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SUMMARY
Lysosomal trafficking and maturation in neurons remain poorly understood and are unstudied in vivo despite
high disease relevance. We generated neuron-specific transgenic mice to track vesicular CTSD acquisition,
acidification, and traffic within the autophagic-lysosomal pathway in vivo, revealing that mature lysosomes
are restricted from axons. Moreover, TGN-derived transport carriers (TCs), not lysosomes, supply lysosomal
components to axonal organelles. Ultrastructurally distinctive TCs containing TGN and lysosomal markers
enter axons, engaging autophagic vacuoles and late endosomes. This process is markedly upregulated in
dystrophic axons of Alzheimer models. In cultured neurons, most axonal LAMP1 vesicles are weakly acidic
TCs that shuttle lysosomal components bidirectionally, conferring limited degradative capability to retro-
grade organelles before they mature fully to lysosomes within perikarya. The minor LAMP1 subpopulation
attaining robust acidification are retrograde Rab7+ endosomes/amphisomes, not lysosomes. Restricted
lysosome entry into axons explains the unique lysosome distribution in neurons and their vulnerability toward
neuritic dystrophy in disease.
INTRODUCTION

Survival of neurons requires the efficient clearance of sub-

strates in lysosomal degradative processes, including auto-

phagy and endocytic pathways (Damme et al., 2015; Hara

et al., 2006; Komatsu et al., 2006; Menzies et al., 2015; Nixon,

2013; Yamamoto and Yue, 2014). The lysosomal system has

emerged as a prominent target in the etiology of neurodegener-

ative diseases (Abeliovich and Gitler, 2016; Colacurcio and

Nixon, 2016; Lie and Nixon, 2019). Classically defined lyso-

somes are fully mature with complete degradative capability

and have unique vulnerability to functional disruptions (Nixon,

2016). Importantly, their disease relevance is distinct from

that of partially degradative organelles with limited hydrolase

activity and destined to mature toward lysosomal identity.

Despite active research on the neurobiology of lysosomes,

much of the current knowledge remains conjectural and molec-

ular mechanisms of lysosomal dysfunction underlying neurode-

generative diseases are poorly understood.

Functionally mature lysosomes are classically defined based

on four cardinal features, namely, a high degree of acidification
This is an open access article under the CC BY-N
(pH 4.5—5), high levels of lysosomal membrane proteins and

lysosomal hydrolases, and a lack of mannose 6-phosphate

receptors (MPRs) (Saftig and Klumperman, 2009). Substrates

targeted for lysosomal degradation traverse the autophagy- or

endo-lysosomal pathways via progressively maturing autopha-

gic vacuoles (AVs) and late endosomes (LEs), respectively,

which receive lysosomal components from the biosynthetic

pathway via post-Golgi trafficking routes that may be direct

(Golgi-to-endosome) or indirect (via plasma membrane and re-

internalization) (Saftig and Klumperman, 2009).

In neurons, axonal endosomes and autophagosomes acquire

Rab7 and LAMP1 while maturing into LEs and amphisomes,

which then undergo progressive acidification and further matu-

ration toward lysosomal identity during their retrograde transport

(Cheng et al., 2015; Deinhardt et al., 2006; Kuijpers et al., 2020;

Lee et al., 2011; Maday et al., 2012; Overly and Hollenbeck,

1996). This is consistent with the observed gradation of

increasing acidification of endocytic organelles from distal to

proximal axon (Overly and Hollenbeck, 1996) and enriched local-

ization of fully mature lysosomes in the perinuclear area of

neuronal cell bodies (Overly et al., 1995; Parton et al., 1992).
Cell Reports 35, 109034, April 27, 2021 ª 2021 The Author(s). 1
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While lysosomal biogenesis and maturation in neurons share

considerable similarities with the corresponding processes in

non-neuronal cells, surprisingly little is known about key

neuron-specific features. Potential adaptations in biosynthetic

and lysosomal trafficking routes and steady-state organelle dis-

tribution that accommodate the unique architecture of neurons

remain unclear. These fundamental issues are obscured by un-

validated concepts based on inadequate experimental designs

or inconsistent adherence to stringent criteria for identifying

lysosomes.

There is no unanimous agreement on lysosomal distribution

and motility in axons. Studies in non-neuronal cells have

uncovered an impressive amount of mechanistic details on the

regulation of lysosomal positioning by BORC, SKIP, Arl8, and ki-

nesin-mediated anterograde trafficking of lysosomes (Pu et al.,

2015, 2017). These findings have recently been extended to neu-

rons. Lysosomes are proposed to undergo bidirectional axonal

transport with a large proportion of anterograde vesicles (Farı́as

et al., 2017; Snouwaert et al., 2018), conflicting with the observa-

tion that acidic compartments undergo predominant retrograde

transport (Gowrishankar et al., 2017). It is unclear what fraction (if

any) of the anterograde ‘‘lysosomes’’ are authentic functionally

mature degradative lysosomes, because most of those findings

are based on the use of markers with poor specificity/selectivity.

Especially problematic is the common use of LAMP1 as the sole

lysosomal marker because LAMP1 is present on many non-lyso-

somal compartments (Vukoja et al., 2018; Yu et al., 2010), and

LAMP1 acquisition by autophagosomes is temporally separate

from acidification (Evans and Holzbaur, 2020). Adding to the

confusion, many studies have over-simplified the nomenclature

by generalizing a category of endosomal-lysosomal compart-

ments to be equivalent to ‘‘lysosomes,’’ and their inaccurate

identity as ‘‘lysosomes’’ is often inadvertently propagated by

other investigators.

In addition to the lysosomal misidentification issue, another

important but often overlooked issue is the reliance on in vitro

analyses of cultured neurons and the assumption that they accu-

rately represent intact, fully developed adult brains. Lysosomal

maturation and trafficking have not been systematically studied

in intact mammalian brains. The potential differences between

vesicular dynamics defined in immature cultured neurons with

pathfinding axons and those occurring in the mature intact brain

have been rarely addressed. Our study addresses these two

issues by using a unique combination of in vivo and in vitro ap-

proaches to comprehensively characterize the distribution,

axonal trafficking, and functional features of both biosynthetic
Figure 1. Fully mature autolysosomes and lysosomes are restricted fr

(A–C) Human CTSD transgenic (hCTSD Tg) mouse model expressing hCTSD spe

on the right show DAB immunostaining against hCTSD or endogenous mouse CT

corpus callosum; Hip, hippocampus; py, pyramidal cell layer. (B and C) Images sh

boxed areas are shown next to each low-magnification image. Arrowheads mark

(D–F) Double transgenic TRGL 3 hCTSD Tg mouse model expressing mRFP-eG

colors of different vesicle types after merging mRFP (red), eGFP (green, quenche

AL, autolysosome; Lyso, lysosome; TC, transport carrier. (E) Images of mRFP-eG

sections. Magnified views of boxed areas are shown as insets. All axon images

bottom image (original brightness shown as reference). Scale bar, 5 mm. (F) Graphs

vesicle types. Bars, mean ± SEM (n = 28 soma, 25 dendrites, 24 high-magnifi

segments). *p < 0.05, **p < 0.01, ***p < 0.0001, Kruskal-Wallis test followed by D
and degradative organelles in the process of lysosomal matura-

tion in neurons. Our findings reveal insights into the fundamental

neurobiology of lysosomes, which have important implications

for understanding neurodegenerative disease processes such

as the hallmark neuritic dystrophy of Alzheimer disease (AD).

RESULTS

Mature autolysosomes and lysosomes are restricted
from axons in vivo

We assessed the distribution pattern of organelles in the auto-

phagy-lysosomal pathway of neurons in vivo by visualizing

autophagosome/autolysosome acidification and lysosomal

hydrolase acquisition in intact adult mouse brains using two

mouse models: (1) human cathepsin D transgenic mice (hCTSD

Tg) expressing hCTSD specifically in neurons under the Thy1

promoter (Figures 1 and S1) and (2) hCTSD Tg crossed with

our recently developed TRGL mice (Lee et al., 2019) expressing

tandem fluorescent mRFP-eGFP-LC3 under Thy1 (Figure 1). The

rationale for examining exogenous hCTSD expressed by neu-

rons instead of endogenous CTSD is to circumvent the difficulty

in distinguishing endogenous CTSD puncta within axons from

those in glia, especially oligodendrocytes that are closely asso-

ciated with axons. The expression of hCTSD in Tg mouse brains

was confirmed by the CD5 antibody that specifically reacts with

hCTSD (Figure S1A) but not mouse CTSD (mCTSD) (Figures

S1A, S1B, S1D, and S1E). Normal function of the expressed

hCTSD was demonstrated by CTSD enzyme activity assay (Fig-

ure S1C). Comparable targeting of hCTSD to that of endogenous

mCTSD was verified by a high colocalization between hCTSD

and mCTSD (Figure S1E). Besides minor enhancement in lyso-

somal clearance of LC3-II (Figure S1F), hCTSD expression did

not affect levels of other cathepsins, autophagy induction, or sur-

vival of neurons and other cell types (Figures S1B and S1F–S1H),

validating hCTSD Tg as a useful model for accurate tracking of

CTSD-containing compartments in neurons in vivo. In hCTSD

Tg mouse brains, we visualized hCTSD and endogenous

mCTSD by DAB immunostaining. Both hCTSD and mCTSD

puncta were highly enriched in somatodendritic regions in layer

5 cortical neurons and hippocampal CA1 neurons (Figures 1A

and 1B), demonstrating that CTSD is efficiently detected by

these antibodies and labeling conditions. Surprisingly, hCTSD

puncta were not readily detectable in axonal fibers within corpus

callosum (Figures 1A and 1B), striatum, and cerebellum (Fig-

ure 1C). In contrast, numerous endogenous mCTSD puncta

were found near or overlapping with axon fibers in corpus
om axons in vivo

cifically in neurons. (A) Schematic shows brain regions of interest. Tiled images

SD (mCTSD) in hCTSD Tg brain sections. Scale bar, 100 mm. CTX, cortex; CC,

owing hCTSD or mCTSD signals in specified brain regions. Magnified views of

punctate signals within neurites. Scale bars, 100 mm. WM, white matter.

