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APP and Bace1: Differential effect
of cholesterol enrichment
on processing and plasma membrane mobility
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SUMMARY

High cholesterol levels are a risk factor for the development of Alzheimer’s dis-
ease. Experiments investigating the influence of cholesterol on the proteolytic
processing of the amyloid precursor protein (APP) by the b-secretase Bace1
and on their proximity in cells have led to conflicting results. By using a fluores-
cence bioassay coupled with flow cytometry we found a direct correlation
between the increase in membrane cholesterol amount and the degree of APP
shedding in living human neuroblastoma cells. Analogue results were obtained
for cells overexpressing an APP mutant that cannot be processed by a-secretase,
highlighting themajor influence of cholesterol enrichment on the cleavage of APP
carried out by Bace1. By contrast, the cholesterol contentwas not correlatedwith
changes in membrane dynamics of APP and Bace1 analyzed with single molecule
tracking, indicating that the effect of cholesterol enrichment on APP processing
by Bace1 is uncoupled from changes in their lateral diffusion.
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INTRODUCTION

The accumulation of the amyloid-b peptide (Ab) as misfolded extracellular amyloid fibrils represents one of

themain hallmarks of Alzheimer’s disease (AD) pathology.1 The pathogenic Ab peptide generates from the

sequential proteolytic cleavage of the amyloid precursor protein (APP) by the b-secretase Bace1 and

the g-secretase complex.2–4 Specifically, the cleavage performed by Bace1 determines the release of

the soluble APP b fragment (sAPPb), whereas the remaining C-terminal fragment (CTF) can be processed

by g-secretase, causing the release of Ab. Alternatively, and in most cases, APP is cleaved by the a-secre-

tase ADAM10, with the consequent release of the soluble and non-amyloidogenic APP a fragment (sAPPa).

Many efforts have beenmade to identify the factors driving the activity of the secretases responsible for the

cleavage of APP. Cholesterol is particularly significant in the context of AD,5–8 especially considering the

genetic link between the risk of developing AD and the ε4 allele of apolipoprotein E, a protein that regu-

lates the cholesterol homeostasis.9 It has been proved that changes in cholesterol levels can affect APP

metabolism,7,10–12 however most of the experiments evaluated the consequences of cholesterol depletion.

Fewer studies have focused on the direct effects of cholesterol enrichment. Cholesterol increase was found

to be followed by an increase in sAPPb and Ab secretion, whereas decreasing sAPPa,13,14 and by the up-

regulation of the proteolytic activity of Bace1.15 However, another study found that the increase in Bace1

activity was not statistically significant following cholesterol enrichment.16 It was also reported that a

greater Ab production in the presence of increased cholesterol levels was associated with higher expres-

sion levels of Bace1 in mice.17 Higher cholesterol levels were shown to increase the endocytosis of APP,18

possibly through dynein mediation.16 Two independent groups studied the changes in proximity of Bace1

and APP stimulated by cholesterol, obtaining opposite results using the same advanced microscopy

approach based on Total Internal Reflection Fluorescence (TIRF), Fluorescence Lifetime Imaging (FLIM)

and Fluorescence Resonance Energy Transfer (FRET). In particular, one group found that higher cholesterol

promotes a selective increase in proximity of Bace1 and APP on the cell surface and not intracellularly,16

whereas the other found Bace1 and APP are in close proximity only within the cell, displaying reduced intra-

cellular proximity when increasing cholesterol, or in cells from patients affected by Neimann-Pick type C
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Table 1. Effective cholesterol concentrations in relation to b-CD-chol amounts*

b-CD-chol Cholesterol

0.2 mg/mL 8 mg/mL (�20 mM)

0.4 mg/mL 16 mg/mL (�40 mM)

0.6 mg/mL 24 mg/mL (�60 mM)

0.8 mg/mL 32 mg/mL (�80 mM)

1.0 mg/mL 40 mg/mL (�100 mM)

*As indicated for the product Cholesterol-Water Soluble C4951 (Sigma-Merck).
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(in which cholesterol is pathologically accumulated), and did not find any concomitant change in proximity

of Bace1-APP on the plasma membrane.13,19 Other studies suggest that high levels of cholesterol could

promote the redistribution of APP on the cell membrane, inducing its translocation into membrane-rafts,

cholesterol-enriched microdomains of the plasma membrane putatively containing Bace1 and the

Presenilin-1 (PS1) complex, the enzymes responsible for cleaving APP into Ab peptide.11,15,20,21 Rafts

have been commonly defined on a biochemical basis using harsh conditions (detergent resistant

membranes-DRM- isolation)22 but are rather difficult entities to be classified23 and might not be the direct

reflection of the same protein localization in the plasma membrane.24

Here, we have further contributed to elucidate the role of membrane cholesterol on APP processing by

Bace1, whereas evaluating any effect on Bace1 and APP dynamics on the plasma membrane. We chose

to investigate only the enrichment in cholesterol, as methyl-b-cyclodextrin and statins can induce other al-

terations in addition to inducing cholesterol depletion.25–27 To date, commercial fluorometric assay kits

(e.g., Sigma-Aldrich, Abcam) are available to measure the enzymatic activity of the secretases. However,

although characterized by high sensitivity and stability, they can only be applied to samples purified

from cell lysates. Recently, we developed a rapid bioassay capable of gaining visible and quantitative in-

formation on the proteolytic processing of APP directly in living cells.28 This system involves the use of a

chimeric construct of APP695 (the major isoform of APP expressed in the brain29) with two different fluores-

cent proteins fused at the N-terminal (extracellular) and C-terminal (intracellular) ends. The intensity ratio of

the two fluorescent proteins, determined by means of microscopy or flow cytometry, can be used to

monitor changes occurring in the proteolytic processing of APP.28,30,31 We demonstrated that this probe

can be cleaved by Bace1 and ADAM10, and it was successfully used in several types of cellular models,

including human neuroblastoma cells and rodent hippocampal neurons.28,31

In addition, in the attempt to test the raft translocation hypothesis and investigate APP and Bace1 proximity

on the cell surface with an alternative method, we used single molecule tracking (SMT) experiments to

investigate the dynamics of APP and Bace1 on the plasma membrane of human neuroblastoma cells

both in basal conditions and on addition of increasing concentrations of cholesterol.

Our results strongly support a direct or indirect influence of cholesterol on the initial proteolytic cleavage of

APP, with the processing rate increasing with the increase in membrane of cholesterol amount. On the

other hand, we found that the lateral diffusion of APP and Bace1 can be influenced by cholesterol but in

a manner not necessarily and uniformly correlated with the different cholesterol concentrations.

