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Abstract
Phospholipid transfer protein (PLTP) is awidely expressed lipid transfer protein participating in the transport of cholesterol and
other lipids in the plasma and peripheral tissues. Recently, elevated amyloid β (Aβ) in young and aged PLTP-deficient brains had
been reported. However, the role of PLTP in amyloid precursor protein (APP) processing and Alzheimer’s disease (AD) pathology
remains elusive. Here we first found that deficiency of PLTP accelerated memory dysfunction in APP/PS1ΔE9 AD model mice at
the age of 3 months. Further characterization showed that PLTP deficiency increased soluble Aβ peptides, and intracellular
accumulation of Aβ was illustrated, which might be due to disrupted APP turnover and the enhanced amyloidogenic pathway.
Besides, reduced brain-derived neurotrophic factor (BDNF) was found in PLTP-deficient APP/PS1ΔE9 mice, and the BDNF level
was negatively correlated with Aβ42 content, instead of Aβ40 content. In addition, autophagic dysfunction was found in the
PLTP-deficient APP/PS1ΔE9mice. Our data presented a novelmodel to link phospholipidmetabolism to APP processing and also
suggested that PLTP played an important role in Aβmetabolismandwould be useful to further elucidate functions of PLTP in AD
susceptibility.
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Introduction
Amyloid β (Aβ) is thought to begin accumulating in the brain
many years before the onset of clinical impairment in patients
with Alzheimer’s disease (AD) (1). The underlying amyloid pre-
cursor protein (APP) processing has been strongly implicated
in the pathological progress of AD (2). APP undergoes the amyloi-
dogenic pathway by β-secretase BACE1 (β-site APP cleaving
enzyme-1) and γ-secretase complex to generate the hydrophobic
Aβ peptides, the main constituent of extracellular amyloid
plaques in AD (3). This pathway commences intracellularly, as
APP is internalized from the cell surface to endosomal compart-
ments where β- and γ-secretases act (4). Besides the Aβ plaque-
associated learning deficits, several studies have involved
intraneuronal Aβ in the toxic processes in AD (5), and early
onset of memory dysfunction may be caused by the accumula-
tion of Aβ within neurons (6).

Phospholipid transfer protein (PLTP), one of the key proteins
in lipid and lipoprotein metabolism peripherally, is also widely
expressed in the central nervous system (7). PLTP plays a key
role in lipid metabolism with its functions of lipid transfer (8)
and proteolytic (9) properties extracellularly. Meanwhile, PLTP
is present in the nucleus with phospholipid transfer activity
(10), indicating its intracellular functions. Nevertheless, reports
of PLTP in the central nervous systemare limited by now. Patients
of AD with no apparent or only mild neuronal loss have signifi-
cantly higher levels of PLTP in brain tissue, which might reflect
a functional response to the metabolic changes occurring in
AD pathology (7). Recently, elevated Aβ and reduced synaptic
function marker synaptophysin had been found in PLTP-
deficient mice (11,12). Phenotype of PLTP-deficient old mice was
associated with impaired recognition (11). However, the role of
PLTP in APP processing-related learning and memory is poorly
understood.

To determine effects of PLTP deficiency on memory function
andAPP processing in vivo, we used APP/PS1ΔE9mice and crossed
them on PLTP knockout background. We first found that defi-
ciency of PLTP in APP/PS1ΔE9 mice accelerated memory deficits
at the age of 3 months. Further characterization showed that
PLTP deficiency increased intracellular accumulation of Aβ with
disrupted APP trafficking and processing. Our results suggested
a new insight on APP processing and indicated the important
role of PLTP, which was involved in early onset of AD.

Results
PLTP deficiency accelerated memory dysfunction
in APP/PS1ΔE9 mice

Previous studies have demonstrated the cognitive impairment of
PLTP knockout mice (PLTPko mice) at the approximate age of
12 months compared with wild-type control (11) and 6 months
with the APP/PS1ΔE9 AD model mice (APP mice) (13). To deter-
mine howdeficiency of PLTP contributed to thememory dysfunc-
tion observed in AD, we crossed PLTPko mice to APP mice
and used Morris water maze (MWM) test to outline the spatial
learning and memory retention of PLTP-deficient APP mice
(APP&PLTPko mice). Surprisingly, accelerated memory dysfunc-
tion was found at the age of 3 months in APP&PLTPko mice,
compared with WT, PLTPko and even APP mice (Fig. 1).

During the acquisition phase of MWM test, all mice improved
their performance with daily training, exemplified by the escape
latency (Fig. 1A) and path length (Fig. 1B). The deletion of PLTP did
not affect the cognitive performance in the non-transgenic mice

at this age (WT versus PLTPko), whichwas in accordancewith the
previous report (12). In contrast, PLTP deficiency significantly
worsened the acquisition of spatialmemory in the APP transgen-
ic mice [for escape latency, F(1,120) = 3.959 and P = 0.0489; for
path length, F(1,120) = 3.945 and P = 0.0493]. For each trial day,
APP&PLTPko mice learned the task significantly slower than
WT animals, specifically on the 3rd to 6th trial day, whereas
APP mice performed indistinguishably with WT mice on all
days (Fig. 1A and B). Figure 1C showed the performance during
the probe trial of MWM test and demonstrated that PLTP defi-
ciency caused significant deficits in memory retention in APP
mice. APP&PLTPkomice spent significantly less time and crossed
less thanWT, PLTPko and APP mice in the quadrant in which the
platform was previously located (Fig. 1C), whereas APP, PLTPko
and WT mice showed no significant difference between each
other, suggesting impaired ability of APP&PLTPko mice to form
spatial memory. In general, the results from the MWM test
demonstrated that deficiency of mouse PLTP significantly accel-
erated memory deficits in transgenic mice expressing human
APP gene but not in wild-type mice at this young age.

Spatial memory of all mice was also evaluated in a dry
condition via the Y maze test. As shown in Figure 1D and E,
PLTP deficiency also accelerated memory dysfunction in APP/
PS1ΔE9 mice, but did not affect wild-type mice at the age of
3 months (fewer entries into the novel arm), consistent with
the results obtained from the MWM test.

