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Abstract

Intraneuronal accumulation and extracellular deposition of amyloid beta (Ap) protein continues to
be implicated in the pathogenesis of Alzheimer’s disease (AD), be it familial in origin or sporadic
in nature. AP is generated intracellularly following endocytosis of amyloid beta precursor protein
(ABPP) and consequently factors that suppress ABPP internalization may decrease amyloidogenic
processing of ABPP. Here we tested the hypothesis that caffeine decreases AB generation by
suppressing ABPP internalization in primary cultured neurons. Caffeine concentration-dependently
blocked LDL cholesterol internalization and a specific adenosine Az receptor (AsR) antagonist as
well as siRNA knockdown of AzRs mimicked the effects of caffeine on neuronal internalization of
LDL cholesterol. Further implicating AsRs were findings that a specific AgR agonist increased
neuronal internalization of LDL cholesterol. In addition, caffeine as well as sSiRNA knockdown of
AgRs blocked the ability of LDL cholesterol to increase AP levels. Furthermore, caffeine blocked
LDL cholesterol-induced decreases in ABPP protein levels in neuronal plasma membranes,
increased surface expression of ABPP on neurons, and the A3R antagonist as well as SiRNA
knockdown of AzRs mimicked the effects of caffeine on ABPP surface expression. Moreover, the
AgR agonist decreased neuronal surface expression of ABPP. Our findings suggest that caffeine
exerts protective effects against amyloidogenic processing of ABPP at least in part by suppressing
AsR-mediated internalization of ARPP.
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Introduction

Alzheimer’s disease (AD), the most common neurodegenerative disorder of old age, is
characterized clinically by a progressive decline in cognitive function, and pathologically by
loss of synaptic integrity and neurons, amyloid plaques composed of amyloid beta (AB)
protein, and neuronal tangles composed of hyperphosphorylated tau [1, 2]. Brain deposition
of AP, a proteolytic cleavage product of amyloid beta precursor protein (ABPP) by the beta-
site APP cleavage enzyme 1 (BACE1) and y-secretase, continues to be considered an
important pathogenic factor of AD [1, 3]. Emerging evidence indicates that APPP trafficking
plays an important role in determining the extent to which ABPP is processed
amyloidogenically [4, 5]. Internalized (trafficked) ABPP accumulates in endolysosomes
wherein the acidic environment increases the activities of BACE-1 and y-secretase and
stimulates the amyloidogenic processing of ABPP [6-9]. Thus, factors that promote ApPP
internalization and/or disturb endolysosome function may increase amyloidogenic
processing of ABPP thus leading to increased AD pathogenesis. Alternatively, factors that
prevent ABPP internalization may decrease amyloidogenic processing of ABPP and thus
might decrease AD pathogenesis.

Elevated levels of plasma LDL cholesterol, independent of APOE genotypes, is a robust
extrinsic factor that increases the risk of developing sporadic AD [10-14]. It has been shown
that apoB, the exclusive apolipoprotein of LDL, co-localizes with cerebral Af in AD brain
and in a transgenic mouse AD model, and that apoB levels are positively correlated with AR
plaque abundance [15-17]. Others and we have shown that LDL receptors are highly
expressed on neurons, that LDL receptors interact physically with ABPP, that LDL
cholesterol affects ABPP trafficking [18-20], that LDL cholesterol is internalized via
receptor-mediated endocytosis, and that this internalization process promotes ApPP
internalization [4, 5, 20]. Mechanistically, we have shown that LDL cholesterol treatment
promotes ABPP internalization and enhances amyloidogenesis [12]. Thus, LDL cholesterol
endocytosis could promote ABPP internalization into neuronal endolysosomes and enhance
amyloidogenesis.

Caffeine, the most commonly ingested psychoactive drug in the world, might be protective
against AD pathogenesis [21-27]. Epidemiologically, caffeine ingestion has been correlated
reciprocally with the prevalence and severity of AD [28-32]. In animal models, caffeine has
been shown to prevent AD-like features as well as reverse the features once formed [33-37].
The mechanisms implicated in the protective actions of caffeine include blockage of
adenosine Ay receptors [23, 37], activation of PKA signaling [34, 38], and decreased AB
production through suppression of both beta- and gamma-secretases [34, 38]. Importantly,
human, animal and in vitro studies all clearly show that these protective actions of caffeine
occur at therapeutic concentrations easily obtainable through normal ingestion of food-based
products.

