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Presenilin (PSEN)/c-secretase is a protease complex responsible for the proteolytic processing of numerous substrates. These
substrates include the amyloid precursor protein (APP), the cleavage of which by c-secretase results in the production of
b-amyloid (Ab) peptides. However, exactly where within the neuron c-secretase processes APP C99 to generate Ab and APP
intracellular domain (AICD) is still not fully understood. Here, we employ novel Förster resonance energy transfer (FRET)-
based multiplexed imaging assays to directly “visualize” the subcellular compartment(s) in which c-secretase primarily cleaves
C99 in mouse cortex primary neurons (from both male and female embryos). Our results demonstrate that c-secretase proc-
esses C99 mainly in LysoTracker-positive low-pH compartments. Using a new immunostaining protocol which distinguishes
Ab from C99, we also show that intracellular Ab is significantly accumulated in the same subcellular loci. Furthermore, we
found functional correlation between the endo-lysosomal pH and cellular c-secretase activity. Taken together, our findings
are consistent with Ab being produced from C99 by c-secretase within acidic compartments such as lysosomes and late endo-
somes in living neurons.
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Significance Statement

Alzheimer’s disease (AD) genetics and histopathology highlight the importance of amyloid precursor protein (APP) process-
ing by g -secretase in pathogenesis. For the first time, this study has enabled us to directly “visualize” that g -secretase proc-
esses C99 mainly in acidic compartments such as late endosomes and lysosomes in live neurons. Furthermore, we uncovered
that intracellular b -amyloid (Ab ) is significantly accumulated in the same subcellular loci. Emerging evidence proposes the
great importance of the endo-lysosomal pathway in mechanisms of misfolded proteins propagation (e.g., Tau, a-Syn).
Therefore, the predominant processing of C99 and enrichment of Ab in late endosomes and lysosomes may be critical events
in the molecular cascade leading to AD.

Introduction
The accumulation of b -amyloid (Ab ) peptides in the brain in
the form of neuritic plaques is one of the pathologic hallmarks of
Alzheimer’s disease (AD). The United States Food and Drug
Administration has recently approved an anti-Ab antibody for
the treatment of AD (Sevigny et al., 2016). While the drug

showed a dose-dependent reduction in Ab levels in the brain,
the efficacy of the drug to improve cognition remains controver-
sial because of conflicting clinical data. Ab is generated from the
sequential processing of the amyloid precursor protein (APP).
First, b -secretase processes APP, resulting in shedding of the
APP ectodomain and generation of the 99-residue APP C-termi-
nal fragment b (C99; Vassar et al., 1999). C99 is subsequently
processed by g -secretase (De Strooper et al., 1998; Wolfe et al.,
1999), producing various lengths of Ab peptides, including the
membrane-anchored longer Ab (Ab 45–49) and shorter Ab
(Ab 38–43) that are released from the membrane (Funamoto
et al., 2004; Qi-Takahara et al., 2005; Takami et al., 2009).
Presenilin (PSEN) functions as the catalytic subunit of g -secre-
tase (Wolfe et al., 1999) and two homologous PSEN proteins
exist: PSEN1 and PSEN2 (Levy-Lahad et al., 1995; Sherrington et
al., 1995). Numerous dominant mutations that result in early-
onset familial AD (FAD) have been identified on the genes
encoding APP, PSEN1 and PSEN2 (https://www.alzforum.org/
mutations), suggesting that C99 (Lauritzen et al., 2019), Ab
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(Selkoe and Hardy, 2016), and/or APP intracellular domain
(AICD; Pardossi-Piquard and Checler, 2012) are mechanistically
involved in the pathogenesis of FAD.