PLTP deficiency aggravated the intracellular
accumulation of Aβ in APP/PS1ΔE9 mice

Effects of PLTP deficiency on the processing of overexpressed APP
in brains ofAPPmicemight be responsible for the observedmem-
ory deficits in 3-month-old APP&PLTPko mice. First, we detected
the levels of Aβ peptides in the brain, which were thought to be
critical for the memory dysfunction in AD (14). Triton X-soluble
Aβ peptides were measured by enzyme-linked immunosorbent
assay (ELISA) (Fig. 2A), and we found that the levels of Aβ42 in
the brains of APP&PLTPko mice were markedly elevated com-
pared with APP mice, respectively (2.04 ± 0.17 versus 1.21 ± 0.12
pmol/mg wet brain, P = 0.004). Aβ40 content was also increased
in the brain of APP&PLTPko mice, compared with APP mice
(2.03 ± 0.14 versus 1.43 ± 0.12 pmol/mg wet brain, P = 0.011). The
levels of Aβ peptides were also increased in PLTPko mice, com-
pared with WT mice (Fig. 2A). Furthermore, there was a negative
correlation between the level of Aβ peptides in the brain and
probe trial performance ofmice in all groups, suggesting a causa-
tive relation between the two (Fig. 2B). Additionally, both Aβ42
and Aβ40 contents were negatively correlated with the probe
trial performance of APP and APP&PLTPko mice (Fig. 2C). These
results indicated that the elevation of Aβ peptides might be
the primary cause of cognitive impairment in PLTP-deficient
APP mice.

In order to determine the extent or pattern of the amyloid ac-
cumulation in the brains of mice, brain sections of four groups
were subjected to immunocytochemical analysis and confocal
microscopy. It has been previously demonstrated that the amyl-
oid plaque deposits first started to appear at the age of 6 months
in this AD model (15,16), and there is neither diffuse nor fibrillar
plaque deposition in the brains at 3months of age (17). Expected-
ly, no typical senile plaques were observed in the cerebral cortex
and hippocampus of all 3-month-old mice. At this age, APP mice
showed intracellular Aβ pathology in the hippocampus and cor-
tex, and APP&PLTPko mice performed strikingly worse (Fig. 2D).
With the confocal microscopy, Aβ accumulation was visualized
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Figure 1. PLTP deficiency accelerated memory dysfunction in APP/PS1ΔE9 mice but did not affect wild-type mice at the age of 3 months. (A) Escape latency scores of the

MWM test represented the average acquisition time to find the platform per trial day. For each trial day, APPmice performed indistinguishably withWTmice on all days,

whereas APP&PLTPko mice performed significantly worse than WT animals on the 3rd to 6th trial days (two-way ANOVA with a Tukey’s post hoc test). There was a

significant group effect on escape latency between the APP&PLTPko mice and APP mice [F(1,120) = 3.959, P = 0.0489]. (B) Path length scores of the MWM test represented

the average distance swum to find the platform per trial day. APP&PLTPko mice performed significantly worse than WT animals on the 3rd to 6th trial days (one-way

ANOVA with a Tukey’s post hoc test). There was also a significant group effect on path length between the APP&PLTPko and APP mice [F(1,120) = 3.945, P = 0.0493].

(C) During the probe trial of the MWM test, time spent in the target quadrant, percentage of length in the target quadrant and number of crossings of the target

platform were calculated, and representative swim paths were shown. APP&PLTPko mice spent less time, swam less length in the target quadrant and crossed less in

the target platform than WT mice (P < 0.001) and APP mice (P < 0.05). APP mice, PLTPko mice and WT mice showed no difference between each other. (D) Percentage of

entries in the novel arm and (E) the total number of entries (respectively) during the test sessions of Y-maze test were shown. Analysis was performed by one-way

ANOVA followed by Tukey’s post hoc test. Bars represent means ± SEM; n = 12 WT mice, n = 9 PLTPko mice, n = 11 APP mice and n = 11 APP&PLTPko mice. NS, no

significance; *P < 0.05; **P < 0.01 and ***P < 0.001 (red: APP mice versus WT mice and purple: APP&PLTPko mice versus WT mice).
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Figure 2. Effects of PLTP deficiency on Aβ pathology in 3-month-old mice. (A) Quantification of brain Aβ42 and Aβ40 concentrations in WT, PLTPko, APP and APP&PLTPko

mice. Triton X-soluble Aβ peptides were measured by ELISA. Data are expressed as mean ± SEM (error bars) (n = 5 for each group). Statistical significance values were

calculated with the unpaired Student’s t-test. *P < 0.05 and **P < 0.01. (B) Graphical representation of partial regression for Aβ42 and Aβ40 with the corresponding probe

trial time of four group mice (n = 20) (correlation analysis). (C) Graphical representation of partial regression for Aβ42 and Aβ40 with the corresponding probe trial time

of APP and APP&PLTPko mice (n = 10) (correlation analysis). (D) Confocal microscopic analysis of Aβ pathology in WT, PLTPko, APP and APP&PLTPko mice. Aβ was

hardly detected in WT and PLTPko mice. APP and APP&PLTPko mice displayed intracellular Aβ pathology in the cortex and hippocampus but no extracellular Aβ

deposition. APP&PLTPko mice showed elevated Aβ immunoreactivity than APP mice. Green, 6E10 staining; blue, nuclear Hoechst staining. Magnification: 10×, scale bar

100 μmand 100×, scale bar 10 μm. (E) Confocalmicroscopic analysis of APP and its derivativeswith the A8717 antibody (green) in APP and APP&PLTPkomice. The antibody

for neuronal class III β-tubulin (Tuj-1, red) was co-stained. No distinguishable changes in immunoreactivities for A8717 could be seen between the two groups. Scale bar

10 μm.
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diffusely throughout the neuronal cytoplasm in the hippocam-
pus and cortex of APP&PLTPko mice. The A8717 antibody was
also used (Fig. 2E), which could detect APP and its derivatives
but not Aβ. There were no distinguishable changes in immunor-
eactivities for A8717 between the APP mice and APP&PLTPko
mice (Fig. 2E). The data confirmed that the elevated Aβ peptides
in PLTP-deficient APPmice were predominantly present intracel-
lularly, which might lead to neuronal dysfunction and induce
memory deficits.

Additionally, we evaluated effects of PLTP deficiency on senile
plaques at later ages in the APP transgenic mice (Supplementary

Material, Fig. S1). APP mice began to exhibit amyloid plaques at
the age of 6 months, and PLTP-deficient APP mice exhibited
sharper plaques. Up to 12 months, PLTP deficiency aggravated
the amyloid plaques more prominently and diffusely in the
mouse brain. These data further stressed the importance of
PLTP in AD progression.

