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ARTICLE INFO ABSTRACT

Keywords: The amyloid precursor protein (APP) has been extensively studied because of its association with Alzheimer's
Amyloid precursor protein disease (AD). However, APP distribution across different subcellular membrane compartments and its function
Trafficking in neurons remains unclear. We generated an APP fusion protein with a pH-sensitive green fluorescent protein at
Proteolysis its ectodomain and a pH-insensitive blue fluorescent protein at its cytosolic domain and used it to measure APP's
Ig;:f;i:;l distribution, subcellular trafficking, and cleavage in live neurons. This reporter, closely resembling endogenous
Synapse APP, revealed only a limited correlation between synaptic activities and APP trafficking. However, the synaptic

surface fraction of APP was increased by a reduction in membrane cholesterol levels, a phenomenon that in-
volves APP's cholesterol-binding motif. Mutations at or near binding sites not only reduced both the surface
fraction of APP and membrane cholesterol levels in a dominant negative manner, but also increased synaptic
vulnerability to moderate membrane cholesterol reduction. Our results reveal reciprocal modulation of APP and

membrane cholesterol levels at synaptic boutons.

1. Introduction

Amyloid plaques, one of the pathohistological hallmarks of
Alzheimer's disease (AD), are primarily comprised of B-amyloid pep-
tides (APs). ABs are proteolytic products of the amyloid precursor
protein (APP), an integral membrane protein with a single transmem-
brane domain (Kang et al., 1987; Reinhard et al., 2005). Due to its
linkage to AD, APP and its proteolytic processing have been in-
vestigated extensively since the early 1990s (Hardy and Allsop, 1991).
It has been well demonstrated that APP is subject to two routes of
proteolytic processing, amyloidogenic and nonamyloidogenic, cata-
lyzed by three proteases known as the a-, 3- and y-secretases (aS, 3S
and yS) (Fig. 1A) (Haass et al., 2012). In the amyloidogenic pathway,
APP is first cleaved by BS in its membrane-proximal ectodomain to
generate a large soluble peptide (sAPPP) and a membrane-bound C-
terminal fragment (CTF or specifically C99 for its 99 amino acid re-
sidues). Subsequently, C99 is cleaved by yS within the transmembrane
domain, yielding ABs and a short intracellular C-terminal fragment
(AICD). In the nonamyloidogenic pathway, APP is first cleaved by aS in

the middle of AP sequence, yielding a longer soluble ectodomain
(sAPPa) and a membrane-bound 83-residue CTF (C83). C83 is also
cleaved by yS within the transmembrane domain, generating a shorter
30-residue peptide (P3) and an identical AICD (Haass et al., 1992).
Many early studies on APP processing have been conducted in non-
neuronal cells (Chen et al., 2015; Sun and Roy, 2017) for technical
practicality. They showed that the majority of the APP was located in
the intracellular membranes of the Golgi and trans-Golgi network
(TGN) and a small portion was sorted to the plasma membrane
(Kuentzel et al., 1993). aS cleaves APP in the plasma membrane and 3S
cleaves APP in endocytic compartments (Parvathy et al., 1999; Refolo
et al., 1995), suggesting that APP's subcellular membrane localization
determines its non-amyloidogenic or amyloidogenic fate. Notably, the
plasma membrane generally has more cholesterol than most in-
tracellular membranes (> 13 mol% vs. ~5mol% of total membrane
lipids) (van Meer et al., 2008), and cholesterol upregulates the pro-
teolytic activities of S (von Arnim et al., 2008; Xiong et al., 2008) and
yS (Grimm et al., 2008; Runz et al., 2002; Xiong et al., 2008) but
suppresses aS (Bodovitz and Klein, 1996; Kojro et al., 2001).
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Fig. 1. SypHTm:T2A:pH-APP-BFP2 reports APP distribution and marks synaptic vesicles.

A, the upper diagram illustrates the transgene construct including human Synapsin I promoter (hpSynl) and an open reading frame (ORF) comprised of
Synaptophysin-pHTomato (SypHTm), thosea asigna virus 2A peptide (T2A), APP signal peptide (SP), pHluorin (pH), APP including the AP region, and blue fluor-
escence protein 2 (BFP2). The cartoon demonstrates how extracellular pH and exo — /endocytosis affect pHIuorin and pHTm fluorescence (dark (i.e. quenched) vs.
bright (i.e. unquenched) green or red dots at pH 5.5 vs. 7.3, respectively) and how the a-, -, and y-secretases (a, B, and y in the cartoon) cleave pH-APP-BFP2. In
acidic intracellular compartments such as endosomes and synaptic vesicles, pHluorin and pHTm are quenched and pH-dependent -cleavage occurs, producing AP.
AICD, APP intracellular domain; CTFa/f, APP's C-terminal fragment after a- or B-secretase cleavage; P3, P3 peptide generated by a- and y-secretase cleavage. B, top
left, overlay of SypHTm (red), pHluorin (green) in 50 mM NH,4Cl, and BFP2 (blue); top middle, SypHTm in 50 mM NH,4CI; top right, averaged BFP2 throughout the
course of the experiment; bottom: pHluorin in normal Tyrode's solution (pH?7.3), in 50 mM NH,4CI and in pH5.5 Tyrode's solution. White arrowheads indicate
synaptically co-localized SypHTm and pH-APP-BFP2, cyan arrows indicate non-synaptic pH-APP-BFP2, and the blue arrowheads indicate nonsynaptic CTF because of
strong BFP2 and weak pHluorin signals. Scale bar, 10 um. C, example of continuous changes of pHluorin, BFP2 and pHTm fluorescence in one FOV (field of view)
containing 39 ROIs (regions of interest) during sequential applications of pH 7.3 Tyrode's solution, 50 mM NH,4Cl, and pH 5.5 Tyrode's solution. Double-ended arrows
indicate the calculations of surface, intracellular and total APP and Syp based on fluorescence intensity differences. Shadows are SEM. D, quantification of the
fraction of total pHluorin (green) and pHTm (red) fluorescence located intracellularly (solid bars) and at the cell surface (open bars) in the synapses (left) and
nonsynaptic areas (right). From left to right, the mean = SEM of these subcellular fractions is pHluorin(in)/Total = 0.524 + 0.035, pHluorin(out)/
Total = 0.476 + 0.035, pHTm(in)/Total = 0.674 = 0.021 and pHTm(out)/Total = 0.326 + 0.021 in the synapses, and pHluorin(in)/Total = 0.441 *+ 0.063,
pHluorin(out)/Total = 0.559 = 0.063, pHTm(in)/Total = 0.571 * 0.055, pHTm(out)/Total = 0.429 = 0.055 in nonsynaptic regions. There was a significant
difference between pHluorin and pHluorin regarding surface or intracellular fractions according to a two-tailed paired t-test (***, p = .001). No significant difference
was found for the nonsynaptic ROIs (two-tailed paired t-test, p = .0543). Synaptic ROIs, n = 47; nonsynaptic ROIs, n = 23. Error bars represent SEM. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Neurons are morphologically unique for their polarity, extended
neurites, and intercellular connections known as synapses. Accordingly,
they have higher surface area and more complicated cellular membrane
system than non-neuronal cells do. The distinct lipid composition of the
neuronal surface membrane, especially its high cholesterol content and
its electrophysiological properties, has profound influence on mem-
brane proteins like APP. APP is enriched at the presynaptic terminals

(a.k.a. synaptic boutons) including synaptic vesicles (SVs) (Groemer
et al.,, 2011; Wilhelm et al., 2014). Its expression, distribution, and
cleavage are reportedly influenced by neuronal activity (Dawkins and
Small, 2014). Moreover, its proteolytic products are believed to re-
ciprocally modulate neuronal activity (Cirrito et al., 2008; Wang et al.,
2017). Reportedly, the three secretases also regulate synaptic trans-
mission and plasticity (Wang et al., 2012). Interest in neuronal APP has
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recently surged due to heated debate about the amyloid hypothesis
(Herrup, 2015; Makin, 2018; Musiek and Holtzman, 2015) and findings
about neuron-specific mechanisms of APP (Das et al., 2013; Das et al.,
2016; Sun and Roy, 2017).