One of the important questions that remains unclear is which
subcellular compartment(s) g -secretase processes C99 and gen-
erates Ab peptides and AICD in neurons. While APP and
PSEN1 are mainly co-localized in the Golgi and ER (Cupers et
al., 2001; Berezovska et al., 2003), Förster resonance energy
transfer (FRET) and fluorescence lifetime imaging microscopy
(FLIM) enabled us to elucidate that APP and PSEN1 come into
closest proximity primarily in compartments near the cell surface
(Berezovska et al., 2003). A recent study employing super-resolu-
tion microscopy also highlighted the association of PSEN1 with
APP at the cell surface (Escamilla-Ayala et al., 2020). However,
not all of the expressed g -secretase complexes seem to be func-
tionally active (Lai et al., 2003; Placanica et al., 2009), and there-
fore the APP-PSEN proximity may not directly indicate where
the protease cleaves the substrate. Earlier studies proposed that
g -secretase cleaves C99 and generates Ab rather in the endo-
lysosomal pathway. For example, cell surface APP labeled by ra-
dioisotope or antibody is endocytosed and processed into Ab ,
which is released into an extracellular region or retained in the
cells (Haass et al., 1992; Koo and Squazzo, 1994; Koo et al.,
1996). Ab secreted from cultured cells is significantly reduced by
the treatment of drugs that prevent endo-lysosomal acidification,
such as ammonium chloride (Schrader-Fischer and Paganetti,
1996). Electron microscopy and biochemical analysis demonstrated
the enrichment of Nicastrin expression, a subunit of g -secretase,
and increased g -secretase activity in lysosomes (Pasternak et al.,
2003). Recently, it was also illustrated that while PSEN1 is broadly
distributed in the cell, PSEN2 is predominantly localized in late
endosomes and lysosomes (Meckler and Checler, 2016; Sannerud et
al., 2016; Watanabe et al., 2021), where it is responsible for the gen-
eration of an intracellular pool of Ab (Sannerud et al., 2016).
Importantly, FAD-causing PSEN2 mutations promote the produc-
tion of intracellular Ab (Ab 42 in particular) and several PSEN1
FADmutants phenocopy FAD PSEN2 with respect to of subcellular
localization and intracellular Ab 42 generation (Sannerud et al.,
2016).

Here, we aim to directly visualize the subcellular compart-
ment(s) in which g -secretase primarily cleaves APP C99 and
where intracellular Ab resides in intact/live neurons. For such,
we developed new multiplexed imaging assays employing our
recently engineered C99 720–670 FRET biosensor (Houser et al.,
2020). The cleavage of the C99 720-670 biosensor by endogenous
g -secretase results in decreased FRET between miRFP670 (do-
nor) and miRFP720 (acceptor), and thus the measurement of
acceptor over donor ratio permits quantitative monitoring of
g -secretase activity in live cells. More importantly, miRFP670
and miRFP720 are the most red-shifted, fully near-infrared
(NIR) FRET pair, being compatible with reporter probes and/or
fluorescent dyes in the visible spectrum range (Shcherbakova et
al., 2016, 2018). This unique spectral property has enabled for
the first time recording of g -secretase activity along with other
biological events in individual cells (Houser et al., 2020). Using
the multiplexing capability, we uncovered the LysoTracker-posi-
tive acidic compartments as a primary site where endogenous
g -secretase processes the C99 720-670 biosensor in primary neu-
rons. Time-lapse imaging of live neurons revealed the dynamic
and heterogeneous nature of the C99 720-670 biosensor process-
ing. Furthermore, we developed a new antibody-based imaging
platform to visualize intracellular Ab , and found that Ab is sig-
nificantly concentrated in the same subcellular loci where

g -secretase primarily processes the C99 720-670 biosensor.
Lastly, the cell-by-cell based multiplexed imaging illustrated
abnormally high endo-lysosomal pH in the neurons with dimin-
ished endogenous g -secretase activity. Emerging evidence pro-
poses the great importance of endo-lysosomal membrane
integrity in mechanisms of cellular invasion by misfolded pro-
teins (e.g., Tau, a-Syn; Polanco et al., 2021; Polanco and Götz,
2021). Therefore, the enrichment of intracellular Ab in the same
acidic compartments may be one of the critical events in the mo-
lecular cascade leading to AD.

Materials and Methods
Plasmid DNA and adeno-associated virus (AAV) development
The cDNA of C99 720-670 biosensor (Houser et al., 2020) was sub-
cloned into a pAAV2/8 vector containing human Synapsin 1 promoter
(Maesako et al., 2017, 2020). The sequence of plasmid used in this study
was verified by MGH CCIB DNA core. The packaging into AAV was
performed by University of Pennsylvania Gene Therapy Program vector
core (Philadelphia, PA; 2.56 E1 13 GC/ml).

Primary neuronal culture
Primary neurons were obtained from cerebral cortex of from both male
and female mouse embryos at gestation days 14–16 (Charles River
Laboratories). Papain Dissociation System (Worthington Biochemical
Corporation) was used to dissociate neurons, which were maintained for
13–15d in vitro (DIV) in Neurobasal medium containing 2% B27 sup-
plement, 1% GlutaMAX Supplement, and 1% penicillin streptomycin
(Pen Strep; Thermo Fisher Scientific). The neuronal preparation proce-
dure was approved by the Massachusetts General Hospital Animal Care
and Use Committee (protocol #2003N000243).