Wealso investigated the effect of PLTP deficiencyon other APP
metabolite levels in APP mice. As shown in Figure 3A, increased
CTFβ, the β-secretase-cleaved C-terminal fragment of APP, was
found in APP&PLTPko mice, whereas full-length APP (flAPP) and
CTFα had no change, compared with APP mice. In addition, we

Figure 3. Effects of PLTP deficiency on cleaved products of APP in 3-month-oldmice. (A) Representativewestern blots and quantitative analysis of flAPP and CTFα/β for APP

processing and β-actin in brains of APP and APP&PLTPko mice. (B) With the protein from APP mice as a positive control, representative western blots and quantitative

analysis of flAPP and CTFα/β for APP processing, and β-actin in brains of WT and PLTPko mice were shown. Data are mean ± SEM (error bars) (n = 5 for each group).

Statistical significance values were calculated with the unpaired Student’s t-test. NS, no significance; *P < 0.05 and **P < 0.01. CTFβ, the β-secretase-cleaved C-terminal

fragment of APP; CTFα, the α-secretase-cleaved C-terminal fragment of APP.

Figure 4. Effects of PLTP deficiency on APP turnover in APP/PS1ΔE9 mice. (A) Total protein was collected from homogenated brain and was analyzed for total mature and

immature APP with theWO2 antibody and β-actin as a loading control in APP and APP&PLTPkomice. (B) In the cytoplasmic extracts and (C) in the membranous extracts,

mature and immature APPwere also detectedwith theWO2 antibody. The arrows indicate bands corresponding tomature APP (mAPP) and immature APP (imAPP). β-actin

was used as a loading control in each extract. (D) Quantitative analysis for total APP (a), cytoplasmic (b) andmembranous (c) mAPP and imAPP, and the ratio of themature

to immature APP levels (d). Data aremean ± SEM (error bars) (n = 6 for each group). Statistical significance values were calculatedwith the unpaired Student’s t-test. NS, no

significance; *P < 0.05 and **P < 0.01.
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also tried to detect the CTFα/β in wild-type mice, although there
were much fewer CTFs under the non-transgenic background.
With the protein fromAPPmice as a positive control, after longer
exposure in western blot analysis, the CTFs were measured
(Fig. 3B). Similar to the results in APP mice, PLTP deficiency did
not change the level of CTFα, but increased the level of CTFβ in
WTmice significantly. These data indicated that PLTP deficiency
did not affect the non-amyloidogenic pathway, but enhanced the
amyloidogenic pathway of APP.

PLTP deficiency disrupted APP turnover in APP/PS1ΔE9
mice

As APP processing depends on its exposure to the different secre-
tases present on the cell surface or in the cytoplasm, we tested
whether PLTP regulated APP processing via affecting its distribu-
tion. It has been demonstrated that the non-amyloidogenic pro-
cessing occurs mainly at the cell surface, where α-secretases are
present (18), and β- and γ-secretases predominantly localize
intracellularly (19). We examined the expression of APP protein
from cell surface to cytoplasm by western blot, which reflected
the capacity of amyloidogenic cleavage. Total protein and pro-
teins frommembranous and cytoplasmic extracts were prepared
from the brains of mice. Though increased in APP&PLTPko mice,
total APP (includingmature and immature forms) in total protein

was indistinguishable between the APP and APP&PLTPko mice
(Fig. 4A and Da). In addition, the mRNA level of mutated
human APP was not changed between the two groups (data not
shown). Further in the cytoplasmic extracts, it was surprising to
find that the immature form of APP was significantly elevated,
but the mature form of APP had no change (Fig. 4B and Db), and
the ratio of mature APP to immature APP (m/imAPP) was signifi-
cantly decreased (Fig. 4Dd) in APP&PLTPko mice, compared with
APPmice. In themeanwhile, bothmature APP and immature APP
were reduced in the membranous extracts of APP&PLTPko mice
(Fig. 4CandDc), but them/imAPP ratiowasnot changed (Fig. 4Dd).
These data suggested that PLTP deficiency could disrupt the
maturation and/or distribution of APP, which accounted for the
processing of APP.

PLTP deficiency enhanced the endocytic pathway
for APP processing in APP/PS1ΔE9 mice

Intracellular APP underwent the endocytic pathway with β- and
γ-cleavage, mainly in endosomes, and then generated Aβ pep-
tides (20). Impairment of APP trafficking and the retention of
APP may elicit the induction of the endocytic pathway, by
which excess APP can bemetabolized and Aβ peptides are gener-
ated. In support of this speculation, we found that both early
(Fig. 5A) and late endosomes (Fig. 5B) were much more strongly

Figure 5. Effects of PLTP deficiency on the endocytic pathway with the intracellular accumulation of Aβ. Brain sections from APP and APP&PLTPko mice were

permeabilized, blocked and co-stained with the indicated antibodies. (A) Representative immunofluorescent microphotographs of brain sections co-stained with Aβ

(6E10, green) and an anti-Rab5 antibody for early endosomes (red). (B) Representative immunofluorescent microphotographs of brain sections stained with Aβ (6E10,

red) and an anti-Rab7 antibody for late endosomes (green). Remarkable enrichment of immunoreactivities for Rab5 and Rab7 was visualized in APP&PLTPko mice.

Blue, nuclear Hoechst staining. Scale bar 10 μm.
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induced in the brains of APP&PLTPko mice, compared with APP
mice. Aβ accumulation was more prominent in late endosomes
in both mice (Fig. 5B). Thus, the enhanced endocytic pathway
could be responsible for the excessive production of Aβ.

PLTP deficiency up-regulated enzymes in the
amyloidogenic pathway of APP

Our datamentioned earlier showed that deficiency of PLTP accel-
erated Aβ generation. To identify the underlying mechanism, we
investigated the effects of PLTP knockout on the levels of three
key enzymes in APP processing, namely, α-secretase ADAM10
(a disintegrin and metalloprotease 10), beta-site amyloid precur-
sor protein cleaving enzyme 1 (BACE1) and presenilin1 (PS1)
in APP mice and APP&PLTPko mice, and we found that total
ADAM10hadno change between the two groups,whereas a high-
ly significant increase by 116% of BACE1 and a slight but signifi-
cant increase by 36% of PS1 were detected in APP&PLTPko mice
(Fig. 6A and B). Gene expression analyzed by mRNA showed cor-
responding results (Fig. 6C), which suggested a novel role of PLTP
involved in regulating transcription of several proteins. We also
subjected the supernatant of brain tissues to β-secretase activity
assay, and elevated β-secretase activity was found in APP&PLTP-
ko mice, compared with APP mice (Fig. 6D). With PLTP RNAi
in N2a neuroblastoma cells expressing Swedish mutant APP
(N2a-APPsw), we treated the cultured cells with beta-secretase
inhibitor GRL-8234 (Supplementary Material, Fig. S2) and found

that the administration of beta-secretase inhibitor could reduce
the elevated Aβ levels in PLTP RNAi cells. Combined with
increased CTFβ and Aβ peptides, it could be concluded that
PLTP deficiency would induce the amyloidogenic pathway of
APP and increase the neurotoxic Aβ product.