The present studies were aimed to determine the extent to which and mechanisms whereby
caffeine affects ABPP internalization and A generation as induced by LDL cholesterol. In

primary cultured neurons, we have described a novel mechanism whereby caffeine protects
against AB generation. Specifically, we have demonstrated that caffeine suppresses LDL
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cholesterol-induced amyloidogenic processing of ABPP by blocking ABPP internalization
via its actions on AgRs.

Material and Methods

Primary cultures of rat cerebral cortical neurons

Primary cerebral cortical neurons were cultured from embryonic day 18 rats using a protocol
approved by the University of North Dakota Animal Care and Use Committee adherent with
the Guide for the Care and Use of Laboratory Animals (NIH publication number 80-23)
[12].

Cultures of human neuroblastoma cells

Human neuroblastoma cells (SH-SY5Y) expressing wild type ABPP were kindly supplied by
Dr. Norman Haughey (John Hopkins University). Cells were cultured in Eagle’s minimum
essential medium (MEM) supplemented with 10% FCS, penicillin/streptomycin,
nonessential amino acids, and sodium pyruvate (1 mM) at 37°C in 5% CO2/95% air. For the
experiments, 4 x 10° cells were seeded on 60 mm? dishes and cultured for 48 h. The cells
were exposed to serum-free MEM for 24 h, then experimental treatments were performed in
serum-free MEM.

LDL cholesterol internalization assay

Quantitative analysis of LDL cholesterol internalization in neurons was performed using a
method as described previously, but with minor modifications [39]. Cells plated on glass-
bottom 35-mm? tissue culture dishes were pretreated with various concentrations of drugs
for 24 hours prior to addition of 1 pg/ml Dil-labeled LDL cholesterol (Kalein Biomedical)
for 30 min at 37°C. Cells were washed with an acid wash solution (0.2 M acetic acid, 0.5 M
NaCl, pH 2.8) at 4°C for 10 min and then washed with ice-cold PBS for 5 min to remove
surface-bound LDL cholesterol. Cells were fixed in 4% paraformaldehyde and images were
taken with a confocal laser-scanning microscope (Olympus). All experiments were
performed in triplicate. The average integrated intensity of Dil-LDL cholesterol signal per
cell was calculated for each well using ImageJ software.

RNA interference

AgR expression levels were knocked down with specific SiRNAs at a final concentration of
60 nM (Invitrogen); negative siRNAs (Invitrogen) were used as controls. Before sSiRNA
transfection, fresh Neurobasal media was added to cultured neurons plated for 10 days. The
transfection cocktail containing 300 pl of transfection buffer (SignaGen), 12 pl of sSiRNA
stock (15 uM) for each target protein, and 9 pul of GenMute™ reagent was added carefully to
each dish along with 1 ml of media. After incubation (37°C, 5% CO2) for 5 h, the
transfection media was replaced with fresh Neurobasal media, and neurons were treated with
LDL cholesterol for 3 days. Knockdown efficiency was measured by immunaoblotting as
described below.
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Immunoblotting

Total cell lysates and plasma membrane fractions were prepared using a Plasma Membrane
Protein Extraction kit (Bio-Rad). Protein concentrations were determined with a DC protein
assay (Bio-Rad). Equal amounts of proteins (50 pg) were separated by SDS-PAGE (12%
gel) and, following transfer, polyvinylidene difluoride membranes were incubated overnight
at 4°C with antibodies against N-terminal ABPP (Milipore) and AgR (Alomone Lab); B-actin
(Abcam) was used as a gel loading control. Blots were developed with enhanced
chemiluminescence, and bands were visualized and analyzed by LabWorks 4.5 software on
a UVP Bioimaging System (Upland). Quantification of results was performed by
densitometry and the results were analyzed as total integrated densitometric volume values
(arbitrary units).

