified brain homogenates, derivatized to pentafluor-
obenzyl esters, and quantified by GC–MS following the
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method described by Arnauld et al (2009). The detailed
procedure is described in Supplementary Materials and
Methods.

Assessment of Cerebral Oxidative Stress

Cerebral oxidative stress was determined in cortex
homogenates by measuring the oxidation rate of dichloro-
fluorescein diacetate into the fluorescent product dichloro-
fluorescein. Homogenates were incubated for 30min in
darkness in the presence of 10mM dichlorofluorescein
diacetate. Fluorescence intensity (lexc 485 nm, lem 530 nm)
was read in a Fluoroskan Ascent spectrofluorimeter
(Thermo Scientific), normalized for protein concentration,
and used as a measure of oxidative stress index in each
sample. Results are expressed as percentage of the control
V-treated WT mice group. Superoxide dismutase (SOD)
activity was measured using a spectrophotometric assay kit
(Sigma-Aldrich).

Western Blotting

The detailed western blotting procedure is described in
Supplementary Materials and Methods. Primary monoclonal
antibodies used to detect phospho-epitopes of Tau protein
were AT100 and AT180 (1 : 2000, Thermo Scientific). The
anti-Tau (1 : 5000, Santa Cruz, Heidelberg, Germany) anti-
body was used for normalization. The secondary antibodies
were horseradish peroxidase-conjugated goat anti-rabbit IgG
or goat anti-mouse IgG, as appropriate (1 : 2000, Sigma-
Aldrich).

Synaptophysin Assay

Synaptophysin content was quantified in cortex homoge-
nates using an ELISA kit (USCN Life Science, Euromedex,
Souffelweyersheim, France). Synaptophysin levels were
expressed in percentage of the vehicle-treated WT mice
group.

Measurement of Cytokine Levels

Interleukin-6 (IL-6) and tumor necrosis factor alpha (TNFa)
were assayed in brain homogenates by cytometric bead
array using a commercially available kit (CBA mouse
inflammation kit; BD Biosciences, San Diego, CA, USA)
according to the manufacturer’s instructions and analyzed
on a Guava flow cytometer (Millipore, Billerica, MA, USA).

Protein Assay

Protein concentration was determined in brain homoge-
nates with a protein assay kit, using bovine serum albumin
as standard (BCA protein assay kit, Pierce Perbio Science,
Thermo Scientific).

Statistical Analyses

Results are expressed as mean±SEM. Spontaneous alter-
nation performances (dose–response studies) were analyzed
using a two-way ANOVA (F value), with genotype and
treatment as independent factors, and group comparisons

made using the Bonferroni post-hoc test. In subsequent
experiments, alternation performances and biochemical
data were analyzed using a one-way ANOVA with
Bonferroni post-hoc analysis. Object recognition data were
analyzed using a two-tailed one-sample t-test using 50% as
the hazardous choice level. For reading clarity, all ANOVA
values are reported in the figure legends. The level of
statistical significance was Po0.05.

RESULTS

Lipid Composition of WT and PLTP-KO Mouse Brain

To assess the impact of PLTP deficiency on brain lipid
composition, cholesterol, phosphatidylcholine, sphingo-
myelin, fatty acids, and a-tocopherol were assayed in brain
homogenates from WT and PLTP-KO mice. As previously
reported by our group (Desrumaux et al, 2005), PLTP
deficiency was associated with a selective and significant
32% decrease in brain a-tocopherol content. By contrast,
levels in cholesterol, phospholipids, sphingomyelin, and the
n-3/n-6 fatty-acid ratio were similar to those measured in
WT mice (Supplementary Table S1).

Impact of PLTP Deficiency on Short-term Spatial
Memory and Long-term Recognition Memory After
Ab25–35 Peptide Injection: Dose-response Study