FP-LC3 and hCTSD specifically in neurons. (D) Key for (E) and (F) explaining

d by acidification), and immunostained hCTSD (blue). AV, autophagic vacuole;

FP-LC3 and immunostained hCTSD in CTX and CC of double transgenic brain

are shown at increased brightness (consistent across all channels) except for

showing percentage of area in soma, dendrite, and axon occupied by different

cation axonal images: dimensions = 53 3 18 mm, each contains >20 axonal

unn’s multiple comparisons against ‘‘yellow.’’ See also Figure S1.
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callosum (Figures 1A and 1B), indicating that analyses of endog-

enous CTSD in axons would yield many false-positive puncta

from the abundant glia-derived CTSD (Xue et al., 2014). It is

noted that we deliberately used stringent labeling conditions to

ensure signal fidelity for differentiating neuronal hCTSD from

endogenous mCTSD. The intention is to highlight the pitfall of

falsely identifying glia-derived endogenous mCTSD signals as

axonal signals. Under these conditions, CTSD-containing trans-

port carriers (TCs) in axons were not readily detectable although

their presence will be demonstrated by more sensitive methods

below: namely, immunofluorescence labeling (Figure 1F) and

immuno-electron microscopy (Figures 2B–2D). Importantly, ly-

sosomes, which are readily and comparably detectable in glial

cells under the different labeling conditions, are not detectable

in axons.

In TRGL3 hCTSD Tg mice, upon acidification and maturation

of mRFP-eGFP-LC3-containing immature AVs (autophago-

somes and early amphisomes) into autolysosomes, mRFP fluo-

rescence remains stable, but eGFP fluorescence is quenched

by the acidic lumenal pH, with only �10% signal retention at

pH 5 and complete quenching at or below pH 4 (Bomati et al.,

2014) (Figure 1D). Integrity of the mRFP-eGFP-LC3 protein in

brains has been demonstrated previously (Lee et al., 2019). We

visualized mRFP-eGFP-LC3 and hCTSD signals in somatoden-

dritic regions of layer 5 cortical neurons and their long axons

within the corpus callosum (Figure 1E). Most somal LC3 vesicles

were acidified and hCTSD+ autolysosomes (purple puncta) (Fig-

ures 1D–1F). In contrast, corpus callosal axons did not contain

autolysosomes but were occupied predominantly by poorly

acidified autophagosomes/amphisomes without an hCTSD

signal (yellow puncta) (Figures 1D–1F). In addition, somas were

enriched in hCTSD vesicles lacking an LC3 signal (blue puncta,

lysosomes, and CTSD-containing TCs as we later show). In

axons, puncta with only an hCTSD signal were much rarer,

although a small number could be found (Figure 1F), and these

will later be demonstrated to be TCs delivering CTSD, and not

lysosomes. Proximal dendrites contained relatively few autopha-

gic compartments at various stages of maturation (Figures 1D–

1F), reflecting a continuous transition between soma and

dendrites. Quantification in Figure 1F reflects the percentage

volume within each subcellular region (i.e., soma, dendrite, and

axon) being occupied by these different types of puncta. This

is represented by percentage of area occupied in confocal im-
Figure 2. Lysosomes with classic ultrastructure are restricted from ax

(A–D) Electron micrographs of immunogold labeling of TGN38 (10 nm gold, cyan

arrowheads) in wild-type and hCTSD Tg mouse brains, respectively. (A) Top left,

and additional image on right show Golgi cisternae and associated vesicles. Blac

100 nm. N, nucleus; Lyso, lysosome; LE, late endosome,MVB,multivesicular bod

corpus callosum (CC). Magnified views of white boxes and additional high-mag

CTSD labeling. Scale bars, 100 nm. (C) Quantification of CTSD and TGN38 immun

indicated above bars; pooled data from single and double labeling). **p < 0.01, Kru

(Mito) as negative Ctrl. AV, autophagic vacuole.

(E–H) Electron micrographs of histochemical ACPase labeling (green arrowheads

CTXwith magnified view of white boxes in insets and an additional image on right s

images on top show overview of a somal region with the attached neurite. White

magnification images on top show regions within myelinated axons in CC. Magn

and AVs with an ACPase signal. Scale bars,100 nm. (H) White arrows, double me

asterisks, ACPase incorporated into AVs. See also Figure S2.
ages with the same optical section thickness. These results

demonstrate that mature autolysosomes and lysosomes are

restricted from axons of intact adult brains.

In vivo, axons lack lysosomes identified by their classic
ultrastructural features but contain TGN-derived TCs
and maturing AVs and LEs
By electron microscopy, we examined somal and axonal

organelles containing lysosomal hydrolases CTSD (immunogold,

Figures 2A–2D) and lysosomal acid phosphatase (ACPase) (his-

tochemistry, Figures 2E–2H) in mouse brains. In soma, CTSD

and ACPase were not only enriched in lysosomes with classic

ultrastructural features (round shaped with amorphous elec-

tron-dense lumenal content and diameter of �0.2–0.5 mm) but

also in Golgi cisternae and vesicles budding from the TGN (Fig-

ures 2A, 2C, and 2E). Thus, we co-immunolabeled CTSD with

TGN38 (murine ortholog of human TGN46), a TGN marker and

putative cargo adaptor cycling between the TGN and the plasma

membrane or endosomes (Banting and Ponnambalam, 1997)

(Figures 2A–2D). The two types of gold particles (6 and 10 nm)

used for co-labeling each showed a range of apparent diameters

with a minor overlap between the two populations (Figure S2).

Particles with an ambiguous diameter were excluded from our

analyses in co-labeling experiments. Specificity of CTSD and

TGN38 labeling was verified by the density of immunogold par-

ticles on various organelles (Figure 2C). TGN38 colocalized

with CTSD on somal TGN-associated structures but not lyso-

somes (Figures 2A and 2C). In corpus callosum, axons lacked

lysosomes but CTSD (endogenous mCTSD in wild-type [WT]

or hCTSD in Tg brains) colocalized with TGN38 in tubulovesicular

structures with morphology resembling TGN-derived TCs (Fig-

ures 2B–2D) (Luini et al., 2008). These structures were 30–

60 nm wide with variable lengths up to a few microns. Similarly,

ACPase-containing lysosomes were occasionally detected in

the most proximal axonal segment immediately adjacent to the

cell body (Figure 2F) but not at more distal levels within the

corpus callosum (Figures 2G and 2H). Instead, axonal ACPase

was localized to tubulovesicular compartments (Figures 2F and

2G) with similar dimensions as TCs containing CTSD and

TGN38 (Figures 2B and 2D). We were unable to perform double

labeling of ACPase and TGN38 due to the lack of suitable

ACPase antibody. LEs and AVs at different stages of maturation

were also decorated by CTSD, TGN38, and ACPase in both
ons in vivo

arrowheads) alone or co-labeled with CTSD or hCTSD (6 nm gold, magenta

overview of a soma within the cortex (CTX). Magnified view of white box (inset)

k boxes (a, b) are magnified below (a0, b0). Scale bars, white = 500 nm; black =

y. (B, D) Low-magnification top images show regions withinmyelinated axons in

nification images show TGN-derived transport carriers (TCs) with TGN38 and

ogold densities on various organelles. Bars, mean ± SEM (n = no. of organelles

skal-Wallis test followed by Dunn’smultiple comparisons against mitochondria

/asterisks) in wild-type mouse brains. (E) Overview of a somal region within the

howing an ACPase signal in lysosomes and Golgi. Scale bars, 500 nm. (F) Tiled

boxes (a–d) are magnified below (a0–d0). Scale bars, 500 nm. (G and H) Low-

ified views of white boxes and additional high-magnification images show TCs

mbrane of AVs; green arrowheads, ACPase engaged to exterior of AVs; green
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soma and axon (Figures 2A, 2C, and 2H). Unlike the complete

infiltration of ACPase in lysosomal lumens (Figure 2E), labeled

AVs showed patchy ACPase staining that suggests the incom-

plete introduction of newly acquired lysosomal hydrolase within

these maturing organelles (Figure 2H). These AVs were globular

in shape with a diameter of at least 100 nm, making them easily

distinguishable from the tubulovesicular TCs. In some images

(Figure 2H, green arrowheads), TC puncta appeared to engage

the outer membrane surface of AVs. These ultrastructural results

further demonstrate that classic fully mature lysosomes are

restricted from axons under physiological conditions in intact

brains. Instead, TCs are mobilized to supply axonal pre-/partially

degradative organelles with lysosomal hydrolases.

We further examined the modulation of ACPase distribution

under the pathological condition of neuritic dystrophy in PS/

APP mouse brains (Figure 3). PS/APP mice, which express the

AD-linked PSEN1 M146L and APP Swedish mutations, manifest

characteristic AD pathology of focal swellings in dystrophic neu-

rites with massive accumulation of AVs containing undegraded

substrates (Yang et al., 2008). PS/APP neurons showed an upre-

gulated expression of Golgi-associated ACPase, which could be

detected in multiple cisternae in each Golgi stack, as opposed to

WT neurons that usually showed ACPase reactivity in only one

cisterna (Figure 3A) (Cataldo et al., 2004). Accordingly, the per-

centage of area in Golgi stacks occupied by an ACPase signal

was significantly increased (Figure 3A). ACPase also accumu-

lated in focal swellings of dystrophic neurites associated with

plaques within cortical neuropil and in myelinated dystrophic

axons within the corpus callosum (Figures 3B and 3C). Higher

magnification of dystrophic neurites revealed that many

ACPase+ tubulovesicular TCs were tightly packed between

accumulated AVs and occasionally LEs, engaging with and often

partially fused with these degradative organelles containing

undigested substrates; however, no mature lysosomes were de-

tected (Figure 3C). By immuno-electron microscopy, we demon-

strated fusion between accumulated AVs and tubulovesicular

TCs containing TGN38 and CTSD, further supporting the TGN

origin of TCs delivering lysosomal components (Figure 3D).

