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Despite widespread distribution of LAMP1 and the heterogeneous nature of LAMP1-labeled compartments, LAMP1 is 
routinely used as a lysosomal marker, and LAMP1-positive organelles are often referred to as lysosomes. In this study, we 
use immunoelectron microscopy and confocal imaging to provide quantitative analysis of LAMP1 distribution in various 
autophagic and endolysosomal organelles in neurons. Our study demonstrates that a significant portion of LAMP1-labeled 
organelles do not contain detectable lysosomal hydrolases including cathepsins D and B and glucocerebrosidase. A bovine 
serum albumin–gold pulse–chase assay followed by ultrastructural analysis suggests a heterogeneity of degradative capacity 
in LAMP1-labeled endolysosomal organelles. Gradient fractionation displays differential distribution patterns of LAMP1/2 
and cathepsins D/B in neurons. We further reveal that LAMP1 intensity in familial amyotrophic lateral sclerosis–linked motor 
neurons does not necessarily reflect lysosomal deficits in vivo. Our study suggests that labeling a set of lysosomal hydrolases 
combined with various endolysosomal markers would be more accurate than simply relying on LAMP1/2 staining to assess 
neuronal lysosome distribution, trafficking, and functionality under physiological and pathological conditions.
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Introduction
Lysosomes serve as the terminal degradation hubs for auto-
phagic/endocytic components, thus maintaining cellular homeo-
stasis essential for neuronal growth and survival as well as 
synaptic remodeling (Cai et al., 2010; Farías et al., 2017; Padamsey 
et al., 2017). Lysosomal hydrolases degrade extracellular materi-
als that have been internalized by endocytosis and intracellular 
components sequestered by autophagy. In addition, lysosomes 
play a critical role in nutrient sensing and recycling of the cat-
abolic pathway (Luzio et al., 2007). Endolysosomal trafficking 
from early endosomes (EEs) to late endosomes (LEs) and finally 
into mature lysosomes is essential for delivering target materials 
and maintaining efficient degradation capacity. Newly synthe-
sized precursors of lysosomal hydrolases are transported from 
the TGN to endosomes and lysosomes (Geuze et al., 1985; Griffiths 
et al., 1988, 1990; Lobel et al., 1989; Ishidoh and Kominami, 2002). 
Autophagosomes undergo a stepwise maturation through fusion 
of autophagosomes with endosomes to form amphisomes or 
with lysosomes to form degradative autolysosomes (Klionsky 
and Emr, 2000; Levine and Klionsky, 2004; Maday et al., 2012, 
2014; Nixon, 2013; Cheng et al., 2015). Before endocytosed/auto-
phagic organelles mature into lysosomes, they are a continuum 
of intermediates that continually pass over endocytosed cargos, 
exchange membrane constituents, and add lysosomal hydrolases. 

These heterogeneous intermediates, having diverse qualities in 
morphology, membrane components, hydrolase contents, lumi-
nal pH, and distinct cellular functions, represent the different 
stages of maturation within the endolysosomal pathway (Saftig 
and Klumperman, 2009). A mature lysosome is thus defined as: 
(A) a storage organelle for active forms of degradative enzymes 
with acidic pH optimum; (B) the hydrolysis of substrates occur-
ring within; (C) limiting membranes with specific glycosylated 
membrane-associated proteins such as LAMP1; and (D) the lack 
of nonlysosomal proteins such as mannose-6-phosphate recep-
tors (MPRs; Saftig, 2005; Luzio et al., 2007).

Neurons are highly polarized and postmitotic cells with three 
functionally and structurally different compartments: soma, den-
drites, and axons. These unique features add yet another layer of 
complexity to the distribution and maturation of lysosomes. To 
achieve maturation, autophagic and endocytic vesicles undergo 
long-distance transport from distal regions back to the soma, 
a distance that can span up to 1 m long in peripheral neurons 
(Overly and Hollenbeck, 1996). Impaired retrograde transport of 
endolysosomal organelles causes an accumulation of immature 
lysosomes in neurons, leading to dramatically decreased proteo-
lytic capability (Cai et al., 2010; Lee et al., 2011; Gowrishankar 
et al., 2015, 2017). Emerging evidence demonstrates that defects 
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in the endolysosomal system, which are often accompanied by 
impaired endolysosomal trafficking, are associated with the 
pathogenesis of several major neurodegenerative diseases such 
as Alzheimer’s disease (AD), Parkinson’s disease, Huntington’s 
disease, and amyotrophic lateral sclerosis (Levine and Kroemer, 
2008; Nixon et al., 2008; Gowrishankar et al., 2015; Wong and 
Holzbaur, 2015; Xie et al., 2015). In addition, several hereditary 
lysosomal storage diseases affect the central nervous system 
(Ballabio and Gieselmann, 2009). With these clinical impli-
cations, there is growing interest in understanding the causal 
relationship between dysregulation of endolysosome systems 
and progression of neurological diseases. Thus, it is necessary to 
develop practical guidelines for assessing neuronal lysosome dis-
tribution and trafficking, by extension revealing the pathological 
response of lysosomes to disease conditions in both in vitro and 
in vivo nervous systems.

Lysosome-associated membrane proteins (LAMPs; mainly 
LAMP1/2) are type-1 transmembrane proteins with considerable 
sequence homology. Although LAMP1/2 target to lysosomes, they 
are not static components of the lysosomal membrane; rather, 
they are in dynamic equilibrium between lysosomes, endosomes, 
and the plasma membrane (Deng and Storrie, 1988; Patterson and 
Lippincott-Schwartz, 2002; Eskelinen et al., 2003). Newly syn-
thesized LAMP1 exits the TGN and enters the plasma membrane 
and endolysosomal pathway (Cook et al., 2004), where it exists 
as the most abundant endolysosome membrane protein (Saftig 
and Klumperman, 2009). In addition, LAMP1 is also detected 
in AP1-clathrin–positive TGN membranes (Höning et al., 1996; 
Hunziker and Geuze, 1996; Janvier and Bonifacino, 2005). Recent 
studies in neurons also suggest that LAMP1-labeled organelles 
are heterogeneous (Gowrishankar et al., 2015, 2017; Goo et al., 
2017) and represent intermediates of endocytic and autophagic 
pathways and lysosomal biogenesis (Hollenbeck, 1993; Lee et al., 
2011; Maday et al., 2012, 2014; Cheng et al., 2015). Despite wide-
spread distribution patterns of LAMP1 and the heterogeneous 
nature of LAMP1-labeled compartments, LAMP1 continues to 
be the most routinely used marker for neuronal lysosomes, and 
many studies refer to LAMP1-positive organelles as degradative 
lysosomes. This practice could lead to misinterpretation of the 
actual roles of mature active lysosomes in neuronal growth, 
function, and survival in healthy brains as well as their patho-
logical impact on neurodegenerative diseases. Thus, there is an 
urgent need to quantitatively characterize LAMP1-labeled deg-
radative and nondegradative organelles in both in vitro and in 
vivo nervous systems.