PLTP deficiency down-regulated brain-derived
neurotrophic factor

A large number of reports have indicated that expressions of the
brain-derived neurotrophic factor (BDNF) are decreased in pa-
tients with AD (21–23), and Aβ peptides, especially the Aβ42,
mayaccount for the decreased BDNF (24,25). To examinewhether
deficiency of PLTP and/or intracellular accumulation of Aβ pep-
tides alters BDNF expression, we performed immunoblotting
tests for protein levels of BDNF in the mouse brains. Indeed, the
BNDF level was significantly reduced by 44% in APP&PLTPko
mice, comparedwithAPPmice (Fig. 7A, P = 0.0025). Non-paramet-
ric correlation analysis demonstrated a positive correlation be-
tween BDNF in brain and the time spent in the target quadrant
during the probe trial (Fig. 7B, P = 0.0298, r2 = 0.4652). Further,
the correlation between BDNFand the corresponding Aβ peptides
was determined. Interestingly, BDNF was significantly negatively
correlatedwith theAβ42 level (Fig. 7C,P = 0.0096, r2 = 0.5890), buthad
no correlation with the Aβ40 level (Fig. 7D, P = 0.2697, r2 = 0.1495).
These data suggested that the elevated Aβ42 level by PLTP defi-
ciency might be involved in the regulation of BNDF protein level.

Figure 6. Effects of PLTP deficiency on key enzymes for APP processing. Representativewestern blots (A) and quantitative analysis (B) of BACE1, ADAM10, presenilin-1 and

β-actin in brains of APP and APP&PLTPkomice were shown. (C) mRNA levels of BACE1, ADAM10 and presenilin-1 were quantitated by RT–PCR and normalized to GAPDH

controls and expressed as ratios of control levels. Data are mean ± SEM (error bars) (n = 5 for each group). (D) BACE1 activity in brain extracts was assayed, following the

manufacturer’s instructions. Data are mean ± SEM (error bars) (n = 5 for each group). Statistical significance values were calculated with the unpaired Student’s t-test.

*P < 0.05 and **P < 0.01.
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Interaction between PLTP and APP

In order to elucidate the probable mechanism of abnormal APP
turnover by PLTP deficiency, we sought to examine the potential
of PLTP and APP to interact. It was surprising that APP co-immu-
noprecipitated with PLTP from mouse brain extracts in APP mice
(Fig. 8A). APP was also observed to co-immunoprecipitate with
PLTP in thesemice (Fig. 8B). In addition, immunofluorescencemi-
croscopy showed that PLTP was predominantly co-localized with
APP in the brain of APP mice (Fig. 8C). In order to get better visu-
alization, cultured mouse N2a neuroblastoma cells expressing
Swedishmutant APPwere subjected to confocalmicroscopy ana-
lysis for PLTP and APP. Although APP and PLTP did have distinct
staining patterns, significant co-localization of PLTP with APP
could be evidenced from the merged image (Fig. 8D). Additional-
ly, compared with PLTP RNAi-transfected N2a-APPsw cells, we
treated N2a-APPsw cells with the PLTP activity inhibitor cpd A
(Supplementary Material, Fig. S2) and found that the levels of
total intracellular Aβ were sharply increased by PLTP RNAi, but
the PLTP inhibitor had no significant effect, which suggested
that the PLTP protein itself should be more critical for its role
in Aβ metabolism. These data indicated a probable role of PLTP
in regulating the bioavailability of APP, such as affecting its
distribution via the cross-linked interaction.

PLTP deficiency impaired autophagic function
in APP/PS1ΔE9 mice

Neuronal macroautophagy has been found early in AD patients
and before Aβ deposits extracellularly in the AD mouse model
(26), which accounts for the degradation of intracellular Aβ (27).
In order to unfold whether the ability for the clearance of Aβ

was changed via PLTP deficiency, we examined the protein levels
of p62 and LC3B for the general autophagic function. Interesting-
ly, there was a significant increase in p62 protein levels in
APP&PLTPko mice, compared with APP mice (Fig. 9A). The accu-
mulation of p62 inclusionwas further visualized by p62 immuno-
fluorescence in the PLTP-deficient APP mice (Fig. 9B). The ratio
of LC3II to LC3I serves as an indicator of autophagic activity,
and we found a significant decrease in the ratio of LC3II to LC3I
in APP&PLTPko mice, compared with APP mice (Fig. 9A). Im-
munofluorescence microscopy with co-staining showed that
intracellular Aβwasmainly co-localized with LC3, but immunor-
eactivities for LC3 did not differ significantly between APP and
APP&PLTPko mice (Fig. 9C). Additionally, with PLTP RNAi in
N2a-APPsw cells,we treated the cultured cellswith autophagy in-
ductor rapamycin (Supplementary Material, Fig. S2) and found
that the administration of autophagy inductor could reduce the
elevated Aβ levels in PLTP RNAi cells. In general, PLTP deficiency

Figure 7. Effects of PLTP deficiency on BDNF levels. (A) Representativewestern blots and quantitative analysis of BNDF and β-actin in brains of APP and APP&PLTPkomice

were shown. BNDF protein level was significantly reduced by 44% in APP&PLTPko mice compared with APP mice (P = 0.0025 with the unpaired Student’s t-test). Data are

expressed as mean ± SEM (error bars) (n = 5 for each group). (B) Graphical representation of partial regression for BNDF with the corresponding probe trial time of APP and

APP&PLTPkomice (n = 10) (correlation analysis). BDNFwas positively correlatedwith the time spent in the target quadrant during the probe trial (P = 0.0298 and r2 = 0.4652).

(C andD) Graphical representation of partial regression for BNDFwith the corresponding Aβ42 and Aβ40 levels of APP and APP&PLTPkomice (n = 10) (correlation analysis).

BDNF was negatively correlated with the Aβ42 level (P = 0.0096 and r2 = 0.5890), but had no correlation with the Aβ40 level (P = 0.2697 and r2 = 0.1495).
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might impair autophagic function, which could cause disrupted
clearance of Aβ.