Immunocytochemistry
Primary neurons were fixed with 4% paraformaldehyde (PFA; VWR),
and permeabilized by 0.1% Triton X-100. The permeabilized neurons
were incubated with primary antibodies, followed by an Alexa Fluor 488
or Cy3-conjugated secondary antibodies (Thermo Fisher Scientific). The
slide was covered by a coverslip (Fisher Scientific) using Fluoromount-G
Mounting Medium (Thermo Fisher Scientific). An anti-Ab (6E10) anti-
body was purchased from BioLegend, anti-LAMP1 antibody was from
MilliporeSigma, and anti-Rab7 and anti-Rab5 antibodies were from Cell
Signaling Technology. To stain acidic compartments in live neurons,
LysoTracker Green DND-26, LysoSensor Yellow/Blue DND-160 and
pHrodo Green Dextran, 10,000MW (Thermo Fisher Scientific) were
used according to the manufacture’s protocol. g -Secretase inhibitor:
DAPT and vehicle DMSO were purchased from Sigma-Aldrich.

Confocal microscopy
The diode laser at wavelengths of 405 nm (LysoSensor Yellow/Blue
DND-160), 488 nm (LysoTracker Green DND-26, pHrodo Green
Dextran, and Alexa Fluor 488) and 640nm (miRFP670 in the C99 720-
670 biosensor) was used for excitation. The emitted fluorescence was
detected at 500–530 nm (LysoTracker Green DND-26, pHrodo Green
Dextran, and Alexa Fluor 488), at 430–470 nm and 530–570 nm
(LysoSensor Yellow/Blue DND-160), at 570-620 nm (Cy3), and at 660-
680 nm (miRFP670) and 700–720 nm (miRFP720; C99 720-670 biosen-
sor) using the Standard and High-sensitive detectors on an Olympus
FV3000RS Confocal Laster Scanning Microscope. A CO2/heating unit
(Tokai-Hit STX-Co2 Digital CO2 Gas Mixing System, STFX model) was
used to maintain suitable CO2 concentration and heating for live neu-
rons. 10�/0.25NA and 60�/1.30NA objectives were used for imaging.
Pseudo-colored images corresponding to the emission intensity of
miRFP720 over miRFP670 (g -secretase activity) and 6E10 over
miRFP720 (intracellular Ab ) ratios were generated in MATLAB (The
MathWorks).

ELISA
The conditioned medium of primary neurons expressing the C99 720-
670 biosensor was used to measure human Ab 40 and Ab 42 levels. The
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Human Amyloid (1–40) ELISA kit Wako II and Human Amyloid (1–
42) ELISA kit Wako were used according to the manufacture’s protocol
(FUJIFILMWako Pure Chemical Corporation).

Statistics
GraphPad Prism 9 (GraphPad Software) was used to perform statistical
analysis. The D’Agostino and Pearson omnibus normality test was
applied to examine the Gaussian distribution of the data and the var-
iance equality. Unpaired Student’s t test or Mann–Whitney U test was
applied to compare the data. The Pearson correlation coefficient was
applied to measure linear correlation; p , 0.05 was considered a prede-
termined threshold for statistical significance and all values are given as
means6 SD.

Results
c-Secretase primarily processes APP C99 in acidic
compartments of neurons
While FRET/FLIM and super-resolution microscopy revealed
closer proximity between APP and PSEN1 near and/or at the cell

surface (Berezovska et al., 2003; Escamilla-Ayala et al., 2020), ear-
lier biochemical studies suggested that Ab is generated rather in
the endo-lysosomal compartments (Haass et al., 1992; Koo and
Squazzo, 1994; Schrader-Fischer and Paganetti, 1996; Koo et al.,
1996; Pasternak et al., 2003). Recent studies shed light on the
restricted localization of PSEN2 in late endosomes and lyso-
somes (Meckler and Checler, 2016; Sannerud et al., 2016;
Watanabe et al., 2021), and the role of PSEN2/g -secretase
in the generation of intracellular Ab (Sannerud et al.,
2016). To directly visualize where g -secretase processes
C99 and thus generates Ab peptides, we employed high-re-
solution confocal microscopy and our recently developed
C99 720-670 biosensor (Houser et al., 2020). We have previ-
ously validated that our FRET biosensors are integrated
into the membrane, trafficked through the secretory path-
way, and as efficiently processed by endogenous g -secretase
as C99-FLAG is. Moreover, this processing leads to changes
in the orientation and/or proximity between miRFP670

Figure 1. The C99 720-670 biosensor processing by g -secretase in acidic compartments of neurons. A, A schematic presentation of the C99 720-670 biosensor. Low-magnification (10�)
images of neurons transduced with an AAV-hSyn1-C99 720-670 (B) compared with the neurons without AAV transduction (C) indicate successful expression of the C99 720-670 biosensor. Scale
bar: 250mm. High-magnification images of neurons display miRFP670 emission (D), miRFP720 emission (E), pseudo-colored miRFP720 over 670 emission ratios (pseudo FRET; i.e., lower ratio
= more processing by g -secretase: highlighted by red; F), and LysoTracker Green DND-26 emission (G). Scale bar: 10mm (H–K). Higher magnification images corresponding to the squared
area in D–G.