We analyzed the impact of a low, an intermediate, and a
high dose of Ab25–35 peptide on short- and long-term
memory in WT and PLTP-KO mice. WT and PLTP-KO mice
were injected with Ab25–35 at 1, 3, or 9 nmol. Spontaneous
alternation performances in the Y-maze paradigm were
similar in WT and PLTP-KO mice after injection of the
vehicle solution (Figure 1a). In WT mice, only the highest
dose (9 nmol) led to a highly significant alternation
impairment (white columns, Figure 1a). In PLTP-KO mice,
significant deficits were observed at the two highest doses
tested, 3 and 9 nmol (black columns, Figure 1a). The
exploratory activity, assessed through the total number of
arm entries, was reduced in PLTP-KO mice as compared
with WT Ab25–35 (3 or 9 nmol)-injected mice (Figure 1b).
We next assessed long-term recognition memory using

the novel object recognition procedure. During session 1,
with two identical objects, no preferential exploration of the
object in position No.2 was observed in any group of mice
(Figure 1c). During session 2, V-treated and Ab25–35
(3 nmol)-treated WT mice were able to discriminate the
novel object, with an exploration index significantly 450%,
while WT animals treated with the highest dose of
peptide showed a deficit in recognition memory
(white columns, Figure 1d). Among PLTP-KO mice, only
V-treated mice showed a preferential exploration of the
novel object, whereas Ab25–35-injected group, with either 3
or 9 nmol, showed no preference for the novel object (black
columns, Figure 1d).
It must be noted that the total distance traveled during

session 0 was unchanged whatever the genotype or dose of
amyloid peptide injected (data not shown). Moreover,
during session 2, PLTP-KO mice, regardless of treatment,
showed a significant decrease in object exploration, both in
terms of total number of contacts and duration of contacts
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(data not shown). This decrease in exploratory behavior
may be related to the increased anxiety state of PLTP-KO
mice compared with WT mice (Desrumaux et al, 2005).

Impact of PLTP Deficiency and Vitamin E
Supplementation on Short-term Spatial Memory and
Long-term Recognition Memory After Ab25–35 Injection

We next focused on the vulnerability of PLTP-KO mice
treated with the intermediate Ab25–35 dose of 3 nmol and
analyzed the impact of a chronic (2 months) dietary vitamin
E supplementation. Vitamin E supplementation led to a
significant 49% rise in brain a-tocopherol levels in PLTP-
KO mice that reached values similar to those measured in
non-supplemented WT mice (data not shown).
In accordance with our dose–response study, a significant

impairment of spontaneous alternation performance was
observed in PLTP-KO mice, but not in WT mice, after
injection of 3 nmol Ab25–35 (Figure 2a). In the vitamin
E-supplemented PLTP-KO group, the Ab25–35 peptide
injection failed to provoke a significant alternation deficit

(Figure 2a), suggesting that vitamin E supplementation
efficiently prevented amyloid toxicity in PLTP-KO
animals. The slight decrease in exploratory behavior in
the PLTP-KO mice group was not observed in this
experiment (Figure 2b).
We next assessed long-term recognition memory in WT,

PLTP-KO, and vitamin E-supplemented PLTP-KO mice
after Ab25–35 injection. During the habituation session,
without objects, PLTP-KO mice displayed a slightly reduced
locomotor activity compared with WT controls, whatever
the treatment. However, none of the treatments decreased
the presence in center, which would have impeded object
recognition in the subsequent sessions (Supplementary
Table S2). During session 1, the object No.2 exploration
index was close to 50% in all the groups of mice, with the
exception of Ab25–35 (3 nmol)-treated PLTP-KO mice
(Figure 2c). It must be noted that no difference was
observed in terms of total number of object contacts and
total duration of contacts among the groups
(Supplementary Figures S1A and B). During session 2,
V-treated WT mice, Ab25–35-treated WT mice, and V-trea-
ted PLTP-KO mice were able to discriminate the novel
object, whereas Ab25–35-injected PLTP-KO mice showed no
preferential exploration (Figure 2d). The exploration index
of Ab25–35-injected PLTP-KO mice supplemented with
vitamin E showed a tendency towards a preference for the
novel object, although it was not significantly different from
50% (Figure 2d). It must be noted that, as observed earlier

