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ABSTRACT
How macroautophagy/autophagy influences neurofilament (NF) proteins in neurons, a frequent 
target in neurodegenerative diseases and injury, is not known. NFs in axons have exceptionally 
long half-lives in vivo enabling formation of large stable supporting networks, but they can be rapidly 
degraded during Wallerian degeneration initiated by a limited calpain cleavage. Here, we identify 
autophagy as a previously unrecognized pathway for NF subunit protein degradation that modulates 
constitutive and inducible NF turnover in vivo. Levels of NEFL/NF-L, NEFM/NF-M, and NEFH/NF-H 
subunits rise substantially in neuroblastoma (N2a) cells after blocking autophagy either with the 
phosphatidylinositol 3-kinase (PtdIns3K) inhibitor 3-methyladenine (3-MA), by depleting ATG5 
expression with shRNA, or by using both treatments. In contrast, activating autophagy with rapamy
cin significantly lowers NF levels in N2a cells. In the mouse brain, NF subunit levels increase in vivo 
after intracerebroventricular infusion of 3-MA. Furthermore, using tomographic confocal microscopy, 
immunoelectron microscopy, and biochemical fractionation, we demonstrate the presence of NF 
proteins intra-lumenally within autophagosomes (APs), autolysosomes (ALs), and lysosomes (LYs). 
Our findings establish a prominent role for autophagy in NF proteolysis. Autophagy may regulate 
axon cytoskeleton size and responses of the NF cytoskeleton to injury and disease.
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Introduction

Neurofilaments (NFs), composed of four subunits NEFL, NEFM, 
NEFH, and INA/α-internexin in the central nervous system or 
peripherin in the peripheral nervous system, form a highly stable 
lattice within the axonal cytoskeleton where they regulate caliber 
and nerve conduction velocities [1] as well as act as a reversible 
docking platform for vesicular organelles to coordinate their dis
tributions and dynamic behaviors in axons [2]. NF subunit assem
blies are also integral components of synapses where they 
modulate synaptic plasticity and specific in vivo behaviors by 
regulating Dopamine D1 and N-methyl D-aspartate receptor 
activity and stability at synaptic surfaces [3,4]. NF accumulations 
are pathological hallmarks of amyotrophic lateral sclerosis (ALS) 
and contribute to the neurofibrillary lesions in Alzheimer's disease 
(AD) [5]. Cerebrospinal fluid (CSF) levels of NEFH and NEFL are 
useful biomarkers of axonal injury in neurological diseases [6,7], 
and NEFL detection in blood (and CSF) has recently emerged as 
an index of disease onset and progression in AD, albeit not 
a disease-specific index [8].

Calpains initiate the proteolysis of NEFH and NEFM sub
units by cleaving off their long carboxyl-terminal tail 
domains. Phosphorylation of these domains by multiple 
kinases confers resistance to calpain proteolysis [9,10], which 
contributes to the exceptionally long half-lives of NFs com
prising the axonal cytoskeleton [11]. NF proteins nevertheless 
undergo slow constitutive turnover in part via calpains [12] 

and the degradation initiated by calpains is greatly accelerated 
in states of calcium injury to axons [12,13] or axotomy result
ing in Wallerian degeneration [13]. In addition to calpains, 
the Gigaxonin-mediated ubiquitin-proteasome system [14– 
16] and lysosomal CTSD (cathepsin D) [17] have been impli
cated in NF degradation, although the possible role of auto
phagy in NF proteolysis is not known.