Impact of PLTP deficiency on brain lipid homeostasis
in APP/PS1ΔE9 mice

In order to identify the role of PLTP in modulating brain lipid
homeostasis, shotgun lipidomics (28) was used to analyze the
main molecular species of lipids from brain extracts of the
APP and APP&PLTPko mice. We found that both phosphatidyl
ethanolamine and phosphatidylserine were sharply decreased
in the APP&PLTPko mice, compared with APP mice at the age of
3 months (Table 1). There was also a slight but significant de-
crease of phosphatidylinositol (PI) in PLTP-deficient APP mice,
whereas most lipid classes had no significant changes (Table 1).
These data indicated that PLTP was important for brain lipid
homeostasis.

Discussion
PLTP deficiency accelerated memory dysfunction
in APP/PS1ΔE9 mice at the non-demented age

As one key protein in lipid metabolism, PLTP has been found to
play several roles in the brain with the PLTP knockout mouse

model (11,12,29,30). Notably, increased amyloid-β peptides were
found in PLTP-deficient mice at both young and old ages (11,12),
which raised our interest on the role of PLTP in AD and the specif-
ic Aβ-related mechanism. Here with an AD model mice, at the
non-demented age of 3 months (17,31), we first found that PLTP
deficiency accelerated its memory dysfunction with the behavior
tests, suggesting that PLTPwas critically involved in learning and
memory.

As the 6-month-old APP/PS1ΔE9 mice showed significant AD
pathology such as cognitive impairment and Aβ plaque depos-
ition (16), the 3-month-old APP/PS1ΔE9 mice provided an animal
model for the early stages of cognitive decline in AD, and defi-
ciency of PLTP might increase its susceptibility to AD. At the
early stages of AD, such as mild cognitive impairment (MCI) or
earlier, intraneuronal Aβ peptides have been implicated in the
toxic processes in AD (32,33), rather than the extracellular Aβ bur-
den (34–36). Several mechanisms underlie the neurotoxicity of
intracellular accumulation of Aβ such as endoplasmic reticulum
(ER) stress (37,38), disruption of fast axonal transport (39) and
synaptic pathology (40). In our study, we found elevated Aβ pep-
tides in brains of PLTP-deficient AD mice, and there was a nega-
tive correlation between the level of soluble Aβ peptides in the
brain and the probe trial performance of all groups, suggesting
a causative role of Aβ in the memory dysfunction. Surprisingly,
confocal microscopic analysis showed that PLTP deficiency

Figure 8. Interaction and co-localization between PLTP and APP. (A and B) Mouse brain extracts fromAPPmicewere subjected to immunoprecipitation using non-immune

IgG (NI) (lane 2), anti-APP 6E10 IgG (APP) or anti-PLTP IgG (PLTP) (lane 3). The immunoprecipitates were analyzed for APP using 6E10 antibody (A) or for PLTP using PLTP

antibody (B). Lane 1 represents an immunoblot of brain extract with 6E10 IgG or PLTP IgG, respectively. (C) Confocal microscopy analysis for immunoreactivities of PLTP

(green) and APP (red) in APP mice. (D) Confocal microscopy analysis for immunoreactivities of PLTP (green) and APP (red) in mouse N2a neuroblastoma cells expressing

Swedish mutant APP. Insets show enlarged image of the indicated regions. Blue, nuclear Hoechst staining. Scale bar 10 μm.
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increased intracellular Aβ immunoreactivity in the brain of APP
mice, but did not exhibit any extracellular Aβ deposits at the
age of 3 months in all mice, which suggested the possible role
of PLTP deficiency in intracellular Aβ elevation and the related
APP processing.

PLTP deficiency altered APP processing via disrupted
APP turnover

The efficiency of APP processing to generate Aβ is greatly affected
by its subcellular localization (41), and therefore, it is of central

Figure 9. Effects of PLTP deficiency on the autophagy markers. (A) Representative western blots and quantitative analysis of p62, LC3B and β-actin in brains of APP and

APP&PLTPko mice were shown. The P62 protein level was significantly elevated by 52% in APP&PLTPko mice compared with APP mice (P = 0.0091 with the unpaired

Student’s t-test). The ratio of LC3II to LC3I was significantly reduced by 34% in APP&PLTPko mice (P = 0.0382 with the unpaired Student’s t-test). Data are mean ± SEM

(error bars) (n = 5 for each group). Brain sections from APP mice and APP&PLTPko mice were permeabilized, blocked and co-stained with the indicated antibodies.

(B) Representative immunofluorescent microphotographs of brain sections stained with Aβ (6E10, green) and an anti-p62 antibody (red). (C) Representative

immunofluorescent microphotographs of brain sections stained with Aβ (6E10, green) and an anti-LC3 antibody (red). The accumulation of p62 inclusion was

visualized in APP&PLTPko mice. Blue, nuclear Hoechst staining. Scale bar 10 μm.
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importance to investigate the regulators of trafficking and distri-
bution of APP. APP is synthesized in the ER and modified by the
trans-Golgi network during the transit in the secretory pathway
en route to the cell surface (42). APP has a relatively short resi-
dence time at the cell surface as it either undergoes α-secretase
cleavage or becomes internalized into endosomes where β- and
γ-secretases cleave. Besides, part of the synthesized APP in the
trans-Golgi network would be directly transferred into endo-
somes for β- and γ-cleavage (20). In our study, it was surprising
to found that the immature form of APP was significantly ele-
vated but the mature form of APP had no change in the brain
cytoplasmic extracts of PLTP-deficient APP mice, which sug-
gested that imAPP was retained intracellularly via disrupted
APP maturation or transport by PLTP deficiency. Combined with
decreased mAPP and imAPP in the membranous extracts, mAPP
might also be retained in the cytoplasm. One possible explan-
ation for the unchanged cytoplasmic mAPP might be the short
half-life of cellular flAPP (43). Excess intracellular APP underwent
the amyloidogenic pathway by β-secretase and γ-secretase rapid-
ly and then generated excess CTFβ andAβ peptides in the neuron.
The enhanced endocytic pathway, especially in early and late
endosomes, could be a functional response to the excess intra-
cellular APP. In general, the novel turnover of APP caused by
PLTP deficiency offered a new insight on APP processing.

Further, co-immunoprecipitation and co-staining experi-
ments revealed that APP was capable of interacting with PLTP.
Combined with the data that PLTP deficiency alerted APP turn-
over, PLTPmight be responsible for the trafficking of APP directly,
especially its transportation to the cell surface. The mechanism
by which PLTP deficiency affected the trafficking and/or process-
ing of APP was not known, but could result from a lack of inter-
action with APP, which might alter its cellular trafficking, such
as enhancing its recycling to endosomal compartments. Indeed,
there remain needs for deeper and more comprehensive
researches on the role of PLTP in APP processing.