Figure 1 Ab25–35-induced learning deficits in PLTP-KO mice: dose–
response study in (a, b) the spontaneous alternation test and (c, d) novel
object recognition test. WT and PLTP-KO mice received an i.c.v. injection
of sterile water (V) or Ab25–35, at 1, 3, or 9 nmol). After 7 days, mice were
examined in the Y maze: (a) spontaneous alternation and (b) number of
arm entries. At days 8–10, they were tested in the object recognition test:
(c) session 1 and (d) session 2. White bars: WT mice, black bars:
PLTP-KO mice. Two-way ANOVA with Bonferroni’s post-test in
panels (a) and (b) (n¼ 8–16): F(3,98)¼ 10.3, Po0.001 for treatment,
F(1,100)¼ 1.04, P40.05 for genotype, F(3,98)¼ 4.17, Po0.01 for the
interaction in panel (a); F(3,98)¼ 1.71, P40.05 for treatment;
F(1,100)¼ 22.2, Po0.0001 for genotype; F(3,98)¼ 0.30, P40.05 for the
interaction in panel (b). *Po0.001 vs V-treated WT group; fPo0.001 vs
V-treated PLTP-KO group; #Po0.05 vs WT group (same treatment).
One sample t-test in panels (c) and (d) (n¼ 9–17): t(15)¼ 5.87
(Po0.01 vs 50%) for WT/V, t(15)¼ 2.23 (Po0.05 vs 50%) for WT/Ab3,
t(10)¼ 2.89 (Po0.05 vs 50%) for KO/V in (d). 1Po0.05, 11Po0.01 vs the
hazard level (50%).

Figure 2 Ab25–35-induced learning deficits in PLTP-KO mice. WT and
PLTP-KO mice, supplemented in vitamin E (KOE) or not (KO), received an
i.c.v. injection of sterile water (V) or Ab25–35, 3 nmol (Ab3). After 7 days,
mice were examined in the Y maze: (a) spontaneous alternation and
(b) number of arm entries. At days 8–10, they were tested in the object
recognition test: (c) session 1 and (d) session 2. One-way ANOVA and
Bonferroni’s post-test (n¼ 11–17): F(4,65)¼ 7.11, Po0.0001 in panel (a);
F(4,65)¼ 2.16, P¼ 0.08 in panel (b). fPo0.0001 vs V-treated PLTP-KO
group; #Po0.001 vs Ab3-treated WT group; yPo0.0001 vs Ab3-treated
PLTP-KO group. One sample t-test in panels (c) and (d) (n¼ 11–22):
t(14)¼ 3.61 (Po0.01 vs 50%) for KO/Ab3 in (c), t(16)¼ 5.77
(Po0.01 vs 50%) for WT/V, t(21)¼ 2.25 (Po0.05 vs 50%) for WT/Ab3,
t(10)¼ 3.19 (Po0.01 vs 50%) for KO/V in (d). 1Po0.05, 11Po0.01 vs the
hazard level (50%).
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in the dose–response study, PLTP-KO mice, regardless
of treatment, showed a significant decrease in object
exploration, both in terms of total number of contacts and
duration of contacts during session 2 (Supplementary
Figures S1C and D).

Impact of PLTP Deficiency and Vitamin E
Supplementation on Cerebral Oxidative Stress Markers
After Ab25–35 Injection

In V-injected mice, PLTP deficiency was associated with a
significant, 33% increase in cerebral oxidative stress index
(Figure 3a). Injection of Ab25–35 (3 nmol) induced a slight,
16% elevation of cerebral oxidative stress in WT mice, while
virtually no increase was observed in PLTP-KO animals
(Figure 3a). Seven days after Ab25–35 peptide injection,
oxidative stress was significantly higher in PLTP-KO than in
WT mice (Figure 3a). A significant reduction of oxidative
stress was observed in vitamin E-supplemented Ab25–35-
injected PLTP-KO mice, as compared with non-supplemen-
ted mice (Po0.05), indicating that vitamin E provided an
efficient antioxidant protection under our experimental
conditions (Figure 3a). To address the impact of PLTP
deficiency and amyloid toxicity on enzymatic antioxidant
protection systems in the brain, we measured the activity of
SOD in cortex homogenates of WT and PLTP-KO mice. As
shown in Figure 3b, PLTP deficiency was associated with a
significant, 25% reduction in SOD activity in V-injected
mice (Po0.05). In WT animals, Ab25–35 injection led to a
30% decrease in SOD activity, while in PLTP-KO mice the
impact of Ab25–35 injection on this parameter was not
significant (Figure 3b).