Macroautophagy, the major autophagic route to lyso
somes, can sequester and degrade most cellular constituents, 
including protein aggregates and organelles [18,19]. This 
suggests that the sterically complex NF subunits and even 
the heteropolymeric protofilaments that might predominate 
in perikarya, and synapses are candidate autophagic sub
strates. Neuronal macroautophagy (hereafter referred to as 
autophagy) is constitutive and inducible in response to cel
lular stress and injury in physiological and disease contexts 
[20,21]. Autophagy is initiated by inhibiting MTOR 
(mechanistic target of rapamycin kinase) complex 1 
(MTORC1), or by activating AMP-activated protein kinase 
(AMPK) and ULK1 kinase [21]. Formation of the autopha
gosome (AP), a compartment that contains substrates seques
tered by a phagophore, is initiated at the ER by the activation 
of a ULK1 (unc-51 like kinase 1)-PIK3C3/VPS34 complex 
and coordination by multiple protein complexes. These struc
tures fuse with multivesicular bodies (MVBs) or late endo
somes to form amphisomes and they later fuse with 
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lysosomes (LYs) to form autolysosomes (ALs). APs can also 
directly fuse with LYs to form ALs [21] to degrade the con
tents and regenerate new LYs. AP Formation, maturation, 
and complete degradation of substrates in ALs is termed 
autophagic flux [22].

In this report, we demonstrate that NF subunit protein 
levels are increased when NF-transfected N2a cells are either 
exposed to an autophagy inhibitor (3-MA), by depletion of 
autophagy protein ATG5 using shRNA, or a combination of 
ATG5 depletion and 3-MA exposure, or by blockade at the 
lysosomal proteolytic stage. Conversely, activation of autopha
gy with rapamycin decreased NF protein levels. In vivo, NF 
protein levels in the mouse brain rose upon inhibiting auto
phagy via intracerebroventricular infusion of 3-MA. 
Furthermore, in the neocortex of wild-type mice, NF proteins 
were immunolocalized within the lumens of autophagic vesi
cles (AVs) containing MAP1LC3/LC3 (APs) or CTSD (ALs), 
and were enriched in APs, ALs, and LYs fractions isolated 
from the brain. Based on these observations, we conclude that 
autophagy is a previously unrecognized degradative pathway 
for NF subunit proteins. These results provide new insights 
into neuronal cytoskeleton regulation and into possible patho
genic mechanisms in neurofibrillary diseases, where autopha
gy is frequently implicated [21].

Results

NF formation and degradation in N2a cells

Undifferentiated N2a cells express only NEFH protein. NEFM 
and NEFL proteins are absent in these cells since their genes 
are transcriptionally repressed [23]. To avoid confounding 
effects of differentiation agents, such as retinoic acid and 
dibutyryl cyclic AMP on autophagy in our culture system, 
we used undifferentiated N2a cells transfected with NF genes 
for our in vitro analyses. To examine NF formation, we 
transfected NF genes (Nefh, Nefm, Nefl) into N2a cells as 
previously described [24] and immunostained cells 42 h later 
with NF antibodies (NEFL, red and NEFM, green). Only NF- 
transfected cells expressed NEFL and NEFM (Figure 1A) 
while these subunits were undetected in untransfected 
(Mock) cells (Figure 1A). NF-transfected cells formed fila
ments (Figure 1C, purple arrows) running parallel to each 
other with extensive crosslinking (Figure 1C, see red arrows) 
resembling the NFs seen in axons in vivo (see Figure 6A,F). 
Double-label immunoelectron microscopy (IEM) of NF- 
transfected cells with antibodies to NEFL (10 nm) and 
NEFH (6 nm) (Figure 1D), and NEFM (10 nm) and NEFL 
(6 nm) (Figure 1E) gold particles decorated filaments con
firming these filaments to be NFs.

To measure NF protein degradation in N2a cells, NF-gene- 
transfected cells (after 42 h) were treated with cycloheximide 
(CHX, 10 µM) at 0–180 min to block new protein synthesis, 
cell extracts were made, and immunoblotted with NF anti
bodies. Immunoblot data from CHX-treated cells indicated 
time-dependent loss of NF proteins. NF subunit protein levels 
were significantly reduced at 1.5 h (Figure 1F,G), and further 
reduced at the 3 h time point (Figure 1F,G).

NF subunit proteins are degraded by macroautophagy in 
an in vitro cell model

To test the role of autophagy in NF protein degradation, NF- 
gene-transfected N2a cells were treated with the autophagy 
inhibitor, 3-MA (5 mM) [25] for 42 h, and the immunoblot 
analyses of the cell extracts with NF antibodies demonstrate 
that levels of all three NF proteins were significantly increased 
(Figure 2A). Similarly, NF-gene-transfected 3-MA-treated 
cells displayed significantly more immunostaining for NEFL 
(Figure 2B,C) and NEFM (Figure 2B,C) compared to NF-gene 
-transfected untreated cells (NF) (Figure 2B-D).