Owing to its spatiotemporal resolution, live-cell fluorescence ima-
ging is well suited for studying synaptic changes in morphologically
complex neurons. New fluorescent reporters enable the use of live-cell
imaging to qualitatively and quantitatively measure subcellular APP
distribution. For example, by labeling APP and BACE-1 with two dif-
ferent fluorescent proteins and with two complementary parts of one
fluorescent protein, Das et al revealed activity-dependent and in-
dependent convergence of these two proteins in different intracellular
compartments (Das et al., 2013; Das et al., 2016) that could not be
observed in non-neuronal cells. Groemer et al tagged APP's N-terminal
with a pH-sensitive green fluorescence protein (i.e. pHluorin) and
quantified the coupling between APP trafficking and SV turnover for
the first time (Groemer et al., 2011).

APP trafficking and processing in subcellular membranes of live
neurons is important to APP's physiological and pathological roles.
Therefore, we decided to investigate factors regulating APP using a
multi-fluorescence reporter and live cell imaging. We generated pH-
APP-BFP2 by adding a pH-insensitive BFP2 at pH-APP's C-terminal, and
co-expressed a pH-sensitive red fluorescence reporter selective for SVs
(Synaptophysin-pHTomato, SypHTm) (Li and Tsien, 2012) via a bicis-
tronic construct. We performed multichannel live cell imaging to in-
vestigate the effects of neuronal activity and cholesterol on APP's sub-
cellular distribution and trafficking. Our results not only shed light on
APP surface turnover but also revealed a direct inverse correlation
between surface membrane cholesterol and APP, especially at synaptic
boutons.

2. Results

2.1. Construction and characterization of a triple-fluorescence reporter
system

We built our reporter on Groemer's pH-APP construct (gifted by J.
Klingauf). The pH-APP expression is driven by a human Synapsin 1
promoter (hpSynl) to ensure neuron-specific and moderate expression
(Kiigler et al., 2001). It is based on rat APP695, which matches the
endogenous APP predominantly expressed by neurons in our rat post-
natal hippocampal culture (Rohan de Silva et al., 1997). pHluorin was
inserted in APP's ectodomain and behind APP's short signaling peptide
(SP), ensuring the same subcellular distribution pattern as native
APP695 (Bauereiss et al., 2015; Groemer et al., 2011). Intracellular
membrane compartments like SVs and endosomes are often acidic
(pH 5.5-6.5), whereas extracellular pH is generally neutral (pH 7.35),
so pH-APP exhibits increased fluorescence or decreased fluorescence
(indicated by bright or dark green circles respectively in Fig. 1A) as APP
is externalized or internalized respectively (Groemer et al., 2011).

To independently monitor APP's cytosolic domain, we added a pH-
insensitive blue fluorescent protein (BFP2) (Fig. 1A) to pH-APP's C-
terminal. Despite the presence of N- and C-terminal pHluorin and BFP2,
we expected unaltered APP trafficking and cleavage given previous
studies using similar double-labeling strategy (Villegas et al., 2014). To
independently detect synaptic boutons and neuronal activity, we added
Synaptophysin-pHTomato (Li and Tsien, 2012) and a viral sequence
(T2A) in front of the pH-APP-BFP2. By so doing, the SypHTm would be
co-transcripted with pH-APP-BFP2 as one piece of mRNA, but trans-
lated separately (Osborn et al., 2005). Immunostaining with Synapto-
tagmin I, an SV-specific protein, confirmed that SypHTm was specific to
synapses whereas pH-APP-BFP2 was present across neurites (Supple-
mentary Fig. 1). In live neurons, SypHTm expectedly marked axon
terminals, whereas pHluorin and BFP2 neurites are largely overlapped
and more diffused in neurons (Fig. 1B).

As described in the Supplementary Results, a series of control

Neurobiology of Disease 127 (2019) 449-461

experiments were carried out for SypHTm and pH-APP-BFP2. By ma-
nipulating intracellular and extracellular pH, we first confirmed that
the membrane orientations of SypHTm and pH-APP-BFP2 were correct
(i.e. their N-terminal pHTm and pHluorin are located extracellularly
and/or luminally). We further confirmed that pH-APP-BFP2 is dis-
tributed in the same way as endogenous APP at distal neurites and
synapses, and that pH-APP-BFP2 is cleaved by the three major secre-
tases in the same manner as endogenous APP (Supplementary Results).
Last but not least, we used whole-cell patch clamp recording to de-
monstrate that the expression of pH-APP-BFP2 and SypHTm does not
alter synaptic transmission.

After validating our reporters, we used live cell imaging to compare
APP surface and internal expression in the synaptic and nonsynaptic
regions of processes. First, we measured pHluorin or pHTm fluores-
cence in normal Tyrode's solution (pH 7.3). Next, we applied Tyrode's
solution containing 50 mM NH,CI to deacidify all intracellular mem-
brane compartments. Finally, we used pH5.5 Tyrode's to quench all
pHluorin or pHTm (Supplementary Movie 1). We calculated (i) the total
pHluorin and pHTm (i.e. pH-APP-BFP2 and SypHTm) by subtracting
the minimum fluorescence (at pH 5.5) from the maximum fluorescence
(at 50 mM NH4CI), (ii) the surface (out) pHluorin and pHTm by sub-
tracting the minimum fluorescence (at pH5.5) from the pretreatment
fluorescence (at pH7.3), and (iii) the intracellular (in) pHluorin and
pHTm by subtracting the pretreatment fluorescence (at pH7.3) from
maximum fluorescence (at 50 mM NH,Cl) (Fig. 1C). At synaptic bou-
tons, we found that the surface pHluorin fraction was significantly
higher than the surface pHTm fraction whereas the intracellular
pHluorin fraction was significantly lower (Fig. 1D left). At non-synaptic
areas, there was little difference between surface and intracellular
fractions of pHluorin or pHTm (Fig. 1D right). These observations
strongly suggest that, unlike Synaptophysin (Syp), considerable APP
present in the surface membranes in addition to SVs, and its apparent
enrichment at synaptic boutons may be due to hundreds of clustered
SVs there.