These results demonstrate that neurons respond to massive

AV accumulation in dystrophic neurites by increasing the tran-

scription (Bordi et al., 2016; Cataldo et al., 1995) and production
Figure 3. TGN-derived transport carriers (TCs), not lysosomes, accum

Electron micrographs of (A–C) histochemical ACPase labeling and (D) immunogo

(A) Top images show overviews of soma in wild-type (WT) and PS/APP cortex (C

(green arrowheads). Scale bars, white = 1 mm; yellow = 200 nm. N, nucleus; G, Go

SEM (n = 46 WT somas; 37 PS/APP somas). **p < 0.01, Student’s t test.

(B) Top image shows overview of a neuropil region in PS/APPCTXwith a plaque-a

Boxed regions (a) and (b) are further magnified below: (a0) shows a non-dystrophic

box in schematic). Bottom image shows a DN (longitudinal section; correspondin

5 mm; white, 1 mm.

(C) Top low-magnification electronmicrographs show unstained Ctrl and ACPase

CTX. Orange dotted lines mark boundaries of DN. Boxes (a, b) are magnified in

accumulated autophagic vacuoles (AVs) and late endosomes (LEs). White arrow

exterior of AVs/LEs; green arrows, ACPase incorporated within AVs/LEs. Scale b

(D) Immunogold labeling of TGN38 (10 nm gold; cyan arrowheads) and CTSD (6

AVs/LEs within DN. White brackets show the consistent width (~50 nm) of tubul

views are at the same magnification). Scale bars, 200 nm. White arrow, TC-AV m

similar profiles with histochemical ACPase labeling (green arrowheads; previous
(Figure 3A) (Cataldo et al., 2004) of lysosomal hydrolases and

lysosomal components and increasing their delivery via TCs to

stalled AVs and LEs (Figures 3B–3D).

Lysosomal components co-transport with a TGNmarker
bidirectionally in axons of cultured neurons
We proceeded to investigate distribution and trafficking of

organelles relevant to lysosomal maturation in live mouse

neuronal cultures. The general distribution pattern of organelles

of interest was preserved in vitro. Consistent with adult mouse

brains, acidified LAMP1 vesicles with a pHrodo-dextran signal

that marked acidic endocytic organelles were mostly concen-

trated in soma and were uncommon in axons (Figure S3A).

Similarly, acidified mRFP-eGFP-LC3 vesicles with only red fluo-

rescence were also highly concentrated in perikarya (Fig-

ure S3B). The proportion of acidified vesicles in axons increased

with proximity to the soma, comparable to previous observations

(Maday et al., 2012).

By time-lapse imaging of axonal segments, we examined the

transport dynamics of fluorescently tagged TGN marker and

several lysosomal markers including lysosomal membrane pro-

teins LAMP1 and TRPML1, and the lysosomal hydrolase acid

phosphatase 2 (ACP2) (Figure 4). Motile vesicles were defined

as having average velocities of at least 0.1 mm/s in either anter-

ograde or retrograde direction. Vesicles below this threshold

were collectively termed ‘‘non-motile.’’ LAMP1 vesicles were

highly motile in both anterograde and retrograde directions (Fig-

ures 4B and 4C). Importantly, over 80% of LAMP1 vesicles were

labeledwith the TGNmarker TGOLN2 (TGN38 homolog) (Figures

4B and 4C), demonstrating their non-lysosomal identity because

TGN38 was not found on classic electron-dense lysosomes in

soma (Figures 2A and 2C). Based on the literature and our elec-

tron microscopy results, LAMP1+ TGOLN2+ vesicles could

potentially be TCs containing newly synthesized LAMP1 that

are emerging from Golgi (Chen et al., 2017) (Figures 2B–2D) or

LEs/amphisomes (fused LEs and AVs) that have gained TGN

proteins via fusion with TCs (Figure 3D). Other examined lyso-

somal proteins were co-transported extensively with LAMP1 in

both directions (Figures 4D and 4E). Besides ACP2 shown

here, puncta containing CTSD also undergo bidirectional trans-

port (Farı́as et al., 2017). We further showed the non-lysosomal
ulate in dystrophic axons in PS/APP mouse brains

ld labeling of TGN38 and CTSD in PS/APP mouse brains.

TX). White boxes (magnified below) mark Golgi stacks with an ACPase signal

lgi. Graph shows percentage of area in Golgi occupied by ACPase. Bar, mean ±

ssociated ACPase signal. Plaquesmarked bywhite boxes aremagnified below.

axon; (b0) shows a dystrophic neurite (DN) (cross-section; corresponding to red

g to blue box in schematic) in PS/APP corpus callosum (CC). Scale bars, black,

-labeled DN (cross-sections; corresponding to red box in schematic) in PS/APP

(a0, b0). High-magnification images show an ACPase signal associated with

heads, AVs/LEs limiting membrane; green arrowheads, ACPase engaged to

ars, white, 1 mm; yellow, 200 nm.

nm gold; magenta arrowheads) in TCs engaged to or fusing with accumulated

ovesicular TCs. Each white box is magnified in the image below (all magnified

embrane fusion; magenta arrows, incorporated CTSD. Bottom images show

ly shown in Figure 2H and Figure 3C a0).
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identity of axonal LAMP1 vesicles by co-immunostaining of

LAMP1, cation-independent (CI)-MPR, and cation-dependent

(CD)-MPR (Figure S4). Lysosomes with only an LAMP1 signal

but that lack CI-MPR and CD-MPR were enriched in soma (Fig-

ures S4A and S4C) but were rarely found in axons (Figures S4B

and S4C). Instead, axons contained a heterogeneous population

of LAMP1 vesicles containing either or both CI-MPR and CD-

MPR, which could potentially be TCs or endosomes/amphi-

somes but not lysosomes (Figures S4B and S4C), consistent

with in vivo observations (Figures 1, 2, and 3). Notably, however,

as might be predicted in immature axons of cultured developing

neurons, the restriction of highly acidified puncta is not as strin-

gent (Figure S3B) as in brains (Figures 1E and 1F).

Axonal LEs/amphisomes with at least partial
acidification undergo exclusive retrograde transport
To more accurately determine the identities of axonal organelles

and their transport dynamics, we performed live imaging using

multiple combinations of lysosomal markers (LAMP1 and

ACP2), LE marker Rab7, TGN marker TGOLN2 (TGN38

homolog), and indicators of acidification and hydrolase activity

(Figures 5, 6, and S5). In neurons expressing LAMP1-YFP and

co-labeled with LysoTracker-Red (LT) (Figures 5A–5C), acidic

LAMP1+ LT+ vesicles constituted only a minor subpopulation

(21.3%) of axonal LAMP1 vesicles, and they were either non-

motile or exclusively transported retrogradely toward the soma

(Figure 5C) at relatively low velocity (Figure 5B). Similarly,

LAMP1 or ACP2 vesicles containing active cathepsins were

restricted to slow retrograde transport with rare exceptions (Fig-

ures S5A–S5D). In contrast, the predominant poorly acidified

LAMP1 subpopulation lacking an LT signal was highly motile in

both directions and traveled at a wide range of velocities (Figures

5B and 5C). It was not surprising that the majority of axonal

LAMP1 vesicles did not show detectable acidification because

LAMPs and other lysosomal proteins are present on a wide

range of non-endosomal non-lysosomal organelles (Cheng

et al., 2018; Pols et al., 2013; Vukoja et al., 2018; Yu et al.,

2010), including TCs exporting LAMP1 from Golgi (Chen et al.,

2017). These studies, together with the known mild acidification

of TGN (Demaurex et al., 1998) and the high colocalization be-

tween LAMP1 and the TGN marker (Figures 4B and 4C) present

on tubulovesicular TCs (Figures 2B–2D), suggest that poorly

acidified LAMP1 vesicles are TCs.

We confirmed this drastic shift from bidirectional to retrograde

axonal transport of acidic LAMP1 vesicles with another

approach involving pH measurement (Figures 5D–5F). Lumenal

acidification status of endocytically derived vesicles was ratio-

metrically measured in neurons loaded with equal amounts of

dextrans conjugated with pH-insensitive Alexa Fluor 647
Figure 4. LAMP1 co-transports with other lysosomal proteins bidirect

(A) Schematic of axonal time-lapse imaging experiments followed by analyses o

(B–E) Time-lapse imaging in axonal segments of neurons co-expressing LAMP

LAMP1-mCherry and TRPML1-eGFP (E). (B, D, E) Representative kymographs a

ograde and retrogrademotility. Scale bar, 5 mm. (C) Top panel, pie chart showing p

Bottom panel, percentage of retrograde, non-motile (<0.1 mm/s) and anterograde

ns, not significant, Mann-Whitney U test).

See also Figures S3, S4, and S6.
(AF647) and pH-sensitive Oregon green 488 (OG488), which is

quenched at low pH (Johnson et al., 2016). OG488/AF647 inten-

sity ratio was positively correlated with pH value of standard

buffers, as expected, with a low ratio reflecting a low pH (Fig-

ure 5E). In neurons transfected with LAMP1-mCherry and loaded

with dextrans, we analyzedmotility and dextran signal intensities

of axonal LAMP1 vesicles containing dextran-AF647 (Figures 5D

and 5F). Robustly acidic LAMP1 vesicles (ratio %1.24) were

either non-motile or restricted to retrograde transport with very

few anterograde outliers. In contrast, poorly acidic LAMP1

vesicles (ratio >1.24) traveled bidirectionally at a wide range of

velocities in both retrograde and anterograde directions. These

poorly acidic dextran-containing vesicles were presumably not

exclusively newly synthesized TGN TCs but, instead, likely

included non-acidic structures derived from lysosome reforma-

tion (Yu et al., 2010).

We hypothesized the identity of the retrograde LAMP1 vesicle

subpopulation to be LEs/amphisomes because axonal LC3 ves-

icles rapidly acquire LAMP1 and Rab7 and are predominantly

retrograde (Lee et al., 2011). This was verified by the co-trans-

port of LAMP1-YFP and Rab7-DsRed (Figure 6). Similar to acidic

LAMP1 vesicles (Figures 5A and 5B), LAMP1+ Rab7+ vesicles

comprised aminor subset of the total LAMP1population (Figures

6A and 6B) and were restricted to slow retrograde transport as

opposed to the non-Rab7-labeled vesicles that were highly

motile in either direction (Figures 6B and 6C). These properties,

and the known role of Rab7 in assisting assembly of the vATPase

mediating endo-lysosomal acidification (De Luca et al., 2015),

suggest that LT and Rab7 mark essentially the same subpopula-

tion of LAMP1 vesicles comprising acidifying LEs/amphisomes.