Surface immunostaining

Neurons were fixed with 4% paraformaldehyde for 10 min, washed with PBS, blocked with
5% goat serum, and incubated overnight at 4°C with a primary antibody against N-terminal
ABPP (Milipore). After washing with PBS, neurons were incubated with fluorescence-
conjugated secondary antibody (Invitrogen). Neurons were examined by confocal
microscopy (Olympus). The average integrated signal intensity per cell was calculated
(ImageJ software). Controls for immunostaining specificity included staining neurons with
primary antibodies without fluorescence-conjugated secondary antibodies (background
controls), and staining neurons with only secondary antibodies.

Immunostaining for ABPP and endosomes

Neurons were fixed with 4% paraformaldehyde for 10 min followed by cold methanol
(-20°C) for 10 min. The cells were then washed with PBS, blocked with 5% goat serum,
and incubated overnight at 4°C with primary antibodies targeting early endosome antigen-1
(EEA1, 1:500, rabbit polyclonal, Santa Cruz), and N-termianl ABPP (1:500, Milipore). After
washing with PBS, neurons were incubated with corresponding fluorescence-conjugated
secondary antibodies including Alexa 488-conjugated goat anti-mouse antibodies
(Invitrogen) and Alexa 546-conjugated goat anti-rabbit antibodies (Invitrogen). Neurons
were examined by confocal microscopy (Olympus). Controls for immunostaining specificity
included staining neurons with primary antibodies without fluorescence-conjugated
secondary antibodies (background controls), and staining neurons with only secondary
antibodies; these controls helped eliminate auto-fluorescence in each channel and bleed-
through (crossover) between channels.

Quantification of AB levels

AP levels were quantified using human/rat AB1_s0 and AB1_4o ELISA Kits as per the
manufacturer’s protocol (Wako). Media from cultured neurons were collected, diluted 1:4
with standard diluent buffer, and each sample was analyzed in duplicate. Protein levels from
neurons in each dish were determined by a DC protein assay (Bio-Rad). Ap levels were
normalized to total protein content in each sample.

J Alzheimers Dis. Author manuscript; available in PMC 2015 October 17.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 5

Quantitative RT-PCR measurement of ABPP mRNA

Total RNA was extracted with TRIzol-Reagent (Invitrogen) and levels were determined
spectrophotometrically. Reverse transcription reactions were carried out using a
SuperScript® 111 First-Strand Synthesis supermix (Invitrogen). The primers for BACE-1 and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were as follows: f: 5’-
CGGACAGCATCGATTCTGCG -3’ and r: 5’- CTCTCTCGGTGCTTGGCTTC -3’ for
ABPP; f: 5-TGCACCACCAACTGCTTAG-3 and r: 5¥-GGATGCAGGGATGATGTTC-3’
for GAPDH. Samples were run with our iCycler IQ™ Multicolor Real-Time PCR Detection
System (Bio-Rad) that monitors fluorescence as a direct indication of PCR product [40]. All
samples were run in triplicate and the averaged values were used for the relative
quantification of gene expression. ABPP mRNA expression levels were calculated as the
ratio of their expression compared with that of GAPDH.

Measurement of neuronal cell injury

Neuronal cell injury was quantitatively assessed by the measurement of lactate
dehydrogenase (LDH), released from damage or destroyed cells, in the extracellular fluid
after completion of the experiment (Sigma). An aliquot of bathing media was combined with
NADH and pyruvate solutions. LDH activity is proportional to the rate of pyruvate loss,
which was assayed by absorbance change using a microplate reader (Molecular Device).
Data were expressed as percentages of the control samples.

Statistical analysis

Results

All data were expressed as means and SEM. Statistical significance between two groups was
analyzed with a Student’s t-test, and statistical significance among multiple groups was
analyzed with one-way ANOVA plus a Tukey post-hoc test. P < 0.05 was considered to be
statistically significant.

Caffeine prevented LDL cholesterol internalization

We first determined the extent to which caffeine affected LDL cholesterol internalization
using primary cultured neurons. Dil-labeled LDL cholesterol was rapidly taken up by
neurons and the internalization reached maximal levels by 2 hrs (data not shown). When
neurons were pretreated with caffeine (0-200 uM) for 24 hrs prior to adding Dil-labeled
LDL cholesterol for 30 min, internalization of Dil-labeled LDL cholesterol accumulation
was decreased in a concentration-dependent and statistically significant (P < 0.001) manner
(Figure 1A).