2.2. APP and synaptic activity

By imaging pHluorin and BFP2, we asked if APP exhibited activity-
associated changes in its subcellular distribution, a question that cannot
be readily addressed using conventional biochemical approaches and
non-neuronal cells or fixed tissues. We first examined if the intra-
neurite translocation of APP and/or CTFs was affected by synaptic ac-
tivity. We applied two discrete stimuli (i.e. a 1-min 10-Hz electric field
stimulation and a 1-min 90 mM K™ perfusion) separated by a 1-min
resting period. We monitored the BFP2 signal instead of the pHluorin
signal in order to track both surface and intracellular APP, as well as
CTF (Fig. 2A and Supplementary Movie 2). Again, SypHTm was used to
mark synaptic boutons. The selected BFP2 kymograph exemplifies the
diverse trafficking behavior of APP and CTF, i.e. stationary or mobile,
anterograde or retrograde, and toward or away from nearby synaptic
boutons (Fig. 2B). The SypHTm kymograph was used to show the sta-
tionary synaptic boutons. When plotted against time, neither the ve-
locity (Fig. 2C) nor the distance from the nearest synapse (Fig. 2D) of
the moving BFP2 puncta exhibited any apparent difference between
stimulation and resting periods, suggesting that APP and/or CTFs move
along distal neurites rather randomly, at least with respect to the sy-
napses, and are not influenced by neuronal activity.

We then asked if surface-internal turnover of APP is correlated to
activity-associated SV exo — /endocytosis at synaptic boutons, which we
surveyed by pHluorin and pHTm co-imaging (Fig. 3A). While we did
observe an increase of pHluorin fluorescence at synaptic boutons during
stimulation (i.e. 90 mM K ™), the amount of increase was not correlated
to that of pHTm fluorescence increase (Fig. 3B), suggesting that the
magnitude of APP externalization and SV release were discordant. We
also compared time courses of fluorescence fluctuations for pHluorin
and pHTm during and after the stimulation. Again, they were different,
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Fig. 2. APP trafficking is not activity-associated.

A, sample images of a distal neurite. Scale bar,
10 pm. B, sample kymographs that show the changes
in fluorescence over time during 10 Hz field stimu-
lation and 90 K stimulation along the process shown
in A. BFP2 was imaged at 0.5 Hz, while pHTm was
imaged every minute. Hand drawn BFP2 tracks are
shown in blue, stationary synaptic boutons are in
red, and purple represents overlap. Scale bar, 10 um.
C, mean velocity of the moving BFP2 puncta.
Movement toward the nearest synapse was defined
as positive. D, mean distance from the moving BFP2
puncta to the nearest synapse. For C-D, only visible
puncta contribute to the mean and SEM, with at most
81 puncta and at least 50 puncta at any given time.
In total, 241 tracks are taken from 13 kymographs
from 4 trials. Gray shadows represent SEM. (For in-
terpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

i.e. the pHluorin fluorescence increase lagged behind that of pHTm
(Fig. 3C). Moreover, we did not observe strong correlations for the
total, surface, or intracellular pHluorin and pHTm fluorescence in-
tensities (Fig. 3D-F). Together, it is safe to say that APP is not enriched
in releasable SVs and its surface turnover is associated but not syn-
chronized with SV turnover.

We also tested if prolonged neuronal activity change alters the sy-
naptic localization and surface-internal trafficking of APP. To do so, we
globally enhanced or suppressed neuronal activity by blocking
GABAergic (inhibitory) or glutamatergic (excitatory) neurotransmis-
sion with 10 uM bicuculline (BCC) or 10 uM 2,3-dihydroxy-6-nitro-7-
sulfamoyl-benzoquinoxaline (NBQX) for two hours. Immediately after
the treatments, cells were either subjected to live-cell imaging or im-
munofluorescence staining. In comparison to the sham control (i.e.
H,0), neither BCC nor NBQX treatment changed the surface APP
fraction based on the measures of both pH-APP-BFP2 or endogenous
APP (Fig. 4A). By contrast, the surface vs. total pHTm ratio and total
endogenous Syp significantly increased after NBQX treatment (Fig. 4B),
which was expected due to presynaptic homeostasis (Jakawich et al.,
2010; Thiagarajan et al., 2005). This again suggests that APP expression
or its synaptic localization does not coordinate with neuronal activity.
Moreover, ELISA measurements detected no significant difference in
AB40, AB42, or sAPPa extracellular concentration (Fig. 4C-E), which
disputes the idea that neuronal activity alters APP cleavage, at least in
vitro. Together, our results demonstrate that, other than a limited and
delayed coordination between SV and APP turnovers, neuronal activity
does not have significant impact on APP surface distribution, traf-
ficking, and cleavage by our measurements.

2.3. Synaptic surface membrane cholesterol and APP distribution

Cholesterol's effects on secretase activities (Bodovitz and Klein,
1996; Grimm et al., 2008; Kojro et al., 2001; Runz et al., 2002; von
Arnim et al., 2008; Xiong et al., 2008) and a recently identified cho-
lesterol-binding motif (CBM) within APP (Barrett et al., 2012; Beel
et al., 2008; Beel et al., 2010) prompted us to ask if and how a moderate
reduction of membrane cholesterol would affect synaptic APP turnover
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and cleavage. We used a 90-min 1 mM MBCD (methyl-f-cyclodextrin)
treatment to reduce cholesterol levels in the synaptic membranes as it
did not alter neuron morphology or synaptic transmission (Supple-
mentary Fig. 5A). Measured by Filipin staining, this treatment caused a
~17% reduction of absolute Filipin labeling (47.39 = 0.34 vs.
39.18 = 0.60a.u.) or ~10% (0.6346 = 0.0064 VS.
0.5686 *= 0.01357 a.u.) after adjusting for membrane density (by
AM1-43 co-labeling, please see method section for details) (Supple-
mentary Fig. 5B-D). These relative changes at synaptic boutons may be
better quantified by new orthogonal sensors (Liu et al., 2016). Im-
portantly, no apparent membrane damage or morphological change
occurred (Supplementary Fig. 5B). Using live cell imaging, we observed
that this mild MBCD treatment caused a significant decrease of total
pHluorin fluorescence but only an insignificant decrease of BFP2
(Fig. 5A-C), which caused a significant reduction in the total pHluorin
vs. BFP2 ratio (Fig. 5D). These results indicate that the mild MBCD
treatment led to enhanced a-cleavage of APP in the surface membrane
but little change in B/y-cleavage. Despite the reduction of total APP,
MpBCD significantly increased the relative fraction of surface APP
(Fig. 5E). Similar changes in total and surface pHTm signals were ob-
served, although less significant (Fig. 5F&G).

Since cholesterol modulates the secretases differently and since the
secretases cleave APP in different membrane compartments, is it pos-
sible that the increase in surface APP fraction was an indirect effect of
secretase activity change? We can exclude aS because its upregulation
by MBCD should have decreased surface APP fraction. S is also un-
likely because it cleaves intracellular APP and is suppressed by MBCD.
Inhibition of vyS could increase surface pHluorin and SypHTm fractions
in addition to the accumulation of CTF (i.e. increase of BFP2 fluores-
cence) (Fig. 5B-G). However, the lack of change in BFP2 fluorescence
(Fig. 5C) suggests that our mild MBCD treatment was insufficient to
affect intracellular yS. Since yS can present in the plasma membrane
and form a complex with aS (Chen et al., 2015), is it possible that our
MpCD treatment suppressed asS via attached yS? To test this, we applied
a yS inhibitor for 24 h. Again, inhibition of yS significantly increased
BFP2 fluorescence without altering total pHluorin, leading to a de-
creased total pHluorin vs. BFP2 ratio (Figs. 5B-D). However, the surface
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Fig. 3. APP is not highly correlated with acute synaptic activity.