Consistently, almost all Rab7 vesicles were LT+ and they (Figures

6D and 6E) showed exclusive retrograde motility and similar

velocity distribution (Figures 6D–6F) to that of LAMP1+ Rab7+

(Figure 6B) and LAMP1+ LT+ vesicles (Figure 5B). Furthermore,

acidic LAMP1+ TGOLN2+ LT+ vesicles were also exclusively

retrograde (Figures 6G and 6H), supporting their identity as

LEs/amphisomes that have gained significant acidification and

TGN proteins after fusion with TCs (Figure 3D).

TCs shuttling lysosomal components bidirectionally
include a distinct subset of anterogradely biased
elongated profiles
We determined that a poorly acidic, bidirectional subpopulation

of lysosomal protein-containing vesicles consists of TCs (Figures

5, 6, and S5). In this TC subpopulation, elongated vesicles were

occasionally observed (Figure 5A). This is consistent with the re-

ported tubulovesicular morphology of TCs (Luini et al., 2008) and

the presence of axonal elongated ultrastructures containing both

the TGN marker, TGN38, and lysosomal proteins (Figure 2). We
ionally in axons

f kymographs. Antero, anterograde; retro, retrograde.

1-YFP and TGOLN2-mCherry (B-C), LAMP1-YFP and ACP2-mCherry (D), or

nd still images. Complete arrows and arrowheads respectively denote anter-

ercentage of vesicles with LAMP1 and/or TGOLN2 positivity (mean of 10 cells).

vesicles in each LAMP1 vesicle subpopulation. Bars, mean ± SEM (n = 10 cells;
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then examined the dimensions, motility, and other features of

elongated LAMP1 vesicles (Figures 7 and S5; Table S1). Due

to limited resolution of light microscopy, elongated vesicles

were only screened from larger vesicles of R1 mm diameter (in

parallel to the axon). The aspect ratio (long axis: short axis) of

these larger vesicles were measured, and elongated vesicles

were defined as having aspect ratios ofR2, while the remaining

ones were classified as small/globular (Figure 7A). Remarkably,

elongated LAMP1 vesicles were significantly biased to antero-

grade transport, with 71% of vesicles in this subpopulation trav-

eling anterogradely, while only 17%were retrograde (Figure 7B).

The TC identity of elongated LAMP1 vesicles were confirmed

by their weak acidification and undetectable cathepsin activity

(negative LT, Magic Red-cathepsin B, or Bodipy-pepstatin A)

(Figure 7C), and the presence of TGN marker TGOLN2 (Fig-

ure 7D) and other lysosomal proteins ACP2 and TRPML1 (Fig-

ures S5E and S5F). Out of all 95 elongated LAMP1 vesicles,

only one was acidic and classified as an LE/amphisome (Table

S1). This illustrates that an elongated shape is a reliable feature

of TCs, consistent with our ultrastructural analyses (Figure 2)

although the exact dimensions were likely over-estimated in a

non-proportional manner due to limited resolution of light micro-

scopy. Axonal LAMP1 vesicle subpopulations (i.e., LEs/amphi-

somes, elongated TCs, and globular TCs) display several key

differences summarized in Table S1. First, globular TCs were

significantly smaller than LEs/amphisomes, but, again, note

that measurements for all puncta were likely over-estimated.

Second, while globular TCs were bidirectional with almost equal

proportions of anterograde and retrograde vesicles, elongated

TCs were anterograde-biased evidenced by 4 times more anter-

ograde vesicles than retrograde vesicles. Third, both types of

TCs moved at a greater velocity than LEs/amphisomes. In sum-

mary, we have demonstrated that multiple lysosomal compo-

nents are transported together within poorly acidic TGN-derived

TCs that are either small vesicles or elongated tubules, both of

which are bidirectionally transported at high velocity with the

elongated subset being especially anterograde biased.

DISCUSSION

Despite recent active research on lysosomal maturation and traf-

ficking in neurons and cells in general, our current knowledge is

much less established than commonly believed owing to abun-

dant misinformation based on studies in which lysosomes
Figure 5. Acidic LAMP1 vesicles undergo retrograde axonal transport

Time-lapse imaging in axonal segments of neurons expressing LAMP1-YFP c

co-labeled with dextran-Oregon Green 488 (OG488) and dextran-Alexa Fluor 64

(A) Representative kymographs and still images. Scale bar, 5 mm. White outlines

denote anterograde (Antero) and retrograde (Retro) motility.

(B) Histogram showing the distribution of average velocities in LAMP1 vesicle su

(C) Percentage of retrograde, non-motile (<0.1 mm/s) and anterograde vesicles in

Mann-Whitney U test).

(D) Schematic and kymographs showing trajectories of several representative ve

(E) Box-and-whisker plots showing effect on OG488/AF647 ratio in endocytically

cells; *p < 0.05, **p < 0.01 against ‘‘pH 4,’’ #p < 0.01 against ‘‘pH 7,’’ Kruskal-Wa

(F) Box-and-whisker plots with individual data points showing average velocity ver

Smirnov test).

See also Figures S3–S6.
have not been definitively identified.Many studies also rely solely

on in vitro culture models, which is problematic because upregu-

lated vesicular trafficking and possibly less stringent regulation

are not surprising considering that cultured maturing neurons

undergo constant growth and retraction and also face stresses

from the unnatural cell culture environment. Cautious interpreta-

tion of in vitro results is thus warranted and best guided by in vivo

results whenever possible. Although the heterogeneity of axonal

LAMP1 vesicles has been recognized (Cheng et al., 2018), little is

known about the behavior of the full spectrum of lysosomal

protein-containing organelles (fully mature lysosomes, other

pre-/partially degradative structures and non-degradative

biosynthetic precursors), especially in vivo. Aiming to integrate

concepts and resolve inconsistencies in the field, we have

clarified themechanism ofmaturation of axonal pre- and partially

degradative organelles into lysosomes and defined the distribu-

tion and dynamics of relevant organelles in vivo aswell as in vitro,

as depicted diagrammatically in Figure 7E.

Fully mature classic lysosomes are restricted from
axons in mature intact brain in vivo

Our robust functional and ultrastructural evidence demonstrates

that fully mature lysosomes are restricted from axons in intact

brains. In myelinated axons, we instead detected AVs, LEs,

and most notably tubulovesicular structures containing both

lysosomal hydrolases and the TGN marker TGN38. The dimen-

sions, morphology, and the TGN38 positivity of these tubulove-

sicular compartments indicate their identity as TGN-derived

TCs (Banting and Ponnambalam, 1997; Luini et al., 2008; Nakata

et al., 1998), directly demonstrating the trafficking of lysosomal

components in TGN38+ TCs. Restriction of lysosomes from

axons under normal conditions was maintained in the ADmouse

model, PS/APP. In AD mouse models and human AD brains,

neurons attempt to clear accumulated AVs by upregulating the

expression of lysosomal components (Bordi et al., 2016; Cataldo

et al., 1995, 2004). Here, we showed significant upregulation and

mobilization of Golgi-derived ACPase to dystrophic swellings via

TCs but not lysosomes. Similarly, immature LAMP1- and MPR-

containing structures accumulate in 5xFAD mouse brains (Gow-

rishankar et al., 2015). In human AD brains, however, dystrophic

swellings persist over a much longer period than in mice. Their

contents can thus be more heterogeneous with occasional lyso-

somes (Nixon et al., 2005; Suzuki and Terry, 1967) fully matured

from accumulated AVs remaining static in axonal swellings for
o-labeled with LysoTracker (LT)-Red (A–C) or expressing LAMP1-mCherry

7 (AF647) (D–F).

in stills mark the axonal profile. Complete arrows and arrowheads respectively

bpopulations (n = 1,048 vesicles in 19 cells).

each LAMP1 vesicle subpopulation. Bars, mean ± SEM (n = 19 cells; **p < 0.01,

sicles. Identical adjustments have been applied to all dextran images.

derived organelles in soma of neurons equilibrated to designated pH (n R 8

llis test followed by Dunn’s multiple comparisons).

sus OG488/AF647 ratio (n = 195 vesicles from 11 cells; **p < 0.01, Kolmogorov-
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long periods and subjected to continuous TC fusions.We also do

not preclude the possibility that organelles within dystrophic

swellings proximal to soma may have limited access to somal

lysosomes.

These in vivo observations were established as the standard

that guided our subsequent in vitro studies. The lack of mature

lysosomes in axons was further strengthened by our in vitro

observation that most axonal LAMP1 vesicles were labeled by

TGN38 homolog while carrying other lysosomal proteins

TRPML1 and ACP2, indicating their identity as either TCs or

LEs/amphisomes but not lysosomes. This phenomenon is likely

applicable to dendrites where degradative compartments are

confined to proximal dendrites (Yap et al., 2018).

Acidifying LEs/amphisomes undergo exclusive
retrograde axonal transport
We showed that robustly acidic LEs/amphisomes commit to

exclusively retrograde long-range axonal transport even though

they often display instantaneous, small-scale bidirectional

movements (Hendricks et al., 2010; Lalli and Schiavo, 2002),

consistent with LT vesicle dynamics observed by another group

(Gowrishankar et al., 2017). Their retrogrademotility is in line with

the LE-dependent acquisition of dynein-snapin complex (Cheng

et al., 2015). Simultaneous retrograde transport and progressive

maturation of acidifying LEs/amphisomes can readily explain the

gradient of decreasing pH in endocytically derived organelles

from distal to proximal axon (Overly and Hollenbeck, 1996) and

the high concentration of mature lysosomes in the perinuclear

area. LE/amphisomematuration is driven in part by the acidifica-

tion-promoting activities of Rab7 effectors. For instance, RILP

facilitates assembly of the proton pump vATPase (De Luca

et al., 2015), whose activity is enhanced by phosphatidylinosi-

tol-3,5-bisphosphate (Li et al., 2014) enriched on LE membrane

via a Rab7-dependent process (Liu et al., 2017).