To further show that NFs are degraded by the autolysoso
mal pathway, NF-gene-transfected cells were treated with an 
inhibitor of the lysosomal vacuolar-type H+-ATPase, conca
namycin A (Con A; 0.5 µM, 24 h), which resulted in signifi
cant increases in the levels of all three NF proteins 
(Figure 2E). Con A treatment of the cells significantly inhib
ited the pH-dependent formation of mature CTSD 
(Figure 2E) and greatly inhibited clearance of MAP1LC3-II 
(Figure 2E), which established the efficacy of Con A. These 
observations indicate that inhibiting autolysosomal function 
prevents NF degradation and raises NF protein levels in N2a 
cells.

Depletion of ATG5 (autophagy related 5) protein in cells is 
known to block AP formation and suppress autophagy flux 
[26]. We tested whether depleting ATG5 levels in N2a cells 
with Atg5-shRNA would increase NF protein levels. Atg5- 
shRNA transduction significantly decreased ATG5 protein in 
untransfected (Figure 3A,C) as well as in NF-transfected N2a 
cells (Figure 3A,C). ATG5-depletion with Atg5-shRNA signif
icantly increased levels of all three NF proteins in NF- 
transfected N2a cells (Figure 3A,D). Importantly, Atg5- 
shRNA transduction increased endogenous NEFH levels in 
un-transfected N2a cells by 3.6-fold compared to non- 
transduced cells (Figure 3A,D). ATG5 protein depletion in 
these cells also had a significant reduction in MAP1LC3-I, 
MAP1LC3-II, and the MAP1LC3-II:MAP1LC3-I ratio 
(Figure 3A,C). Transduction of scrambled shRNA (SC- 
shRNA) into N2a cells did not alter the levels of ATG5, 
MAP1LC3-I, MAP1LC3-II, the ratio of MAP1LC3-II: 
MAP1LC3-I and all three NF proteins (Figure 3B,E,F). The 
lowered levels of MAP1LC3-II and the ratio of MAP1LC3: 
MAP1LC3-I in ATG5-depleted N2a cells is consistent with 
the blockage of AP formation and slowdown of autophagy 
[26] in N2a cells, thus implicating autophagy in NF protein 
degradation.

Combined ATG5 depletion and 3-MA exposure further 
elevates NF protein levels in N2a cells

Blockage of autophagy with ATG5 depletion significantly 
increased all three NF protein levels in N2a cells 
(Figure 3A,C,D). We tested whether treatment of ATG5- 
depleted cells with 3-MA to further block autophagy would 
increase NF protein levels even more over ATG5-depleted 
cells. Our data from ATG5-depleted cells treated with 
3-MA significantly further increased all three NF protein 
levels over the ATG5-depleted cells (Figure 3G). The above 
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Figure 1. NF formation and degradation in N2a cells. Untransfected (Mock, A) and NF-gene-transfected (NFs, B) N2a cells were immunolabeled with NEFL and NEFM 
antibodies (A and B). Scale bar: 10 µm. Electron microscopy of NF containing cells show formation of parallel NF filaments (purple arrows) that are interconnected 
with cross-bridges (C, see red arrows). Immunolabeling of these filamentous cells with NF antibodies (D, NEFL, 10 nm and NEFHCOOH, 6 nm) (E, NEFM, 10 nm and 
NEFL, 6 nm gold particles) show labeling of filaments with all 3 NF antibodies (NEFL, NEFM and NEFH). Scale bar: 50 nm. NF-transfected cells treated with 
cycloheximide (CHX) show reduction in NF proteins at 1.5 h (F and G, compared to 100% at 0 h time point, NEFL 70%, n = 4, p = 0.0115; NEFM 79%, n = 4, p = 0.0439; 
NEFH-MYC-79%, n = 4, p = 0.0240), and at 3 h time point (F and G, compared to 100% at 0 h time point, NEFL 53%, n = 5, p = 0.0001; NEFM 69%, n = 5, p = 0.0113; 
NEFH-MYC 77%, n = 8, p = 0.0007; n = 8). *p < 0.05; ***p < 0.001, one-way ANOVA.
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results prove that blockage of autophagy either genetically 
or pharmacologically or by combining both the treatments 
increase NF levels, as predicted.