Impact of PLTP Deficiency on APP Processing, Tau
Phosphorylation, and Synaptophysin Levels After
Ab25–35 Injection

Recent reports indicated that i.c.v. injection of the Ab25–35
peptide (9 nmol) stimulates APP processing in mice
(Chavant et al, 2010; Lahmy et al, 2011). Seven days after
injection of the intermediate, 3 nmol dose of Ab25–35
peptide, a non-significant 15% increase in Ab1–42 content
was measured in WT mice (Figure 4a). Interestingly, Ab1–42
content was significantly higher in V-treated PLTP-KO mice
as compared with V-treated WT mice (þ 25%, Figure 4a),
but the Ab25–35 injection failed to further increase Ab1–42 in
PLTP-KO mice. A significant reduction in Ab1–42 content
was observed in Ab25–35-treated PLTP-KO mice with
vitamin E supplementation (Figure 4a).
We also examined the levels of hyper- and abnormal

phosphorylation of Tau protein in the mouse hippocampus
using monoclonal antibodies directed against two different
epitopes. AT100 recognizes Tau protein phosphorylated at
Ser212 and Thr214, ie, aberrant phosphorylation epitopes,
highly specifically observed in Alzheimer’s pathology (Buée
et al, 2000). AT180 recognizes Tau protein phosphorylated
at Thr231 and Ser235, two sites where phosphorylation occurs

O
xi

d
at

iv
e 

st
re

ss
in

d
ex

 (
%

)

**

0

20

40

60

80

100

S
O

D
 a

ct
iv

it
y 

(%
) **

a

b

50

100

150

200

#

§

*

WT

V A�3

KO KOE

WT KO KOE

V A�3 A�3

V A�3 V A�3 A�3

Figure 3 (a) Oxidative stress index and (b) SOD activity in Ab25–35-
injected PLTP-KO mice. WT and PLTP-KO mice, supplemented in vitamin
E (KOE) or not (KO), received an i.c.v. injection of sterile water (V) or
Ab25–35, 3 nmol (Ab3). They were killed after 7 days. Oxidative stress was
measured in cortex homogenates using a fluorescent probe. SOD
activity was measured using a spectrophotometric assay kit. One-way
ANOVA: F(4,102)¼ 5.17, Po0.001, n¼ 17–24 in (a); F(4,27)¼ 4.90, Po0.01,
n¼ 3–7 in (b). *Po0.05, **Po0.01 vsV-treated WT group; #Po0.05 vs
Ab3-treated WT group; yPo0.05 vs Ab3-treated PLTP-KO group;
Bonferroni’s test.

Figure 4 (a) APP processing, (b, c) Tau phosphorylation and (d) synap-
tophysin levels in Ab25–35-injected PLTP-KO mice. WT and PLTP-KO
mice, supplemented in vitamin E (KOE) or not (KO), received an i.c.v.
injection of sterile water (V) or Ab25–35, 3 nmol (Ab3). They were killed
after 7 days. (a) Ab1–42 content was quantified in cortex homogenates by
ELISA. ANOVA: F(4,95)¼ 4.03, Po0.01, n¼ 14–23. (b, c) Tau phosphor-
ylation was measured by western blots using AT100 and AT180
monoclonal antibodies and normalized to total Tau protein. (d)
Synaptophysin was quantified in cortex homogenates by ELISA. ANOVA:
F(4,92)¼ 2.77, Po0.05, n¼ 13–23 in (b); F(4,67)¼ 2.71, Po0.05, n¼ 13–17
in (c); F(4,68)¼ 2.66, Po0.05, n¼ 12–17 in (d). *Po0.05, **Po0.01 vs
V-treated WT group; fPo0.05, ffPo0.01 vs V-treated PLTP-KO group;
yPo0.01 vs Ab3-treated PLTP-KO group; Bonferroni’s test.
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under physiological conditions but that undergo hyperpho-
sphorylation under pathological conditions (Buée et al,
2000). Levels of both AT100- and AT180-positive Tau
epitopes were detected at similar levels in V-injected WT
and PLTP-KO mice (Figure 4b). Ab25–35 injection induced a
significant rise in AT100-positive signal in both WT
(þ 32%) and PLTP-KO mice (þ 43%) (Figure 4b). AT180-
positive signal was markedly increased in PLTP-KO mice
after Ab25–35 injection (þ 76%), while a more modest rise
was observed in WT mice (þ 38%) (Figure 4c). A
significant reduction of AT100-positive signal was observed
in vitamin E-supplemented Ab25–35-treated PLTP-KO mice,
as compared with non-supplemented PLTP-KO mice
(Figure 4b), while no change in AT180-positive signal was
observed upon vitamin E supplementation (Figure 4c).
To evaluate the impact of amyloid toxicity on synaptic