Pharmacologically, caffeine concentrations in the UM range can block all four subtypes of
adenosine receptors (A1R, AoaR, AogR and A3R) [41]. Thus, we determined next which
subtype(s) of adenosine receptors was(were) involved in neuronal internalization of LDL
cholesterol. Using adenosine receptor subtype specific antagonists at two concentrations
each (10 and 100 nM), we tested the ability of DPCPX (for A1Rs), SCH58261 (for AoaRS),
MRS1706 (for A,gRs), and MRS1334 (for AzRs) to block LDL cholesterol internalization.
We found that the specific AzR antagonist MRS1334 at 10 and 100 nM concentrations
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decreased significantly (P < 0.001) neuronal internalization of Dil-LDL cholesterol (Figure
1C). In contrast, none of the other adenosine receptor antagonists tested, at either
concentration, produced statistically significant changes in Dil-LDL cholesterol
internalization (Figure 1B). We then tested the effects of the specific A3R agonist 2-CI-IB-
MECA on Dil-LDL cholesterol internalization, and found that pretreatment of neurons with
the A3R agonist at 100 nM, but not at 10 nM, increased significantly (P < 0.001) Dil-LDL
cholesterol internalization (Figure 1C).

To confirm our pharmacological findings, we knocked-down protein expression levels of
AsRs using an RNA interference approach (Figure 2A) and found that siRNA knockdown of
AgRs decreased significantly (P < 0.001) neuronal internalization of Dil-LDL cholesterol
(Figure 2B). Collectively, our findings suggest strongly that the actions of caffeine on LDL
cholesterol internalization were mediated through AsR-mediated actions.

Caffeine suppressed LDL cholesterol-induced AP generation

Next we determined the extent to which caffeine affected A} generation as induced by LDL
cholesterol, an extrinsic factor that promotes ABPP internalization and enhances
amyloidogenesis [12]. For these studies we chose to use 200 uM of caffeine because at this
concentration we observed maximal effectiveness in blocking LDL cholesterol
internalization. However, before conducting these studies, we first demonstrated that
caffeine treatment (200 uM up to 4 days) did not induce neurotoxicity as indicated by a
LDH releasing assay (99.9 + 3.6 in control vs. 101.7 + 3.5 in caffeine treatment, n=6); a
finding that is consistent with that reported by others [42, 43]. We found that caffeine
pretreatment (200 uM for 24 h) blocked significantly LDL cholesterol (50 pg/ml for 3 days)-
induced increases in levels of ABq_49 and AB1_4» (Figure 3A). We have replicated this
experiment in ABPP over-expressing SH-SY5Y cells, and the findings were essentially the
same (Figure 3B). Furthermore, we demonstrated that caffeine treatment alone decreased
significantly basal levels of ABq_49 and AB1_42 in ABPP over-expressing SH-SY5Y cells
(Figure 3B). Because of our findings on the involvement of AzRs in regulating LDL
cholesterol internalization, next we determined the extent to which siRNA knockdown of
AgRs affected LDL cholesterol-induced increases in A levels. We found that A3R
knockdown decreased significantly LDL cholesterol-induced increases in Api_sg but not
AB1_42 (Figure 3C).