PLTP deficiency enhanced the amyloidogenic pathway
for APP processing

After investigating the protein and mRNA levels of three key en-
zymes in APP processing, we found that ADAM10 was not chan-
ged by PLTP deficiency, whereas BACE1 and PS1were increased in
APP&PLTPko mice. The elevated proteins in the amyloidogenic
pathway of APP might be a functional response to the excess
intracellular APP or be caused by abnormal transcription via
PLTP deficiency. PLTP has been demonstrated to be present in

the nucleus of several cells and active in lipid transport (10), indi-
cating the probable role of PLTP in the regulation of endonuclear
lipids, which can affect cell processes via the endonuclear lipid
second messenger signaling (44,45). PLTP is also responsible for
the content and transfer of vitamin E in cells and tissues (29),
and vitamin E has been thought to regulate RNA synthesis (46).
More investigations are needed to evaluate the potential of
PLTP as a transcription regulator upon its lipid transfer property.
It is remarkable that although flAPP was decreased in the mem-
branous extracts, ADAM10 and CTFα were not changed by PLTP
deficiency, which suggested that PLTP had no impact on the
α-secretase-mediated non-amyloidogenic pathway, or there
could been involvement of other events in addition to the non-
amyloidogenic pathway.

PLTP deficiency in APP/PS1ΔE9 mice modulated
autophagy

Growing evidence has demonstrated the impaired autophago-
some-lysosomal degradation in AD, which could disrupt Aβ

clearance and trigger AD pathology such as Aβ deposition (47).
Surprisingly, impaired autophagy, namely, the elevated p62
and decreased ratio of LC3II to LC3I, was unfolded in the PLTP-
deficient APPmice at the non-demented age.We also found a de-
crease of PI in the APP&PLTPkomice. The homolog phospholipids
of PI, such as PI3P and PI(3,5)P2, have been demonstrated to play a
fundamental role in various aspects of autophagy, including the
maturation and turnover of autophagosomes (48), suggesting the
potential of PLTP in modulating autophagy. Besides, sphingo-
sine-1-phosphate (S1P), a potent sphingolipid secondmessenger,
is also implicated in numerous cellular processes including
autophagy (49,50), and the content of S1P is decreased in PLTP-
deficient mice (51). In general, with the capacity for brain lipid
homeostasis, PLTP might play an important role in autophagy
modulation and the related intracellular clearance of Aβ.

Down-regulated BDNF level by PLTP deficiency
related to Aβ42

BDNF, which contributes to the survival of neuron and synapse,
has often been correlated with memory and dementia (52,53).
In this study, we found that BDNF was decreased in APP&PLTPko
micewith impaired cognition, which indicated a causative role of
BDNF in PLTP deficiency-induced memory dysfunction. Further,
we determined a specific negative correlation between BDNF
and the Aβ42, not the Aβ40, consistent with the reported Aβ42
toxicity on decreased BDNF (54). Hence, the reduced BDNF level
might be due to the elevated Aβ42 by PLTP deficiency. In contrast,
the neuroprotective effect of BDNF can be mediated by the up-
regulation of autophagy (55). Thus, impaired autophagy via PLTP
deficiency might be partially caused by down-regulated BDNF,
which was critical for the accelerated memory dysfunction.

In conclusion, our current study presented a novelmodelwith
early onset of cognitive dysfunction by PLTP deficiency in APP/
PS1ΔE9 mice without appearance of amyloid deposition. Dys-
function of PLTP might be a risk factor for the elevated Aβ in
the preclinical stage of AD. We first found several potential func-
tions of PLTP deficiency in the AD model mice: impairing cogni-
tive performance; involvement in APP trafficking/processing
and intracellular Aβ generation; inducing Aβ42-related alteration
of BDNF and disturbing levels of p62 and LC3 in autophagy. We
presented a novel model to link phospholipid metabolism to
APP processing. These established PLTP-deficient AD mouse

Table 1. Summary of lipidomics in the brains of APP and APP&PLTPko
mice at the age of 3 months

Lipid class APP mice APP&PLTPko mice

Triacylglycerol 61.84 ± 4.14 58.84 ± 5.75
Phosphatidylcholine 245.25 ± 13.82 256.74 ± 14.88
Phosphatidyl ethanolamine 266.45 ± 40.42 142.43 ± 23.01***
Phosphatidylserine 193.47 ± 30.16 100.40 ± 22.46***
Phosphatidylinositol 85.75 ± 13.66 67.76 ± 9.70*
Phosphatidylglycerol 22.66 ± 5.85 21.20 ± 5.18
Sphingomyelin 52.40 ± 10.88 42.82 ± 8.89
Free cholesterol 477.65 ± 72.46 435.38 ± 51.64

The data are expressed in nmol/mg of protein and represent mean ± SD of five

different mice.

*P < 0.05 and ***P < 0.001 with the unpaired Student’s t-test (n = 5).
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models could provide insights into early stages in AD such asMCI
or preclinical AD.

Materials and Methods
Animals

All mice were on the homogeneous C57BL/6 background. PLTP-
deficient mice (PLTP knockout homozygote, PLTPko mice for
short) were generated by Dr X.C. Jiang’s laboratory (56). APP/
PS1ΔE9 transgenic mice (APP/PS1ΔE9 heterozygote, bought from
Institute of Laboratory Animal Science, Chinese Academy of
Medical Science, abbreviated as APP mice for convenience), a
well-characterized AD mice model (31), express human APP
with Swedish mutation (APPsw) and human PS1 (presenilin 1)
with deletion in exon 9 (PS1ΔE9). APP/PS1ΔE9 mice were cross-
bred to PLTPko mice to generate APP/PS1ΔE9&PLTPko mice
(APP/PS1ΔE9 heterozygote and PLTP knockout homozygote,
APP&PLTPko mice for short). APP mice with wild-type mouse
PLTP (referred to as APP mice) were used as controls. In addition,
for behavioral tests, we used non-transgenicwild-type (WTmice)
and PLTPko mice. All mice were matched for sex and used at the
age of 3 months ± 1 week. Mice were maintained in a pathogen-
free facility on a 12 h light/dark cycle with water and food pro-
vided ad libitum. All work was approved by the Peking University
Biomedical Ethics Committee Experimental Animal Ethics
Branch.

MWM

Behavior assessment was performed with a modified version of
theMWMused to assess spatial navigation learning andmemory
retention as described (57,58) with minor modifications.