Maesako et al. · g -Secretase Activity in Late Endo-Lysosomes J. Neurosci., January 5, 2022 • 42(1):145–154 • 147



(donor) and miRFP720 (acceptor) fluorophores. This results in
decreased FRET between donor and acceptor, and thus the mea-
surement of 720 over 670 emission ratio permits quantitative moni-
toring of g -secretase activity in live cells (i.e., a decreased 720/670
ratio indicates increased g -secretase activity; Houser et al., 2020;
Maesako et al., 2020; Fig. 1A).

Mouse cortex primary neurons were transduced with
an AAV packaging the C99 720-670 biosensor. Low-magni-
fication (10�) images show successful expression of the
C99 720-670 biosensor in neurons (Fig. 1B,C). Then we
acquired high-magnification images (240�) to identify in
which subcellular compartments g-secretase is functional.
We found significantly lower 720/670 ratios in the vesicle-
shaped areas (Fig. 1D–F,H–J), suggesting that g -secretase
primarily cleaves the C99 720-670 biosensor in these partic-
ular cytoplasmic compartments of the neuron. To char-
acterize the vesicle-shaped compartments displaying the
predominant processing of the C99 720-670 probe, we incu-
bated the neurons with LysoTracker Green DND-26 which
stains acidic compartments (e.g., late endosomes, lyso-
somes). Strikingly, we found that the compartments show-
ing lower 720/670 ratios co-localized with LysoTracker
Green fluorescence signals (Fig. 1F,G,J,K), demonstrating
that g -secretase mainly cleaves the C99 720-670 biosensor
in acidic compartments.

To further ensure that g -secretase processes the C99 720-
670 biosensor in late endosomes and lysosomes, neurons
expressing the C99 720-670 biosensor were fixed and stained
with the antibodies against endo-lysosomal markers (Fig. 2A,
representative whole-cell image with LAMP1). We found
that the subcellular areas with decreased 720/670 ratios (i.e.,
C99 cleavage by g -secretase) are positive with LAMP1 (lyso-
somes; Fig. 2B) or Rab7 (late endosomes; Fig. 2C). On the
other hand, the area with lower 720/670 ratios rarely over-
lapped with Rab5 (early endosomes; Fig. 2D). Altogether,
these results suggest that g -secretase predominantly proc-
esses the C99 720-670 biosensor in late endosomes and lyso-
somes within the neuron.

Spatiotemporally dynamic and heterogeneous processing of
APP C99 in neurons
Next, we performed time-lapse FRET imaging in live cells to bet-
ter understand the spatiotemporal regulation of C99 processing
by g -secretase with subcellular resolution. In this experiment,
the emission of donor and acceptor in primary neurons express-
ing the C99 720-670 biosensor were simultaneously detected ev-
ery 10min for 30min. First, we found that g -secretase
“dynamically” processes C99 in the same compartments within
the 30-min imaging period (Fig. 3A–D). For example, 720/670
ratios were higher at 10 and 20min compared with that of base-
line in the region of interest (ROI)#1 (Fig. 3D,E). We assume this
increase in the ratio might be because the newly synthesized C99
720-670 biosensor was delivered to the ROI within the 10min
between baseline and 10-min imaging point, increasing an aver-
aged 720/670 ratio in the ROI. However, we found a significantly
lower 720/670 ratio at 30min than 20min time point (Fig. 3D,
E), suggesting that g -secretase actively processed the C99 720-
670 biosensor within the last 10min. A similar processing pat-
tern was observed in ROI#2 (Fig. 3D,E), demonstrating that
g -secretase processes C99 in a temporally dynamic manner.

On the other hand, we found that ROI#3 showed consistently
lower 720/670 ratios from baseline to 20min time point com-
pared with that at 30min recording (Fig. 3D,E). Furthermore,
ROI#4 displayed high 720/670 ratios, which were not changed
during the entire imaging period (Fig. 3D,E). These results sug-
gest that when g -secretase cleaves C99 varies among compart-
ments. Altogether, the time-lapse FRET imaging demonstrates
the spatiotemporally dynamic but heterogeneous nature of C99
processing by g-secretase within the neuron.