TCs deliver lysosomal constituents bidirectionally
The major subset of axonal LAMP1 vesicles consisted of poorly

acidic, fast-moving bidirectional TGN-derived TCs. Our findings

are consistent with the early ultrastructural observation of retro-

gradely and anterogradely transported organelle populations.

Retrograde organelles weremainly LE like, while the anterograde

pool consisted of tubulovesicular structures of 50- to 80-nm

diameter similar to TCs (Tsukita and Ishikawa, 1980). A substan-

tial body of evidence has documented the emergence of

LAMP1+ tubulovesicular structures from Golgi (Chen et al.,

2017), and the presence of LAMP1 on TCs (Carlsson and Fu-

kuda, 1992; Pols et al., 2013) that also carry other cargoes,
Figure 6. Axonal late endosomes are acidic and undergo retrograde a

Time-lapse imaging in axonal segments of neurons expressing LAMP1-YFP and R

Red (D–F), or co-expressing LAMP1-YFP, TGOLN2-mCherry, and co-labeled wi

(A, D, and G) Representative kymographs and still images. Scale bar, 5 mm. Com

non-motile.

(B and E) Histograms showing the distribution of average velocities in LAMP1 vesic

(n = 208 vesicles in 10 cells). Retro, retrograde; Antero, anterograde.

(C, F, and H) Percentage of retrograde, non-motile (<0.1 mm/s) and anterograde v

vesicle subpopulation (F) (n = 10 cells) and LAMP1+ TGOLN+ LT+ vesicle subpopu

U test). See also Figures S3–S6.
including transferrin receptor (Chen et al., 2017), the ion channel

TRPM8 (Ghosh et al., 2016), and synaptic constituents (Vukoja

et al., 2018). LAMP1-containing TCs travel via both direct

(TGN-to-endosome) and indirect post-Golgi trafficking routes

(Carlsson and Fukuda, 1992; Janvier and Bonifacino, 2005;

Pols et al., 2013). This is enabled by the recognition of sorting

signals on LAMP1 and other cargo proteins by adaptor protein

complexes such as AP-1, which mediates bidirectional transport

between TGN and endosomes. AP-1 recognizes various lyso-

somal membrane proteins (e.g., LAMP1, TRPML1, and V0a1)

and MPR that binds and delivers nascent lysosomal hydrolases

(Bagh et al., 2017; Janvier and Bonifacino, 2005; Meyer et al.,

2000; Miedel et al., 2006), thus enabling the biosynthetic supply

of multiple lysosomal components to endosomes for their matu-

ration toward lysosomal identity. The TGN origin of TCs and their

outbound trafficking into axons implicate a higher availability of

lysosomal components delivered by TCs to degradative com-

partments near the perikarya than to distally located ones. This

is consistent with a study in non-neuronal cells showing that pe-

ripheral endosomes only have limited access to the lysosomal

membrane protein LIMP2 (Johnson et al., 2016). Thus, LEs/

amphisomes would have increasing access to lysosomal com-

ponents to support their progressive maturation as they travel

retrogradely toward the soma. This trafficking paradigm,

together with the acidification promoting activities of Rab7 effec-

tors discussed above, can explain the increasing acidification of

degradative organelles from distal to proximal axon. Indirect

TGN-to-plasmamembrane trafficking followed by re-internaliza-

tion, on the other hand, is unlikely to play a major role given the

long distance between the soma and the axon terminal. These

biosynthetic trafficking routes have been neglected in many

studies that misidentify a substantial subpopulation of LAMP1+

TCs as LEs/lysosomes. TC-mediated axonal transport may offer

potential advantages over direct delivery of lysosomes from

soma to the distal axon by enabling rapid delivery of lysosomal

components in bulk over a long distance, without spending extra

energy on maintaining membrane potential and lumenal homeo-

stasis as in lysosomes (Xu and Ren, 2015).

We observed a class of elongated TCs and speculate that

these are nascent carriers of lysosomal constituents newly deliv-

ered from the TGN in the outbound anterograde direction. As

they engage with endosomes/amphisomes in the axon, they

conceivably undergo either complete or kiss-and-run fusion

and consequently lose a portion of their membrane, gradually

becoming less elongated and more globular while continuing

to shuttle lysosome constituents bidirectionally. Both elongated

and small globular TCs traveled at higher velocities than
xonal transport

ab7-DsRed (A–C), or expressing Rab7-eGFP co-labeled with LysoTracker (LT)-

th LT-Deep Red (G and H).

plete arrows, anterograde; closed arrowheads, retrograde: open arrowheads,

le subpopulations (n = 335 vesicles in 7 cells) and Rab7 vesicle subpopulations

esicles in specified LAMP1 vesicle subpopulations (C) (n = 7 cells), Rab7+ LT+

lation (H) (n = 14 cells). Bars, mean ± SEM (*p < 0.05, **p < 0.01, Mann-Whitney

Cell Reports 35, 109034, April 27, 2021 13



B

E

A B

CCC

D E

(legend on next page)

14 Cell Reports 35, 109034, April 27, 2021

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
LEs/amphisomes, likely due to a high membrane to volume ratio

in TCs that increases the accessibility of microtubule-based mo-

tors, in contrast to the globular but larger LEs/amphisomes that

have a relatively higher internal volume.

In addition to TGN-derived TCs, it is possible that part of the

poorly acidic bidirectional LAMP1 vesicles are tubulovesicular

‘‘protolysosomes’’ derived from autolysosome reformation (Yu

et al., 2010), i.e., the budding and recycling of lysosomal mem-

brane components to support new rounds of lysosomal matura-

tion. Interestingly, an early ultrastructural study in mouse brains

demonstrated that salt stress induced tubular protrusions from

somal lysosomes concomitant to the appearance of ACPase+

tubules in axons (Broadwell and Cataldo, 1984). It is therefore

possible that, besides TCs, reformed protolysosomes could

serve as an additional source of lysosomal components being

shuttled in axons, but this remains to be investigated.

Insufficient specificity or selectivity of lysosomal
markers may yield conflicting results
Seemingly contradictory to our results, another study suggested

that LAMP1 vesicles in proximal axons are mostly acidified lyso-

somes that move bidirectionally, and that anterograde trafficking

of lysosomes into axons is mediated by BORC/kinesin-1 (Farı́as

et al., 2017). A plausible explanation is that the superecliptic

pHlorin probe used in their study was overly acid sensitive, being

almost completely quenched at pH�6 (Sankaranarayanan et al.,

2000; Tanida et al., 2014) and therefore would not be able to

distinguish lysosomes (pH 4.5–5) or even LEs/amphisomes (pH

�5.5) from mildly acidic organelles like TGN vesicles (pH �6)

(Demaurex et al., 1998). Here, using a ratiometric pH measure-

ment, we identified a critical threshold below which axonal

LAMP1 vesicles drastically shifted from bidirectional motility to

almost exclusive retrograde transport. These findings highlight

the importance of lysosomal marker selectivity, including the

extent of vesicle acidification. Notably, in BORCS7 mutant

mouse brains, electron microscopy revealed dystrophic axons

filled with tubulovesicular structures (Snouwaert et al., 2018). It

will be of interest to examine whether these BORC-regulated

structures (Farı́as et al., 2017; Snouwaert et al., 2018) are in

fact tubulovesicular TCs delivering lysosomal components

rather than lysosomes.

In addition, a recent study has shown frequent anterograde

delivery of activated, soma-derived lysosomal hydrolases to

distal axons (Farfel-Becker et al., 2019). The authors claimed

these axonal compartments to be lysosomes based on vital la-
Figure 7. Elongated LAMP1 vesicles are anterograde biased and enzy

(A) Schematic showing criteria for classification of LAMP1 vesicles into small/glo

(B–D) Time-lapse imaging in axonal segments of neurons expressing LAMP1-YFP

proteins or co-labeled with vital dyes as specified. Representative kymograph

anterograde vesicles. Scale bars, 5 mm. LT, LysoTracker-Red labeled; active CTS

(B) Graph on right shows percentage of retrograde (retro), non-motile (<0.1 mm/s),

mean ± SEM (n = 8 cultures with a total of 114 elongated and 2,295 small/globular

and Table S1.

(E) Hypothetical model showing maturation, trafficking, and interactions of org

Immature early endosomes (EE) and autophagosomes (AP) are concentrated in di

undergo continuous maturation and retrograde transport while gaining lysosom

amphisomes attain partial acidification and degradative capability before reach

lumenal acidification (purple, mildly acidic; pink, moderately acidic; magenta, ful
beling agents that detect activated lysosomal enzymes. Despite

the almost complete reliance on these probes, key aspects of

their properties have not been fully considered for proper data

interpretation. Given that 3 out of 4 probes in their study targeted

lysosomal enzymes can be activated at a relatively high pH (i.e.,

cathepsins B and L and GCase), it is unclear what proportion of

marked organelles had comparable degradative capability to

fully mature lysosomes. Furthermore, detailed characterization

of the acidification status, extent of enzyme activation and ultra-

structural morphology of labeled compartments were lacking,

making it impossible to unequivocally determine their maturity

and organelle identity. Future investigations will be needed for

reconciling this study (Farfel-Becker et al., 2019) with conflicting

findings from us and other ones in the field (Li et al., 2019). For

example, CTSD was found in pre-synaptic endosomes primarily

as the 48 kDa intermediate precursor form but not the 34 kDa

mature form (Li et al., 2019), consistent with our hypothesis

that lysosomal hydrolases are delivered to distal axons as imma-

ture precursors via TCs instead of lysosomes. The 48 kDa pre-

cursor, while not fully activated, has detectable specific activity

(Benes et al., 2008) that can cause mislabeling of endosomes

as lysosomes. Although some limitations of vital labeling agents

also apply to the current study, our extensive functional and ul-

trastructural evidence have established that TCs, but not lyso-

somes, are transported anterogradely barring rare exceptions

observed in vitro.

Conclusions and perspectives
As an important implication of our findings, we recommend that

future investigations employ rigorous criteria to distinguish be-

tween fully mature lysosomes, maturing compartments and

TCs carrying lysosomal components. Although all of these or-

ganelles contain lysosomal components including hydrolases,

they have fundamental differences in degradative capability,

motility, distribution, functional role, and disease relevance.