Caffeine suppressed APPP internalization

Given the above results, we determined next the extent to which caffeine affected ApPP
internalization and plasma membrane expression levels of ABPP. We found that LDL
cholesterol treatment (50 ug/ml for 30 min) did not affect total expression levels of ApPP
protein, but LDL cholesterol decreased significantly protein levels of ABPP in plasma
membrane fractions; these decreased levels were attenuated significantly by caffeine (200
UM for 24 hrs) pretreatment (Figure 4A). For this experiment, plasma membrane protein
Na*/K* ATPase was used as a control and we found that neither LDL nor caffeine affected
significantly protein levels of Na*/K* ATPase in plasma membrane fractions or in total
lysates.
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Furthermore, we found that caffeine (200 uM for 24 hrs) pretreatment alone increased
significantly ABPP levels in plasma membrane fractions (Figure 4A). To confirm these latter
findings, we determined the extent to which caffeine affected ABPP trafficking using a
surface immunostaining approach. Consistent with our immunablotting findings, caffeine
(200 uM for 24 hrs) pretreatment (Figure 4B) and the specific AgR antagonist MRS1334
(100 nM for 24 hrs) (Figure 4B) increased significantly surface expression levels of ApPP.
To exclude the possibility that such increased ABPP expression may be due to modifications
at the transcriptional level, we quantified ABPP mRNA and we demonstrated that neither
caffeine nor AzR antagonist affected ABPP mRNA levels (Figure 4C). In contrast to the A3R
antagonist, the specific AgR agonist 2-CI-1IB-MECA (100 nM for 24 hrs) decreased
significantly surface expression levels of ABPP (Figure 4D). To confirm our
pharmacological findings, we knocked down protein expression levels of AgRs using an
RNA interference approach and found that AzR knockdown increased significantly surface
expression levels of ABPP (Figure 4E).

To further determine whether caffeine and/or the A3R antagonist decreased ABPP
internalization into endosomes, we performed double staining for ABPP and early endosome
antigen 1 (EEA1). We demonstrated that LDL treatment (50 pug/ml for 3 days) enlarged
endosomes and increased the co-localization of ABPP with endosomes, and that these effects
were attenuated by either pretreatment with caffeine (200 pM for 24 hrs) or pretreatment
with the specific AzR antagonist MRS1334 (100 nM for 24 hrs). Together, our findings
suggest that AgRs are involved in caffeine-induced suppression of ABPP internalization.

Discussion

Findings from a large number of epidemiological and experimental studies indicate that
caffeine, the world’s most used psychoactive drug, is protective against behavioral and
pathological features of AD [21-23]. However, efforts are ongoing to determine the
mechanisms underlying caffeine’s protective effects against AD. Here, we focused our
studies to determine the extent to which and mechanisms by which caffeine exerts its
protective effects against LDL cholesterol-induced amyloidogenesis by suppressing ABPP
internalization with a focus on the role of specific subtypes of adenosine receptors.

The pathogenesis of sporadic AD, the major form of AD, is believed to result from complex
interactions between nutritional, environmental, epigenetic and genetic factors [3]. Among
those factors that contribute to the development of sporadic AD, elevated levels of
circulating LDL cholesterol, independent of APOE genotypes, have been robustly linked to
enhanced amyloidogenic processing of ABPP [10-13]. Although apoB, the exclusive
apolipoprotein of LDL, is not normally found in brain [44], it has been shown that apoB is
present in AD brain [15], co-localizes with cerebral Ap in AD brain and in a transgenic
mouse AD model [15-17], and that apoB level is positively correlated with AB plaque
abundance. Thus, a compromised blood brain barrier (BBB), an early pathological feature of
sporadic AD that precedes brain deposition of Af [45], may allow peripheral apoB-
containing LDL cholesterol to enter into brain parenchyma and contribute to the
pathogenesis of AD.
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We have shown that elevated levels of LDL cholesterol, the essential lipoprotein
transporting circulating cholesterol in the blood, (1) induces BBB leakage and increases
brain levels of apoB [11, 46], (2) disturbs neuronal endolysosome structure and function —
another early pathological features of sporadic AD [47], and (3) promotes the development
of pathological hallmarks of AD including disrupted synaptic integrity, brain deposition of
AP, and tau pathology [11]. Furthermore, we demonstrated that LDL cholesterol treatment
promoted ABPP internalization, enhanced BACE-1 activity, and increased amyloidogenic
processing of ABPP in endolysosomes of primary cultured neurons [12]. Collectively, our
findings suggest that elevated levels of LDL cholesterol, when it enters brain parenchyma
via a leaky BBB, are internalized by neurons via receptor-mediated endocytosis. Because
some LDLRs including LRP1 and LRP10 have been shown to interact with ABPP and affect
ABPP trafficking [18-20], LDL cholesterol endocytosis could promote ABPP internalization
into neuronal endolysosomes thus enhancing amyloidogenesis. Such a notion is consistent
with the concept that amyloidogenic processing of ABPP occurs predominantly within
endolysosomes, where the acidic environment is optimum for activities of BACE-1 and v-
secretase [4, 5].