A, sample images of pHTm and pHluorin in NH4Cl and the overlay. Green arrowheads indicate puncta with high pHluorin and low pHTm fluorescence, red
arrowheads indicate the opposite, and yellow arrowheads indicate puncta with similar brightness (i.e. overlapping). Scale bar, 20 um. B, ApHTmgox and ApHluoringok
represent the maximal increase of fluorescence of every ROI during 90 mM K™* perfusion. n = 56 ROIs from 3 trials. The line shows a linear regression of slope
1.25 + 0.36. Pearson's R? = 0.1499. C, synaptic pHluorin and pHTm fluorescence normalized to the maximal values set by 50 mM NH,Cl (mean + SEM). The
pHluorin increase during stimulation with 90 mM K" is significantly smaller than that of pHTm according to an unpaired two-tailed t-test (p = .0224). n = 56 ROIs
from 3 FOV. The inset shows variable slope (4 parameters) curves fits to the rising phases of pHTm and pHluorin (30 - 60s) with the constraints Top = 0.4437 or
Top = 0.3864, which are the maximums of pHTm and pHluorin, respectively. Based on the fittings, for pHTm, t; ,» = 12.98 s; for pHluorin, t; » = 20.15s. D, total
fluorescence (Fnuaci — Fpus.s) of pHTm vs pHluorin. The line shows a linear regression of slope 1.252 + 0.3585. Pearson's R? = 0.1621, p = .0009, n = 65 ROIs from
3 FOVs (excluding negative values). E, internal fluorescence (Fygac) — Fax) of pHTm vs pHluorin. The line shows a linear regression of slope 0.8808 = 0.2939.
Pearson's R = 0.1265, p = .0039, n = 64 ROIs from 3 FOVs (excluding negative values). F, surface fluorescence (F4x — Fpus.s) of pHTm vs pHluorin. The line shows a
linear regression of slope 3.86 = 1.006. Pearson's R?> = 0.2205, p = .0003, n = 54 ROIs from 3 FOVs (excluding negative values). (For interpretation of the re-

ferences to colour in this figure legend, the reader is referred to the web version of this article.)

APP increase by vyS inhibition, although significant in comparison to
DMSO control, is much less than that of MBCD (Fig. 5E), indicating
different underlying mechanisms. Moreover, the combination of MBCD
and yS inhibitor caused fluorescence changes in pH-APP-BFP2 that
were very similar to that caused by MPCD alone (Fig. 5B-E), whereas
the changes of SypHTm were different from that of yS inhibitor or
MBCD alone (Fig. 5F&G). These results suggest that yS inhibitor and
MPBCD increase surface APP through different mechanisms and that
cholesterol depletion by MBCD treatment is more potent. It is also
possible that both yS and cholesterol act on SVs turnover through dif-
ferent mechanisms.

2.4. APP's cholesterol-binding trait affects its surface distribution

To evaluate the physiological relevance of CBM, we introduced two
different point mutations (G700A and 1703A) into pH-APP-BFP2 sepa-
rately. Both of them are outside of the major cleavage sites of a/pB/y-S,
and are located at or near the APP-cholesterol binding interface ac-
cording to an NMR study (Barrett et al., 2012). We expressed both
wildtype (WT) and mutant forms of SypHTm:T2A:pH-APP-BFP2 in
cultured neurons (Fig. 6A). While the expression levels varied, the
proteolytic cleavage of all three forms was very similar according to
total pHluorin vs. BFP2 ratio (Fig. 6B), suggesting that neither mutation
affected secretase cleavage. Intriguingly, both mutations caused a sig-
nificant increase in the surface fraction of APP (Fig. 6C), suggesting that

APP's cholesterol affinity is involved in restricting neuronal surface APP
distribution. At the same time, there was no significant increase of
surface SypHTm fraction (Fig. 6D), disputing SV's involvement in
M[BCD-induced change in APP distribution.

Next, we tested if the altered surface distributions of those APP
mutants were the result of changes in y-cleavage, which might be af-
fected by APP's affinity for cholesterol. Again, we used vS inhibitor and
observed an increase in BFP2 fluorescence but no significant change in
total pHluorin fluorescence (Supplementary Fig. 6), which resulted in a
significant decrease of total pHluorin vs. BFP2 ratio in both WT and
mutants (Fig. 6E). Thus, neither point mutation interferes with y-clea-
vage. While yS inhibition significantly increased the surface APP frac-
tion of WT as we previously observed, it had no effect on either the
G700A or I703A mutant (Fig. 6F). There could be two possibilities. One
is that those mutations modified the surface APP distribution via a
cholesterol-dependent but yS-independent mechanism, and the other is
that these mutations simply masked the effect of yS inhibition. The
latter is less likely since both mutations are outside of y-cleavage sites
and did not affect y-cleavage. So, we infer that direct binding of cho-
lesterol to APP either prevents APP from being transported to the sur-
face membrane or promotes its internalization, which is independent of
SV turnover or secretase cleavage.
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Fig. 4. APP localization and cleavage is not affected by extended increase or decrease of neural network acticity.

A, pHluorin vs. BFP2 ratio (mean = SEM) after treatment (left) (H,O = 0.11698 + 0.0122, BCC = 0.14974 *+ 0.0134, NBQX = 0.11565 *+ 0.0062). One-way
ANOVA detected significant variance in surface pHluorin vs. BFP2 ratio for pH-APP-BFP2 (F (2, 352) = 3.6597, p = .0267). However, Dunnett's multiple com-
parisons test showed no significant difference between H,O and bicuculine (BCC) and between H,O and 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzoquinoxaline
(NBQX), (p = .0741 and 0.9941, respectively). nyoo = 80; npcc, n = 110; nypox = 165 synaptic boutons. Surface APP N-terminal vs. total APP C-terminal im-
munostaining for endogenous APP mean = SEM (right) (H20 = 1.6416 * 0.1125, BCC = 2.1239 * 0.2772, NBQX = 1.1414 + 0.0749). Although one-way
ANOVA detected significant variation in response to treatment (F (2, 447) = 8.2663, p = .0003), Dunnett's multiple comparisons test showed no significant dif-
ference between H,O and BCC and NBQX, (p = .5406 and 0.0117, respectively). All three n = 150 synaptic boutons selected randomly. B, surface vs. total pHTm
ratio means = SEM (left) (H,O = 0.4628 + 0.0203, BCC = 0.3866 + 0.0129, NBQX = 0.4304 + 0.0159). One-way ANOVA detected significant variance (F (2,
352) = 4.3003, p = .0143), but Dunnett's multiple comparisons test showed no significant difference between H,O and BCC and significant difference between H,O
and NBQX, (p = .3157 and 0.0084, respectively). Same n as A (left). Immunostaining for endogenous Syp (means + SEM; right) (H,O = 5749.1 *= 346.9,
BCC = 5566.7 + 397.4, NBQX = 10,318 + 901.4). One-way ANOVA detected significant variance (F (2, 447) = 19.9310, p < .0001), but Dunnett's multiple
comparisons test showed no significant difference between H,O and BCC and significant difference between H,O and NBQX, (p = .8307 and p < .0001, respec-
tively). Same n as A (right). C, ELISA detection of APB40, normalized to Oh vehicle control (H,O). The means + SEM are H,O = 1.0224 + 0.0547,
BCC = 0.9553 + 0.0281 and NBQX = 0.9491 + 0.0488. BCC and NBQX treatments do not change AB40 levels in the media compared to 2 h treatment with H,O
(One-way ANOVA: F (2, 15) = 0.8034, p = .4662; Dunnett's multiple comparisons test shows that neither treatment causes any significant changes compared with
H,0 (BCC, p = .489 and NBQX, p = .4325). D, ELISA detection of AB42, normalized to Oh vehicle control (H,O). Mean + SEM: H,O = 0.9914 + 0.1092,
BCC = 1.0296 + 0.0696, and NBQX = 1.0342 =+ 0.1578. At two hours, AB42 level does not vary by treatment (One-way ANOVA, F (2, 15) = 0.0399, p = .9610).
Neither treatment causes statistical difference compared to H,O according to Dunnett's (BCC, ns, p = .9622; NBQX, ns, p = .953). E, ELISA detection of sAPPa after
two hours, normalized to Oh vehicle control (H,0). The mean = SEM is H,O = 0.7979 =+ 0.0690, BCC = 0.7502 =+ 0.0425, and NBQX = 0.6869 =+ 0.0976.
Treatment does not cause statistically significant variation according to one-way ANOVA (F (2, 15) = 0.57823, p = .5729) and there is also no significant difference
between H,0 and either condition (Dunnett's multiple comparisons test; BCC, p = .8592; NBQX, p = .4738). For C-E, n = 6, where n is three batches of cells and two
coverslips per treatment per batch. All error bars represent SEM.