In this study, by using immunotransmission EM (iTEM) and 
light confocal imaging combined with Airyscan superresolu-
tion microscopy, we expand on the limited literature to provide 
a comprehensive and quantitative analysis of relative LAMP1 
distribution in various endolysosomal organelles in neurons. 
Our study demonstrates that a significant portion of neuronal 
LAMP1-labeled organelles does not contain three major lysosomal 
hydrolases including cathepsins D and B and glucocerebrosidase 
(GCase). We further show that the relative intensity of LAMP1 in 
familial amyotrophic lateral sclerosis (fALS)-linked spinal motor 
neurons (sMNs) does not necessarily reflect lysosomal deficits 
in vivo. Thus, one must be more cautious when interpreting 

LAMP1-labeled organelles in neurons where LAMP1 intensity, 
trafficking, and distribution do not necessarily represent degra-
dative lysosomes under physiological and pathological conditions.

Results
Differential distribution patterns of LAMP1 and cathepsin D in 
adult neurons in vivo
One hallmark of degradative lysosomes is the presence of active 
hydrolases, among which cathepsins constitute a major cate-
gory. Cathepsin D, an aspartyl protease that primarily resides 
within lysosomes, is a prominent member of the cathepsin 
family. Given the increasing application of LAMP1 as a neuro-
nal lysosomal marker, we sought to investigate whether it can 
reliably label cathepsin-containing lysosomes in mature neurons 
in vivo. Application of LAMP1 and cathepsin D antibodies has 
been widely reported, and their specificity has been repeatedly 
verified in recent studies (Marwaha et al., 2017; Sathyanarayan 
et al., 2017). We further confirmed their specificity in neurons 
by knocking down LAMP1 or cathepsin D via RNAi approaches. 
Mouse dorsal root ganglion (DRG) neurons at day in vitro (DIV) 0 
were transfected with control, LAMP1-, or cathepsin D–targeted 
siRNAs through nucleofection, followed by immunostaining or 
immunoblotting at DIV3. Compared with neurons transfected 
with control siRNA, LAMP1 signals were selectively depressed 
in neurons transfected with LAMP1-targeted siRNA1-, 2-, or 
combined 1+2 (Fig. 1, A–D). Similarly, cathepsin D signals were 
selectively depressed in neurons transfected with cathepsin 
D–targeted siRNA1-, 2-, or combined 1+2 (Fig. 1, F–I). The nor-
malized integrated density ratio of LAMP1/LAMP2 (Fig. 1 E) or 
cathepsin D/LAMP1 (Fig. 1 J) was robustly reduced in LAMP1- or 
cathepsin D–depleted neurons, respectively. Western blotting 
consistently showed a selective depletion of LAMP1 or cathepsin 
D by their corresponding siRNAs (Fig. 1 K). These findings verify 
the specificity of LAMP1 and cathepsin D antibodies in primary 
neurons, prompting us to characterize colocalization of LAMP1 
and cathepsin D signals in vitro and in vivo.

We chose coimmunostaining of adult mouse DRGs, which are 
composed of sensory neuron cell bodies and pseudounipolar axon 
bundles extending from the dorsal root toward the periphery and 
gray matter of the spinal cord (Fig. 2 A). The unique axon-bun-
dled structures within the DRG make it an ideal model for tracing 
distribution and colocalization of axonal organelles in vivo. DRGs 
isolated from adult mice at P120 (postnatal day 120) were coim-
munostained with antibodies against LAMP1, cathepsin D, and 
neuron-specific βIII-tubulin. LAMP1 and cathepsin D signals are 
intensely accumulated in the soma of DRG neurons, prohibiting 
colocalization analysis. Relative colocalization was assessed by 
Manders’ colocalization coefficient (MCC)-based analysis and 
particle-based analysis in axonal bundles. LAMP1 and cathepsin 
D were only partially colocalized in DRG axon bundles labeled by 
βIII-tubulin (Fig. 2 A) such that only 16.62 ± 1.39% (MCC-based) 
or 21.78 ± 2.13% (particle-based) of LAMP1-labeled vesicles con-
tained detectable cathepsin D (Fig. 2 B), indicating their differen-
tial distribution patterns in mature adult neurons in vivo.

To confirm these findings at the ultrastructural level, we 
examined mouse sMNs from adult mice at P80 with iTEM. 
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Spinal cord sections were immunostained with an antibody 
against LAMP1 or cathepsin D followed by incubation with Nano-
gold-conjugated secondary antibodies and silver enhancement. 
LAMP1 signals were readily detected around the surface of var-
ious endosome- and lysosome-like organelles including mature 
lysosomes with a high electron density, degradative autolyso-
somes with double membranes and electron density (Fig. 3 A), 
immature autophagosomes with double membranes containing 
nondegraded translucent contents, multivesicular bodies (MVBs) 
containing multiple internal vesicles, and multilamellar bodies 
(MLBs) composed of concentric membrane layers (Fig. 3 B). In 
contrast, cathepsin D signals were only detected in the luminal 
side of mature lysosomes and autolysosomes (Fig. 3 A) but were 
rarely found in other types of organelles (Fig. 3 B). The relative 
frequency of cathepsin D detection in amphisome- and endo-
some-like organelles (MVB and MLB) is much lower compared 
with the frequency of LAMP1 immunostaining (Fig. 3 C).

As the presence of degradative capacity is a necessary prereq-
uisite for mature lysosomes, we further conducted a BSA-gold 
pulse–chase assay in live neurons followed by iTEM to examine 
whether BSA could be degraded within these LAMP1-labeled 
organelles. BSA conjugated with colloidal gold (BSA-gold) would 
be internalized after fluid phase endocytosis, and the gold par-
ticles should only flocculate in the lumen of mature lysosomes, 
where proteolytic degradation of BSA occurs (Griffiths et al., 

1988; Bright et al., 1997; Cai et al., 2010). After a 4-h pulse and 4-h 
chase procedure, we confirmed the fate of internalized BSA-gold 
in LAMP1-labeled lysosomal compartments at the ultrastructural 
level by iTEM. Among a total of 431 LAMP1-labeled organelles 
with internalized gold particles, 354 (82.1%) of them contained 
flocculated gold particles, whereas 77 (17.9%) showed discrete 
gold particles, reflecting the heterogeneous degradative capacity 
among LAMP1-labeled organelles (Fig. 3 D). Given the fact that 
these BSA-gold–containing LAMP1 organelles represent the late 
stages of the endocytic pathway after a prolonged pulse–chase in 
live neurons, it is conceivable that the percentage of degradative 
LAMP1 organelles (82.1%) is higher than that observed in LAMP1 
immunostaining assays (Fig. 4) that detect all LAMP1 organelles 
including those outside of the endocytic pathway.