RESULTS

Cholesterol enrichment can decrease the metabolic activity of SH-SY5Y cells, but does not

induce lipid peroxidation or apoptosis

SH-SY5Y neuroblastoma cells were incubated for 3 h with increasing concentrations of water soluble

cholesterol (cholesterol-methyl-b-cyclodextrin, b-CD-chol) ranging from 0.2 to 1.0 mg/mL. Notably, the

effective concentration of cholesterol is �25-folds lower than that of b-CD-chol (Table 1), and thus well

within the concentration of free cholesterol found in human interstitial fluid (�10 mg/mL).32 The Amplex

Red assay indicated that the membrane cholesterol content increased significantly already at 0.2 mg/mL

b-CD-chol (137.78G 12.14 ng chol/mg protein) compared to basal cells (83.71G 11.61 ng chol/mg protein),

reaching the maximum at 1.0 mg/mL b-CD-chol (241.54 G 24.84 ng chol/mg protein) (Figure 1A). These re-

sults were further supported by confocal microscopy imaging using the fluorescent probe filipin III,33 whose

fluorescence intensity increased proportionally to b-CD-chol concentrations (Figure 1B).
2 iScience 26, 106611, May 19, 2023



Figure 1. Effects of cholesterol enrichment on cellular viability

SH-SY5Y neuroblastoma cells were analyzed in basal conditions and after 3 h of incubation at different concentrations of b-CD-chol.

(A) Effective membrane cholesterol enrichment was quantified with the Amplex Red kit, as reported in the Methods section.

(B) Representative confocal microscope images of b-CD-chol content in SH-SY5Y cells probed with the fluorescent dye filipin III.
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Figure 1. Continued

(C–G) Assessment of the toxic effects on SH-SY5Y cells exposed to increasing concentrations of cholesterol with MTT reduction assay (C), lipid peroxidation

(D and F) and caspase-3 activation (E–G), together with representative confocal microscope images (D and E). Lipid peroxidation was investigated on the

incubation with the fluorescent probe BODIPY 581/591 C11. Caspase-3 activity was assessed by using the FLICA reagent FAM-DEVD-FMK. 250 mMH2O2 was

also tested as a control. Error bars correspond to standard errors of the means of n > 3 independent experiments. Student’s t test for two distributions

comparison. Single, double, and triple asterisks refer to p < 0.05, <0.01, and <0.001, respectively, with respect to basal conditions.
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Potential side effects of the increase in cholesterol content on the metabolic activity of SH-SY5Y cells were

monitored by the 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) reduction inhibition

assay, a widely used indicator of the rate of glycolytic NAD(P)H production. We found that the MTT reduc-

tion was progressively inhibited, with a decrease of approximately 20% at 1.0mg/mL b-CD-chol (Figure 1C).

We then investigated whether the increment in membrane cholesterol content led to an increase in mem-

brane lipid peroxidation, by using the fluorescent probe BODIPY 581/591 C11, which shifts its fluorescence

from red to green in the presence of oxidizing agents. We found that the green fluorescence signals

observed in membrane cholesterol-enriched cells did not differ from their respective in basal cells

(Figures 1D–1F), indicating the absence of significant lipid peroxidation. On the contrary, cells treated

with 250 mM H2O2 for 3 h showed a significant shift to green, indicating a high lipid peroxidation level.

We also evaluated whether an increased content of membrane cholesterol could lead to caspase-3 activation,

an important marker of apoptotic cell death, by measuring the fluorescence of FLICA reagent FAM-DEVD-

FMK covalently coupled to the active enzyme in living cells. Under our experimental conditions, themembrane

cholesterol enrichment did not induce significant caspase-3 activation (Figures 1E–1G). By contrast, a signif-

icant activation of apoptotic cell death was observed on treatment with 250 mM H2O2 for 3 h.

Overall, we demonstrated that our treatment with soluble cholesterol results in higher cholesterol content

in the plasma membrane and partially decreases the metabolic activity of SH-SY5Y cells, without however

inducing lipid peroxidation and apoptosis.

Alterations in cellular cholesterol content drive proportional changes in mBFP-APP-mGFP

processing

We investigated the effect of cholesterol on the proteolytic processing of APP by means of a previously devel-

oped flow cytometry bioassay which requires the use of an engineered construct containing the sequence of

the APP695 isoform fusedwith two distinct fluorescent proteins located at the two extremities.28 In the present

study, for increasing compatibility with most common flow cytometry laser setups equipped with violet, blue

and red lasers, we replaced the monomeric variant of the red fluorescent protein (mCherry, excitable with yel-

low laser) at the N-terminal (extracellular side) with the monomeric variant of the blue fluorescent protein

(mBFP, excitable with the violet laser), keeping the monomeric variant of the green fluorescent protein

(mGFP, excitable with the blue laser) at the C-terminal (intracellular side) (Figure 2A). The final construct

was named mBFP-APP-mGFP. Changes in the cleavage rate of the N-terminal domain of APP are eventually

translated in changes in the fluorescence intensity ratio between the blue and green signals. Similarly, we pro-

duced the fusion construct of themutated formAPPP1 (mBFP-APPP1-mGFP), that can be cleaved almost exclu-

sively by Bace1, owing to the Lys to Val substitution at position 612 that prevents a-secretase activity.28,31,34

SH-SY5Y neuroblastoma cells overexpressing mBFP-APP-mGFP were analyzed with flow cytometry 48 h af-

ter transfection. After Forward Scatter-Area/Side Scatter-Area (FSC-A/SSC-A) gating for discriminating live

cells from cellular debris, an additional gating was applied to measure only the blue and green fluores-

cence intensity of the transfected cells (Figure 2B). The blue signal can originate from the full length

chimeric construct (mBFP-APP-mGFP) and in part from the intracellular soluble fragments (mBFP-sAPPs)

not yet released. On the other hand, the full length chimeric construct, the C-terminal fragments (CTFs-

mGFP) and the APP intracellular domain (AICD-mGFP) account for the green signal.

The green fluorescence was found to significantly increase after 3h incubation of SH-SY5Y cells overex-

pressing mBFP-APP-mGFP or mBFP-APPP1-mGFP with increasing cholesterol concentrations (max �10%

increase at 1.0 mg/mL b-CD-chol). This indicates that the higher cholesterol content can somehow increase

the synthesis of mBFP-APP-mGFP (or mBFP-APPP1-mGFP), or inhibit its degradation. By contrast, a similar

proportional trend was not observed for the blue fluorescence, suggesting changes in the processing rate

of mBFP-APP-mGFP (or mBFP-APPP1-mGFP) (Figure 2C). As it could be expected given the weak
4 iScience 26, 106611, May 19, 2023
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Figure 2. Increased processing of mBFP-APP-mGFP following cholesterol enrichment probed with flow

cytometry

(A) Schematic representation of the bioassay rationale: changes in mBFP-APP-mGFP shedding rates are translated in

changes in the ratio between the blue and green fluorescence intensity. Representative Maximum intensity projections of

confocal z-stacks of living human SH-SY5Y cells overexpressing mBFP-APP-mGFP.