Initially, mice received a habituation trial to explore the
pool of water (diameter 150 cm, height 40 cm and temperature
23 ± 1°C) without the platform present. Following habituation,
visible platform training was performed for 2 consecutive days
to measure the motivation of the mice to find a platform, visual
acuity of the mice and the ability of mice to use local cues. In the
acquisition phase, we measured the ability of mice to form a
representation of the spatial relationship between a safe, but
invisible (submerged 1 cm below the water level), platform
(10 cm in diameter) and visual cues surrounding the maze.
Animals were allowed 60 s to locate the platform and 20 s to
rest on it. Mice that failed to find the platform were led there by
the experimenter and allowed to rest there for 20 s. Twenty-
four hours following the last acquisition trial, a single 60 s
probe trial was administered to assess spatial memory retention.
For the probe trial, animals were returned to the maze, but with
no platform present, and parameters were recorded to assess the
ability of the mouse to remember the previous location of the
platform.

There was no significant difference in the swimming speed
among all groups (WT mice: 8.27 ± 0.15 cm/s, n = 12; PLTPko
mice: 8.33 ± 0.17 cm/s, n = 9; APPmice: 8.08 ± 0.13 cm/s, n = 11 and
APP&PLTPko mice: 8.12 ± 0.26 cm/s, n = 11). There was no differ-
ence in the visual cue test either (data not shown), suggesting
that all mice did not have visual problems.

Y-maze test

Spatial memory was also assessed in a Y-maze task as described
(59) with minor modifications. The Y-maze apparatus was made
up of three enclosed black plexiglass arms (50 cm long, 11 cm
wide and 10 cm high) with extra-maze visual cues around the

maze. In the first training (acquisition) trial, mice were placed
at the end of a pseudo-randomly chosen start arm and allowed
to explore the maze for 5 min with one of the arms closed
(novel arm). Mice were returned to their home cage until the se-
cond (retrieval) trial. During the retrieval trial, the novel armwas
opened and themicewere once again placed at the start arm and
allowed to explore freely the three arms for 5 min. The number of
entries in each arm, especially the novel arm,was recorded. Entry
into an arm was defined as placement of all four paws into the
arm.

Animal tissue processing

Mice were anesthetized by intraperitoneal injection of chloral
hydrate (5%) and perfused transcardially with 25 ml of cold
0.1  phosphate-buffered saline (PBS) (pH 7.4) each. For western
blot analysis, brains were rapidly removed and divided into
hemispheres, and in each of the hemispheres, the cortex and
hippocampus were separated from other brain structures.
These brain structures were snap-frozen on dry ice and stored
at −80°C until use. For immunohistochemistry, whole brains
were drop-fixed in 4% paraformaldehyde at 4°C for 48 h before
storage in 30% sucrose.

Cellular fractionation

Preparation of membrane and cytoplasmic fractions was carried
out as described previously (60,61), with minor modifications for
the quantification of APP in the subcellular compartments. Brief-
ly, amodified lysis bufferwas used containing Tris–HCl 25 mpH
7.4, ethylenediaminetetraacetic acid 2 m, ethyleneglycoltetraa-
cetic acid (EGTA) 1 m, phenylmethylsulfonyl fluoride 0.1 m

and a complete set of protease inhibitors; after centrifugation for
3 min at 4°C and 3000g to separate the nuclei, cell lysateswere fur-
ther pelleted by centrifugation for 50 min at 4°C and 100 000g. The
resulting pellet (referred to here as themembranous extract) was
resuspended in the lysis buffer. The supernatants were referred
as the cytoplasmic extract (intracellular compartment). In each
subcellular extract, the proteins (immature APP, mature APP
and β-actin) were determined by western blot analysis.

Western blot analysis

The frozen hemibrains (only cortices and hippocampi) were
homogenized and lysed on ice in western blot lysis buffer con-
taining 50 m Tris–HCl, pH 6.8, 8  urea, 5% β-mercaptoethanol,
2% sodium dodecyl sulfate (SDS) and protease inhibitors. The ly-
sates were collected, centrifuged at 12 000g at 4°C for 5 min and
quantified for the total proteins with the BCA protein assay kit.
For western blot analysis, total proteins and proteins in subcellu-
lar compartments were separated on 10% T, 5% C bicine/Tris, 8 

urea, SDS–polyacrylamide gel electrophoresis (PAGE) or 10–18%
regular SDS–PAGE system (62,63). Briefly, protein was transferred
to 0.45 μm polyvinylidene difluoride membranes (Immobilon-P;
Millipore, Bedford, MA, USA), blocked for 1 h in 5% (m/v) non-
fat milk in Tris-buffered saline (pH 7.5) and supplemented with
0.1% Tween 20. Antibodies and their dilutions used in this
study included A8717 (1:10 000, Sigma, St Louis, MO, USA) for
flAPP and APP derivatives in total proteins (62), WO-2 (1:1000,
Millipore) for APP maturation (64), BACE1 mAb (1:2000, R&D,
Minneapolis, MN, USA), ADAM10 (1:2000, Abcam, Cambridge,
MA, USA), presenilin-1 mAb (1:1000, CHEMICON International,
Billerica, MA, USA), BDNF pAb (1:1000, Millipore), p62 (1:2000,
Medical & Biological Laboratories Co.), LC3 (1:1000, Novus
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Biologicals) and β-actin mAb (1:5000, Sigma) as an internal refer-
ence control. Following incubation with the appropriate horse-
radish peroxidase-conjugated secondary antibody for 1 h at
room temperature, the immunoblots were developed using the
ECL system. Quantitative densitometric analyses were per-
formed with Quantity One software (Bio-Rad, Hercules, CA,
USA). Representative blots from at least three independent
experiments were shown.

β-secretase activity assay

β-secretase activity in the brain tissues was determined using a
commercially available β-secretase activity kit (Abcam). Briefly,
proteinwas extracted frombrain tissues using ice-cold extraction
buffer, incubated on ice for 10 min and centrifuged for 5 min at
4°C and 10 000g. The supernatants were collected, and the pro-
tein concentrations were quantified by the BCA method and
equal amount of cellular proteins was used for themeasurement
of β-secretase activity (65). An aliquot of 50 μl of blank, standards
or samples, 50 μl of 2× reaction buffer and 2 μl of β-secretase sub-
strate were added to each well and incubated in the dark at 37°C
for 2 h. With a multi-functional microplate reader (Infinity F200,
TECAN, Switzerland), fluorescence intensity was read at excita-
tion and emission wavelengths of 355 and 510 nm, respectively.

Quantification of Aβ peptide levels by sandwich ELISA

The fresh-frozen mouse hemibrains (only cortices and hippo-
campi) were serially homogenized into detergent-soluble frac-
tions as described (66). All samples were assayed for Aβ40 and
Aβ42 by sandwich ELISA, according to the manufacturer’s
instructions (Biosource International, Camarillo, CA, USA). The
detection limit of ELISA was 0.1 fmol/ml for Aβ40 and 0.2 fmol/ml
for Aβ42. The Aβ concentration was normalized to the weight of
the hemibrains. All measurements were performed in duplicate.