A significant portion of LAMP1-labeled organelles do not 
contain cathepsin D
Using cultured cortical neurons as a model, we further dissected 
the properties of LAMP1-labeled organelles in three distinct 
neuronal compartments: soma, axons, and dendrites. Bouin’s 
fixation was previously reported to reliably detect lysosomal 
luminal proteins by immunofluorescence (Lin and Lobel, 2001; 
Zhang et al., 2003; Sun et al., 2008; Harrison et al., 2009). In 
this study, we modified Bouin’s fixation protocol by using 50% 
Bouin’s solution to allow optimal codetection of both lysosomal 

Figure 1. Verified specificity of LAMP1 and cathep-
sin D antibodies by knockdown assays in DRG neu-
rons. (A–E) Representative images of DRG neuron axons 
(A–D) and quantitative analysis (E) showing substantially 
reduced LAMP1 staining in axons after knockdown by 
LAMP1-siRNA1 (B), LAMP1-siRNA2 (C), or combined 
LAMP1-siRNA1+2 (D). Neurons were cotransfected at 
DIV0 with 30 nM control siRNA (Ctrl) or LAMP1-siRNA oli-
gonucleotides with GFP (pseudocolor blue) and analyzed 
by coimmunostaining 3 d after transfection using antibod-
ies against LAMP1 and LAMP2. Note that LAMP1-siRNAs 
abolish LAMP1 staining without reducing LAMP2 signals, 
thus verifying the specificity of LAMP1 antibody. The 
integrated density of LAMP1 was normalized to LAMP2 
from the same images (E). (F–J) Representative images 
of DRG neuron axons (F–I) and quantitative analysis (J) 
showing a substantial reduction in cathepsin D staining 
along axons after the knockdown by cathepsin D–siRNA1 
(G), cathepsin D–siRNA2 (H), or combined cathepsin D–
siRNA1+2 (I). Neurons were cotransfected at DIV0 with 
30 nM control siRNA or cathepsin D–siRNA oligonucle-
otides with GFP (pseudocolor blue) as indicated and then 
were analyzed by coimmunostaining 3 d after transfection 
using antibodies against LAMP1 and cathepsin D. Note 
that cathepsin D–siRNAs abolished cathepsin D staining 
without reducing LAMP1 detection, thus verifying the 
specificity of cathepsin D antibody. The integrated den-
sity of cathepsin D was normalized to LAMP1 from the 
same images (J). Data were collected from 30 axons in 
three repeats. Error bars indicate SEM. Bars, 10 µm. ***, 
P < 0.001. (K) Representative Western blots showing 
effective knockdown of neuronal LAMP1 and cathepsin D 
with LAMP1-siRNA1+2 or cathepsin D–siRNA1+2, respec-
tively. DRG neurons were transfected at DIV0 with 30 nM 
control or targeted siRNA oligonucleotides and analyzed 
by Western blot 3 d after transfection using antibodies 
against LAMP1, cathepsin D, and βIII-tubulin.
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hydrolases and LAMP1. This modified protocol significantly 
enhanced the signal detection of cathepsin D by 2.91 ± 0.26-fold 
(P < 0.0001) compared with 4% PFA fixation solution in neu-
rons (not depicted). Using this fixation protocol, we first exam-
ined whether LAMP1-labeled organelles contain cathepsin D in 
cortical neurons at DIV7. Relative colocalization was assessed by 
MCC-based analysis. In the soma region, the majority (89.67 ± 
1.33%) of cathepsin D–labeled organelles were also positive for 
LAMP1. However, only 44.8 ± 1.87% of LAMP1-labeled organ-
elles contained cathepsin D. This number further dropped to 
28.6 ± 2.07% in dendrites and 30.31 ± 2.39% in axons (Fig. 4, A 
and B). We alternatively assessed relative colocalization with 
particle-based analysis in dendrites and axons. Consistently, 
although 88.48 ± 2.78% (dendrites) or 81.43 ± 2.28% (axons) of 

cathepsin D–containing organelles were colabeled by LAMP1, a 
relatively small population of LAMP1 particles contained lyso-
some hydrolase cathepsin D (47.71 ± 3.98% in dendrites and 51. 
64 ± 2.66% in axons). We next confirmed these observations in 
axons of DRG neurons isolated from adult mice at P30 because 
almost all neurites from DRG neurons are tau-positive axons 
(Perlson et al., 2009). Consistently, only 23.7 ± 2.98% (MCC-
based analysis) or 43.93 ± 4.30% (particle-based analysis) of 
LAMP1 was colocalized with cathepsin D along DRG neuron 
axons (Fig. 4, C and D).

To illustrate differential LAMP1 and cathepsin D staining 
patterns in more detail, we applied Airyscan superresolution 
microscopy with 32 GaAsP detectors (Müller and Enderlein, 
2010; Sheppard et al., 2013). LAMP1 clearly delineated the lim-
iting membrane of the organelles, whereas cathepsin D resided 
inside; a sizable portion of LAMP1 ring-like structures did not 
contain detectable cathepsin D (Fig. 4 E). These Airyscan images 
are consistent with iTEM (Fig. 3, A and B) at the ultrastructural 
level and thus support the notion that approximately half of 
LAMP1-labeled organelles contain a major lysosome hydrolase.

Maintaining an acidified intraluminal environment is nec-
essary for hydrolase activation and substrate degradation, 
the defining feature of mature lysosomes (Saftig, 2005). To 
test whether neuronal LAMP1-labeled organelles represent 
acidified structures containing activated hydrolases, we used 
boron-dipyrromethene (BOD​IPY)-modified full-length (FL)–
pepstatin A, a fluorophore-tagged pepstatin that specifically 
binds active cathepsin D in acidic environments at pH 4.5. Corti-
cal neurons were infected with lenti-mApple-LAMP1 and plated 
in microfluidic chamber devices in which neuronal cell bodies 
and dendrites are restricted to the soma chamber, whereas axons 
grow through long microgrooves (450 µm) into the axon terminal 
chamber (Zhou et al., 2012, 2016). Neurons at DIV7 were loaded 
with BOD​IPY–pepstatin A in both soma and axon chambers; 
images were taken from the axon chamber to trace the colocaliza-
tion of mApple-LAMP1 and BOD​IPY–pepstatin A. Consistent with 
our cathepsin immunostaining and iTEM data, only 45.78 ± 3.04% 
of LAMP1-positive organelles colocalized with BOD​IPY–pepsta-
tin A in axons (Fig. 4 F), further indicating the nondegradative 
LAMP1-labeled organelles within axons.

To determine the identity of the LAMP1-positive and cathep-
sin D–negative organelles, we performed triple labeling of 
LAMP1, cathepsin D, and Rab7 in cortical neurons. Representative 
images (Fig. 4 G) show that a sizable portion of LAMP1-positive 
and cathepsin-negative organelles are LEs in nature. To examine 
whether these LAMP1 organelles have degradative capacity, we 
stained cortical neurons (DIV7) with BOD​IPY–pepstatin A (1 µM) 
for 1 h followed by fixation and immunostaining with antibod-
ies against LAMP1 and cation-independent MPR (CI-M6PR), a 
membrane protein preferentially located in LEs and immature 
lysosomes (Griffiths et al., 1988). A majority of LAMP1-positive 
organelles colabeled with CI-M6PR lacked degradative capacity 
(Fig. 4 H). The results of triple-color imaging were consistent 
with our iTEM analysis, where cathepsin D signals were only 
detected in the luminal side of mature lysosomes and autolyso-
somes (Fig. 3 A) but were rarely found in endosome-like organ-
elles (Fig. 3 B).