The critical requirement for full lysosomal maturation is exempli-

fied by the PSEN1 KO model, in which lysosomal pH is elevated

from 4.7 to 5.4 (Lee et al., 2010). The latter pH level is comparable

to that of LEs, which have limited degradative capability in pro-

cesses such as protease activation, peptide hormone inactiva-

tion, and antigen processing (Authier et al., 1996). Accordingly,

the degree of abnormal pH elevation in lysosomes of PSEN1

KO mice results in proteolysis deficits and autophagy impair-

ment, indicating substantial functional differences between fully

mature lysosomes and maturing LEs/amphisomes. Disease
matically inactive

bular and elongated categories.

or LAMP1-mCherry, either co-expressing other fluorescently tagged lysosomal

s and still images are shown. Arrowheads show examples of elongated and

B, Magic Red-cathepsin B labeled; active CTSD, Bodipy-Pepstatin A labeled.

and anterograde (antero) vesicles in each LAMP1 vesicle subpopulation. Bars,

LAMP1 vesicles; **p < 0.01, Mann-Whitney U test). See also Figures S5 and S6

anelles of autophagy/endo-lysosomal and biosynthetic pathways in axons.

stal axon and mature into late endosomes (LEs) and amphisomes (Amp), which

al components from bidirectional TGN-derived transport carriers (TCs). LEs/

ing full maturation into lysosomes (Lyso) in perikarya. Organelle colors depict

ly acidic).
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models that specifically disrupt LE maturation (CHMP2B or

CHMP5 loss of function) further illustrate the insufficient degra-

dative capability of maturing compartments for maintaining

cellular homeostasis (Shim et al., 2006; Urwin et al., 2010).

Axons have limited lysosomal degradative capability and are

prone to developing focal swellings with massive AV accumula-

tion in neurodegenerative diseases (Nixon et al., 2005). In PS/

APP brains, there is apparently no shortage in lysosomal hydro-

lase delivery via TCs to dystrophic swellings but the accumu-

lated AVs still cannot successfully mature into lysosomes and

degrade their contents. These accumulated vesicles are AVs,

as originally characterized in AD brain (Nixon et al., 2005), rather

than ‘‘cathepsin deficient lysosomes,’’ as recently proposed

(Gowrishankar et al., 2015), despite that occasional lysosomes

could indeed develop in dystrophic neurites in human AD brain

after years of AV accumulation and continual access to delivered

TCs (Nixon et al., 2005; Suzuki and Terry, 1967). To fully eluci-

date the disease mechanism, we have yet to define the stimulus

for TC upregulation such as general autophagy/lysosomal induc-

tion as we see in AD (Bordi et al., 2016; Cataldo et al., 1995) and

possibly multiple reasons behind lysosomal maturation deficits.

These may include the lack of delivery of certain lysosomal com-

ponents, acidification failure (Colacurcio and Nixon, 2016) and

impaired retrograde transport (Lee et al., 2011; Tammineni

et al., 2017). Although extensive evidence demonstrates that

retrograde transport and access to somal lysosomes are neces-

sary for efficient degradation of axonal organelles targeted to

autophagy/endo-lysosomal pathways, including mitophagy

(Han et al., 2020; Zheng et al., 2019), whether these are absolute

requirements is still under debate (Ashrafi et al., 2014). It is

evident that the distal axon is capable of a certain degree of local

degradation, as suggested by the enrichment of CTSD interme-

diate precursors in synaptosomes (Li et al., 2019), the presence

of acidified ‘‘hubs’’ at axon terminals capable of partially degrad-

ing a dual-fluorescent reporter (Jin et al., 2018), and the detec-

tion of cathepsin and GCase activities at axon terminals

(Farfel-Becker et al., 2019). The extent and functions of these

local degradative compartments, compared to fully mature lyso-

somes in soma, remain open to future investigations. These

fundamental issues, which are central to the pathogenesis of

AD as well as other neurological conditions implicating auto-

phagy/lysosomal impairments, can only be addressed by further

studies that accurately define the identities of involved organ-

elles and their dysfunction and/or mistrafficking.
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Donkey anti-sheep IgG, Alexa Fluor 488-conjugated Thermo Fisher Cat# A-11015; RRID: AB_141362

Goat anti-rabbit IgG, biotinylated Vector Laboratories Cat# BA-1000; RRID: AB_2313606

Goat anti-mouse IgG, biotinylated Vector Laboratories Cat# BA-2000; RRID: AB_2313581

Donkey anti-rabbit IgG, 6 nm gold-conjugated Electron Microscopy Sciences Cat# 25703

Donkey anti-mouse IgG, 6 nm gold-conjugated Electron Microscopy Sciences Cat# 25813

Donkey anti-sheep IgG, 10 nm gold-conjugated Electron Microscopy Sciences Cat# 25825

Chemicals, peptides, and recombinant proteins

Sodium cacodylate buffer Electron Microscopy Sciences Cat# 11652

Permount Electron Microscopy Sciences Cat# 17986

Fluoro-Gel Electron Microscopy Sciences Cat# 17985-10

Vectorstain ABC Kit Vector Laboratories Cat# PK-4000

Vector DAB Peroxidase Substrate Vector Laboratories Cat# SK-4100

M.O.M. Immunodetection Kit Vector Laboratories Cat# BMK-2202

Prolong Diamond Antifade Mountant Thermo Fisher Cat# P36970

7-methoxycoumarin-4-acetyl-Gly- Lys-Pro-

Ile-Leu-Phe-Phe-Arg-Leu-Lys(Dnp)-D-Arg-NH2

Enzo Life Sciences Cat# BML-P145-0001

Hibernate E Brainbits Cat# HE

(Continued on next page)
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REAGENT OR RESOURCE SOURCE IDENTIFIER

Hibernate E low fluorescence Brainbits Cat# HELF

Papain Worthington Biochemical Cat# LK003178

DNase Sigma Cat# DN25

Poly-D-lysine Sigma Cat# P0899

DMEM/F12 Thermo Fisher Cat# 10565-018

HEPES Thermo Fisher Cat# 05630

FBS Thermo Fisher Cat# 26140

Horse serum Thermo Fisher Cat# 16050

Neurobasal medium Thermo Fisher Cat# 12348-017

B27 Thermo Fisher Cat# 17504-044

Glutamax Thermo Fisher Cat# 35050-061

Lipofectamine 2000 transfection reagent Thermo Fisher Cat# 11668-030

Opti-MEM I Thermo Fisher Cat# 51985-034

LysoTracker-Red Thermo Fisher Cat# L7528

LysoTracker-Deep Red Thermo Fisher Cat# L12492

Dextran-Alexa Fluor 647, 10,000 MW Thermo Fisher Cat# D22914

Dextran-Oregon Green 488, 10,000 MW Thermo Fisher Cat# D7170

Bodipy FL-pepstatinA Thermo Fisher Cat# P12271

pHrodo Red dextran, 10,000 MW Thermo Fisher Cat# P10361

Magic Red cathepsin B ImmunoChemistry Technologies Cat# 937

Endofree Plasmid Maxi Kit QIAGEN Cat# 12362

Experimental models: organisms/strains

Mouse: hCTSD Tg This study N/A

Mouse: TRGL6 Lee et al., 2019 N/A

Mouse: TRGL x hCTSD Tg This study N/A

Mouse: PS/APP Holcomb et al., 1998 N/A

Mouse: C57/BL6, timed-pregnant Charles River N/A

Oligonucleotides

Forward primer for genotyping hCTSD:

50-TTC CCC ACC ACA GAA TCC-30
This study N/A

Reverse primer for genotyping hCTSD:

50-CTT TCA GAC GGG GCC TTT GGC-30
This study N/A

Forward primer for genotyping TRGL:

50-CTT TCC CCA CAG AAT CCA AGT CGG AAC-30
Lee et al., 2019 N/A

Reverse primer for genotyping TRGL:

50-GCA CGA ATT CGG GCG CCG GTG GAG TGG CGG-30
Lee et al., 2019 N/A

Fabpi-200 forward primer (control for genotyping):

50-TGG ACA GGA CTG GAC CTC TGC TTT CCT AGA-30
Lee et al., 2019 N/A

Fabpi-200 reverse primer (control for genotyping):

50-TAG AGC TTT GCC ACA TCA CAG GTC ATT CAG-30
Lee et al., 2019 N/A

Forward primer for amplifying ACP2:

50-ATCTCGAGATTCGTCGACTGGATCCG-30
This study N/A

Reverse primer for amplifying ACP2:

50-ATACCGGTGTACGCGTAGCATGGTCT-30
This study N/A

Recombinant DNA

hCTSD/pcDNA3 A gift from Dr. Paul Mathews,

Nathan Kline Institute,

Orangeburg, NY, USA

N/A

pTSC21 (Thy1.2 expression cassette) A gift from Dr. Matthias

Staufenbiel (Andrä et al., 1996)

N/A

(Continued on next page)
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REAGENT OR RESOURCE SOURCE IDENTIFIER

LAMP1/pEYFP-N1 A gift from Dr. J Swanson,

University of Michigan, Ann

Arbor, MI, USA

N/A

TGOLN2/pmCherry-N1 A gift from Dr. Michael Davidson Addgene Cat# 55145; RRID: Addgene_55145

ACP2/pCMV6-Entry Origene Cat# MR206733

ACP2/pmCherry-N1 This study N/A

pmCherry-N1 Clontech Cat# 632523

LAMP1/pmCherry-N1 This study N/A

MCOLN1/pEGFP-C3 (TRPML1) A gift from Dr. Paul Luzio Addgene Cat# 62960; RRID: Addgene_62960

Rab7/pDsRed-C1 A gift from Dr. Richard Pagano Addgene Cat# 12661; RRID: Addgene_12661

Rab7/pEGFP A gift from Dr. Anne Cataldo

(Lee et al., 2011)

N/A

mRFP-eGFP-LC3 A gift from Dr. Tamotsu

Yoshimori (Kimura et al., 2007)

N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

Adobe Photoshop CS3 Adobe N/A

IBM SPSS Statistics 24 IBM N/A

GraphPad Prism 8.0.1 GraphPad Software N/A

GPower 3.1.9.7 Faul et al., 2007 N/A

Other

Microfluidic devices 450 mm Xona Cat# RD450
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Ralph

Nixon (nixon@nki.rfmh.org).