Immunohistochemistry and confocal microscopy

Tissue preparation and immunohistochemistry were performed
as described (67) withminormodifications. Free-floating sections
(18 µm thick) were processed for free-floating immunohisto-
chemistry. Primary antibodies for Aβ (6E10, 1:100) (6), APP
(A8717, Sigma, 1:500), Tuj-1 (MMS-435P, Covance, 1:500), PLTP
(sc-30835, Santa Cruz, 1:100), Rab5 (sc-309, Santa Cruz, 1:100),
Rab7 (sc-6563, Santa Cruz, 1:100), p62 (1:200, PM045, Medical &
Biological Laboratories Co.) and LC3 (1:100, NB100-2220, Novus
Biologicals) were applied overnight at 4°C. Secondary antibodies
usedwereAlexa Fluor 488-labeled donkeyanti-mouse IgG (Micro-
Probe, 1:2000), Alexa Fluor 568-labeled goat anti-mouse IgG
(MicroProbe, 1:2000), Alexa Fluor 594-labeled goat anti-rabbit
IgG (MicroProbe, 1:2000) and Alexa Fluor 488-labeled donkey
anti-goat IgG (MicroProbe, 1:1000). Cell nuclei were counter-
stainedwith Hoechst 33258 (Invitrogen, Carlsbad, CA, USA). Fluor-
escence images were acquired with a confocal laser scanning
microscope (LSM510; Carl Zeiss Co., Oberkochen, Germany). No
fluorescence was detected with the primary antibody omitted.

Cell culture and immunofluorescence

Mouse N2a neuroblastoma cells stably expressing Swedish mu-
tant APP (abbreviated as APPsw-N2a cells for convenience) were
kindly provided by Drs Sangram S. Sisodia and SeongHun Kim
(University of Chicago) (68) and were maintained in normal
Dulbecco’s modified Eagle’s medium and supplemented with
10% fetal bovine serum. Immunofluorescence was carried out

as described previously (61). Cells on cover slips were fixed with
4% paraformaldehyde in PBS for 20 min at room temperature,
permeabilized with 0.3% Triton X-100/PBS for 5 min and blocked
with 10% bovine serum albumin in PBS. Primary antibodies for
APP (A8717, Sigma, 1:500) and PLTP (sc-30835, Santa Cruz, 1:100)
were applied overnight at 4°C. Secondary antibodies used were
Alexa Fluor 594-labeled goat anti-rabbit IgG (MicroProbe, 1:2000)
and Alexa Fluor 488-labeled donkey anti-goat IgG (MicroProbe,
1:1000). Cell nuclei were counterstained with Hoechst 33258
(Invitrogen). Confocal fluorescence images were acquired as
described earlier.

Reverse transcriptase–PCR analysis

Total RNAwas extracted with TRIZOL (Invitrogen) and converted
to cDNA by reverse transcriptase (RT) using random hexamers to
prime superscript III RNasefree RT (Invitrogen), according to the
manufacturer’s instructions. RT–PCR primers used in this
study were as follows: human APP sense primer, 5′-GCTGGAGGT
ACCCACTGATG-3′; human APP antisense primer, 5′-GCACCA
GTTCTGGATGGTCA-3′; BACE1 sense primer, 5′-CTGCAAGGAG
ACGGAGAAGT-3′; BACE1 antisense primer, 5′-GGCTCGATCGAA
GACGACAT-3′; GAPDH sense primer, 5′-GGAGAGTGTTTCCTCGT
CCC-3′; GAPDH antisense primer, 5′-ACTGTGCCGTTGAATTT
GCC-3′; ADAM10 sense primer, 5′-CTCTTTGCAGTGGAGCAAG
C-3′; ADAM10 antisense primer, 5′-CACCAGTGAGCCACAATCCA-
3′; presenilin-1 sense primer, 5′-TGGTGAAACTCTGCGTCTGG-
3′ and presenilin-1 antisense primer, 5′-GCTGTCTTGTGTTGG
TTCCTCA-3′. PCRs were performed at 94°C for 30 s, 55°C for
1 min and 68°C for 2 min during 40 cycles, followed by a final
extension of 7 min at 68°C (69).

Co-immunoprecipitation and immunoblot analysis

Mouse brain tissue from APP mice was homogenized and lysed
in lysis buffer [50 m Tris (pH 7.4), 150 m NaCl and 1% Nonidet
P-40], containing a complete protease inhibitor mixture (Roche).
The immunoprecipitation was performed as described (70) with
minor modifications. Whole brain extract proteins were used
for immunoprecipitation with the indicated antibodies for PLTP
and APP. Briefly, 4 μg of antibody was added into 1 ml of brain
extract, which was then incubated at 4°C overnight. After the
addition of Protein G-agarose beads (GE Healthcare), the incuba-
tion was continued for 4 h at 4°C. The resulting immunoprecipi-
tates were extensively washed with lysis buffer for three times
and eluted with SDS loading buffer by boiling for 5 min. Samples
were separated by 10–12% SDS–PAGE and transferred to nitrocel-
lulose membranes for immunoblot analysis with the indicated
antibodies. Data were collected from at least three independent
experiments.

Shotgun lipidomics analysis of brain lipids

Shotgun lipidomics analysis of brain lipids was performed, as
described previously (28). Lipids were extracted from dissected
brain tissues by themodified Bligh andDyermethod as described
(28). A triple–quadrupole mass spectrometer equipped with a
Namomate device and Xcalibur system was used to analyze
lipids in the brain extract. Xcalibur analysis softwarewas applied
to analyze all tandem mass spectrometry data automatically
acquired by a customized sequence. For each brain tissue sample,
internal standards were added to quantify individual molecular
species of lipid classes.
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Statistical analysis

Analyses were conducted using GraphPad Prism 5 for Windows
(GraphPad Software, San Diego, CA, USA). Comparisons among
multiple groups were made by one-way analysis of variance
(ANOVA), followed by a Tukey’s post hoc test, and the Student’s
t-test was used for comparisons between two groups. Statistical
significance of differences between mean scores during the
acquisition phase of training in the MWM was assessed with
two-way repeated-measures ANOVA (general linear model/RM-
ANOVA) and Tukey’s post hoc analysis for multiple comparisons
using group and trial block number as sources of variation. P < 0.05
was regarded as statistically significant (two-tailed tests).

Supplementary Material
Supplementary Material is available at HMG online.
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