Figure 2. Differential distribution patterns of LAMP1 and cathepsin D 
in adult mature DRG neurons in vivo. (A and B) Representative images 
(A) showing partial colocalization of LAMP1 and cathepsin D in DRG axon 
bundles from adult mice at P120. Mice were perfused with 50% Bouin’s 
solution, and DRGs were isolated for immunohistochemical staining with 
antibodies against LAMP1 (green), cathepsin D (red), and βIII-tubulin (blue). 
Dashed lines show the edges of axon bundles labeled by βIII-tubulin. Arrows 
indicate LAMP1-labeled organelles with no detectable cathepsin D. Note 
that although LAMP1 signals were detectable within axon bundles as shown 
in the enlarged boxed area (B), only 16.62 ± 1.39% (MCC based) or 21.78 
± 2.13% (particle based) of them colocalized with detectable cathepsin 
D. Data were quantified from a total of 15 images of DRG axonal bundles.  
Bars: (A) 100 µm; (B) 20 µm.
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Partial colocalization of LAMP1/2 with other 
lysosomal hydrolases
To exclude the possibility for a selective deficiency of cathep-
sin D in LAMP1-labeled organelles, we examined other prom-
inent lysosomal hydrolases. Cathepsin B, a lysosomal cysteine 
protease, plays an important role in lysosomal proteolysis. 
Consistently, LAMP1 and cathepsin B are partially colocalized, 
with 56.76 ± 2.13% of LAMP1 signals colocalizing with cathep-
sin B in the soma, 51.83 ± 2.02% in dendrites, and 39.14% ± 
3.81% in axons (MCC-based analysis). For particle-based anal-
ysis, colocalization of LAMP1 with cathepsin B in dendrites 
and axons are 57.59 ± 2.82% and 60.93 ± 2.64%, respectively 
(Fig. 5, A and B). To further confirm our findings, we examined 
a third lysosomal hydrolase: the acid β-glucosidase-GCase, a 
glucocerebrosidase (GBA)-encoded enzyme involved in sphin-
golipid catabolism in lysosomes (Grabowski et al., 1990). 
Homozygous GBA mutations cause Gaucher disease, the most 
common neuropathic lysosomal storage disorder (Sidransky, 

2012). Similarly, in the soma of mouse cortical neurons, only 
46.24 ± 2.06% of  LAMP1 colocalized with GCase, whereas 
79.72 ± 1.93% of GCase colocalized with LAMP1 (Fig. 5, C and 
D). Thus, our study with three different lysosomal hydrolases 
consistently supports the notion that although the majority 
of lysosomal hydrolases colocalize with LAMP1, a significant 
portion of LAMP1-labeled organelles in neurons do not con-
tain detectable lysosomal hydrolases, representing nondegra-
dative endolysosomal structures.

Next, we asked whether LAMP2 shares a similar distribu-
tion pattern as LAMP1 by coimmunostaining adult DRG neurons 
with antibodies against LAMP2, cathepsin B, and βIII tubulin at 
DIV3. Consistently, LAMP2 and cathepsin B were only partially 
colocalized, with 44.90 ± 3.28% (MCC based) or 41.55 ± 3.44% 
(particle based) of LAMP1-labeled organelles colocalizing with 
cathepsin B in the axons, respectively (Fig. 6, A and B). We alter-
natively applied biochemical gradient fractionation to confirm 
our imaging observations. Cultured cortical neurons at DIV7 

Figure 3. Ultrastructural analysis showing differential 
distribution of LAMP1 and cathepsin D in various endo-
lysosomal and autophagic organelles in adult motor and 
DRG neurons. (A–C) Representative iTEM micrographs (A 
and B) and quantitative analysis (C) showing differential dis-
tribution patterns of LAMP1 and cathepsin D in lysosome- 
(A) and endosome-like (B) structures. Mouse spinal cords 
were dissected at P80 and sectioned into 100-µm sections, 
and then LAMP1 and cathepsin D were labeled with primary 
antibodies followed by incubation with Nanogold-conju-
gated secondary antibodies and silver enhancement. Note 
that LAMP1 signals can be detected around the surface of 
both autophagic and endolysosome-like organelles includ-
ing lysosomes with single membranes and high electron 
density (A), degradative autolysosomes with double mem-
branes and high electron density (A), immature autopha-
gosomes containing nondegraded translucent contents 
that likely represent amphisomes after fusion with LEs (B), 
MVBs containing multiple internal vesicles (B), and MLBs 
composed of concentric membrane layers (B). In contrast, 
cathepsin D is mainly detected within the luminal side of 
lysosomes and autolysosomes (A and C) but was rarely found 
in endosome-like organelles (B and C). The percentages of 
LAMP1 or cathepsin detected in these organelles are shown 
in pie charts (C). The data were collected from three adult 
WT mice, and only those organelles with clear membrane 
structures were selected for quantification. A total of 108 
LAMP1-positive organelles was found from a total of 503 
EM micrographs from 12 grids, and 51 cathepsin D–positive 
organelles were found in 326 EM micrographs from 11 grids. 
(D) Representative iTEM micrographs of pulse–chase BSA-
gold assay showing a heterogeneity of degradative capac-
ity in LAMP1-labeled endolysosomal organelles. Adult DRG 
neurons at DIV4 were fed with the fluid-phase endocytic 
marker BSA-gold conjugates (6 nm) for 4 h at 37°C followed 
by a 4-h chasing period in a conjugate-free medium. Neurons 
were then fixed for LAMP1 immunogold staining and silver 
enhancement. LAMP1-gold particles (1.4 nm) were located 
on the surface of endolysosomal vesicles, whereas the larger 
BSA-gold particles (6 nm) were internalized into the luminal 
side. Note that BSA-gold particles appear as flocculation 
because of BSA degradation (right) or discretion because of 
lack of BSA degradation (left), indicating a heterogeneity of 
degradative capacity in these LAMP1-labeled endolysosomal 
organelles. Bars, 200 nm.
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were homogenized and subjected to subcellular fractionation 
by Percoll gradient centrifugation. Immunoblotting analysis 
demonstrates the differential gradient fractionation patterns 
of LAMP1/2 and cathepsins D/B in neurons; although LAMP1/2 
were widely present in most fractions (3–12), mature forms of 
cathepsins D/B were enriched in the heavier-gradient fractions 
10–14 (Fig. 6 C). Importantly, EEA1 (an early endosomal marker) 
was in the lighter gradient fractions 3–5, and Rab7 and CI-M6PR 
were mainly in middle fractions (4–10 and 8–11, respectively), 
indicating effective gradient fractionation.

Analysis of LAMP1 appears insufficient for characterizing 
lysosomal deficits in fALS-linked motor neurons
Our previous study revealed progressive lysosomal defects in 
sMNs of the fALS-linked hSOD1G93A mutant mouse starting at 
an early asymptomatic stage (P40; Xie et al., 2015). To examine 
whether LAMP1 is a sensitive marker for assessing lysosomal 
defects in neurodegenerative diseases, we coimmunostained ven-
tral root motor neurons of both WT and fALS-linked hSOD1G93A 
mice at P80 with antibodies against LAMP1, cathepsin D, and 
NeuN, a neuron marker (Fig. 7 A). Compared with age-matched 