loss, the synaptic vesicle marker synaptophysin was
quantified in the cortex of WT and PLTP-KO mice. A
significant reduction of synaptophysin level was observed in
V-treated PLTP-KO mice, as compared with WT mice
(Figure 4d). Ab25–35 injection led to a significant decrease in
synaptophysin levels in WT mice but not in PLTP-KO mice,
and a significant rise in synaptophysin level was observed in
vitamin E-supplemented, Ab25–35-injected PLTP-KO mice
(Figure 4d).

Impact of PLTP Deficiency on Neuroinflammation
Markers After Ab25–35 Injection

The extent of brain inflammation was analyzed by
measuring the contents in IL-6 and TNFa in cortex
homogenates 7 days after vehicle or Ab25–35 injection. Both
IL-6 and TNFa levels were significantly increased in Ab25–35
peptide-injected compared with V-injected WT animals
(Figure 5a and b). Both cytokine levels were also increased
in PLTP-KO mice after Ab25–35 injection but to a lesser,
non-significant extent (Figure 5a and b). Vitamin E
supplementation in PLTP-KO mice failed to affect IL-6
and TNFa levels, as compared with Ab25–35-treated PLTP-
KO mice (Figure 5b).

DISCUSSION

PLTP has emerged over the past decade as an important
in vivo determinant for the biodistribution of vitamin E, the
most important lipid soluble antioxidant in biological
membranes (Tzotzas et al, 2009). We previously reported
the role of PLTP in vitamin E delivery to the brain
(Desrumaux et al, 2005). We here show that partial brain
vitamin E depletion associated with PLTP deficiency results
in an increased memory decline in response to the toxic
effect of Ab25–35 oligomers, which can be counteracted
through dietary vitamin E supplementation. PLTP hereby
appears as a previously unrecognized actor of the brain
endogenous neuroprotective response.
Oxidative stress is recognized as a hallmark of natural

aging as well as of neurodegenerative disorders, and the
potential of antioxidants to help prevent or treat neurode-
generation has been extensively studied (for recent reviews,
see Clark et al, 2010; Viña et al, 2011). In humans, a
functional brain vitamin E deficiency, suggesting an

impairment of its delivery to neuronal cells, has been
described in ApoE4 patients with AD (Mas et al, 2006), and
several epidemiological studies suggested that dietary intake
of vitamin E is inversely related to the long-term risk of
dementia and AD (Devore et al, 2010). Although various
mouse models have been created to study the relationship
between oxidative stress, antioxidants, and natural or
pathological aging, most of them did not directly address
the contribution of a selective reduction of vitamin E status
to the initiation and/or progression of the neurological
damage. Only in a-tocopherol transfer protein (a-TTP)-
deficient mice, systemic vitamin E deficiency was proven to
enhance the phenotype in a mouse model of AD (Nishida
et al, 2006). Later on, a-TTP deficiency was shown to be
associated with increased accumulation and reduced
clearance of the Ab peptide in the brain and plasma
(Nishida et al, 2009). It is noteworthy that the reduction of
vitamin E content in a-TTP-deficient mouse tissue is drastic
and ubiquitous and does not reflect a potential dietary
deficiency as observed in human populations. In this study,
the PLTP-KO mouse model was used as a useful genetic tool
to show that a moderate, chronic oxidative stress induced
by partial brain vitamin E depletion does not by itself
induce memory deficits but makes more susceptible to the
development of memory impairment in response to
amyloid toxicity. In accordance with our earlier report,