(B) Flow cytometry analysis of control cells and cells transfected with mBFP-APP-mGFP. Gating was applied for removing

cell debris and selecting only the green and blue fluorescence of transfected cells.

(C and D) SH-SY5Y cells overexpressing mBFP-APP-mGFP (WT, black) or the mBFP-APPP1-mGFP mutant (P1, red) were

incubated for 3 hat different b-CD-chol concentrations. (C) Correlation between b-CD-chol concentration and the median

blue (b) and green (g) fluorescence intensities, or (D) b/g values, normalized to basal conditions.

(E) SH-SY5Y cells overexpressing mBFP-APP-mGFP incubated for different times with 1.0 mg/mL b-CD-chol. Each dot

represents the median fluorescence value of >2000 transfected cells analyzed. r, linear correlation coefficient value.

Single, double, and triple asterisks refer to p < 0.05, <0.01, and <0.001. Error bars, S.D. n R 3 independent experiments.
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a-secretase activity on the mutated APP protein, the median blue fluorescence intensity was higher for

mBFP-APPP1-mGFP than mBFP-APP-mGFP.

We then looked at the blue/green fluorescence intensity ratio (b/g) per cell (Figure 2D). A significant nega-

tive linear correlation was found between the median b/g values and the cholesterol content, with approx-

imately 10% reduction in b/g values found at 1.0 mg/mL b-CD-chol. A comparable decrease was also found

using mCherry-APP-mGFP (Figure S1). Around 20% higher b/g was observed under basal condition for

mBFP-APPP1-mGFP compared to mBFP-APP-mGFP, attributable to the very limited activity of a-secretase

on the APP mutant (Figure 2D). Accordingly, the potent inhibition of ADAM10 a secretase activity with the

selective GI 254023X inhibitor showed similar b/g increase compared to mBFP-APPP1-mGFP (Figure S2).

Notably, mBFP-APPP1-mGFP and mBFP-APP-mGFP displayed similar slopes, indicating that alteration in

cholesterol levels could mainly affect the kinetics of b secretase cleavage.

A time course analysis of the b/g of mBFP-APP-mGFP in cells exposed to 1 mg/mL b-CD-chol showed a

maximum decrease of 20% at 24 h (Figure 2E).

These data show that an increase in cellular cholesterol content leads to a proportional moderate increase

in APP processing by b-secretase.

Higher amounts of intracellular CTFs-mGFP and extracellular mBFP-sAPPb/mBFP-sAPPa

ratio are found at higher cholesterol levels

We then examinedbywestern blotting analysis the lysates and the extracellular mediumobtained fromSH-SY5Y

cells overexpressing mBFP-APP-mGFP untreated or incubated for 3 h with 0.2, 0.6 and 1.0 mg/mL b-CD-chol.

For the lysate analysis we used antibodies against the C-terminal domain of APP, or specific for the soluble

APP products following a- or b-secretase cleavage, anti-sAPPa and anti-sAPPb, respectively (Figures 3A

and 3B). The housekeeping protein a-tubulin was used as loading control. Although a slight but not signif-

icant increase was found for full length mBFP-APP-mGFP (revealed with anti-C-term APP, expected Mw =

132 kDa) and for mBFP-sAPPa on increasing cholesterol concentration, a significant positive correlation

was found for CTFs-mGFP (expected Mw = 36–38 kDa), with a max �20% increase at 1.0 mg/mL b-CD-

chol (Figures 3A and 3B). Of interest, the amount of intracellular mBFP-sAPPb (expected Mw = 92 kDa)

appeared to significantly increase at 0.2 mg/mL b-CD-chol and to return to untreated values at higher

cholesterol concentrations. The presence of basal sAPPa fragments (expected Mw = 98 kDa) in cell lysates

is not surprising and has already been demonstrated in other studies.35–38

The extracellular medium from different samples was analyzed using anti-sAPPa and re-probed with anti-

sAPPb following antibody stripping, and the results were expressed as mBFP-sAPPb/mBFP-sAPPa ratio

(Figures 3C and 3D). A significant positive correlation was found between the ratio values and the

amount of cholesterol, with an approximate 20% increase at 1.0 mg/mL b-CD-chol. These data are in

agreement with the observation that 100 mM cholesterol increases sAPPb and decreases sAPPa

secretion.13

These results corroborate the data obtained with flow cytometry, suggesting that the observed increase in

green fluorescence is in part effectively because of an increase in CTFs-mGFP at higher cholesterol
6 iScience 26, 106611, May 19, 2023
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Figure 3. Analysis of changes in shedding products of mBFP-APP-mGFP following cholesterol enrichment

(A–D)SH-SY5Y cells overexpressing mBFP-APP-mGFP were incubated for 3 hat different b-CD-chol concentrations, and

lysates (A and B) and extracellular medium (C and D) were subsequently collected and analyzed by Western blotting. (B

and C) Representative lysate and medium blots repeatedly stripped and re-probed with primary antibodies against the

C-terminal domain of APP, sAPPa, sAPPb and a-tubulin. Each dot represents the signal intensity of the band first

normalized to a-tubulin for lysates (B), or sAPPa for cell medium (D), and then normalized to the max value in each

experiment. r, linear correlation coefficient value. Student’s ttest for two distributions comparison. Single, double, and

triple asterisks refer to p < 0.05, <0.01, and <0.001. n R 3 independent experiments.

ll
OPEN ACCESS

iScience
Article
concentrations, whereas the intracellular blue fluorescence does not increase proportionally as mBFP-

sAPPb is gradually released extracellularly.

APP and Bace1 plasma membrane dynamics and cholesterol display a non-monotonic

relationship

To investigate if the cholesterol content could influence the membrane dynamics of APP and the b-secretase

Bace1, we produced chimeric constructs of the two proteins, each one containing a monomeric variant of a

fluorescent protein at the C-terminus (mGFP for APP and mBFP for Bace1) and the HA tag at the

N-terminus, immediately after the SP (Figure 4A). We first ensured that the chimeric proteins were correctly

targeted to the cell membrane by performing a surface immunolabeling of transfected human SH-SY5Y neu-

roblastoma cells (Figure 4B). Single HA-APP-mGFP or HA-Bace1-mBFP moving on the plasma membrane of

living SH-SY5Y cells were then imaged with anti-HA primary antibodies and secondary antibodies coupled to

QDs (Figure 4C, Videos S1, andS2). Trajectories of single HA-APP-mGFP or HA-Bace1-mBFP were extrapo-

lated from the real time recordings and diffusion parameters were calculated. Surprisingly, HA-APP-mGFP

mostly displayed a confined type of motion (with an average calculated confined area in which diffusion is

restricted of 0.40 mm2), as shown by the average MSD plot over time interval (Figure 4D). By contrast, the

MSD plot for HA-Bace1-mBFP showed a rather linear relationship, indicating a more Brownian oriented

type of motion. Themeasured instant diffusion coefficient (D) was found to be almost one order of magnitude

lower for HA-APP-mGFP (median D = 0.020 mm2 s�1) than for HA-Bace1-mBFP (median D = 0.10 mm2 s�1) (Fig-

ure 4E). Also the percentage of spots classified as immobile (spots with D< 0.0001 mm2 s�1) was higher for HA-

APP-mGFP (4%) than for HA-Bace1-mBFP (0.05%) (Figure 4F).