Figure 4. A significant portion of LAMP1-labeled 
organelles does not contain lysosomal hydrolase 
cathepsin D in cultured embryonic cortical neu-
rons and adult DRG neurons. (A and B) Representa-
tive images (A) and quantitative analysis (B) showing 
a partial colocalization of LAMP1 and cathepsin D in 
cortical neurons. Neurons were coimmunostained at 
DIV7 with antibodies against LAMP1, cathepsin D, 
and MAP2 or βIII-tubulin. Images were taken from 
the soma, dendrite, and axon as indicated. Arrows 
indicate LAMP1-positive organelles lacking cathep-
sin D. (C and D) Representative images (C) and 
quantitative analysis (D) showing a large number of 
LAMP1 organelles negative for cathepsin D in axons 
of adult DRG neurons. Neurons isolated from adult 
mice (P30) were coimmunostained at DIV3 with anti-
bodies against LAMP1, cathepsin D, and βIII-tubulin. 
Images were taken from axon segments. Arrows indi-
cate LAMP1-positive organelles with no detectable 
cathepsin D. Relative colocalization was assessed 
by MCC-based analysis (B and D, left) and parti-
cle-based analysis (B and D, right). Data were quan-
tified from the total number of neurons indicated in 
the bar graphs for each group from more than three 
experiments. Error bars indicate SEM. (E) Represen-
tative Airyscan superresolution images (obtained 
with an LSM 880 microscope) demonstrate ring-like 
LAMP1 structures containing cathepsin D in their 
luminal side. Mouse cortical neurons were coimmu-
nostained at DIV7 with antibodies against LAMP1, 
cathepsin D, and MAP2. Images were taken from the 
soma region. Yellow arrows indicate LAMP1 ring-like 
structures containing detectable cathepsin D. White 
arrowheads indicate LAMP1-positive organelles 
lacking cathepsin D. Note that only a small fraction 
of LAMP1 ring-like structures surrounded cathep-
sin D. (F) Representative images showing a partial 
colocalization of LAMP1 with the active cathepsin 
D marker BOD​IPY–pepstatin A in cortical neuron 
axons. Neurons were infected with mApple-LAMP1 
at DIV0 before plating in a microfluidic chamber. At 
DIV7, BOD​IPY–pepstatin A (1 µM) was loaded for 1 h 
before live imaging of the axon chamber. Arrows indi-
cate LAMP1-positive organelles with nondetectable 
BOD​IPY–pepstatin A. Quantitative analysis shows 
45.78 ± 3.04% of mApple-LAMP1 organelles colocal-

ized with active cathepsin D as indicated by BOD​IPY–pepstatin A staining. (G) Representative images showing LAMP1-positive and cathepsin D–negative 
organelles as LEs in nature. Cortical neurons transfected with Rab7-RFP were fixed at DIV7 with 50% Bouin’s solution and immunostained with antibodies 
against LAMP1 and cathepsin D. White arrows indicate LAMP1-positive and cathepsin-negative organelles that were colabeled by the late endosomal marker 
Rab7. (H) Representative images showing the late endosomal nature of LAMP1-positive organelles lacking degradative capacity in cortical neurons. Neurons 
at DIV7 were stained with BOD​IPY–pepstatin A (1 µM) for 1 h followed by fixation and immunostaining with antibodies against LAMP1 and CI-M6PR. White 
arrows indicate LAMP1-labeled organelles with active cathepsin D, orange arrows point to nondegradative LAMP1 organelles that are costained by the late 
endosomal marker CI-M6PR. Bars: (A, C, F, G, and H) 10 µm; (E) 1 µm.
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WT controls, cathepsin D mean intensity was dramatically 
reduced (54.86 ± 7.59%; P < 0.001) in hSOD1G93A motor neuron 
cell bodies. In contrast, there was no detectable change in LAMP1 

mean intensity in the same hSOD1G93A motor neurons compared 
with WT mice (P = 0.170; Fig. 7 B). In addition, the proportion of 
lysosomes identified as LAMP1 and cathepsin D double-positive 
organelles was also reduced from 33.25 ± 1.66% to 16.92 ± 1.66% in 
hSOD1G93A mutant motor neurons (Fig. 7 C). Such inconsistency 
has also been demonstrated in AD, where altered protein levels 
of cathepsins B and D were observed in the hippocampus of post-
mortem patient brains, whereas LAMP1 remained unchanged 
(Bordi et al., 2016). Consistently, in AD-linked PS1-knockout 
(KO)/PS1–familial AD cells where acidification of lysosomes 
is defective because of reduced targeting of vacuolar-type H+ 
ATPase, LAMP1/2 staining was unaffected (Lee et al., 2010). Given 
the fact that not all LAMP1-labeled organelles represent degrada-
tive lysosomes, labeling a set of lysosomal hydrolases combined 
with various endolysosomal markers is more accurate than sim-
ply relying on LAMP1 staining to determine any alteration of the 
endolysosomal pathway in neurodegenerative diseases.

LAMP1 is distributed among a heterogeneous population of 
endocytic organelles
A significant proportion of LAMP1/2 traffics through the endo-
cytic pathway to lysosomes, and their sorting and targeting are 
regulated by the endocytic machinery (Janvier and Bonifacino, 
2005). LAMP1 is primarily located in LEs and lysosomes, with a 
smaller population in EEs and plasma membranes (Höning et al., 
1996; Hunziker and Geuze, 1996; Saftig and Klumperman, 2009). 
However, quantitative assessment of LAMP1 relative distribution 
in these endocytic organelles has not been reported in neurons. 
Thus, we examined the identities of LAMP1-targeted organelles 
by colabeling other endocytic markers. We first coimmunos-
tained cortical neurons with LAMP1 and the LE marker Rab7. The 
majority (67.88 ± 3.4%) of axonal LAMP1 signals colocalized with 
Rab7, indicating LEs/endolysosome in nature (Fig. 8, A and C). 
We confirmed this by costaining LAMP1 and Rab9, the Ras-like 
GTPase that shuttles between LEs and Golgi apparatus (Lombardi 

Figure 5. A significant portion of LAMP1-labeled organelles does not con-
tain detectable lysosomal hydrolases cathepsin B and GCase in cortical 
neurons. (A–D) Representative images (A and C) and quantitative analysis (B 
and D) showing a partial colocalization of LAMP1 with cathepsin B (A and B) or 
GCase (C and D). Cortical neurons were coimmunostained at DIV7 with antibod-
ies against LAMP1, cathepsin B or GCase, and MAP2 or tau. Images were taken 
from soma, dendrites, and axons as indicated. Arrows point to LAMP1-positive 
organelles without detectable cathepsin B (A) or GCase (C). Relative colocal-
ization was assessed by MCC-based analysis and particle-based analysis as 
indicated in bar graphs. Data were quantified from 30 neurons (n = 30) for each 
group in three experiments. Error bars indicate SEM. Bars, 10 µm.

Figure 6. Differential distribution and fractionation 
patterns of LAMP1/2 and lysosomal hydrolases 
cathepsins D/B in neurons. (A and B) Representa-
tive images (A) and quantitative analysis (B) showing a 
large number of LAMP2 organelles with no detectable 
cathepsin B in axons of adult DRG neurons. Neurons 
isolated from adult mice (P30) were coimmunostained 
at DIV3 with antibodies against LAMP2, cathepsin B, 
and βIII-tubulin. Images were taken from distal axon 
segments. Arrows indicate LAMP2-labeled organelles 
with no detectable cathepsin B. Relative colocalization 
was assessed by MCC-based analysis (B, left) and parti-
cle-based analysis (B, right). Data were quantified from 
30 neurons for each group in three experiments. Error 
bars indicate SEM. Bar, 10 µm. (C) Percoll gradient frac-
tionation showing differential fractionation patterns of 
LAMP1/2 and cathepsins D/B in neurons. Cultured cor-
tical neurons at DIV7 were homogenized and subjected 