Materials availability
Unique reagents and mouse lines generated in this study are available from the lead contact and may require completion of a

materials transfer agreement.

Data and code availability
No large datasets or custom code were generated in this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All animal procedures were performed following the National Institutes of Health Guidelines for the Humane Treatment of Animals,

with approval from the Institutional Animal Care and Use Committee at the Nathan Kline Institute for Psychiatric Research. Three

transgenic mouse models were used: (1) hCTSD Tg, a single transgenic mouse model expressing human CTSD (hCTSD) under

the neuron-specific Thy1 promoter (genetic background:mixed FVB/N x C57/BL6); (2) TRGL x hCTSD Tg, a double transgenicmouse

model expressing both hCTSD and tandem-fluorescent mRFP-eGFP-LC3 under individual Thy1 promoters (genetic background:

mixed FVB/N x C57/BL6); (3) PS/APP: a double transgenic mouse model expressing mutant APPK670N/M671L and PSEN1M146L

(Holcomb et al., 1998). All mice were genotyped by PCR. Mice were group-housed under 12 h light/dark cycle at constant room

temperature and provided with food and water ad libitum. Adult mice (4-12 months) of either sex were used for experiments. Age-

and sex-matched WT mice of comparable background were used as controls. Littermate controls were used whenever possible.

Primary neuron cultures
E17-18 WT embryos of either sex were obtained from timed-pregnant C57/BL6 female mice. Neurons were isolated from embryonic

brains and maintained in culture for 5-10 DIV at 37�C in a humidified environment with 95% air and 5% CO2.
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METHOD DETAILS

Generation of transgenic mouse lines
For the generation of hCTSD Tg mice, the full length coding sequence of hCTSD cDNA (accession# Genbank: BC016320) from a

hCTSD/pcDNA3 plasmid was subcloned into the XhoI site of pTSC21, a mouse Thy1.2 expression cassette (Andrä et al., 1996).

The Thy1.2-hCTSD transgene fragment was isolated by digestion with NdeI and AflIII followed by gel purification. DNAmicroinjection

into FVB/N mouse embryos and embryo transfer were performed under standard procedures at Skirball Transgenics/ES Cell

Chimera Facility, New York University. hCTSD-expressing founders, identified by PCR and Southern blotting, were bred with

C57BL/6 mice to produce the hCTSD Tg mouse line. For the generation of double transgenic TRGL x hCTSD Tg mice, hCTSD Tg

mice were bred with our previously described TRGL6 (Thy1 mRFP-eGFP-LC3, Line 6) transgenic mice expressing tandem fluores-

cent mRFP-eGFP-LC3 (Lee et al., 2019). This mRFP-eGFP-LC3 fusion protein contains a terminally located mRFP and an internal

eGFP to avoid premature degradation of eGFP prior to mRFP in mRFP+ vesicles (Lee et al., 2019).

Generation of monoclonal hCTSD antibody
Purified hCTSD was used as the antigen for monoclonal antibody generation. hCTSD was purified from postmortem human brain by

acid precipitation at pH 3.5, followed by ion-exchange chromatography using DEAE-Biogel at pH 7.4, and affinity chromatography

using pepstatin-aminohexyl Sepharose 6B at pH 4.5 and elution at pH 8.6 (Nixon and Marotta, 1984). Purified hCTSD was identified

by mass spectrometry, amino acid sequencing, and immunoblotting using a sheep anti-hCTSD polyclonal antibody (Cataldo et al.,

1990). Monoclonal mouse anti-hCTSD antibody was generated using BALB/c mice under standard protocols at McLean Hospital

(Belmont, MA). Ascites was custom-produced by Rockland Immunochemicals (Limerick, PA).

Adult mouse brain tissue preparation
Adult mouse brains were harvested from mice following anesthetization with a mixture of ketamine (100 mg/kg BW) and xylazine

(10 mg/kg BW). For light microscopic analyses, mice were transcardially perfused with fixative (4% PFA in 0.1 M sodium cacodylate

buffer, pH 7.4), and the brains were immersion-fixed in the same fixative overnight at 4�C. For electron microscopic analyses, perfu-

sion and fixation conditions are specified in the section ‘‘Electron Microscopy.’’ For biochemical analyses including immunoblotting

and enzymatic activity assay, micewere transcardially perfusedwith physiological saline, and the brains or isolated hippocampi were

flash frozen on dry ice and stored at –70�C. Alternatively, mice were briefly perfused with saline if their brains were subjected to both

morphological and biochemical analyses. One hemisphere or the isolated hippocampus was flash frozen and the other hemisphere

was immersion-fixed in 4% PFA for 3 days at 4�C.

Immunostaining of brain sections for light microscopy
Immunostaining was performed as described (Yang et al., 2009). Fixed brains were processed into either 40-mm vibratome sections

or 6-mm paraffin-embedded sections, which were deparaffinized and rehydrated prior to staining. For DAB immunocytochemistry,

endogenous peroxidase activity was first blocked by treating brain sections with 1%–3% H2O2 in Tris-buffered saline (TBS,

pH 7.4) containing 10% methanol. Sections were then permeabilized in Dilution Buffer (0.4% Triton X-100 in TBS containing 1%

BSA and 1% normal goat serum), blocked with 20% normal goat serum, and incubated with primary antibodies diluted in Diluting

Buffer at 4�C overnight. Subsequent staining steps were performed according to manufacturer’s instructions (Vector Laboratories),

which include incubation with biotinylated secondary antibodies, complex formation with avidin and biotinylated HRP using

Vectorstain ABC Kit, and reaction with Vector DAB Peroxidase Substrate. If specified, sections were counterstained with cresyl

violet. Sections weremounted on gelatin-coated slides (for vibratome sections), dehydrated in a graded series of ethanol and xylene,

and coverslipped with Permount. Images were acquired with an Axiovert 200M microscope (Zeiss). For tiled images, overlapping

images were taken and images were stitched manually in photoshop. For quantitative analysis, four sagittal brain sections were

used from eachmouse, evenly spaced (400 mm) from the region between Lateral 0.48mmand 2.16mmcontaining the hippocampus.

Three 40X digital images from the CA1 area or three 20X images from the cortex were taken from each section and quantified with

AutoMeasure software (Zeiss).

For immunofluorescent staining, 40-mm vibratome sections were permeabilized in Dilution Buffer, blocked with Blocking Solution

from M.O.M. Immunodetection Kit, and sequentially incubated with hCTSD primary antibody diluted in the Working Solution from

M.O.M. Immunodetection Kit at 4�C overnight and Alexa Fluor 647-conjugated secondary antibodies diluted in theWorking Solution.

Sections were mounted on gelatin-coated slides and coverslipped with Prolong Diamond Antifade Mountant. Images were acquired

with laser scanning confocal microscopy with an LSM880 confocal microscope (Zeiss). Images were processed with a 1-pixel me-

dian filter in ImageJ and quantified by ‘‘line scan,’’ ‘‘particle analysis’’ and ‘‘measure’’ functions or ‘‘Just Another Colocalization Plu-

gin’’ in ImageJ. All measurements were performed on unadjusted images. Brightness/contrast of displayed images was adjusted in

ImageJ and/or Photoshop.

Immunoblotting
Samples for immunoblotting were prepared by homogenizing brains in a tissue-homogenizing buffer (20 mM Tris, pH 7.4,

containing 250 nM sucrose, 1 mM EDTA, 1 mM EGTA) supplemented with protease and phosphatase inhibitors. Following
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electrophoresis, proteins were transferred onto 0.2 mm-pore nitrocellulose membranes (Whatman, Florham Park, NJ) at 100 mA

for 8-12 hours depending on the target protein. The blots were blocked for 1 hour in 5% non-fat milk in TBS, rinsed in TBST

(TBS + 0.1% Tween-20), then incubated with a primary antibody in 1% BSA/TBST overnight at 4�C. The membrane was washed

and incubated in a HRP conjugated secondary antibodies (Jackson ImmunoResearch) diluted 1:5000 in 5% milk for 1 h at room

temperature. The membrane was again washed and then incubated in a Novex ECL (Thermo Fisher) for 1 min and exposed

to film.

Enzymatic activity assay for CTSD
CTSD activity was assayed at 37�C at pH 4.0 by measuring the release of fluorescent aminomethyl coumarin (AMC)-containing pep-

tide from the quenching Dnp group following Phe-Phe bond cleavage in 7-methoxycoumarin-4-acetyl-Gly-Lys-Pro-Ile-Leu-Phe-

Phe-Arg-Leu-Lys(Dnp)-D-Arg-NH2 as previously described (Yasuda et al., 1999). Assays were performed in white microplates in

a total volume of 100 ml with or without 3 mg of pepstatin for one hour. Released fluorescence was measured in a Wallac Victor-2

Spectrofluorimetric plate reader with a filter optimized for detection of AMC standard solution with excitation at 365 nm and emission

at 440 nm. However, instead of using AMC standard, a quenched standard 7-methoxycoumarin-4-acetyl-Pro-Leu-OH was used for

expressing enzyme activity to account for the release of AMC-containing peptide instead of free AMC. Enzyme activity was ex-

pressed as the relative amount of quenched standard released per hour per mg protein.

Electron microscopy
Ultrastructural analyses were performed in adult mouse brain sections following immunogold labeling or acid phosphatase

histochemistry. Post-embedding immunogold labeling was performed as described (Yang et al., 2009). Mice were transcardially

perfused with fixative (4% PFA, 2% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4). Mouse brains were harvested

and immersion-fixed in the same fixative overnight at 4�C. Mouse brains were processed into 60-mm vibratome sections, which

were dehydrated in a graded series of ethanol, embedded in Spurr Resin (Electron Microscopy Sciences), and cut into 60-nm

ultrathin sections. Ultrathin sections were mounted on grids and etched for 5 min with 1% sodium metaperiodate in PBS.