Figure 5 Levels of the neuroinflammatory cytokines (a) IL-6 and (b)
TNFa in Ab25–35-injected PLTP-KO mice. WT and PLTP-KO mice,
supplemented in vitamin E (KOE) or not (KO), received an i.c.v. injection of
sterile water (V) or Ab25–35, 3 nmol (Ab3). They were killed after 7 days.
The contents in inflammatory cytokines IL-6 and TNFa were measured in
temporal cortex homogenates by flow cytometry. One-way ANOVA:
F(4,23)¼ 3.89, Po0.05, n¼ 4–6 in panel (a); F(4,23)¼ 3.59, Po0.05, n¼ 4–6
in panel (b). *Po0.05, **Po0.01 vs V-treated WT group; fPo0.05 vs
V-treated PLTP-KO group; Bonferroni’s test.
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PLTP deficiency was not associated with memory decline in
young healthy mice, in contrast to a-TTP deficiency
(Desrumaux et al, 2005; Gohil et al, 2004). In Ab25–35-
injected mice, however, PLTP deficiency was associated
with an increased memory decline in response to the
neurotoxic effect of the amyloid peptide. As previously
reported (Ruan et al, 2010), Ab25–35 injection was associated
with a significant rise in oxidative stress and a decrease in
SOD activity in WT mice. In PLTP-KO mice, reduced brain
vitamin E content was associated with increased oxidative
stress and decreased SOD activity under basal conditions,
and these parameters were marginally affected by Ab25–35.
Although vitamin E supplementation effectively restored
normal oxidative status parameters and prevented Ab25–35-
induced short-term memory impairment in PLTP-KO mice,
the peptide effect on long-term recognition memory was not
fully prevented by vitamin E supplementation. Taken
together, these observations indicate that the accentuated
Ab-induced memory impairment in PLTP-KO mice may
relate, at least in part, to pre-existing lower vitamin E
content and higher oxidative stress in brain tissue, two
related parameters that may deserve attention as potential
reliable biomarkers of vulnerability to amyloid pathology.
With regard to the etiology of AD, it has been reported that
humans destined to develop the illness have detectable
biochemical and histopathological abnormalities two dec-
ades or more before clinical symptoms, and it is increas-
ingly recognized that a complex interplay between genetic
and environmental components (among which oxidative
stress) may begin early in life and act together on the
mechanisms behind cognitive impairment (Selkoe, 2012).
These risk factors may remain latent (putatively because of
the activation of compensatory pathways), and cognitive
impairment may ensue only following appearance of one or
more additional traumatic events or conditions, such as
amyloid toxicity or aging. The sporadic nature of 90% of AD
cases, as well as the late age of onset of the disease are
coherent with this theory, and results of the present study
suggest that a moderate and chronic oxidative stress per se
may remain silent under normal conditions but render
more susceptible to the development of memory impair-
ment in the presence of other triggering factors.
Two hypotheses can be proposed to explain the lack of

effect of vitamin E supplementation on long-term recogni-
tion memory: (i) PLTP may not only have a role in vitamin
E delivery to the brain, but may also be necessary for proper
subcellular distribution and use of vitamin E by the cell.
Vitamin E displays not only antioxidant properties but also
signaling-modifying properties that may relate to its
incorporation in lipid raft domains of the plasma mem-
brane (Lemaire-Ewing et al, 2010). PLTP may be necessary
for this incorporation and to explain the non-antioxidant
properties of vitamin E, and vitamin E supplementation in
PLTP-KO mice may not allow to recover all the functions of
this vitamin. (ii) Oxidative stress/antioxidants may not be
involved in long-term memory. A dichotomic effect on
short- and long-term memory has been recently reported
for the g-secretase inhibitor BMS-299 897. Despite its ability
to counteract oxidative stress, Ab1–42 seeding, and short-
term memory loss after Ab25–35 injection in mice, the
compound had no effect on long-term memory deficits
(Meunier et al, 2011).