2.5. Binding of cholesterol by APP is important for presynaptic integrity

Since APP regulates membrane cholesterol and since its CBM is
involved, we asked whether and how the two APP mutants affect
neuronal membrane cholesterol. First, we transfected cells with WT or
mutation-bearing SypHTm:T2A:pH-APP; we did not include C-terminal
BFP2 because its emission spectrum overlaps with Filipin's. As before,
we used AM1-43 co-labeling to normalize the Filipin fluorescence
against membrane surface variation. We performed Filipin staining at
4°C to limit Filipin staining to cell surface membrane (Fig. 7A). To
identify transfected neurons and synaptic boutons, we relied on pHTm,
which remained fluorescent after fixation. There was significantly less
membrane cholesterol in the synaptic boutons of I703A-expressing
neurons based on absolute as well as normalized Filipin staining
(Fig. 7), and less normalized Filipin in G700A (Fig. 7B2). The effect of
those two mutants on membrane cholesterol was dominant-negative as
endogenous WT APP was still present in those transfected neurons.

To check membrane cholesterol changes in live neurons, we con-
ducted generalized polarization (GP) imaging (Barrantes et al., 1999).

We used C-Laurdan, a derivative of the conventional Laurdan dye. Like
Laurdan, it stays in the plasma membrane, absorbs UV excitation
(350nm), and emits blue and green fluorescence. Comparing to
Laurdan, it has significantly better photostability and an emission
spectrum shift more correlated to membrane cholesterol concentration
(Kim et al., 2007). Pixel GP value is calculated as (Fpiue-Fgreen)/g
(Folue + Fgreen), in which g is the correction factor. As a ratiometric
measure, GP value is insensitive to dye loading variation. We used WT
or mutation-bearing SypHTm:T2A:pH-APP (again no BFP2) and dif-
ferent excitations (350 nm for C-Laurdan and 480 for pHluorin) to
minize spectral overlap between C-Laurdan and our APP-reporter. As
we demonstrated previously (Kitko et al., 2018), GP imaging with C-
Laurdan is consistent with Filipin staining in terms of detecting mem-
brane cholesterol change in cultured neurons. Using GP imaging, we
visualized the difference in surface membrane cholesterol between WT
and APP mutations (Fig. 7C). Again, there were no significant changes
in synaptic vesicles between WT and mutant-expressing neurons, in-
dicated by the ratio of out vs. total pHTm (Fig. 7D). But there was
significantly less surface membrane cholesterol in the synaptic boutons



C.E. DelBove, et al. Neurobiology of Disease 127 (2019) 449-461

A pHluorin BFP2 Overlay B 500 C;ao s DE 0.4
Control ! L ¥ 3 400, b o
< o 0 03
= S 2071 kK
5 300 A P=3 < Fekkde
&:é - :‘g 0.2 Fekedk
*kkk — Fedkedek
o 2% ekkk X0 - 5
§ 1001 a IS 04
o I L I
’ o MO0—0" 9 o ©p G000 & @9
CHEIROER N X IR ORI X
& § T & & T
E 0.8 n.s. F 6.0 G 0.8 Fkkk
= -~ =
£ 06 *kk 5 B 064
3 * se@ 40 =
o = H] *k g
£ 04/ ‘ Eo 2 0.4
= , o g 0
) I =
MBCD+y-SI 2 oz oy V W F 02
o i
00— o B = B os 00— & oo
e &P E PP o & P PP > 2 2
L s F & OGS F & OGRS F O

Fig. 5. Membrane cholesterol affects the distribution and cleavage of APP.
A, sample images of pHluorin, BFP2, and their overlays with four different treatments. Scale bar, 10 um. B, average total pHluorin fluorescence intensities in synaptic
boutons marked by SypHTm (mean = SEM a.u:. DMSO = 377.32 = 48.97, MpBCD = 161.67 = 11.94, y-SI =364.56 + 30.19, and y-SI
MBCD = 122.54 + 12.85). One-way ANOVA detected significant differences among treatments (F (3, 360) = 14.93, p < .0001). Dunnett's multiple comparisons
test showed that MBCD significantly decreased total pHluorin fluorescence without or with y-SI (****

*, p = .0001 for both). However, y-SI alone made no difference
(p = .9834). C, average BFP2 fluorescence intensities in synaptic boutons marked by SypHTm (DMSO = 1160.50 *= 88.21, MBCD = 929.84 * 55.93, y-
SI = 2690.10 = 161.65, and y-SI MBCD = 1333.60 = 112.51). One-way ANOVA detected significant differences among treatments (F (3, 360) = 48.65,
p < .0001). Dunnett's multiple comparisons test showed that only y-SI significantly increased BFP2 fluorescence compared to WT (****, p = .0001). D, average total
pHluorin vs. BFP2 ratio in synaptic boutons marked by SypHTm (DMSO = 0.3421 * 0.0266, MBCD = 0.1922 = 0.0133, y-SI = 0.1313 * 0.0076, and y-SI
MBCD = 0.1323 + 0.0210). One-way ANOVA detected significant differences among treatments (F (3, 360) = 35.04, p < .0001). Dunnett's multiple comparisons
test showed that MBCD, y-SI and MBCD + y-SI significantly decreased the ratio ( , p = .0001). E, average surface vs. total pHluorin ratio in synaptic boutons
marked by SypHTm (DMSO = 0.3520 = 0.0217, MBCD = 0.5556 *+ 0.0308, y-SI = 0.4345 = 0.0206, and y-SI MBCD = 0.5029 *+ 0.0359). One-way ANOVA
detected significant differences among treatments (F (3, 360) = 12.9832, p < .0001). Dunnett's multiple comparisons test showed that both MBCD and y-SI sig-
nificantly increased the ratio (****, p = .0001; *, p = .0343, respectively), as did the combination (****, p = .0001), but there is no additive effect for MBCD and y-SI
combined compared to MBCD alone (two-tailed unpaired t-test, p = .4855). F, average total pHTm in synaptic boutons marked by SypHTm (DMSO = 3058 * 238,
MBCD = 2225 + 201, y-SI =4593 = 330, and y-SI MPCD = 1230 *= 122). One-way ANOVA detected significant differences among treatments (F (3,
360) = 30.86,p < .0001). Dunnett's multiple comparisons test showed that y-SI significantly increased total pHTm (****, p = .0001), whereas MBCD and MBCD + y-
SI decreased it (n.s., p = .0888; **  p=.0001, respectively). G, average surface vs. total pHTm in synaptic boutons marked by SypHTm
(DMSO = 0.3412 = 0.0118, MBCD = 0.4119 = 0.0160, y-SI = 0.4005 = 0.0107, and y-SI MBCD = 0.5878 = 0.0181). One-way ANOVA detected significant
differences among treatments (F (3, 360) = 76.19, p < .0001). Dunnett's multiple comparisons test showed that MBCD, y-SI and MBCD + v-SI significantly increased
the ratio (**, p = .0014; **, p = .003; **** p = .0001, respectively). Additionally, a two-tailed t-test showed a significant difference between MBCD + y-SI and MBCD
(****,p < .0001). For B-G, npyso = 90 (FOV = 5); nygcp = 75 (FOV = 5); ny.g; = 119 (FOV = 7); nyvpcp+y-s1 = 80 ROIs (FOV = 4), where n is the number of ROIs
corresponding to SypHTm-marked synaptic boutons.