Ultrathin sections were then incubated sequentially in blocking solution (5% horse serum), primary antibodies (overnight

at 4�C) and secondary antibodies conjugated with 6 nm or 10 nm gold. Acid phosphatase histochemistry was performed as

described (Cataldo et al., 1991; Yang et al., 2009) using cytidine 50-monophosphate (CMP) as the substrate. Mice were

transcardially perfused with fixative (4% PFA, 1% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, containing

0.025% calcium chloride, 5% sucrose and 0.075% CMP). Mouse brains were harvested and immersion-fixed in 4% PFA for

4 h at 4�C. Mouse brains were processed into 50-mm vibratome sections, rinsed and incubated in reaction medium (0.02%

M Tris-maleate buffer containing 0.1% CMP, 2% sucrose, 0.005 M manganese chloride, 0.12% lead nitrate, pH 5.0, filtered

with #50 paper) for 1 h at 37�C and treated with 1% sodium sulfide. Sections were post-fixed in 1% osmium tetroxide,

dehydrated in a graded series of ethanol, embedded in Epon (Electron Microscopy Sciences), and cut into 60-nm ultrathin

sections. Both immunogold-labeled and histochemically labeled ultrathin sections were briefly stained with uranyl acetate

and lead citrate. Images were acquired with a Thermo Fisher Talos L120C transmission electron microscope equipped with

a Ceta camera. Electron micrographs of immunogold-labeling were processed with a 2-pixel median filter in ImageJ.

Brightness/contrast of displayed images was adjusted in ImageJ and/or Photoshop.

Primary neuronal culture
Primary cortical neurons were isolated as described (Boland et al., 2008) from E17-18 mouse embryos. Cerebral cortices harvested

from mouse embryos were digested in Hibernate E medium containing 10 units/ml papain and 0.05 mg/ml DNase I for 15 min. The

reaction was stopped by adding equal volumes of 10% heat-inactivated fetal bovine serum (FBS) in Hibernate E. Cells were then

pelleted at 1000 rpm for 5 min, and were resuspended in DMEM/F12 containing HEPES, 5% heat-inactivated FBS and 5% heat-in-

activated horse serum, followed by the removal of tissue debris with 40 mm nylon filter. The resulting single cell suspensions were

seeded on poly-D-lysine-coated culture dishes or glass coverslips. Unless otherwise specified, for live imaging experiments, neurons

were plated at a density of 0.243 106 cells/cm2 on glass bottom dishes with 14mmmicrowells (Cellvis). These neurons were allowed

to attach for 1.5 h, followed by feeding with fresh culture medium: Neurobasal supplemented with B27 and Glutamax, without anti-

biotics. Thereafter, half of the culture media were replaced every 3 days. All treatments and transfections were performed in culture

media containing at least 50% conditioned media until neurons were imaged on 5-7 DIV.

Alternatively, neurons were seeded in microfluidics devices with 450 mm microgrooves. Microfluidics devices were pre-treated

with pentane, xylenes, ethanol and sterile water as described (Millet et al., 2007). Dried devices were sterilized under UV for

10 min and were attached to poly-D-lysine-coated glass bottom dishes with 30 mm microwells (Cellvis). Interior surfaces of the de-

vices were pre-wetted with the plating medium (Neurobasal culture medium containing 10% heat-inactivated FBS) for 3-24 h before

cell plating. Aliquots of cells suspended in DMEM/F12 described above were centrifuged at 1000 rpm for 7 min. These pellets were

resuspended with the plating medium to a concentration of 53 106 cells/ml, from which 15 ml was seeded in the somal compartment

of microfluidics devices. This resulted in a relatively low cell density to help prevent the growth of multiple axons through a single

microgroove. After 40 min, extra plating medium was added. Somal wells were maintained at a higher fluid level than axonal wells.

Plating media were completely replaced with conditioned culture media from feeder neurons after 24 h. Thereafter, neurons were fed
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with a mixture of 50% conditioned and 50% fresh culture media every 3 days. All treatments were performed in culture media

containing at least 50% conditioned media until neurons were imaged or harvested on 7-10 DIV.

Construction of plasmids for transfection in neurons
For the construction of LAMP1/pmCherry-N1, LAMP1 cDNA was obtained by EcoRI and BamHI digestion of LAMP1/pEYFP-N1 and

cloned in-frame into the EcoRI and BamHI sites of pmCherry-N1 vector. For the construction of ACP2/pmCherry-N1, ACP2 cDNA

was amplified from ACP2/pCMV6-Entry by PCR using primers 50-ATCTCGAGATTCGTCGACTGGATCCG-30 (forward) and

50-ATACCGGTGTACGCGTAGCATGGTCT-30 (reverse), digestedwith XhoI and AgeI, and cloned in-frame into the XhoI and AgeI sites

of pmCherry-N1 vector. All expression plasmids used in this studywere transformed into either XL10-Gold Ultracompetent Cells (Agi-

lent) or DH5a Competent Cells (Thermo Fisher) and purified with EndoFree Plasmid Maxi Kit (QIAGEN) according to manufacturer’s

instructions.

Transfection and treatments of cultured neurons
For the expression of fluorescent tagged proteins in neurons cultured in 14 mm glass bottom microwells, transfection was

performed on 3-5 DIV using Lipofectamine 2000 (Thermo Fisher) according to manufacturer’s instructions with modifications.

For the transfection of a single plasmid, neurons were incubated with a transfection mix containing Opti-MEM, 0.368 mg DNA

and 1.05 ml Lipofectamine for 50 min. For the co-transfection of two plasmids, neurons were incubated with a transfection mix

containing Opti-MEM, 0.375 mg DNA and 0.625 ml Lipofectamine for 24 h. Thereafter, cells were washed and fed with a mixture

of 50% conditioned and 50% fresh culture media. Live imaging was performed 48 h after transfection starts. In select experi-

ments, neurons were incubated with one or more of the following reagents diluted in culture medium prior to live imaging or

fixation: LysoTracker-Red, 0.25 mM for 22 min; LysoTracker-Deep Red, 0.025 mM for 10 min; dextran-Oregon Green 488 and

dextran-Alexa Fluor 647, each at 0.1 mg/ml for 16 h; Bodipy FL-Pepstatin A, 0.96 mM for 30 min; Magic Red cathepsin B,

1:2000 for 30 min; pHrodo Red dextran, 50 mg/ml for 16 hr. For the equilibration of organelles to standard pH, neurons were

treated with dextran-Oregon Green 488 and dextran Alexa Fluor 647 as described above, and were subsequently rinsed and incu-

bated for 1.5 hr with 10 mM monensin and 10 mM nigericin in MES buffer (5 nM NaCl, 115 mM KCL, 1.3 mM MgSO4, 25 mM MES)

adjusted to desired pH.

Live cell imaging
For imaging of organelles equilibrated to standard pH, neurons were imaged in MES buffer as described above. For all other live im-

aging, neurons were washed twice in the imagingmedium (Hibernate E-low fluorescence supplemented with B27 andGlutamax) and

maintained in imaging medium at 37�C. Laser scanning confocal microscopy was performed with a Zeiss LSM 880 or Zeiss LSM 510

confocal microscope.Multi-track line scanningwas usedwhen scanningmore than 1 channel. Spectrums of detection were adjusted

to minimize crosstalk between channels. For axonal transport studies, unless otherwise specified, time-lapse imaging was per-

formed in 3 random segments (�55 mm each) of the proximal-mid axon (50-300 mm from cell body) in each neuron. Axons were iden-

tified based on their morphology (long and untapered processes). Each time-lapse series comprises at least 200 images from each

channel acquired in a 3-min period. All live imaging data were pooled from at least 3 independent experiments. Subsequent analyses

of vesicle movements, signal intensities and/or vesicle dimensions were performed in ImageJ. Time-lapse images were processed

with a 1-pixel median filter, followed by the construction of kymographs with the Multiple Kymograph plugin along manually traced

axonal profiles. Displayed kymographs were shown at X scale = 1 and Y scale = 4. The entire track of each vesicle was analyzed to

calculate average velocity (mm/s) defined as total net displacement/ total duration. Vesicles with average velocities of < 0.1 mm/swere

classified as ‘‘non-motile.’’ Motile vesicles displaced toward the axon terminal were classified as ‘‘anterograde,’’ and those displaced

toward the cell body were classified as ‘‘retrograde.’’ Signal intensities were measured in unadjusted images. Brightness/contrast of

displayed images was adjusted in ImageJ and/or Photoshop.

Immunostaining of cultured neurons
Neurons were fixed in methanol at �20�C for 10 min. Thereafter, neurons were permeabilized in 0.02% Triton X-100/ TBS, pH 7.4,

and blocked with 10% normal horse serum. Neurons were then incubated with primary antibodies diluted in 1% BSA/ TBS over-

night at 4�C and Alexa Fluor-conjugated secondary antibodies. Neurons were mounted with Fluoro-Gel. Soma and random seg-

ments of axons were imaged by laser scanning confocal microscopy (multi-track line scanning) using Zeiss LSM 880 confocal

microscope. Imaging of dendrites was avoided by ensuring that the imaged neurites had extended beyond microgrooves into

the axonal chamber. Images were processed with a 1-pixel median filter and quantified by ‘‘particle analysis’’ function in ImageJ.

All measurements were performed on unadjusted images. Brightness/contrast of displayed images was adjusted in ImageJ and/or

Photoshop.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were collected from 3 or more independent experiments with sample sizes specified in figure legends. Analyses were

not blinded. All data were included. Normality of data was tested with Shapiro-Wilk test in IBM SPSS Statistics 24. For
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comparison between 2 groups of normally distributed data, unpaired two-tailed Student’s t test (equal variance not assumed)

was performed in Microsoft Excel. For non-parametric comparison between 2 groups, unpaired two-tailed Mann-Whitney U test

or Kolmogorov-Smirnov test was performed in IBM SPSS Statistics 24. For non-parametric comparisons of multiple groups,

Kruskal-Wallis test followed by Dunn’s multiple comparisons test was performed in GraphPad Prism 8.0.1. Power analysis of

sensitivity was performed in G*Power 3.1.9.7 (Faul et al., 2007). Observed effect size d was computed using the standardized

test statistic Z from Mann-Whitney U test where d = 2r
ffiffiffiffiffiffiffiffi

1�r2
p , r = Z

ffiffiffi

N
p and N = total sample size (Kornbrot et al., 2018;

Rosenthal, 1994).
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