Substantial evidence from human epidemiological studies and from experimental studies
conducted in animals and cultured cell models indicate that caffeine decreases Ap levels and
protects against the onset and severity of AD [22, 24-26, 28, 30, 31, 33, 34, 38].
Furthermore, some studies have shown that caffeine can reverse behavioral and pathological
features of AD [34, 38]. Less clear, however, are the mechanisms by which caffeine exerts
these protective effects.

Previously, caffeine was reported to inhibit endocytosis [48, 49] and at mM concentrations it
affected exocytosis via calcium-dependent mechanisms [50, 51]. Thus, caffeine might affect
APPP trafficking and subsequent amyloidogenic processing. Here, we showed that uM
concentrations of caffeine inhibited LDL cholesterol internalization. This basic biological
effect might be of significance to the pathogenesis of AD because amyloidogenic processing
of ABPP occurs predominantly within endolysosomes after ABPP is internalized, and
because LDLRs interact with ABPP and affect ABPP trafficking [18-20]. Indeed, we have
shown that LDL cholesterol treatments promote ABPP internalization and enhance
amyloidogenic processing of ABPP within the endolysosome pathway [12]. It therefore
follows that caffeine, by blocking LDL cholesterol internalization, could suppress LDL
cholesterol-induced ABPP internalization thus suppressing LDL cholesterol-induced
amyloidogenic processing of APPP in endolysosomes. Supporting such a notion, we
demonstrated that caffeine blocked LDL-cholesterol-induced increases in A levels,
decreases in protein levels of ABPP on neuronal plasma membranes, and increases in ABPP
internalization in endosomes. Furthermore, we demonstrated that caffeine pretreatment, in
the absence of LDL cholesterol, increased ABPP protein expression levels on neuronal cell
surfaces and decreased basal levels of AB. Such findings suggest that caffeine can suppress
APPP internalization independently of LDL cholesterol and/or LDLRs. Thus, caffeine might
affect ABPP internalization and subsequent amyloidogenic processing both in the absence
and presence of LDLR activation. Indeed, caffeine at UM concentrations has been shown to
decrease significantly Ap levels in APP-swe over-expressing N2a cells [34].
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Caffeine, at UM concentrations, can block all four subtypes of adenosine receptors, while at
higher and potentially toxic concentrations it inhibits cCAMP phosphodiesterase activity and
increases the release of calcium from intracellular stores [41]. Importantly, activation of
adenosine receptors (A R and AyaR) has been implicated previously in the pathogenesis of
AD [52-54], and blockage of AoaR with caffeine has been shown to suppress AB generation
[34, 38] and protect against Ap-induced neurotoxicity [55]. Here we showed that of the four
subtypes of adenosine receptors studied only AsRs affected neuronal internalization of LDL
cholesterol; a specific AgR antagonist decreased and a specific AR agonist enhanced
neuronal internalization of LDL. Consistent with these pharmacological findings, we found
that SiRNA knockdown of A3Rs decreased significantly neuronal internalization of LDL
cholesterol. Collectively, our findings suggest that AgRs play an importance role in
regulating neuronal internalization of LDL cholesterol. Furthermore, we found that sSiRNA
knockdown of AzRs decreased LDL cholesterol-induced increases in A levels. Of
mechanistic importance, we demonstrated that the A3R antagonist as well as A3R
knockdown increased significantly surface expression levels of ABPP, whereas the specific
A3R agonist decreased significantly surface expression levels of ABPP. In addition, we
demonstrated that A3R blockage attenuated LDL-induced increased accumulation of ABPP
in endosomes. Thus, similar to caffeine, A3R blockage could suppress APPP internalization
thus suppressing amyloidogenesis.