Atg5-shRNA containing replication-deficient viral vector 
also contains an eGFP gene and transduction of this vector 
alone or into NF-transfected cells or treatment of Atg5- 
shRNA-transduced cells with 3-MA did not alter the levels 
of eGFP significantly in N2a cells (Figure 3A,C,G). These 
results indicate that the 3-MA effect of raising neurofila
ment levels is specific.

3-MA inhibits clearance of known autophagic substrates 
in N2a cells

To test whether 3-MA inhibits clearance of known autophagic 
substrates in N2a cells, cell extracts treated with 3-MA were 
immunoblotted with MAP1LC3 and SQSTM1/p62 (sequesto
some 1) antibodies. Our immunoblot data demonstrate that the 
levels of MAP1LC3-I (Figure 3H), MAP1LC3-II (Figure 3H), 
the ratio of MAP1LC3-II: MAP1LC3-I (Figure 3H), and 
SQSTM1/p62 (sequestosome 1) (Figure 3H) were significantly 
elevated while the levels of TUBB/β-tubulin (Figure 3H) were 
unaltered in 3-MA-treated N2a cells.

Activation of autophagy with rapamycin enhances NF 
protein degradation in N2a cells

Since blockage of autophagy with 3-MA increases NF protein 
levels, we tested whether activation of autophagy with rapa
mycin would increase NF protein degradation in N2a cells. As 
expected, NF-transfected N2a cells treated with rapamycin 
(10 nM, 24 h) significantly increased NF protein degradation 
and reduced the levels of all three NF proteins (Figure 3I). 
Rapamycin significantly increased the levels of MAP1LC3-I, 
MAP1LC3-II, and the ratio of MAP1LC3-II:MAP1LC3-I 
(Figure 3I) while it did not affect the levels of calpain activity 
as measured by the ratio of calpain-cleaved 150-kDa-SPTA1 
/α-Spectrin fragment to full-length (FL)-SPTA1 (Figure 3I).

We also tested whether 3-MA influences the other two 
proteolytic systems, namely calpain and proteasome in N2a 
cells. 3-MA-treated cell extracts from untransfected cells were 
immunoblotted with SPTA1 and ubiquitin antibodies, which 
demonstrated a significantly reduced ratio of calpain- cleaved 
150-kDa-SPTA1 fragment:FL-SPTA1 compared to untreated 
extracts (Fig. S1A–B) indicating an inhibition of calpain 
activity. The same extracts have unaltered ubiquitin levels 
(Fig. S1A and S1C) indicating that 3-MA did not influence 
proteasome activity in N2a cells.