SH-SY5Y cells overexpressing HA-APP-mGFP or HA-Bace1-mBFP were then incubated for 3 h with increasing

concentrations of b-CD-chol up to 1.0 mg/mL, and diffusion coefficients were measured (Figure 4G). In the

case of HA-Bace1-mBFP the diffusion coefficient was significantly altered only at 0.8 mg/mL b-CD-chol,

with a moderate decrease in median D of �30%. HA-APP-mGFP appeared to be more influenced by choles-

terol levels, showing significantmedian D increases (�70%) at 0.4, 0.8 and 1.0mg/mL b-CD-chol and reduction

at 0.2mg/mL. Although a slight decrease in median diffusion was visible for HA-Bace1-mBFP at higher choles-

terol concentrations, whereas the opposite effect was apparent for APP, the changes in median D of both pro-

teins were not significantly linearly correlated (p>0.05) with the amount of supplemented b-CD-chol

(Figure 4H).

These results show that Bace1 displays a higher mobility on the plasma membrane than APP, and that

cholesterol can influence the diffusion of the two proteins, in particular APP, but following a non-monotonic

relationship.

We tried to image association and cleavage of single APP molecules from Bace1, and if cholesterol could

influence this. By using simultaneous dual color imaging of cells co-transfected with AP-APP and HA-

Bace1-mBFP labeled, respectively, with streptavidin QD655 and primary anti-HA with secondary anti-

bodies coupled to QD585, we were able to record only few events of interaction and co-diffusion of the

two proteins under basal conditions (Figure S3). The limited number of events observable on the plasma

membrane could be because of the fact that in our system the extracellular N-terminal of APP is labeled

and therefore, if the cleavage (on which the fluorescent probe bound to APP is lost in the extracellular me-

dium) occurs immediately after the interaction between APP and Bace1 takes place, association events

might not be detectable. Or it could be simply be the consequence of limited proximity and interaction

of APP and Bace1 on the cell surface.13 We could see some Bace1 molecules, normally mobile, bound

to confined APP (not the opposite), or changing type of motion, from Brownian to confined on interaction

with APP (Figure S3B, Video S3). We also imaged few events of active intracellular transport in which single

APP and Bace1 molecules were co-localizing (FigureS3C, Video S4). As the detected events remained rare
8 iScience 26, 106611, May 19, 2023
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Figure 4. Dynamics of APP and Bace1 on the plasma membrane following cholesterol enrichment probed with

single molecule tracking

(A–H) Lateral diffusion of (A) Design of the various chimeric constructs and labeling scheme. The N-terminal HA tag is inserted

after the signal peptide (SP) for plasma membrane targeting. SH-SY5Y cells were transfected separately with the chimeric

constructs HA-APP-mGFP and HA-Bace1-mBFP and labeled with primary anti-HA antibody and secondary antibody coupled

to Alexa 568 (B) for confocal imaging, or to QDs 655 for single molecule tracking (C–H). The average mean square

displacement (MSD) (D), diffusion coefficients (E, G, and H) and percentage of immobile spots were calculated from >100

trajectories from n > 3 experiments for each condition. (G) The differences in cumulative fraction of cells exposed for 3 h to

different amounts of cholesterol were calculated with respect to the diffusion coefficient values of the basal condition of the

two proteins (black line): positive values indicate a fraction of molecules with a certain diffusion coefficient larger than that

observed for basal conditions, indicating an overall decreased mobility; conversely a trend of negative values point at an

increased mobility. p values were calculated by Kolmogorov-Smirnov test, using the maximum difference in cumulative

fraction between cells incubatedwith different cholesterol concentrations and basal as statistic. r, linear correlation coefficient

value. Single, double, and triple asterisks refer to p < 0.05, <0.01, and <0.001. Error bars, S.D.
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under cholesterol enriched conditions, it was not possible to assess any statistically significant change in

the number or type of events.
DISCUSSION

The first set of experiments using mBFP-APP-mGFP was directed at probing any effect of cholesterol on

APP shedding. If cholesterol enrichment was incrementing exclusively the processing rate of mBFP-APP-

mGFP, we should had seen a decrease in the amount of full length protein, with higher CTFs-mGFP levels

and higher extracellular mBFP-sAPPb/mBFP-sAPPa values, in the western blots, and a decrease in the blue

channel fluorescence intensity without variations in the green channel in FACS experiments (Figure 5A).

On the other hand, if cholesterol was influencing only the synthesis (or degradation) rate of mBFP-APP-

mGFP, we would have seen a proportional increase in the blue and green fluorescence intensities in

FACS, accompanied by similar increases in full length protein and CTFs-mGFP, without variations in

mBFP-sAPPb/mBFP-sAPPa values.

By contrast, our FACS experiments on the dependence of the processing rate of mBFP-APP-mGFP on

cholesterol show a slight but significant increase in the green channel fluorescence intensity not followed

by a similar trend in the blue channel at higher cholesterol concentrations (Figure 5A). In analogue western

blots experiments we observed a moderate increase in the levels of intracellular CTFs-mGFP and of

extracellular mBFP-sAPPb relative to mBFP-sAPPa. The intracellular levels of mBFP-sAPPa and full length

mBFP-APP-mGFP were not significantly altered, although a very modest increase seems present. Our ex-

periments therefore demonstrate that cholesterol enrichment (1) is correlated with increased mBFP-APP-

mGFP processing (2) can alter the cellular levels of mBFP-APP-mGFP (either increasing its synthesis or in-

hibiting its degradation) in our model system. Of interest, another group found an increase in intracellular

levels of full length APP at higher b-CD-chol concentrations.39 As our construct was under the CMV pro-

moter, not the endogenous one, it is however possible that the lack of the expected decrease in full length

mBFP-APP-mGFP levels is just a model artifact.

Analogue flow cytometry experiments carried out using mBFP-APPP1-mGFP (which cannot be cleaved by

a-secretase), showing a data trend similar to mBFP-APP-mGFP, prove that at least the b-secretase processing

is affected by cholesterol levels. In our system we cannot discriminate if mBFP-sAPPb shedding takes place at

the endosomal level and then is released extracellularly after endosomal recycling to the plasma membrane,

or directly on the cell surface as proposed by other studies.21,40,41 Notably, the increase in APP shedding ac-

tivity observed in the present work at increasing cholesterol concentration is concomitant with a decrease in

MTT reduction, which can be related to metabolic activity, without any major effect on cell viability.