In summary, we have described here a novel mechanism whereby caffeine protects against
AP generation. This mechanism includes suppression of LDL cholesterol-enhanced
amyloidogenic processing of APPP by blocking ABPP internalization via its actions on
AgRs. Further elucidation of the underlying signaling events may provide insight into the
pathogenesis of sporadic AD and may lead to new effective therapeutic strategies against
this devastating neurodegenerative disease.
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Figure 1. Caffeine blocked LDL cholesterol inter nalization
(A) In a receptor-mediated endocytosis assay, Dil-LDL-cholesterol was rapidly (30 min)

internalized by neurons. Caffeine pretreatment for 24 h blocked LDL-cholesterol
internalization in a concentration-dependent manner (n = 45, ***P < 0.001). Bar = 10 pm.
(B) Neuronal internalization of Dil-LDL cholesterol was not affected by blocking
(pretreatment for 24 h) adenosine A1R with DPCPX, A,aR with SCH 58261, or A,gR with
MRS1706 (n =41, P > 0.05). (C) Neuronal internalization of Dil-LDL cholesterol was
attenuated significantly by blocking (pretreatment for 24 h) adenosine AzR with MRS1334
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(n =52, ***P < 0.001). Activation (pretreatment for 24 h) of adenosine AzR with 2-Cl-IB-
MECA enhanced significantly neuronal internalization of Dil-LDL cholesterol (n = 49,
***P < 0.001).
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Figure 2. A3R knockdown attenuated L DL cholesterol inter nalization
(A) Immunoblotting data showed that a specific AzR siRNA decreased significantly AzR

expression (n = 6, *P < 0.05). (B) AzR knockdown decreased significantly Dil-LDL
cholesterol internalization (n = 82, ***P < 0.001). Bar=10 um.
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Figure 3. Caffeine blocked LDL cholesterol-induced elevated levels of A
(A) In primary cultured neurons, pretreatment with caffeine (200 uM for 24 h) blocked

increased levels of ABq_49 and AB1_42 as induced by LDL cholesterol treatment (50 pg/ml)
for 3 days (n = 4; **P < 0.01 vs. Control; ***P < 0.001 vs. Control; #P < 0.05 vs. LDL 3d).
(B) In ABPP over-expressing SH-SY5Y cells, pretreatment with caffeine decreased
significantly basal levels of AB1_49 and AB1_42 and blocked increased levels of AB1_40 and
AP1_4p as induced by LDL cholesterol treatment (50 pg/ml) for 2 days (n = 6; *P<0.05 vs.
Control; **P<0.01 vs. Control; ##P < 0.001 vs. LDL). (C) In primary cultured neurons,
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SiRNA knockdown of A3R decreased LDL cholesterol (50 ug/ml, for 3 days) induced
increased levels of ABq_s9 and AP1_42 (N =4; **P <0.01). n = 4; **P < 0.01).
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Figure 4. Caffeine suppressed ABPP internalization
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(A) LDL cholesterol (50 pg/ml) treatment for 30 min did not affect ABPP protein levels in
total cell lysates, but decreased significantly APPP protein levels in plasma membrane
fractions, and such effects were attenuated significantly by caffeine (200 uM) treatment for
24 h (n = 4, ***P < 0.001 vs. Control, #P < 0.01 vs. LDL). Neither LDL nor caffeine
affected significantly protein levels of Na/K ATPase in plasma membrane fractions or in
total lysates. In addition, caffeine treatment alone increased significantly ABPP protein
levels in plasma membrane fractions (n = 4, *P < 0.05 vs. Control). (B) Caffeine (200 uM)
treatment for 24 h increased significantly surface expression levels of ABPP (n = 23, ***P <
0.001). Similar to caffeine, blocking adenosine AzRs with MRS1334 (100 nM for 24 h)
increased significantly surface expression levels of ABPP (n = 20, *P < 0.05). Bar=10 um.
(C) Neither caffeine nor AgR antagonist treatment affected ABPP mRNA levels. (D)
Activation of AgRs with 2-CI-IB-MECA (100 nM for 24 h) decreased significantly surface
expression levels of ABPP (n = 23, ***P < 0.001). Bar = 10 pm. (E) A3R knockdown
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increased significantly surface expression levels of ABPP (n =21, ***P < 0.001). Bar = 10
pm
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Figure 5. Caffeine suppresses ABPP accumulation in endosomes
LDL treatment (50 pg/ml for 3 days) enlarged endosomes and increased co-localization of

ABPP with endosomes (EEA1) as compared with controls. Such effects were attenuated by
either pretreatment with caffeine (200 uM for 24 hrs) or pretreatment with the specific AzR
antagonist MRS1334 (100 nM for 24 hrs).
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