Ab accumulation in the compartments with predominant
C99 processing by c-secretase
To further validate the enrichment of g -secretase activity in late
endosomes and lysosomes, neurons expressing the C99 720-670
biosensor were stained with anti-Ab (6E10) and Alexa Fluor
488-conjugated secondary antibodies. The 6E10 antibody

Figure 2. Colocalization analysis of the C99 720-670 cleavage and endo-lysosomal markers. A, A representative low-magnification image of the neurons expressing the C99 720-670 biosen-
sor stained with an anti-LAMP1 antibody. Scale bar: 10mm. B, Higher magnification pseudo-colored images corresponding the 720/670 ratios (i.e., lower ratio = more g -secretase activity:
highlighted by red; top panels) and LAMP1 (a lysosome marker), (C) Rab7 (late endosome), or (D) Rab5 (early endosome), indicating colocalization of the C99 720-670 cleaving sites with late
endosomes and lysosomes. Scale bar: 2mm.
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captures the N-terminal epitope of human C99 (1–16 aa), and
thus labels both the C99 720-670 biosensor and the intracellular
Ab derived from the biosensor (Fig. 4A). We verified that 6E10
emission signal is not positively correlated with the expression
level of C99 720-670 biosensor (i.e., miRFP720 emission; Fig.
4B). More importantly, g -secretase inhibitor (1mM DAPT) treat-
ment significantly decreased 6E10 over C99 720-670 emission
ratios (Fig. 4C). These results demonstrate the successful staining
of intracellular Ab by the 6E10 antibody, enabling us to inter-
pret the cell compartment(s) with increased 6E10 A488/C99
720-670 expression ratios as sites where intracellular Ab is sig-
nificantly accumulated.

We examined whether the cell compartments where g -secre-
tase primarily processes the C99 720-670 biosensor overlap with
those in which intracellular Ab is accumulated. As such, the
C99 720-670 expressing neurons were stained with the 6E10
antibody, followed by staining with an Alexa Fluor 488-conju-
gated secondary antibody. Then, the neurons were sequentially
excited by 488 nm and 640 nm lasers, and Alexa Fluor 488,
miRFP670, and miRFP720 emission were detected to measure
their emission intensity (Fig. 4D–F). To “visualize” the compart-
ments where g -secretase cleaves the C99 720-670 biosensor,
miRFP720 emission was divided by that of miRFP670. The area
with a lower 720/670 ratio (i.e., more processing) was color-
coded in red while the higher ratio was blue (Fig. 4G). Next,
6E10-A488 emission was divided by the miRFP720 emission in-
dicative of the C99 720-670 biosensor expression level. The areas
with higher (i.e., more intracellular Ab ) and lower 6E10-A488/
720 ratios were color-coded in red and blue, respectively (Fig.
4H). We found that the subcellular compartments where

g -secretase actively processes the C99 720-670 biosensor strik-
ingly overlap with those containing intracellular Ab (Fig. 4G,H).
These results suggest that intracellular Ab is accumulated in the
same areas where g -secretase processes the C99 720-670
biosensor.

To further validate the accumulation of Ab in late endo-
somes and lysosomes, neurons expressing the C99 720-670
biosensor were stained with 6E10 and the antibodies against
endo-lysosomal marker proteins. As a result, we uncovered
that the subcellular loci with increased 6E10/720 ratios (i.e.,
enrichment of intracellular Ab ) are also positive with the
LAMP1 (Fig. 5A), moderately overlaps with Rab7 (Fig. 5B),
and rarely with Rab5 (Fig. 5C). Taken together, these results
strongly suggest that g -secretase primarily processes the
C99 720-670 biosensor in late endosomes and lysosomes of
neurons, resulting in local accumulation of intracellular
Ab in the same subcellular areas.

The pH of late endosomes and lysosomes is linked to cellular
c-secretase activity
We have previously uncovered that g -secretase activity is hetero-
geneously regulated among neurons (Maesako et al., 2020).
Therefore, we examined whether the pH of endo-lysosomal
pathway is functionally linked to cellular g -secretase activity in
live neurons. As such, we incubated neurons expressing the C99
720-670 biosensor with LysoTracker Green and examined
whether there is a correlation between 720/670 ratios (g-secre-
tase activity) and LysoTracker Green fluorescence intensity on a
cell-by-cell basis. Interestingly, we found a statistically significant
negative correlation between 720/670 ratios and LysoTracker