We then investigated if alterations in the processing of APP because of cholesterol could be directly

related to changes in the lateral diffusion of APP and Bace1 on the plasma membrane. Also in this

case we limited our experiments to cholesterol loading in place of depletion, as effects on diffusion

of rafts and membrane proteins were shown to strongly depend on the method of depletion.42 The as-

sociation of APP and Bace1 with membrane rafts is controversial.43 According to a common hypothesis,

Bace1 would localize mostly in membrane rafts, whereas APP would partition between raft and non-raft

regions.11,15,20 It was proposed that an enrichment in cholesterol could promote the proximity of APP
10 iScience 26, 106611, May 19, 2023



Figure 5. Schematic representation of the effect of cholesterol on APP processing and dynamics

(A) The increase in green fluorescence not followed by an equivalent increase in blue fluorescence observed with flow

cytometry, together with increased intracellular C-term APP levels without parallel increase in full length APP, and

increased extracellular sAPPb amounts with respect to sAPPa, observed with western blotting, suggest a higher

b-secretase processing of APP when cells are exposed to cholesterol enrichment conditions.

(B) Single molecule tracking data indicate that Bace1 has a higher mobility on the plasma membrane compared to APP,

and that cholesterol enrichment has very limited effect on the mobility of Bace1, whereas affecting themobility of APP in a

manner not directly correlated with its content. Our data do not provide any evidence to support the hypothesis that

cholesterol is a major factor governing APP and Bace1 partitioning into raft-like domains.
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and Bace1, facilitating the cleavage, either through the translocation of APP in membrane rafts contain-

ing Bace1, or through the coalescence of rafts containing APP and Bace1. However, only a small fraction

of APP and Bace1 was found associated with DRMs and the likelihood that APP and Bace1were in same

rafts seemed low.21
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Molecules located in raft microdomains should in general display lower diffusion rates compared to mol-

ecules located in more fluid and disordered part of the plasma membrane, and with our single molecule

tracking experiments we could have been able to discriminate, in principle, changes in the dynamic parti-

tioning between the raft and non-raft populations (if any).24,42 If Bace1 was mostly localized in raft domains,

a lower mobility would have been expected compared to that of APP. By contrast, we found (using the

same tag and same probe for labeling) that the lateral diffusion of Bace1 was one order of magnitude

higher than that of APP. The median diffusion coefficient found for our construct HA-Bace1-mBFP (median

D = 0.10 mm2 s�1) is aligned with previous results on Bace1 surface dynamics obtained by other groups: D =

0.2–0.6 mm2 s�1 using the probe siR-Bace1,44 D = 0.47 mm2 s�1 using the construct pHBace.40 In the latter

study, in agreement with our observations, the analogue construct pHAPP did not show any lateral diffu-

sion on the plasma membrane. Moreover, the average D of glycosylphosphatidylinositol-anchored (GPI)

GFP, a consensus raft markers, is 1–1.3 mm2/s,45,46 very far from those observed for Bace1 and APP. These

data indicate that the localization of these two proteins inside or outside ordered microdomains is not the

prominent factor governing their diffusion on the plasma membrane. Although we cannot exclude that

Bace1 and APP might reside on rafts for very short times (the temporal resolution of our tracking settings

might not be not sufficiently high), we can at least conclude that APP and Bace1 do not undergo long range

diffusion as part of stable membrane microdomains, and that Bace1 can move and reach APP, rather than

the opposite.

Increased levels of cholesterol were expected to make the plasma membrane more compact, promoting

the formation of rafts and the translocation of APP with subsequent reduction in mobility.42 Nevertheless,

the diffusion of APP was significantly lower only at 0.2 mg/mL b-CD-chol (curiously the same concentration

at which also the levels of intracellular mBFP-sAPPb were significantly increased), whereas at 0.4, 0.8 and

1.0 mg/mL b-CD-chol the mobility was higher compared to basal conditions. With the exception of

0.8 mg/mL b-CD-chol, the lateral diffusion of Bace1 did not seem particularly influenced by cholesterol.

Although cholesterol can moderately change the mobility of APP on the plasma membrane, our results

do not provide any evidence to support the hypothesis that cholesterol can influence APP processing

through a mechanism involving the re-localization of APP in rafts, in agreement with the idea that partition-

ing of APP and Bace1 into rafts alone would not to be sufficient to induce b-secretase cleavage.21 Our re-

sults align with previous studies on the effect of cholesterol loading on the mobility of membrane proteins

in living cells, substantially different from the results obtained in liposomes, showing similar effects on the

diffusion of some raft and non-raft proteins,24 and more or less significant effects on mobility, sometimes

with opposite results.46 As the plasma membrane is the most raft-enriched membrane compartment in the

cell, in which proteins with high raft affinity tend to localize,47 it seems unlikely that a different dynamic

behavior would occur on the endosome membrane. Our current technology did not however allow us to

test this hypothesis.

Our data support the idea that changes in APP processing by Bace1 driven by cholesterol enrichment are

not strongly dependent on variations in lateral diffusion that could change the substrate/enzyme proximity

on the plasma membrane.13

Limitations of the study

Flow cytometry

With our approach we cannot discriminate if cholesterol affects only the processing, or the intracellular dis-

tribution of APP and subsequently the processing.

Western blots

The changes observed in western blots in shedding rate are within 10%, hardly appreciable by eye.

Although we used an ECL substrate kit which has mid-femtogram levels of sensitivity, we had to repeat

several times (at least 6) western blots experiments to find statistical significance. With this respect, flow

cytometry analyses the fluorescence of several thousands of individual cells for each experiment, has a

very high sensitivity and a lower number of variables that can influence the results, contributing to obtain

results in a framework with a much higher statistical power than western blotting.

It is very difficult to find a proper loading control for the extracellular medium. The signal from serum pro-

teins such as albumin will be too high and would not properly work as loading control for normalization (it

would not change in a manner proportional to the number of grown cells). The possibility to use very
12 iScience 26, 106611, May 19, 2023
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specific antibodies to measure the ratio between sAPPb and sAPPa represents a reliable alternative,

although it does not allow discriminating if it is sAPPb that increases, or sAPPa that decreases.