Figure 2. 3-MA, and Con A treatments inhibited NF protein degradation. (A) Treatment of NF-gene-transfected N2a cells with 3-MA (5 mM, 42 h) and measurement 
of levels of NF proteins (NEFL, 3-fold, p = 0.0003; NEFM, 2.3-fold, p < 0.0015 and NEFH-MYC, 1.4-fold, p < 0.0042; n = 3 for all subunits). NF-gene-transfected N2a cells 
(NFs) were treated with 3-MA (NF + 3-MA), stained with NEFL and NEFM antibodies (B, lower and higher mag. Scale bars: 10-µm) and quantification of NEFL (C, n =  
115 cells for NF and n = 122 cells for NF + 3-MA, p < 0.0001) and NEFM (D, n = 119 cells for NF and n = 110 for NF + 3-MA, p < 0.0001, unpaired t-test) staining in 
cells. Con A treatment of NF-gene-transfected cells and measurement of levels of NF proteins (E, NEFL, 2-fold, n = 4, p < 0.0051; NEFM, 2-fold, n = 4, p < 0.0188; 
NEFH-MYC, 3-fold, n = 3, p < 0.0116), MAP1LC3-I (E, n = 4, p < 0.0054), MAP1LC3-II (E, n = 4, p < 0.0003), the ratio of MAP1LC3-II:MAP1LC3-I (E, n = 4, p < 0.0001), and 
the formation of mature-CTSD (E, n = 4, p < 0.0091). Panels A-E, unpaired t-test; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 3. ATG5-depletion inhibited NF protein degradation. Transduction of N2a cells with Atg5-shRNA, measurement of ATG5 protein in transduced cells (Atg5- 
shRNA) (A and C, n=4, p<0.0001), in NF-transfected cells (A and C, n=4, p<0.0001), measurement of levels of NF proteins (D, NEFL, n=5, p<0.0003; NEFM, n=8, 
p<0.0001; NEFH, n=8, p<0.0001; endogenous-NEFH (NEFHCOOH) in Atg5-shRNA cells, n=4, p<0.0147), MAP1LC3-I(C, n=8, p<0.0005), MAP1LC3-II (C, n=8, p<0.0004) 
and MAP1LC3-II:MAP1LC3-I ratio (C, n=8, p<0.0012) in Atg5-shRNA+NF cells. Transduction of SC-shRNA into NF-transfected N2a cells and measurement of the levels 
of ATG5, MAP1LC3, MAP1LC3-II, the ratio of MAP1LC3-II:MAP1LC3-I, transfected NF proteins and the endogenous NEFH protein (B, E-F). ATG5-depletion (G, NF vs NF 
+Atg5-shRNA, n=6, p<0.0001; NF+3-MA vs NF+Atg5-shRNA+3-MA, n=6, p<0.0001) coupled with 3-MA treatment, and measurement of NF subunit levels (G, NEFL, 
n=4-6, 8.2-fold increase, p<0.0001; NEFM, n=6, 70% increase, p<0.0001; NEFH-MYC, n=4-6, 1.6-fold increase, p<0.0001), MAP1LC3-I (G, NF+3-MA vs NF+Atg5-shRNA 
+3-MA, n=5-6, p<0.0001), MAP1LC3-II (G, NF+3-MA vs NF+Atg5-shRNA+3-MA, n=5-6, p<0.0001) and the ratio of MAP1LC3-II: MAP1LC3-I (G, NF+3-MA vs NF+Atg5- 
shRNA+3-MA, n=5-6, p<0.0008). eGFP overexpression in Atg5-shRNA transduced cells as well as in NF-transfected cells and treatment of these cells with 3-MA and 
measurement of eGFP protein in cells (C, n=4, p=0.6863; G, n=4, p=0.5441). 3-MA treatment and measurement of the levels of MAP1LC3-I (H, Mock vs 3-MA, n=3, 
p<0.0001; NF vs NF+3-MA, n=3, p=0.0001), MAP1LC3-II (H, Mock vs 3-MA, n=3, p=0.0001; NF vs NF+3-MA, n=3, p=0.0001), the ratio of MAP1LC3-II:MAP1LC3-I (H, 
Mock vs 3-MA, n=3, p=0.0001; NF vs NF+3-MA, n=3, p<0.0001), and SQSTM1/p62 (H, Mock vs 3-MA, n=3, p<0.0001; NF vs NF+3-MA, n=3, p=0.0001). Treatment of 
NF-transfected N2a cells with rapamycin (10 nM, 24 h) and measurement of levels of NF proteins (I, NEFL, n=9, 30% reduction, p=0.0077; NEFM, n=9, 50% reduction, 
p=0.0062; NEFH-MYC, n=7, 20% reduction, p=0.0272), MAP1LC3-I (I, n=6, p<0.0036), MAP1LC3-II (I, n=6, p<0.0081), the ratio of MAP1LC3-II: MAP1LC3-I (I, n=6, 
p<0.0130), and calpain activity (I, n=6, p<0.9795). Panels C-G,I, unpaired t-test; Panels C,E,G,H, one-way ANOVA; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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NF proteins are also degraded by calpain and 
proteasome systems in N2a cells

Since NF proteins are degraded by autophagy, we tested 
whether other proteolytic systems, such as calpains and the 
proteosome also degrade NF proteins in N2a cells. To test 
these two possibilities, we first treated NF-gene-transfected 
cells with a synthetic calpain inhibitor, calpeptin (40 µM, 24  
h), which decreased the ratio of 150-kDa calpain cleaved 
SPTA1 fragment:FL-SPTA1 (Figure 4A), as expected. 
Calpain inhibition led to a significant increase in the levels 
of all three NF proteins (Figure 4A) while TUBB levels 
remained unaltered (Figure 4A). The calpeptin effect on NF 
levels was slightly less compared to that induced by blocking 
autophagy with 3-MA or inhibiting lysosomal proteases by 
elevating lysosomal pH with Con A (Table 1).