of neurons expressing G700A or I703A (Fig. 7E). So, both Filipin In the case of G700A, we observed a continuous increase of pHTm and

staining and GP imaging results consistently showed that the two mu- pHluorin signals during the first half of the treatment which was halted
tations reduced cholesterol in the presynaptic plasma membrane. in the second half. The BFP2 signal exhibited considerable fluctuation
Given the importance of cholesterol for neuronal membrane in- and a very small overall increase. In conjunction with the observed

tegrity (Egawa et al., 2016; Korade and Kenworthy, 2008; Sebastiao changes in synaptic bouton morphology, we conclude that the increase
et al., 2013) and SV turnover (Dason et al., 2014; Pfrieger, 2003), we of pHTm and pHluorin signals likely represents presynaptic swelling

asked if the two mutations are harmful to synaptic boutons when cells and the subsequent cessation of this increase likely reflects presynaptic
experience the moderate MBCD treatment. In comparison to WT-ex- breakdown. In the case of 1703A, there was almost no change in pHTm
pressing neurons, we observed significant abnormalities in mutant-ex- and BFP2 but a larger and longer increase of pHluorin until the end of
pressing boutons after the treatment. In both mutants, we saw severe the treatment, which is in good agreement with the observed mor-
synaptic deterioration, including swelling, detachment, and failure to phological changes and indicates presynaptic swelling but not break-
respond to NH,CI (Fig. 8A). While the ratio of pHTm out vs. total still down. The time-lapse results along with the morphological data suggest
exhibited a significant increase in response to MBCD in both mutant that G700A caused a more severe dominant negative effect than 1703A
groups, the magnitude of the increase was less than that of the WT did.
(Fig. 8B, 63% and 38% vs. 83%, two-way ANOVA, p = .0023 for the
interaction of genotype and treatment). We measured the area of in- 3. Discussion
dividual pHTm puncta and found significant synaptic swelling in
G700A and I1703A-expressing neurons after MBCD treatment, with a In our study, multi-channel fluorescence imaging and ratiometric
~59% and ~38% increase respectively (Fig. 8C). Both mutants made analyses enabled a quantitative study of APP distribution in the mem-
synaptic boutons more vulnerable to mild cholesterol reduction. branes of intact synaptic boutons of live neurons. These studies took
To understand how the synaptic deterioration occurred during the advantage of the unique properties of the triple-fluorescence reporter,
MBCD treatment, we performed time-lapse imaging during the treat- SypHTm:T2A:pH-APP-BFP2. Despite being tagged by two fluorescent
ment and analyzed the fluorescence intensities of pHluorin, BFP2, and proteins, pH-APP-BFP2 was distributed and cleaved like endogenous
pHTm (Fig. 8D-F). During the treatment, synaptic boutons in WT ex- APP. The co-expression of SypHTm not only provided us with a mark
hibited a mild decrease of pHTm and BFP2 signals and a moderate for synaptic boutons, but also allowed us to monitor SV turnover. Using
increase of pHluorin signal, which agreed with previous results (Fig. 5). both, we were able to evaluate the potential interplay between APP and

455



C.E. DelBove, et al. Neurobiology of Disease 127 (2019) 449-461

ns c *% ns

o 0.5q |:'—| c 0.5- | —— 0.5+ —
o = £
E 0.4 O 0.4 = 0.4

= o
= T =3
2 T 0.3 = 0.34
£ ® 02 5 0.2

- -
o ] -
= X 014 S 0.1
I = o
o O o.0d

WT G700A1703A WT G700A I703A WT G700A I703A

N 0.59 c 054 ns —
E & *kkk % = DMSO F .g —_—
m 0.4 3y-SI 2 0.44
_— E
8 0.3 0.34
] o
£ 02 ® 02
g 0.1 2 0.1
= 0.4 = 011
b o =
Q. 0.0- O 0.0
WT G700A 1703A WT G700A 1703A

Fig. 6. Point mutations at site located in or close to APP's cholesterol-binding site increase APP surface fraction.

A, sample images of pHTm, pHluorin and their overlays under 50 mM NH,Cl or 4 K* normal Tyrode's solution. Scale bar, 10 um. B, the average ratio of total pHluorin
to BFP2 at the synapses (WT = 0.3213 + 0.0310, G700A = 0.3623 + 0.0428, and 1703A = 0.3372 + 0.0530). Neither mutation affects the ratio (one-way
ANOVA, F (2, 245) = 0.2601, p = .7712, Dunnett's multiples comparisons test: WT vs. G700A, ns, p = .6976; WT vs. I[703A, ns, p = .9539). C, G700A and 1703A
mutations cause an increase in the surface fraction of pHluorin at the synapses (mean = SEM, WT = 0.3198 = 0.0221, G700A = 0.4122 + 0.0221, and
1703A = 0.4211 + 0.0270; one-way ANOVA, F (2, 245) = 5.652, p = .0040, Dunnett's: WT vs. G700A p = .008; WT vs. I703A p = .0077). D, the pHTm surface
fraction is unchanged by the introduction of mutations to pH-APP-BFP2 (mean + SEM, WT = 0.4114 = 0.0200, G700A = 0.4416 = 0.0136, and
1703A = 0.4471 = 0.0172; one-way ANOVA, F (2, 245) = 1.267, p = .2835). E, average pHluorin total to BFP2 ratio shows that both mutants are affected by the y-
SI, demonstrating that y-secretase is able to cleave them (mean + SEM, WT = 0.3213 *+ 0.0310, G700A = 0.3623 * 0.0428,1703A = 0.3372 = 0.0530, WT + y-
SI = 0.1654 + 0.0105, G700A + y-SI = 0.1524 = 0.0096, I703A + y-SI = 0.1683 + 0.0129). Two-way ANOVA indicated that only application of the secretase
inhibitor affected the pHluorin total to BFP2 ratio. In summary, there was no effect due to mutation (F (2, 531) = 0.1346, p = .8741), significant variance from y-SI
treatment (F (1, 531) = 54.6, p < .0001), and no interaction (F (2, 531) = 0.5277, p = .5903). The results of Sidak's multiple comparisons test comparing only the
untreated and the y-SI treated samples within each APP variant are shown on the plot (WT, ***, p = .0002; G700A, *, p < .0001; I703A, **, p = .0013). F,
interaction between mutations and vy-SI treatment on mean surface fraction of pHluorin at the synapses (mean = SEM, WT = 0.3198 + 0.0221,
G700A = 0.4122 =+ 0.0221, I703A = 0.4211 * 0.0270, WT+ y-SI = 0.4168 =+ 0.0206, G700A + y-SI = 0.4166 + 0.0208, I703A + y-SI = 0.4459 =+ 0.0278).
Two-way ANOVA was used to investigate the effects of y-inhibition on the mutants. Although the interaction between APP sequence and y-SI treatment did not quite
reach significance with o = 0.05 (interaction F (2, 531) = 2.421, p = .0898), when Sidak's multiple comparisons test was used only to compare vehicle control to y-
SI, v-SI significantly increased the pHluorin surface fraction of the wild-type (p = .0062) but not the mutants (G700A, p = .9984 and 1703A, p = .8847). ANOVA
confirmed that y-SI treatment (F (1, 531) = 4.791, p = .0290) and cholesterol-binding deficiency (F (2, 531) = 4.022, p = .0185) cause significant alterations in
pHluorin surface fraction unlikely to occur by chance when the entire data set is considered. For B—F, n is the total number of synapse ROIs from at least 3
experiments for every condition, and the data set is the same: nywr = 84, ng7o0a = 96, Ni7o3a = 68, Nwr4y.51 = 112, NG700a +y-s1 = 114 and ny73a +4.s1 = 63. All error
bars represent SEM.