to subcellular fractionation by Percoll gradient centrifugation. A total of 14 gradient fractions were collected from top (fraction 1) to bottom (fraction 14). All 
fractions were analyzed by sequential immunoblotting with antibodies against endolysosomal membrane proteins LAMP1/2, lysosomal hydrolases cathepsins 
D/B, early endosomal marker EEA1, and late endosomal markers Rab7 and CI-M6PR. Red asterisks mark cleaved mature forms of cathepsins D/B, and green 
asterisks indicate intermediate forms of cathepsins D/B. Note that approximately half of both mature forms of cathepsins D/B are distributed in fractions 10–12, 
where LAMP1 is also abundantly detected; Rab7 is mainly detected in fractions 4–10, where LAMP1 is predominantly distributed, indicating a considerable 
gradient codistribution of LAMP1 with cathepsins D/B and Rab7.
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et al., 1993). 74.67 ± 2.83% of LAMP1-labeled organelles colocal-
ized with Rab9 in axons (Fig. 8, B and D). Next, we costained neu-
rons with LAMP1 and CI-M6PR. We found that 32.38 ± 3.52% of 
LAMP1-labeled organelles colocalized with CI-M6PR in the soma 
of cortical neurons, whereas in dendrites, this number dropped 
to 20.16 ± 4.19% (Fig. 8, E and F). Interestingly, only 6.98 ± 1.67% 
of LAMP1-labeled organelles colocalized with CI-M6PR in axons 
of DRG neurons. Furthermore, 41.28 ± 6.02% of LAMP1-labeled 
organelles colocalized with EEA1 (EE marker) in the soma. This 
number dropped to 26.77 ± 3.61% and 11.95 ± 2.33% in axons and 
dendrites, respectively (Fig. 8, G and H). Altogether, our imag-
ing analysis provides quantitative evidence that LAMP1-labeled 
organelles represent a heterogeneous population of endolyso-
somal structures within neurons. This conclusion is consistent 
with our observations in the iTEM study (Fig. 3, B and C) and 
gradient fractionation study (Fig. 6 C).

Discussion
Our study using iTEM and light imaging analysis provides quan-
titative analysis of LAMP1 distribution in various endolysosomal 
organelles in neurons. We demonstrate that a significant portion 
of LAMP1/2-labeled organelles does not represent degradative 
lysosomes in neurons but instead belongs to a wide spectrum 
of endocytic organelles. Therefore, changes in the distribution, 
density, and trafficking of LAMP1-labeled organelles do not nec-
essarily reflect lysosome function or deficits under physiologi-
cal or pathological conditions. We suggest that codetection of 
LAMP1 with various lysosomal hydrolases will provide a better 

understanding of how lysosomal function or its deficit contrib-
utes to neuronal health and disease progression.

Our quantitative iTEM analysis and BSA-gold pulse–chase 
assays are consistent with several recent studies showing het-
erogeneous nature of LAMP1-labeled organelles in various types 
of cell lines and neurons. In a study by Johnson et al. (2016), 79 
± 2% of LAMP1 was colocalized with saposin C, a glycoprotein 
thought to be restricted to lysosomes; this number dropped to 
64 ± 4% in the periphery, suggesting heterogeneous populations 
of LAMP1-labeled organelles. The EM ultrastructural study of 
lysosomal distribution in dendrites of hippocampal neurons 
using APEX2 technology also showed that the luminal electron 
density of LAMP1-labeled organelles is heterogeneous (Goo et 
al., 2017). A third study identified a subpopulation of LAMP1-la-
beled organelles that are deficient in major cathepsins B/D/L 
in both distal processes of the hippocampal region of WT con-
trol mice and within the swollen axons of amyloid plaques of 
AD mice (Gowrishankar et al., 2015). The same group further 
characterized axonal lysosomal trafficking in JIP3 KO neurons 
and revealed an accumulation of LAMP1-labeled organelles in 
axon swellings. Further EM analysis indicated that these LAMP1 
organelles are morphologically similar to LEs (MLBs or MVBs) 
and devoid of lysosomal hydrolases (Gowrishankar et al., 2017). 
Our iTEM ultrastructural observations in adult neurons in vivo 
are also consistent with the previous iTEM analysis in nonneu-
ronal human HepG2 cells where endogenous LAMP1 localization 
can vary among distinct endolysosomal intermediates (Saftig 
and Klumperman, 2009). Our quantitative analysis showing 
partial colocalization of LAMP1 and major lysosomal hydrolases 

Figure 7. LAMP1 and cathepsin D respond differently to lyso-
somal deficits in fALS-linked sMNs. (A–C) Representative images 
(A) and quantitative analysis (B and C) showing differential changes 
in the mean intensity and colocalization of LAMP1 (red) and cathep-
sin D (green) in sMNs (labeled with NeuN; blue) from adult control 
or fALS-linked mutant hSOD1G93A mice at presymptomatic stages 
(P80). Arrows indicate LAMP1-positive organelles with no detect-
able cathepsin D. Consistent with early lysosomal deficits in sMNs 
of fALS-linked hSOD1G93A mutant mice (Xie et al., 2015), cathep-
sin D signals were significantly reduced to 54.86 ± 7.59% in the 
hSOD1G93A motor neurons relative to age-matched control motor 
neurons (P < 0.001), whereas LAMP1 signals remained unchanged 
(P = 0.17) at the same disease stage (B). Note that although 33.25 
± 1.66% of LAMP1-positive organelles were colocalized with 
cathepsin D in control MNs, only 16.92 ± 1.66% (P < 0.001) were 
colocalized in mutant SOD1G93A motor neurons (C). Relative colo-
calization was assessed by MCC-based analysis. Data were quan-
tified from total numbers of neurons indicated in the bar graphs 
and analyzed using the Student’s t test. Error bars indicate SEM.  
Bars: (main images) 20 µm; (insets) 5 µm.

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/217/9/3127/1600933/jcb_201711083.pdf by guest on 08 February 2026



Cheng et al. 
Revisiting LAMP1 as a marker for neuronal lysosome

Journal of Cell Biology
https://doi.org/10.1083/jcb.201711083

3135

is supported by a recent study in rat hippocampal neurons where 
ectopic LAMP1-GFP was coexpressed with cathepsin D–GFP or 
stained with the fluorogenic cathepsin B substrate Magic red. 
Consistently, LAMP1-labeled organelles and cathepsin-contain-
ing vesicles were not completely colocalized (Farías et al., 2017). 
Altogether, these studies support our notion that a significant 
portion of LAMP1-labeled organelles in healthy and diseased neu-
rons do not contain major lysosomal hydrolases. Instead, these 
LAMP1-positive organelles are likely intermediates of endocytic 
and autophagic pathways and lysosomal biogenesis (Hollenbeck, 
1993; Lee et al., 2011; Maday et al., 2012, 2014; Cheng et al., 2015).

To more sensitively detect lysosomal luminal hydrolases, we 
modified Bouin’s fixation protocol (Lin and Lobel, 2001; Zhang 
et al., 2003; Harrison et al., 2009) to allow optimal codetection 
of both luminal protein cathepsin D and membrane protein 
LAMP1. This modified protocol significantly enhances the signal 
detection of cathepsin D by approximately threefold compared 
with 4% PFA fixation solution in neurons. With this protocol and 
MCC-based colocalization analysis, we found that 44.8 ± 1.87% 
of LAMP1-labeled organelles in the soma contain cathepsin D. 
However, this number drops to 28.6 ± 2.07% (P < 0.0001) in den-
drites and 30.31 ± 2.39% (P < 0.0001) in axons (Fig. 4, A and B), 

suggesting that the percentage of degradative LAMP1 organelles 
is relatively higher in the soma than in neuronal processes. Using 
the pH-sensitive chimeric LAMP1 construct, which has a supere-
cliptic pHluorin fused to the luminal side, Farías et al. (2017) also 
showed a differential acidity of LAMP1-labeled organelles in 
distal and proximal axons, thus suggesting that LAMP1-positive 
organelles do not necessarily represent degradative lysosomes 
in distal axons. Altogether, these studies provide some insights 
into the differential endolysosomal maturation and degradation 
activity in these neuronal compartments.