To test the role of the proteasome in NF proteolysis in N2a 
cells, we treated NF-gene-transfected cells with MG-132 (an 
inhibitor of the proteasome, 0.5 µM, 24 h). Increased levels of 
total ubiquitin (Figure 4B) with MG-132 treatment confirmed 
the inhibition of proteasome activity. MG-132 treatment of 
NF-transfected cells showed a significant increase in levels of 
all three NF proteins (Figure 4B), while the levels of TUBB 
(Figure 4B) were unaltered. The increases for each NF subunit 
due to proteasome inhibition were slightly less compared to 
those using autophagy/lysosomal inhibition (Table 1).

NF proteins are sequestered within compartments of the 
autophagic pathway in vivo

To determine whether NF proteins undergo autophagic 
degradation pathway in vivo, we performed double fluores
cence immunocytochemistry on sections of the mouse brain 
to detect NEFM protein and its possible colocalization with 
MAP1LC3-positive and CTSD-positive vesicular compart
ments. Generally, NEFM antibody immunolabeled a fibrous 
network in cortical neuronal cell bodies, proximal dendrites 
(Fig. S2A, see arrows) and axons (Fig. S2A, and B, for NEFM 
panel). To visualize NEFM label in vesicular structures in 
neuronal cell bodies, we intentionally reduced the gain of 
the green fluorescence (NEFM label) channel on the micro
scope, and images were captured (Figure 5 panel A and B for 
NEFM panels representing unmodified images). We then 
adjusted all the images in Adobe Photoshop CC 2015 (see 
Materials and Methods for details) to visualize NEFM puncta 
in cortical cell bodies (modified images in Figure 5C, Ci, D, 
and Di are shown). NEFM immunolabel was colocalized with 
MAP1LC3 (Figure 5C) or CTSD (Figure 5D) positive vesicles. 
To determine the amount of NEFM label in vesicular struc
tures colocalized with MAP1LC3 and CTSD positive vesicles, 
we quantified the extent of colocalization within cortical neu
ronal cell bodies. Our colocalization quantitative data demon
strate that one-fifth of the NEFM vesicular immunolabel was 

Figure 4. NF proteins are degraded by calpain and proteasome systems in N2a cells. NF-gene-transfected N2a cells were treated with Calpeptin (40 µm, 24 h) and 
measurement of levels of NF proteins (A, NEFL, 2.2-fold, n = 3, p < 0.0345; NEFM, 1.6-fold, n = 4, p < 0.0111; NEFH-MYC, 1.4-fold, n = 3–4, p < 0.0377) and the ratio of 
calpain-cleaved 150-kDa-SPTA1 fragment:FL-SPTA1 (A, n = 4, p < 0.0010). MG-132 treatment (0.5 µm, 24 h) of NF-transfected cells and measurement of proteasome 
activity (B, n = 4, p < 0.0001) and the levels of NF subunits (B, NEFL, 2.1-fold, n = 3, p < 0.0314; NEFM, 1.5-fold, n = 3, p < 0.0260; NEFH-MYC, 1.5-fold, n = 3–4, p <  
0.0168). Panels A and B, unpaired t-test; *p < 0.05; **p < 0.01; ****p < 0.0001.

Table 1. Effect of inhibitors on transfected NF proteins in N2a cells.