SVs and discovered an inverse correlation between synaptic membrane
cholesterol and surface APP distribution.

3.1. APP and neuronal activity

It has long been hypothesized that AR production/clearance and
neuronal activity mutually influence each other and this dysregulation
may trigger synaptic dysfunction seen in the initial phase of AD (Musiek
and Holtzman, 2015; Selkoe, 2002). Moreover, APP is reportedly en-
riched in presynaptic terminals (Wilhelm et al., 2014), suggesting a
physical coupling between APP trafficking/processing and SV turnover
(Fanutza et al., 2015; Groemer et al., 2011; LaBek et al., 2013). Our
dual-reporter system (SypHTm and pH-APP-BFP2) allowed us to eval-
uate the spatiotemporal association between APP and synaptic trans-
mission. While APP is seemingly enriched at synaptic boutons, it is not
as exclusive as SV proteins and instead distributes across synaptic and
non-synaptic areas. At synaptic boutons, we saw little correlation be-
tween full-length APP and Syp on the surface, intracellularly or in total.
In addition, neuronal activity did little to synaptic APP distribution or
cleavage. Intriguingly, APP did exhibit a delayed surface turnover fol-
lowing strong stimulation (i.e. 2-min, 90 mM K™*). While our data are
far from sufficient to dispute the association between APP and neuronal
activity, they do suggest an intricate relationship between presynaptic
membrane fusion/fission and surface-internal APP turnover. It is

worthwhile to better appraise APP distribution in different SV pools and
turnover routes by pulse-chase labeling and/or super resolution ima-
ging. Distinguishing full-length APP and its proteolytic products in
different presynaptic membranes is also desired, especially given the
discrete membrane loci for amyloidogenic and non-amyloidogenic
cleavage.

3.2. APP and cholesterol

The inverse correlation between surface APP fraction and mem-
brane cholesterol content independent of cholesterol's impact on se-
cretase activities is another intriguing finding. While cholesterol can
shift non-amyloidogenic and amyloidogenic cleavages (Bodovitz and
Klein, 1996; Harris et al., 2009; Kim et al., 2016; Kojro et al., 2001; Liu
et al., 2009), APP can influence whole-cell cholesterol homeostasis by
transcriptional regulation of cholesterol metabolic genes like 3-hy-
droxy-3-methyl-glutaryl-coenxyme A reductase (Pierrot et al., 2013)
and lipoprotein receptor LRP1 (Liu et al., 2007). Our finding adds a new
dimension to this mutual relationship, which is more acute and direct.
With our moderate MBCD treatment, biochemical measurements for
presynaptic surface APP as well as cholesterol would be desired but is
currently impractical due to the abundance of astroglia and the limited
number of transfected neurons. Nevertheless, two imaging-based tests
consistently pointed to decrease in membrane cholesterol and increase
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Fig. 7. Point mutations at site located in or near the cholesterol binding site reduce membrane cholesterol at synaptic boutons.

A, sample images of Filipin staining. pHTm fluorescence was preserved after fixation and used to identify transfected neurons. AM1-43 was used to identify neurites
and for normalization. Scale bar, 50 pm. B, quantification of Filipin staining. B1, background subtracted filipin signal average + SEM (17.69 + 0.95,
G700A = 17.57 + 0.75, I703A = 12.13 + 0.36, a.u.). One-way ANOVA was used to compare the three conditions and significant variance was detected (F (2,
911) = 28.349, p < .0001). Cells transfected with I703A have a significantly lower filipin signal compared to WT according to Dunnett's multiple comparisons test
(G p = .0001), but there was no difference between G700A and WT (ns, p = .9908). B2, mean normalized Filipin signal (Filipin/AM1-43) in transfected process
segments, in a.u.: WT = 0.0740 + 0.0046, G700A = 0.0620 + 0.0013, I703A = 0.0329 *+ 0.0005. Dunnett's multiple comparisons test, performed after one-way
ANOVA (F (2, 911) = 89.127, p < .0001), demonstrates that both G700A (**, p =.004) and I703A (****, p = .0001) are different from WT. nyr = 264,
Ngrooa = 206, and nyyo34 = 444, where n is the number of neurite segments from 3 FOVs of each groups. C, top row, sample images of pHTm, which was used to
select ROIs corresponding to synaptic boutons. Bottom row, pseudocolored sample GP images of the same FOVs calculated from C-Laurdan's blue and green
fluorescence. GP colour scale is from — 0.4 to 0.4. Scale bar, 20 um. D, quantification of surface pHTm fraction (out vs. total). One-way ANOVA was used to compare
the three conditions and no significant variance was detected (F (2, 447) = 0.2799, p > .05). E, mean GP values at ROIs of synaptic boutons of transfected neurons.
Dunnett's multiple comparisons test, performed after one-way ANOVA (F (2, 447) = 9.718, p < .0001), demonstrates that both G700A (*, p = .03) and I703A (**,
p = .006) are different from WT. In D & E, n = 150 ROIs randomly selected from 3 FOVs for each group. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

in surface APP fraction at synaptic boutons. Besides secretase, SV exo-/ firing imposes a homeostatic challenge at presynaptic terminals. Cho-
endocytosis (Dason et al., 2010, 2014; Yue and Xu, 2015) can also be lesterol is also essential for SV formation, maintenance (Pfrieger and
excluded as the underlying mechanism because the increase of surface Barres, 1997), and turnover (Dason et al., 2010, 2014). However, axons
APP did not match that of surface SypHTm. Since point mutations often project far from the soma and lack Golgi and endoplasmic re-

within (Fig. 6) but not outside (data not shown) of its CBM significantly ticulum that not only supply cholesterol but also host metabolic reg-
affected APP surface distribution, it is likely that APP's affinity to ulators like sterol regulatory element binding protein (SREBP) (Ebinu

cholesterol directly facilitate APP internalization or prevent its ex- and Yankner, 2002). Therefore, an more immediate regulatory me-
ternalization. chanism for presynaptic membrane cholesterol is necessary. APP re-

We speculate that APP's acute and direct regulation of membrane sembles the SREBP pathway in several aspects including cholesterol-
cholesterol is particularly important for presynaptic terminals. It is well sensitivity, cleavage by regulated intramembrane proteolysis, and the
documented that neurons have more cholesterol (~25%) in their role of their proteolytic products (i.e. transcription factor for cholesterol
plasma membrane (Wood et al., 2002) than almost any other cells in metabolism genes). Given our observations about APP's redistribution
the body. SVs have an even higher membrane cholesterol concentration with respect to neuronal activity, y-secretase inhibition, and MBCD, as
(~40%) (Takamori et al., 2006), so massive SV release during neuronal well as its affinity to cholesterol, we postulate that APP is a
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Fig. 8. Point mutations in the cholesterol-binding motif render presynaptic terminals vulnerable to membrane cholesterol reduction.