Figure 3. Longitudinal monitoring of the C99 720-670 biosensor processing by g -secretase with subcellular resolution. The emission of miRFP670 (donor) and 720 (acceptor) in primary neu-
rons expressing the C99 720-670 biosensor was monitored every 10 min for 30min. miRFP720 emission (field of view; A) and pseudo-colored miRFP720 over 670 emission ratios (pseudo-col-
ored FRET; B) from every 10-min imaging points. Scale bar: 10mm. Higher magnification images corresponding to the squared area in Figure 2A,B (C, D). Quantitative analysis of 720/670
ratios in four different ROIs corresponding to Figure 2D (E).
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Green intensity (Fig. 6A,B). To verify this finding by a more
quantitative approach, primary neurons expressing the C99 720-
670 biosensor were incubated with LysoSensor Yellow/Blue
DND-160. Strikingly, the Yellow/Blue ratios were negatively
correlated with 720/670 ratios (Fig. 6C,D). Furthermore, we
used a pH sensitive dye-conjugated Dextran (pHrodo Green
Dextran, 10,000MW) which emits fluorescence after being
endocytosed and reaching acidic compartments. We found
pHrodo Green Dextran intensity also negatively correlates with
720/670 ratios (Fig. 6E,F). To determine whether the lower
pHrodo Dextran intensity in the neurons with lower g -secretase
activity is because of insufficient endocytosis, we performed
time-lapse live-cell imaging in which pHrodo Dextran intensity
was measured 10 and 20min after incubation in individual neu-
rons. The ratio of intensity at 20 over that at 10min (i.e., DF/F)
was calculated on a cell-by-cell basis and was interpreted as the
efficiency of endocytosis in each cell. We found that there was no
correlation between DF/F and g -secretase activity (Fig. 6G), sug-
gesting that the rate of endocytosis was similar in neurons with
different g -secretase activity. Taken together, these results dem-
onstrate functional correlation between the endo-lysosomes pH
and cellular g -secretase activity.

Discussion
g -Secretase plays a pivotal role in physiological and pathologic
conditions in neurons. However, precisely where within the neu-
ron g -secretase processes its substrate(s) (e.g., APP C99) has not
been fully addressed. To directly visualize the g -secretase activity
and its derived products in intact neurons with subcellular reso-
lution, we employed new multiplexed FRET imaging by using
our recently developed C99 720-670 biosensor (Houser et al.,
2020). Here, we demonstrate that g -secretase primarily cleaves
the C99 720-670 biosensor in acidic compartments in mouse
cortex primary neurons (Figs. 1, 2). One can assume that
decreased 720/670 ratios, which we interpreted as the activation
of g -secretase, might be because of the low pH in acidic com-
partments, simply affecting the fluorescent properties of the C99
720-670 biosensor. However, the brightness of miRFP670 is
comparable to that of miRFP720 in a pH 4.5–5.0 range (i.e., lyso-
somes pH; Shcherbakova et al., 2018). More importantly, we
observed dynamic fluctuations in 720/670 ratios (Fig. 3).
Furthermore, we showed that Ab is significantly concentrated
in the same subcellular location (Figs. 4, 5). Lastly, we identified
that the higher endo-lysosomal pH is associated with decreased
cellular activity of g -secretase (Fig. 6). Altogether, our findings

Figure 4. Visualization of intracellular Ab derived from the C99 720-670 biosensor in neurons. A, A schematic representation of the immunostaining approach distinguish-
ing Ab from the C99 720-670 biosensors. B, No correlation between 6E10 emission intensity and C99 720-670 biosensor expression levels (i.e., miRFP720 emission); n = 58
neurons, Y = �0.099�1 461.1, R2 = 0.098, n.s. p = 0.75 (C) 6E10 over miRFP720 emission ratios are significantly decreased by the treatment with 1 mM DAPT, a potent
g -secretase inhibitor; n = 50 neurons, Mann–Whitney U test, ****p, 0.0001. Primary neurons expressing the C99 720-670 biosensor were immunostained with the 6E10
antibody, followed by an Alexa Fluor 488-conjugated secondary antibody. Representative images of the 6E10 intensity (D), miRFP670 (E), and miRFP720 (F). Pseudo-colored
images corresponding the 720/670 ratios (i.e., lower ratio = more g -secretase activity: highlighted by red; G) and 6E10/720 ratios (i.e., higher ratio = more intracellular
Ab , which is highlighted by red; H). Scale bar: 10 mm.
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strongly suggest that C99 is predominantly processed by g -sec-
retase and Ab is accumulated within acidic compartments such
as lysosomes and late endosomes in living neurons.