The significant elevation of basal Ab1–42 level in PLTP-KO
mice compared with WT mice may be a consequence of
decreased vitamin E levels and elevated oxidative stress in
these mice, as Ab1–42 levels were significantly lower in
vitamin E-supplemented PLTP-KO mice as compared with
non-supplemented animals. Indeed, it has been reported
that vitamin E can act as a regulator of APP processing and
clearance of Ab entities, both in vitro and in vivo (Nishida
et al, 2009; Conte et al, 2004). In addition to Ab1–42 seeding,
Ab25–35 injection led to the appearance of another main
histopathological feature of AD, the increase in Tau
phosphorylation (Klementiev et al, 2007; Lahmy et al,
2011). Interestingly, the induction of Tau phosphorylation
on pathological epitopes (AT-100) by Ab25–35 was of similar
extent in WT and PLTP-KO mice but was restored after
vitamin E supplementation, suggesting oxidative stress-
dependent mechanisms in Ab-induced pathological Tau
phosphorylation. Such a relationship was recently proposed
by Lloret et al (2011), who suggested that Ab causes
mitochondrial oxidative stress and increases production of
reactive oxygen species, which results in an upregulation of
the expression of the regulator of calcineurin gene RCAN1.
RCAN1 proteins then both inhibit Tau dephosphorylation
by calcineurin and induce expression of the GSK3b kinase,
resulting in Tau hyperphosphorylation (Lloret et al, 2011).
A complex interplay between Ab and Tau involving
activation of the transcription factor p53 as well as of
GSK3b by oxidative stress has also been proposed by
Proctor and Gray (2012). Tau hyperphosphorylation on the
physiological epitope recognized by AT-180 appeared to be
augmented in PLTP-KO mice as compared with WT mice
but in a manner insensitive to vitamin E supplementation.
This observation is concordant with in vitro findings
reported by Dong et al (2009), showing that PLTP can
modulate the PI3K/Akt signaling pathway, thus reducing
GSK3b activity and Tau phosphorylation on the Thr231

residue in human neuroblastoma cells.
Synaptic loss in specific brain structures of AD patients

significantly correlates with the severity of their cognitive
symptoms (Scheff and Price, 2006), and a reduction of the
synaptic density has been observed in transgenic mice
overexpressing the V717F APP mutant (Games et al, 1995).
Ab25–35 injection also significantly decreased the cortical
levels of synaptophysin, the major synaptic vesicle protein,
in WT mice. In PLTP-KO mice, basal synaptophysin levels
were reduced compared with those measured in WT mice
and were not modified by Ab25–35. Thus, a developmental
compensation in terms of efficiency of the synaptic
transmission may explain the preserved memory ability of
PLTP-KO mice under normal conditions, while under
conditions of amyloid toxicity, the decreased number of
synapses may be sufficient to uncover synaptic alterations
resulting in memory impairments. The fact that vitamin E
efficiently prevented both Ab25–35-induced synaptic loss and
the deleterious effects of the peptide on short-term memory
sustains this hypothesis. In addition, this finding is in
accordance with a recent report showing the potential of
vitamin E to inhibit oxidative-stress-induced denaturation
of nerve terminal proteins involved in neurotransmission
(Kaneai et al, 2012).
Beyond Ab peptide accumulation, Tau hyperphosphor-

ylation, and synaptic loss, recent evidence suggests that
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inflammation may be another active contributor to neuro-
degenerative disease progression and chronicity. In the
present study, and in accordance with previous reports
(Chavant et al, 2010), we observed a significant induction of
the production of the pro-inflammatory cytokines IL-6 and
TNFa in WT mice 1 week after Ab25–35. Although a similar
tendency was observed in PLTP-KO mice, the observed
increases did not reach statistical significance. This observa-
tion may relate to the previously reported anti-inflammatory
effect of PLTP deficiency in mice (Schlitt et al, 2004).
Interestingly, although Ab25–35-induced behavioral impair-
ment was efficiently prevented by vitamin E supplementa-
tion of PLTP-KO mice, the latter had no effect on cytokine
levels, which remained significantly higher than those
measured in control mice. This observation does not sustain
a significant impact of neuroinflammation in Ab25–35-
induced memory decline in PLTP-KO mice and particularly
suggests that astroglial and, more likely, microglial activation
responses are differentially regulated by oxidative stress.
Although human observational epidemiology studies are,

in general, consistent with the hypothesis that there is an
inverse relationship between vitamin E levels and intake,
cognitive function, and ultimately the risk of developing
AD, most randomized clinical trials with antioxidants did
not fulfill the promises of those studies (Usoro and Mousa,
2010). The latter observation does not necessarily mean that
the oxidative stress hypothesis of AD is not valid, but might
rather be explained, at least in part, by an insufficient
knowledge and understanding of the actors that govern
vitamin E metabolism and bioavailability, among which we
point out here the role of PLTP. Interestingly, negative
clinical trials most of the time lack important informations
such as surrogate markers for an in vivo therapeutic effect
of the antioxidant. Thus, it would be important to get new
information on the endogenous antioxidant levels of the
participating subjects, as well as to design new markers to
assess the ability of individuals to respond to vitamin E
treatment. Our findings suggest that PLTP activity should
be evaluated as such a marker.
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