Single molecule tracking

It is technically not possible to run single molecule tracking experiments in endosomes. We believe never-

theless that the plasma membrane is more similar to the endosomal membrane than artificial liposomes,

and that our experiments can provide alternative useful data in relation to the hypothesis present in liter-

ature on the effect of cholesterol on raft localization of APP and Bace1.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-HA antibody Abcam Cat#ab9110; RRID:AB_307019

Secondary goat anti-rabbit Alexa Fluor 568

antibody

Abcam Cat#ab175471; RRID:AB_2576207

Anti-Human sAPPb-WildType IBL Cat#18957; RRID:AB_2302034

Anti-Human sAPPa IBL Cat#11088; RRID:AB_494690

Anti-Human APP (C) IBL Cat#18961; RRID:AB_2056701

Anti-alpha Tubulin antibody Abcam Cat#ab7291; RRID:AB_2241126

Anti-rabbit Fab-QDs 655 Invitrogen Cat#Q11422MP; RRID:AB_10375438

Anti-rabbit Fab-QDs 585 Invitrogen Cat#Q-11411MP; RRID:AB_2556470

Chemicals, peptides, and recombinant proteins

Protease Inhibitor Cocktail powder Sigma-Aldrich Cat#P2714-1BTL

Paraformaldehyde Sigma-Aldrich Cat#8.18715

Sodium dodecyl sulfate Sigma-Aldrich Cat#436143

N, N-dimethylformamide Sigma-Aldrich Cat#319937

Filipin III Sigma-Aldrich Cat#F4767

FAM-FLICA Caspase-3/7 solution Immunochemistry Technologies Cat#93

BODIPY 581/591C11 Thermo Fisher Scientific Cat#D3861

Dimethyl sulfoxide Sigma-Aldrich Cat#D8418

BirA Howarth et al.48 N/A

streptavidin-QDs 655 Invitrogen Cat#Q10123MP

Critical commercialassays

Fluorimetric Amplex Red Cholesterol Assay Kit Thermo Fisher Scientific Cat#A12216

Bradford Protein Assay Bio-Rad Cat#5000201

PierceTM Rapid Gold BCA (bicinchoninic acid)

Protein Assay

Thermo Fisher Scientific Cat# A53226

Experimental models: Cell lines

Human SH-SY5Y neuroblastoma cells ATCC Cat#CRL-2266

Oligonucleotides

Primers for NheI and AscI restriction sites

insertion: Forward: TAAGCAGCTAGCA

TGAGCGAGCTGATTAAGG; Reverse:

TGGCGCGCCTGTTCCACGACTATTA

AGCTTGTGCCCCAG

This paper N/A

Primers for HA sequence insertion: Forward:

CTAGCTATCCGTACGACGTACCAGACTA

CGCAGG; Reverse: CGCGCCTGCGTAGTC

TGGTACGTCGTACGGATAG)

This paper N/A

Recombinant DNA

Construct: mBFP-APP-mGFP Addgene 196694

Construct: mBFP-APPP1-mGFP Addgene 196695

(Continued on next page)
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Construct: HA-APP-mGFP Addgene 196696

Construct: HA-BACE1-mBFP Addgene 196697

Construct: mCherry-APP-mGFP Addgene 196704

Construct: mCherry-APPP1-mGFP Addgene 196705

Construct: AP-APP Addgene 196706

Software and algorithms

ImageJ National Institutes of Health https://imagej.nih.gov/ij/

MATLAB MathWorks
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Martino Calamai (calamai@lens.unifi.it).
Materials availability

Plasmids generated in this study have been deposited to Addgene:

mBFP-APP-mGFP - ID 196694.

mBFP-APPP1-mGFP - ID 196695.

HA-APP-mGFP - ID 196696.

HA-BACE1-mBFP - ID 196697.

mCherry-APP-mGFP - ID 196704.

mCherry-APPP1-mGFP - ID 196705.

AP-APP - ID 196706.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human SH-SY5Y neuroblastoma cells (A.T.C.C., USA, RRID:CVCL_0019) were cultured in Dulbecco’s Modi-

fied Eagle’s Medium (DMEM) (ThermoFisher Scientific, USA) F-12 Ham (1:1) supplemented with 10% Fetal

Bovine Serum (FBS), 1.0 mM glutamine and 1% penicillin/streptomycin solution in a 5% CO2 humidified at-

mosphere at 37�C and grown until 80% confluence for a maximum of 20 passages.
METHOD DETAILS

Cloning

To generate the fusion construct mBFP-APP-mGFP, we used the plasmid pCMV6-AN-mGFP already con-

taining the sequence NheI-AscI-APP-mGFP.28 The mBFP sequence was amplified from the plasmid

pmTagBFP2-N149 by PCR, in order to insert the restriction sites for the NheI and AscI enzymes at the N-

and C-terminal, respectively (forward primer: TAAGCAGCTAGCATGAGCGAGCTGATTAAGG, reverse

primer: TGGCGCGCCTGTTCCACGACTATTAAGCTTGTGCCCCAG). After digestion, the sequence of
iScience 26, 106611, May 19, 2023 17
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mBFP was inserted at the N-terminal of APP. The targeting of the fusion protein to the plasma membrane

was ensured by the presence of a signal peptide (SP) located at the N-terminal immediately before

the mBFP.

The fusion construct mBFP-APPP1-mGFP, which carries the mutation Lys612Val at position P1 in the APP

gene, was generated in a similar way after removal of mCherry from mCherry-APPP1-mGFP28 by digestion

with NheI and AscI enzymes.

The plasmid pCMV6-AN-mGFP with the sequence NheI-AscI-APP-mGFP was also used to produce the

fusion construct HA-APP-mGFP.28 After digestion with the enzymes NheI and AscI, the annealed oligonu-

cleotides containing the sequence for the HA tag (forward primer: CTAGCTATCCGTACGACGTACCAG

ACTACGCAGG, reverse primer: CGCGCCTGCGTAGTCTGGTACGTCGTACGGATAG) were inserted in

the plasmid.

The fusion constructs HA-BACE1-mBFP and AP-APP were obtained previously.28

Cell transfection

For the transfection, cells were plated in 12-well plates with or without coverslips (for imaging and flow cy-

tometry experiments, respectively). 24 h after plating, the cells were transfected using Lipofectamine 2000

(Life Technologies), according to the manufacturer’s instructions, with 1 mg DNA and 2 mL Lipofectamine in

OPTIMEM medium.

Surface labeling

After two days of transfection with the chimeric constructs HA-APP-mGFP and HA-Bace1-mBFP, cells were

washed with phosphate buffered saline (PBS, 0.5 mM MgCl2, 0.8 mM CaCl2, pH 7.4) and fixed in 4% (w/v)

buffered paraformaldehyde (PFA) for 12 minat room temperature. Then, cells were blocked with a 30 min

incubation with 4% bovine serum albumin (BSA) and incubated for 30 min with 1:500 diluted primary rabbit

anti-HA antibody (ab9110 Abcam, UK). After incubation, cells were carefully washed and incubated for

30 min with 1:500 diluted secondary goat anti-rabbit Alexa Fluor 568 antibody (Abcam, UK). Coverslips

were washed with PBS and water and mounted on a glass slide. Cell imaging was performed on a Nikon

Eclipse TE300C2 confocal laser scanning (CLSM) (Nikon, Japan) equipped with a Nikon 60x immersion

oil objective (Apo Plan, NA 1.4) and with Coherent CUBE (diode 405 nm), Melles Griot (Argon 488 nm)

and Coherent Sapphire (Sapphire 561 nm) lasers. Emission filters for imaging were 452/45 nm (for

mBFP), 514/30 nm (for mGFP) and 595/60 nm (for Alexa 568). Settings were maintained constant for

each analysis. > 10 cells were analyzed for each examined sample by using ImageJ software (National

Institutes of Health, Bethesda, MD, USA).