Numerous mutations have been discovered in the genes
encoding the catalytic subunit of g -secretase (PSEN1 and
PSEN2) and a g -secretase substrate (APP; https://www.
alzforum.org/mutations). While over 150 different trans-
membrane proteins have been reported as substrates of
g -secretase (Haapasalo and Kovacs, 2011; Güner and
Lichtenthaler, 2020), mutations resulting in early onset of
the disease are identified only in the APP gene, specifically
in and around the region encoding Ab . These facts strongly
support the hypothesis that APP processing by g -secretase
is mechanistically essential in the development and pro-
gression of FAD. Although changes in the g -secretase activ-
ity by FAD mutations could result in different expressions
of C99, Ab peptides (intracellular and extracellular) and
AICD, “extracellular” Ab , Ab 42 in particular, has gained
prominence as a pathogenic candidate. This could be
because Ab 42 is the main component of neuritic plaques
(Iwatsubo et al., 1994). It also readily forms Ab oligomers,
a species that has been shown to disrupt synaptic functions,
decrease the number synapses and cause memory impair-
ment in animal models (Lesné et al., 2006; Shankar et al.,
2008; Koffie et al., 2009). Various studies demonstrate that
FAD mutations drive variable effect on the « cleavage of
C99 (i.e., AICD production) but a consistent reduction car-
boxypeptidase-like activity of g -secretase, resulting in an
increase in Ab 42 levels compared with shorter Ab species
such as Ab 40 and Ab 38 (Quintero-Monzon et al., 2011;
Chávez-Gutiérrez et al., 2012; Fernandez et al., 2014;
Szaruga et al., 2015). Nevertheless, recent comprehensive
studies analyzing a broad range of FAD mutations uncov-
ered several FAD mutations that do not elevate the Ab 42/
Ab 40 ratio (Sun et al., 2017; Devkota et al., 2021), requiring
reconsideration of pathogenic mechanism(s) leading to
FAD.

Technical challenges in detecting “intracellular” Ab could
also contribute to the predominant investigation of extracellular

Ab . Early studies employing biochem-
ical approaches enabled the detection
and quantification of extracellular Ab
(for review, see Masters and Selkoe,
2012). More importantly, imaging
agents that specifically bind to the
b -sheet structure of Ab fibril have
been engineered (Klunk et al., 2002) to
visualize extracellularly accumulated
Ab in postmortem tissues and the
intact brain of animal models (Meyer-
Luehmann et al., 2008) and AD
patients (Klunk et al., 2004). On the
other hand, the visualization of intra-
cellular Ab has remained challenging
since the antibodies against Ab cap-
ture both intracellular Ab and full-
length APP and/or C99, causing
difficulty in ensuring the existence of
intracellular Ab and elucidating its cel-
lular consequences. Although the 6E10
antibody used in this study recognizes
both the C99 720-670 biosensor and in-
tracellular Ab , we normalized the
Alexa Fluor 488-labeled 6E10 fluores-

cent signal to that of the C99 720-670 biosensor, enabling us to
distinguish intracellular Ab signal (only A488 positive) from
C99 (A488 and 720-positive; Fig. 4). More importantly, we were
able not only to distinguish Ab and C99 but also to directly visu-
alize the overlap between intracellular Ab and the activity of en-
dogenous g -secretase in specific compartments (Fig. 4). The
unique spectral property of NIR fluorescent proteins such as
miRFP670 and miRFP720 permits the use of two different colors
in the visible spectrum range; this ability allows monitoring
another biological event in the same cell (for example, C99 720-
670 and 6E10-Alexa Fluor 488 are to separate C99 and intracellu-
lar Ab , galectin-Cy3: lysosome membrane integrity, etc.).
Therefore, this new immunostaining approach will permit exam-
ination of the exact consequences of intracellular Ab .

Of note, accumulating evidence also highlights the essential
role of C99 in endo-lysosomal compartments. For instance, it is
reported using APP transgenic mice and the direct expression of
C99 with an AAV that C99 accumulation results in disrupted
lysosomal proteolysis (Lauritzen et al., 2016). An endo-lysosomal
abnormality that includes enlargement of early endosomes is
also observed in the Down syndrome models expressing three
copies of APP genes, rescued by pharmacological and genetic in-
hibition of BACE1 but enhanced by g -secretase inhibition (Jiang
et al., 2010, 2016). Furthermore, recent iPSCs cellular models
with FAD mutations illustrate a causal relationship between C99
accumulation and endo-lysosomal dysfunctions (Hung and
Livesey, 2018; Kwart et al., 2019). Taken together, C99 could be
responsible for the alkalization of the endo-lysosomal pathway
we uncovered in the neurons with lower g -secretase activity
(Fig. 6). C99, the membrane-embedded, and the secreted Ab are
localized on the membrane and in the lumen of late endosomes
and lysosomes, respectively. Thus, how each catabolite functions
in the essential cellular compartments would be critical for better
understanding AD etiology.