Materials and methods
Mouse line and animal care
C57BL/6J WT and B6.Cg-Tg (SOD1G93A) 1Gur/J mice were pur-
chased from The Jackson Laboratory and maintained on the 
C57BL/6J genetic background in our animal facility. The Sprague–
Dawley rats were purchased from Charles River Laboratory. Ani-
mals were housed in a 12-h light/dark cycle and fed with regular 
diet ad libitum. All animal procedures were performed follow-
ing National Institutes of Health guidelines and were approved 
by the National Institute of Neurological Disorders and Stroke/

Figure 8. LAMP1 targets a heterogeneous 
population of endocytic organelles. (A–D) 
Representative images (A and B) and quantita-
tive analysis (C and D) showing a partial colo-
calization of LAMP1 with Rab7-positive LEs (A 
and C) or Rab9-positive LEs/retromers (B and 
D). Mouse cortical neurons were coimmunos-
tained at DIV7, and images were taken from 
axon segments. Arrows indicate LAMP1 colo-
calized with Rab7 or Rab9. (E and F) Represen-
tative images (E) and quantitative analysis (F) 
showing a partial colocalization of LAMP1 with 
CI-M6PR in cortical and DRG neurons (DRGNs). 
Embryonic mouse cortical neurons and adult 
DRG neurons were coimmunostained at DIV7 
or 3, respectively, with antibodies against 
CI-M6PR, LAMP1, and MAP2 or βIII-tubulin. 
Images were taken from the soma (top), den-
drites (middle), and DRG axons (bottom), 
respectively. Arrows indicate LAMP1-positive 
organelles that were colabeled with CI-M6PR. 
(G and H) Representative images (G) and quan-
titative analysis (H) showing a small portion of 
LAMP1 colocalized with the EE marker EEA1. 
Cortical neurons were coimmunostained at 
DIV7 with antibodies against EEA1 and LAMP1, 
followed by imaging from the soma (left), den-
drites (right), and axons (not depicted). Arrows 
indicate colocalization of LAMP1 and EEA1 in 
the soma and along dendrites. Relative colo-
calization was assessed by MCC-based analy-
sis. Data were quantified from the total number 
of neurons indicated within the bar graphs for 
each group from three experiments. Error bars 
indicate SEM. Bars, 10 µm.
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National Institute on Deafness and Other Communication Disor-
ders Animal Care and Use Committee. 

Antibodies, constructs, and siRNAs
Sources of antibodies or reagents are as follows: antibodies 
against LAMP1 (rabbit; ab24170; Abcam; and rat; 1D4B; Develop-
mental Studies Hybridoma Bank), cathepsin D (rat; MAB1029; 
R&D Systems), cathepsin B (goat; AF965; R&D Systems), 
βIII-tubulin (mouse; MAB5564; EMD Millipore; and mouse; 
T8578; Sigma-Aldrich), MAP2 (rabbit; AB5622; EMD Millipore; 
and mouse; 556320; BD), Tau-1 (mouse; MAB3420; EMD Mil-
lipore), NeuN (mouse; MAB377; EMD Millipore), GBA (rabbit; 
G4171; Sigma-Aldrich), CI-M6PR (mouse; ab2733; Abcam), EEA1 
(mouse; 610456; BD), Rab7 (rabbit; 9367P; Cell Signaling Tech-
nology), Rab9a (mouse; MA3-067; Thermo Fisher Scientific); 
BSA-gold tracer (6 nm; Electron Microscopy Sciences); BOD​IPY 
FL–pepstatin A (Invitrogen); Alexa Fluor 546– or 633–conjugated 
secondary antibodies (Invitrogen), and Bouin’s solution 
(HT10132; Sigma-Aldrich). LAMP1-mApple (promoter, phospho-
glycerate kinase; backbone, pLex; lentiviral) was generated in M. 
Ward’s laboratory (National Institute of Neurological Disorders 
and Stroke, Bethesda, MD). mRFP-Rab7 (promoter, cytomegalo-
virus; backbone, pmRFP-C3) was a gift from A. Helenius (14436; 
Addgene; Vonderheit and Helenius, 2005). The constructs were 
verified by DNA sequencing. Stealth siRNAs are from Thermo 
Fisher Scientific (LAMP1-siRNA1, MSS237022; LAMP1-siRNA2, 
MSS275304; cathepsin D–siRNA1, MSS203352; and cathepsin D–
siRNA2, MSS203353).

Immunohistochemistry
Mice were anesthetized and transcardially perfused sequentially 
with 1× PBS followed by 4% PFA in PBS. Tissues were collected, 
followed by postfixation in 4% PFA overnight, and then they were 
soaked in 30% sucrose for 3 d. Spinal cord and DRG sections (10 
µm) were obtained with a CM3050S cryostat (Leica Biosys-
tems), rinsed with PBS, and then subjected to antigen retrieval 
with sodium citrate buffer (10  mM sodium citrate and 0.05% 
Tween-20, pH 6.0) if necessary. After incubating with primary 
antibody (4°C overnight) and three washes with 1× PBS, sections 
were incubated with an appropriate Alexa Fluor–conjugated sec-
ondary antibody (1:1,000; Invitrogen) at RT for 1 h. After three 
washes in PBS, sections were coverslipped with VectaMount 
(Vector Laboratories) mounting medium.

iTEM
iTEM was performed as previously described (Lin et al., 2017). 
For preparing mice spinal cords, adult mice were anesthetized 
and perfused with freshly made EM fixative (4% PFA and 0.05% 
glutaraldehyde in PBS, pH 7.4). Tissues were dissected and sec-
tioned into 100-µm sections using a VT1200S vibratome (Leica 
Biosystems). Cultured DRG neurons at DIV4 were fixed with the 
same EM fixatives for 1 h at RT. DRG neurons or 100-µm tissue 
sections were washed with PBS and then permeabilized and 
blocked with 0.1% saponin/5% normal goat serum in PBS for 1 h. 
Endogenous LAMP1 and cathepsin D were labeled with LAMP1 
or cathepsin D antibody for 1  h at RT. Samples were washed 
with PBS and incubated with secondary antibody conjugated to 

1.4-nm Nanogold (Nanoprobes) for 1 h. After the wash with PBS, 
samples were fixed with 2% glutaraldehyde in PBS for at least 
30 min and then sent to the National Institute for Neurological 
Disorders and Stroke EM facility for processing. All steps were 
performed at RT unless otherwise indicated. The control for 
specificity of immunogold labeling is by omitting the primary 
antibody. Images were acquired using an electron microscope 
(1200EX; JEOL).

BSA-gold pulse–chase assays
DRG neurons at DIV4 were incubated with mixed 0.25 ml BSA-
gold (particle size 6 nm) with 0.75 ml neuron feeding medium 
at 37°C for 4  h for fluid phase endocytosis followed by a 4-h 
chase in conjugate-free medium. The cells were fixed with 4% 
PFA and 0.05% glutaraldehyde in PBS, pH 7.4, for 1 h at RT and 
then proceeded for immuno-EM with an anti-LAMP1 antibody 
and a secondary antibody conjugated to 1.4-nm Nanogold as 
described above.