Modulation and evaluation of membrane cholesterol content

Membrane cholesterol content was increased by adding cholesterol conjugated to methyl-b-cyclodextrin

(Sigma Adrich) to the cell culture medium of SH-SY5Y at different concentrations (0, 0.2, 0.4, 0.6, 0.8, and

1.0 mg/mL) for 3 h at 37�C. The cholesterol content in cellular membrane fractions was then assessed using

the sensitive fluorimetric Amplex Red Cholesterol Assay Kit (Thermo Fisher Scientific) as reported previ-

ously,50 according to the manufacturer’s instructions. Membrane fractions were obtained as previously

described, with minor modifications. Briefly, cells were dissolved in PBS containing 9% sucrose and a pro-

tease inhibitors cocktail (Sigma-Aldrich) 1:200 and then homogenized with three freeze–thaw cycles and

three cycles of 30 s sonication on ice with intervals for cooling. The samples were centrifuged at 7503g

for 10 min at 4�C and a further centrifugation of the supernatant was performed at 110,0003g for 1 h at

4�C to pellet the membrane fractions. The resulting pellets were re-suspended in PBS with 9% sucrose

and the protease inhibitor cocktail 1:200 and protein concentrations were then determined by the Bradford

Protein Assay (Bio-Rad, Hercules, CA, USA).

The distribution of membrane cholesterol was also investigated using the fluorescent probe filipin (Sigma-

Aldrich) as previously described50, with minor modifications. Briefly, SH-SY5Y cells seeded on glass cover-

slips were fixed in 4.0% buffered paraformaldehyde for 20 min and then incubated with 0.1 mg/mL filipin for

1 h at 37�C. After washing with PBS, the cells were fixed again in 4.0% buffered paraformaldehyde for 20min

at 0�C. The emitted fluorescence was detected after excitation at 355 nm using a confocal Leica TCS SP8

scanning confocal microscopy system (Leica Microsystems, Mannheim, Germany) equipped with an argon
18 iScience 26, 106611, May 19, 2023
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laser source. A series of 1.0 mm thick optical sections (1024 3 1024 pixels) was taken through the cell depth

for each sample using a Leica Plan Apo 633 oil immersion objective and projected as a single composite

image by superimposition. The confocal microscope was set at optimal acquisition conditions, e.g.,

pinhole diameters, detector gain and laser powers. Settings were maintained constant for each analysis.

MTT reduction assay

The mitochondrial functionality of SH-SY5Y cells seeded in 96-well plates was assessed upon cholesterol

enrichment by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, as previously

described.51 Briefly, after 3h of enrichment, cells were incubated with the MTT solution for 4 h. Then, a cell

lysis buffer (20% sodium dodecyl sulfate (SDS), 50% N, N-dimethylformamide, pH 4.7) was added for 1 h to

solubilize the formazan product. The absorbance values of blue formazan were measured at 590 nm using

theMicroplate Manager Software (Biorad, CA, USA). Cell viability was expressed as the percentage of MTT

reduction in enriched cells with respect to basal ones.

Caspase-3 assay

The levels of caspase-3 activity were analyzed after membrane cholesterol enrichment of SH-SY5Y cells

seeded on glass coverslips, by using the FAM-FLICA Caspase-3/7 assay kit (Immunochemistry Technolo-

gies, LLC, Bloomington, MN) containing the FAM-DEVD-FMK reagent that binds to active caspase-3,

and by the confocal scanning system as previously reported.51 Treatment with 250 mM H2O2 for 3 h was

applied as a positive control for caspase-3 activation.

Lipid peroxidation

Membrane lipid peroxidation was investigated by confocal microscope analysis of the green

(ex 485 nm/em 520 nm) and red signal (ex 581 nm/em 591 nm) of the fluorescent probe BODIPY 581/591

C11 (Thermo Fisher Scientific), as previously reported.50 In particular, BODIPY 581/591 C11 shifts its fluo-

rescence from red to green when challenged with oxidizing agents. Briefly, after membrane cholesterol

enrichment of SH-SY5Y cells seeded on glass coverslips, the fluorescent probe BODIPY dissolved in

0.1% DMSO was added to the cell culture media (5.0 mM final concentration) for 30 min at 37�C. The cells

were fixed in 2.0% buffered paraformaldehyde for 10 min at room temperature and the BODIPY fluores-

cence was analyzed by the confocal scanning system previously described, using 581 nm excitation wave-

length. Treatment with 250 mM H2O2 for 3h was applied as a positive control for membrane lipid

peroxidation.

FACS flow cytometry

Cells were harvested after mild trypsin treatment and were washed and re-suspended in PBS and FBS 1% to

inhibit trypsin activity. Flow cytometry was performed by using a BD LSRII flow cytometer ((BDBioscience,

Becton Dickinson, USA)) equipped with 405 and 488 nm lasers. mBFP was excited with the 405 nm laser and

its fluorescence was collected through a 440/40 nm band-pass filter band-pass filter. mGFP was excited us-

ing the 488 nm laser, and the emitted fluorescence was collected through a 530/30 nm band-pass filter. In

case of the construct mCherry-APP-mGFP, flow cytometry was performed by using an S3 flow cytometer

(Bio-Rad) equipped with 488 and 561 nm diode-pumped solid-state lasers. mGFP was excited using the

488 nm laser, and the emitted fluorescence was collected through a 525/30 nm band-pass filter; mCherry

was excited with the 561 nm laser and its fluorescence was collected through a 615/25 nm band-pass filter.

Data were analyzed using the free Flowing software (Cell Imaging and Cytometry Core, Turku Bioscience

Center, Finland). The cellular debris was excluded from the quantification by gating cells on the Forward

scatter area/Side scatter area (FSC/SSC). Approximately 10000 events were acquired for each sample.