Evidence from animal models suggests that Tau pathology is
accelerated in the presence of Ab pathology (Pérez et al., 2005;
Hurtado et al., 2010; Saul et al., 2013). However, these two patho-
logic alterations co-occur with different topological and temporal

Figure 5. Colocalization analysis of intracellular Ab and endo-lysosomal markers. A, Higher magnification pseudo-colored
images corresponding the 6E10/720 ratios (i.e., higher ratio = more intracellular Ab , which is highlighted by red) and LAMP1 (a
lysosome marker), (B) Rab7 (late endosome), or (C) Rab5 (early endosome), indicating predominant localization of intracellular
Ab in lysosomes. Scale bar: 2mm.
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patterns, leading the field to wonder how and where in neurons
the two key players in AD, Ab and Tau, functionally interact
with each other. Our current FRET-based study supports earlier
biochemical studies showing that Ab is intracellularly generated
(Fig. 1–3) and primarily concentrated (Figs. 4, 5) in late endo-
somes and/or lysosomes. However, the pH optimum for g -sec-
retase activity is reported as around 6.3–7.0 (Li et al., 2000;
Campbell et al., 2003; Fraering et al., 2004; Fukumori et al., 2006;
Quintero-Monzon et al., 2011), which is different from late
endosomal and lysosomal pH. On the other hand, g -secre-
tase has a broad pH range and retains considerable activity
at lower pHs. Furthermore, previous studies illustrated
that, while PSEN1/g -secretase is broadly expressed within
the entire cells, PSEN2/g -secretase is predominantly local-
ized in late endosomes and lysosomes (Meckler and
Checler, 2016; Sannerud et al., 2016; Watanabe et al., 2021).
Therefore, we predict the prominent processing of C99 720-

670 biosensor by g -secretase and the accumulation of Ab in
these compartments could be because the actual expression of
functional g -secretase complexes (i.e., PSEN1 “plus” PSEN2/
g -secretase) is higher in the acidic subcellular loci than other
areas. Interestingly, emerging evidence suggests endo-lysoso-
mal pathway is tightly associated with Tau propagation and
aggregation (Rauch et al., 2020; Polanco and Götz, 2021;
Polanco et al., 2021). If this is the case, late endosomes and/or
lysosomes could be where, APP, g -secretase, and Tau inter-
sect to initiate neurodegeneration.

In conclusion, our novel, high-resolution, multiplexing, live-
cell FRET imaging uncovered that g -secretase processes C99
primarily within low-pH compartments in neurons. This proc-
essing is a spatiotemporally dynamic and heterogeneous event.
Furthermore, we developed a new immunostaining protocol
that enabled the visualization of intracellular Ab , and found
that intracellular Ab is significantly accumulated in the

Figure 6. Functional correlation between g -secretase activity and endo-lysosomal pH. Primary neurons expressing the C99 720-670 biosensor were incubated with pH indicators:
LysoTracker Green DND-26, LysoSensor Yellow/Blue DND-160, or pHrodo Green Dextran, 10,000MW. A, The emission of miRFP670 (donor) and 720 (acceptor) was measured on a cell-by-cell
basis in live neurons. Then, LysoTracker Green emission was measured in the same neurons. The LysoTracker Green emission (first panel), the miRFP720 emission represents C99 720-670 bio-
sensor expression (second panel, field of view), and the 720/670 ratios are corresponding to g -secretase activity (third panel, pseudo-color FRET, red = higher activity). B, The 720/670 ratios
are negatively correlated with LysoTracker Green intensity (n= 161 neurons, Y = �84.78�1 553.5, R2 = 0.1943, ****p, 0.0001). Similarly, representative images from the neurons with
LysoSensor Yellow/Blue DND-160 (C) or pHrodo Green Dextran (E), and the negative correlation between the 720/670 ratios and the LysoSensor Yellow/Blue ratios (n= 200 neurons, Y =
�1.07�1 4.23, R2 = 0.0602, ***p, 0.001; D) or pHrodo Green Dextran intensity (n= 142 neurons, Y = �12.71�1 83.38, R2 = 0.1810, ****p, 0.0001; F) is shown. G, In the time
lapse imaging, pHRodo Green Dextran intensity after 20min was divided by that at 10min in individual neurons to calculate DF/F, which implicates endocytosis efficiency. There was no corre-
lation between DF/F (i.e., endocytosis) and 720/670 ratios (i.e., g -secretase activity; n= 32 neurons, Y = 0.088�1 1.016, R2 = 0.015, p= 0.48).
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same compartments where g -secretase processes C99.
Remaining key questions such as which Ab species are pre-
dominantly accumulated, what is the exact consequence of
intracellular Ab accumulation in acidic compartments, and
importantly whether the accumulation of Ab in these com-
partments is relevant to AD will be investigated in the
future studies.
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