A, sample pHTm images of transfected neurons with or without MBCD treatment. Cells responded to pH 5.5 but not NH,Cl were included, because compromised
synaptic boutons are intended to be included in this analysis. Scale bar, 10 pm. B, average surface vs. total pHTm ratios of three genotypes with or without MBCD
treatment, as mean = SEM in au.: WT = 0.2967 + 0.0142, G700A = 0.2372 + 0.0094, 1703A = 0.3619 =+ 0.0130, WT + MBCD = 0.5389 + 0.0205,
G700A + MBCD = 0.3876 + 0.0163, and 1703A + MBCD = 0.4952 + 0.0146. Two-way ANOVA detected significant differences between treatments (F (1,
1131) = 189.1, p < .0001) and genotype (F (2, 1131) = 38, p < .0001), and there was an interaction (F (2, 1131) = 6.125, p = .0023). Sidak's multiple com-
parisons test showed that MBCD had a significant effect on the ratio for all genotypes (WT, **** p < .0001; G7004, **** p < .0001; I703A, **** p < .0001). C,
mean area of synaptic boutons + SEM in umzz WT = 1.4719 + 0.1383, G700A = 1.3912 + 0.0629, 1703A = 1.2441 *= 0.0603,
WT + MBCD = 1.0873 = 0.0629, G700A + MBCD = 2.2139 + 0.1587, and 1703A + MBCD = 1.7108 = 0.0949. Two-way ANOVA found a significant interac-
tion between the mutation and treatment (F (2, 1131) = 12.79, p < .0001) and singificant variance based on genotype (F (2, 1131) = 10.27, p < .0001) and on
treatment (F (1, 1131) = 10.38, p = .0013). Sidak's mutliple comparisons test showed, in fact, that the MBCD's effect on synapse size is specific to the mutants
(G700A, ****, p < .0001; I703A, **, p =.0039) and does not occur in the WT (ns, p =.1163). For B&C, nwr = 131, nwrimpcp = 135, ngrooa = 182,
Ng700a +Mpcp = 235, Nizosa = 198, Nzo3a+ mpep = 256, where n is the number of ROIs corresponding to SypHTm-marked synaptic boutons. D-F, average fluorescence

changes of pHTm, BFP2 and pHluorin during 90-min 1 mM MBCD treatment. nyr = 48 ROISs; ngy00a = 59 ROISs; ny7903a = 53 ROIs. Shadows represent SEM.

multifunctional regulator that senses as well as retrieves surface
membrane cholesterol and/or balances SV membrane cholesterol
(Fig. 9A). This idea also agrees with our observation that APP is in both
surface and intracellular membranes at synaptic boutons.

Additionally, both mutants affect membrane cholesterol in a
dominant-negative manner. One possible explanation may relate to
APP’ ability to homo- or heterodimerize with APP and CTF. Indeed, the
CBM partially overlaps with the hypothetical APP dimerization motif
(Barrett et al., 2012; Yan et al., 2017), and competition between cho-
lesterol-binding and APP/CTF-dimerization has been observed in a
biophysical study (Song et al., 2013). Also, APP-CTF heterodimeriza-
tion may be accountable for the increase of surface APP after yS in-
hibition (Eggert et al., 2017). Therefore, more studies about APP di-
merization and y-cleavage is also essential. Future investigation about
the relationship among neuronal activity, membrane cholesterol and
APP trafficking/cleavage is warranted.

3.3. Presynaptic cholesterol and AD

The two APP mutations greatly increased synaptic vulnerability to
mild membrane cholesterol reduction, causing significant synaptic
swelling and breakdown. It is reminiscent of the synaptic dysfunction
and neuronal dysconnectivity preceding neurodegeneration (Musiek
and Holtzman, 2015; Selkoe, 2002). This result raises an interesting
possibility that the deficiency of presynaptic membrane cholesterol may
contribute to AD etiology. Cholesterol has long been suspected as a
pathogenic factor for AD. Brain cholesterol is independent of plasma
cholesterol, and it is mostly synthetized by astrocytes and supplied to
neurons by lipoproteins like ApoE (Wood et al., 2014). In addition to its
potential association with amyloid plaque (Liu et al., 2013), ApoE4 is
less effective than ApoE2/3 in terms of transporting astrocytic choles-
terol to neurons (Mahley, 2016). Age, the primary risk factor for AD,
also disrupts brain cholesterol (Wood et al., 2014). Age-related brain
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A, APP's cholesterol-binding enables translocalization of APP and cholesterol between surface and intracellular membranes at presynaptic terminals. B, various
genetic and environmental AD factors converge on presynaptic membrane cholesterol (mChol), and the disruption of presynaptic mChol results in a plethora of
pathological changes due to the diverse roles cholesterol play in many cellular pathways. Hourglass represents the aging-dependency of AD.

cholesterol decrease (Martin et al., 2008; Sodero et al., 2011a; Sodero
et al., 2011b) is reportedly linked to synaptic dysfunction during the
preclinical stage of AD (Abad-Rodriguez et al., 2004; Egawa et al.,
2016). Similarly, deficiency in synaptic membrane cholesterol impairs
synaptic plasticity, the biological basis of learning and memory
(Sebastiao et al., 2013). However, others have reported little change or
even an increase of cholesterol in synaptosomes isolated from old ani-
mals (Eckert et al., 2001; Gibson Wood et al., 2003). Nevertheless, age-
related subcellular cholesterol distribution change seems to be more
important than global cholesterol change with respect to synaptic
function (Peric and Annaert, 2015). Consistently, AD-like histopathol-
ogies (e.g. AP metabolism, neurofibrillary tangles, and neurodegen-
eration) occur when intracellular cholesterol transportation to the
plasma membrane is disrupted by the NPC1 mutation found in Nie-
mann-Pick Type C1 disease (Malnar et al., 2014; Malnar et al., 2010).
Clearly, presynaptic membrane cholesterol can be disrupted by
various genetic as well as environmental factors. Subsequently, many
pathophysiological changes can occur because of cholesterol's pleio-
tropic effects in many neurological processes (Fig. 9B) (Simons and
Gerl, 2010; Wood et al., 2011; Wood et al., 2014). In light of our
findings, whether presynaptic cholesterol disruption is a more im-
mediate pathogenic factor than APP deserves a more thorough in-
vestigation. New tools to monitor and manipulate membrane choles-
terol in specific subcellular membranes (Kitko et al., 2018) will be much
needed in this regard. Given the increasing capabilities of live-cell
imaging, there is now the opportunity to test these hypotheses in brain
slices or even in vivo. Indeed, with the help of optogenetics, these ideas
can and should be explored in the context of synaptic activity and
neuronal network connectivity, which will not only reveal the intrinsic
functions of APP but also its etiological relevance to AD.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nbd.2019.03.009.
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