Western blotting

Human SH-SY5Y neuroblastoma cells stably transfected with mBFP-APP-mGFP were cultured in 12 wells

plates. 3 h after incubation with different concentrations of b-CD-chol, the extracellular medium was recov-

ered and the cells were lysed using 300 mL of PBS and Laemmli buffer. Lysed cells were collected in safe lock

1.5 mL tubes and immersed in boiling water for 5 min, then sonicated two times for 15 s and boiled again for

5 min. The recovered medium was centrifuged at 10000 rpm for 5 min in order to remove cell debris and

other impurity, and then treated as the cell lysate. Total protein levels were quantified using the Pierce

Rapid Gold BCA (bicinchoninic acid) Protein Assay (ThermoFisher Scientific, USA). Extracellular medium
iScience 26, 106611, May 19, 2023 19
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and lysate samples were loaded in pre-casted polyacrylamide gels (ThermoFisher Scientific, USA) and

blotted on PVDF membranes (ThermoFisher Sicnetific, USA). Membranes were blocked in 5% milk in

PBST overnight at 4�C or 1 hat room temperature. After blocking, membranes were rinsed three times

with PBST and incubated overnight at 4�C with primary antibody (in PBST with 4% BSA) and for an addi-

tional hour at room temperature with secondary anti-rabbit antibody conjugated to horseradish peroxi-

dase. The primary antibodies were: Anti-Human sAPPb-WildType (IBL 18957), Anti-Human sAPPa (IBL

11088), Anti-Human APP (C) (IBL 18961) and Anti-alpha Tubulin antibody (Abcam ab7291) at the concentra-

tions indicated by the manufacturer. Membranes were rinsed with the HRP substrate Pico Dura

(ThermoFisher Scientific, USA) and imaged after 5 min with a ChemidocMP system (Bio-Rad, USA). In order

to perform the stripping procedure, the blotted PVDF membranes were covered with Seppro Stripping

Buffer (Sigma Aldrich, USA) and incubated for 5–10 minat room temperature. The stripping buffer was

then discarded and the incubation was repeated with fresh Seppro buffer for 5–10 min. After discarding

the buffer, membranes were washed for two times with PBS for 10 min, then washed for two times with

TBST for 5 min and blocked.
Single molecule imaging and tracking

The methods that we used for quantum dot (QD) labeling and live imaging have been already re-

ported.52–55 Living cells transfected for 48 h with HA-APP-mGFP and HA-BACE1-mBFP plasmids were incu-

bated in phenol red-free Leibovitz’s L-15medium 3% FBS at 37�Cwith anti-HA primary antibody (1:150,000)

for 5 min, then for 5 min with anti-rabbit Fab-QDs 655 (Invitrogen, 1:1000). For dual color single molecule

tracking, AP-APP was co-transected with HA-BACE1-mBFP and BirA, a biotin ligase that specifically bio-

tinylates the AP tag.48 Biotin was added to the cell medium (final concentration 10 mM) 8 h after transfection

and 12 h before imaging. Cells were then incubated as above with streptavidin-QDs 655 (Invitrogen,

1:10,000) and anti-rabbit Fab-QDs 585 (Invitrogen, 1:1000) in QD binding buffer for 1 min. The cells were

monitored with an Olympus IX2-UCB wide-field epifluorescence microscope equipped with a 100x

UPlanSAPOOlympus oil-immersion objective, a four-channel LED Driver Thorlabs DC4014 (using 405 exci-

tation LED) and a custom heating chamber set at 37�C. Dichoric FF552-Di02 and emission FF02-655/40-25

filters were used for QDs emitting at 655 nm. For dual color tracking experiments, a first dichroic FF552-

Di02 filter was followed by an Hamamatsu W-view Gemini dual viewer equipped with an FF624 di01 and

FF02-655/40-25 (for streptavidin-QDs 655) and FF01-585/40-25 (for Fab-QDs 585) emission filters. All filters

were from Semrock. Movies were acquired with an integration time of 100 ms with an Electron Multiplying

Charge-Coupled ImageMX2 camera (Hamamatsu).

Recording sessions did not last more than 30 min. Tracking of single QDs, identified by their fluorescence

intermittence, was performed with MATLAB (MathWorks) using a homemade macro that accounts for

blinking in the fluorescence signal.56,57 In brief, the method consisted of two main steps, applied succes-

sively to each frame of the sequence. First, the fluorescent spots were detected by cross-correlating the

image with a Gaussian model of the Point Spread Function. A least-squares Gaussian fit was applied

(around the local maximum above a threshold) to determine the center of each spot with a spatial accuracy

of 10–20 nm (depending on the signal-to-noise ratio). Second, QD trajectories were assembled automat-

ically by linking, frame to frame, the centers of the fluorescent spots likely coming from the same QD. The

association criterion was based on the assumption of free Brownian diffusion and took into account short

blinking events. After completion of the process, a manual association step was performed, in which QD

trajectories of maximal length were assembled from smaller fragments separated by longer blinking events

that were not taken into account by the automatic linking procedure. The movies were realized with

TrackMate.58
QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative analysis of the diffusion coefficient

The mean square displacement (MSD) analysis allows for calculating the initial diffusion coefficient (D) of

each particle.56,57 Briefly, physical parameters can be extracted from each trajectory (x(t),Bace(t)) by

computing the MSD,59 as calculated from the following formula:

MSDðndtÞ =
1

N � n

XN� n

i = 1

h�
xði + nÞ � xi

�2
+
�
yði + nÞ � yi

�2i
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where xi and yi are the coordinates of a particle on frame i, dt is the time between two successive frames,N

the total number of frames of the trajectory and ndt the time interval over which the displacement is aver-

aged. This function enables the analysis of the lateral dynamics on short (initial diffusion coefficient) and

long (types of motion) time scales. Different types of motion can be distinguished from the time depen-

dence of the MSD.59 The initial diffusion coefficient (D) is determined by fitting the initial 2 to 5 points of

the MSD against time plot with MSD(t) = 4D2-5 t + b.

The size of the domain of confinement was estimated by fitting the convenient MSD with the expected

generic expression for a confined diffusion60,61:

MSDðtÞ =
L2

3

�
1 � exp

�
� 12Dt

L2

��

where L is the side of a square domain in which diffusion is supposed to be restricted.

Trajectories movies and mean speed of QDs were obtained with Trackmate58 plug-in of ImageJ.
Statistical analysis

The linear correlation coefficient r was used to assess the statistical significance of increased cholesterol

concentrations on APP processing and diffusion of APP and Bace1. Student’s ttest or Kolmogorov-

Smirnov’s test were used to compare distributions as indicated in corresponding Figure legends. Error

bars were expressed as mean G Standard Deviation (S.D.), or mean G Standard Errors of the Means

(S.E.M.), as indicated in corresponding Figure legends. In the case of diffusion coefficient D, we compared

cumulative probability distributions andmedian instead ofmean values because D values were spread over

4 orders of magnitude. In general, a pvalue lower than 0.05 was considered statistically significant. The sin-

gle (*), double (**) and triple (***) asterisks refer to pvalues lower than 0.05, 0.01 and 0.001. The statistical

details of the experiments can be found in the Figures and corresponding legends. Statistical analysis was

performed using KaleidaGraph or Graphpad software.
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