Microfluidic chamber preparation
For house-made microfluidic devices, a silicon wafer with a pat-
tern made out of SU-8 by photolithography was used to cast the 
polydimethyl siloxane (PDMS) microfluidic devices. In brief, 
SYL​GARD 184 silicone elastomer base (Corning) was mixed with 
the curing agent at a ratio of 10:1. The PDMS was then mixed well 
using a ARF-310 mixer (THI​NKY) in two steps: mixing at 2,000 
rpm for 4 min and defoaming at 2,200 rpm for 4 min. The well-
mixed PDMS was poured onto the silicon wafer and then placed 
in a Bel-Art vacuum desiccator for 3 h to help remove air bubbles 
from the PDMS. The wafer with PDMS was placed in an 80°C 
oven for 1–2 h to cure. Once the PDMS was cured, the PDMS was 
pulled out, and reservoirs were punched out. The PDMS devices 
were extensively washed and autoclaved before being attached 
to coated coverslips.

Primary neuron cultures
Cortical neurons were collected from E18–19 rat or mouse 
embryos as described previously (Kang et al., 2008). In brief, 
after digestion with papain (Worthington Biochemical Corpo-
ration) for 45 min at 37°C and triturating with fire-polished 
pipettes, the cortical cells were recovered by centrifugation. 
After preparing a single-cell suspension, for the microfluidic 
chambers, 2 × 105/20 µl dissociated neurons were infected with 
a concentrated lentivirus containing mApple-LAMP1 for 10 min 
and then added into the cell body chamber of the microfluidic 
devices. After cells were attached, 100  µl of preequilibrated 
culture medium was added into each well of the device. Axons 
passed through microgrooves into the axonal terminal chamber 
at DIV4 as they grew. For regular culture, neurons were plated 
onto 12-mm coverslips coated with polyornithine (diluted 1:4 in 
double-distilled H2O; Sigma-Aldrich) and laminin (diluted 1:500 
in PBS; Roche). After 24 h of growing neurons in plating medium, 
half of the plating medium was replaced with the same amount 
of neuronal feeding medium (2% B27 and 0.5 mM GlutaMAX in 
neurobasal medium). Cells were fed every 3 d by aspirating half 
the medium and replacing it with the same amount of neuronal 
feeding medium.
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DRG neurons were isolated from P8–10 Sprague–Dawley rat or 
P30 mouse spinal cords in HBSS and digested in 2.5 U/ml dispase 
II (Roche) and 200 U/ml collagenase (Worthington Biochemical 
Corporation) at 37°C for 30 min followed by 35 min shaking at RT. 
Neurons were then collected using a 70-µm nylon cell strainer 
(Falcon). DRG neurons were plated on coverslips coated with 
polyornithine (diluted 1:4 in double-distilled H2O) and laminin 
(diluted 1:50 in PBS). Neurons were then maintained in neuro-
basal medium supplemented with 2% FBS, 2 mM GlutaMAX, and 
B27 (Invitrogen) for 3 d at 37°C in a 5% CO2 incubator.

Immunocytochemistry
Primary cultures of DRG or cortical neurons were fixed in 50% 
Bouin’s solution with 4% sucrose in PBS for 30 min if lysosomal 
hydrolases were costained; for other staining, we used 4% PFA 
(with 4% sucrose in PBS) for 15 min. Cells were then washed with 
PBS, incubated with a blocking buffer (0.4% saponin, 1% BSA, and 
5% goat or donkey serum in PBS) for 1 h and then incubated with 
a primary antibody diluted in the incubation buffer (0.1% sapo-
nin, 1% BSA, and 5% goat or donkey serum in PBS) overnight at 
4°C. After three washes in PBS, the cells were incubated with an 
appropriate Alexa Fluor–conjugated secondary antibody (1:400; 
Invitrogen) at RT for 1 h. After three washes in PBS, cells were 
coverslipped with VectaMount mounting medium.

Image acquisition and quantification
Confocal images were obtained using an LSM 880 oil-immersion 63× 
1.4 NA oil objective with sequential acquisition setting (ZEI​SS). For 
live-cell imaging, neurons grown in the microfluidic chambers were 
replaced with prewarmed Hibernate E low-fluorescence medium 
(BraiBits) supplemented with 2% B27 and 0.5 mM GlutaMAX at the 
day of imaging. The temperature was maintained at 37°C. For fixed 
cells, images were taken at RT. Images were acquired using the same 
settings with no saturation and no bleedthrough and minimized 
noise at a resolution of 1,024 × 1,024 pixels (16 bit). For colocaliza-
tion quantification, images were preprocessed with subtraction 
of a median filter-processed image and background, and then 
two images were proceeded to the ImageJ plugin JAC​OP (National 
Institutes of Health). MCCs were chosen as the colocalization ratio 
readout. Because the MCC is sensitive to noise and background, 
true structural pixels were identified by applying a threshold to the 
images; all pixels with intensities above this threshold were consid-
ered to be an object. The threshold value was defined manually after 
visual inspection (Dunn et al., 2011). For particle-based analysis, the 
percentage of LAMP1-labeled particles colocalizing with visible 
cathepsin D/B signals were calculated. Because lysosomal density 
in the soma is too dense to reveal single vesicles, particle-based 
analysis was chosen to quantify the colocalization along axons and 
dendrites. The superresolution images were taken in Airyscan 
mode. Intensity measurements were also performed using ImageJ. 
For quantification of SOD1G93A neurons, fluorescence intensity of 
endogenous LAMP1 staining was measured as mean intensity and 
expressed in arbitrary units of fluorescence per square area. The 
mean intensity of LAMP1 was normalized as a percentile ratio rel-
ative to the mean intensity of NeuN staining in the same soma of 
neurons; the values of normalized mean intensity from SOD1G93A 
neurons were further compared with those from WT controls.

Subcellular fractionation by Percoll gradient centrifugation
Rat cortical neurons in DIV7 were homogenized in homogeni-
zation buffer (250 mM sucrose, 20 mM Tris-HCl, pH 7.4, 1 mM 
EGTA, 1 mM EDTA, and protease inhibitor mixture). After remov-
ing the unbroken cells and nuclei by centrifugation at 750 g for 10 
min at 4°C, the supernatant (one volume) was laid on the top of 
nine volumes of 20% (vol/vol) Percoll (GE17-0891; Sigma-Aldrich) 
with homogenization buffer and centrifuged at 20,000 g for 2.5 h 
at 4°C. 14 fractions were sequentially collected from top (fraction 
1) to bottom (fraction 14). Equal amounts of each fraction were 
analyzed by sequential immunoblotting with antibodies against 
LAMP1 (ab24170; Abcam), LAMP2 (NB300-591; Novus Biologi-
cals), cathepsin B (AF965; R&D Systems), cathepsin D (MAB1029; 
R&D Systems), EEA1 (610456; BD), Rab7 (9367P; Cell Signaling 
Technology), and M6PR (ab2733; Abcam). The blot membranes 
were stripped between applications of each antibody.

Statistical analysis
Statistical analysis was performed using Prism (GraphPad Soft-
ware). Two groups were compared using Student’s t test (sample 
size n ≥ 30) or Mann-Whitney test (sample size n < 30). Data are 
expressed as means ± SEM. Differences were considered signif-
icant with P < 0.05.
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