Inhibitor effect on NF Proteins in N2a cells (fold increase)

Protein 3-MA Con A Calpeptin MG-132

NEFH 1.340 ± 0.051 (**) 2.947 ± 0.528 (*) 1.441 ± 0.241 (*) 1.526 ± 0.0165 (*)
NEFM 2.302 ± 0.130 (**) 2.036 ± 0.437 (*) 1.649 ± 0.063 (*) 1.504 ± 0.048 (*)
NEFL 3.025 ± 0.154 (***) 1.952 ± 0.217 (**) 2.167 ± 0.082 (*) 2.167 ± 0.079 (*)

Note: Effect of autophagy (3-MA), lysosomal vacuolar-type H+-ATPase (Con A), calpain (calpeptin) and proteasome (MG132) inhibitors on 
NF protein levels in N2a cells. The fold increases are over untreated samples (one-fold increase equals to 100% increase). Significance is 
indicated in parenthesis. *p < 0.05, **p < 0.01, ***p < 0.001. The data from Figure 2A, Figure 2E, Figure 4A, and Figure 4 are compared in 
Table 1. 
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Figure 5. NEFM is present in AP and AL compartments of mouse cortical neurons. Cortices were double immunolabeled with NEFM and MAP1LC3 (A, unmodified 
images) or NEFM and CTSD antibodies (B, unmodified images). Images in C and D are modified in Photoshop (see Materials and Methods for details) to visualize 
NEFM-label in vesicular structures that is colocalized with MAP1LC3 (an AP marker, C, see arrows for colocalization) and CTSD (an AL/LY marker, Rudy-4, D, see arrows 
for colocalization) puncta. Colocalized puncta (yellow) were imaged through Z-stacks to show NEFM in the lumen of APs (see arrows in Ci to follow the same vesicles) 
and AL vesicles (see arrows in Di to follow the same vesicles) in mouse cortex layer III. Scale bars A-D, Ci and Di: 2 µm. Quantification of NEFM label in vesicular 
structures indicates 1/5 of NEFM label is colocalized with MAP1LC3 (E, n = 93 neurons), and CTSD (F, n = 109 neurons) vesicles in cortical neuronal cell bodies.
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associated with MAP1LC3 (Figure 5E) and with CTSD 
(Figure 5F) vesicles. We unequivocally established that 
NEFM localization within the lumens of MAP1LC3-positive 
(AP and AL) and CTSD-positive lysosomal/autolysosomal 
(LY/AL) compartments by analyzing Z-stack series of images 
through entire vesicles immunopositive for NEFM-MAP1LC3 
(Figure 5Ci) and NEFM-CTSD (Figure 5Di). These results 
establish that NEFM protein is present in APs and AL/LY 
vesicles of the autophagic pathway in mouse cortex in vivo.

To further demonstrate that NF proteins are present in AVs 
in vivo, we performed IEM of mouse (n = 4, 6 months) optic 
axons (Figure 6), cortical neuronal cell bodies (Fig. S3), and 
mouse primary cortical neurons (Fig. S4–S6) with NF antibo
dies. The double-membrane AVs have a very short half-life (5– 
10 min) in mammalian cells [27], and their sizes and shapes 
significantly vary based on the state of the cell and depending 
on the cargo [28]. Our IEM results with NF antibodies demon
strated that NEFM antibody (RMO44) labels axonal neurofila
ments (indicated with purple arrows in Figure 6A,E,F), and all 
three NF antibodies labeled double membrane-limited AVs 
(yellow arrows in Figure 6C for NEFM; red arrows in 
Figure 6B for NEFL, and purple arrows in Figure 6D for 
NEFH) in optic axons in the size range of 600–1000 nm. We 
also found NF protein labeling in lumens of much smaller AVs 
(260–600 nm) (Figure 6E,G,I) that do not have clear double 
membrane or appear as a single membrane (Figure 6A,H) may 
represent ALs. Similarly, labeling of cortical neuronal cell 
bodies with NEFH, NEFM, and NEFL antibodies demonstrate 
that NF proteins are present in the lumens of single membrane 
AVs (Fig. S3A–F, NF label is indicated with arrows in each 
AV) in the size range of 600–960 nm. Immunolabeling of NFs 
in these AVs is specific since the antibodies did not label the 
microtubules (MT, blue arrows in Figure 6A,F) or mitochon
dria (Mito., Figure 6D), and there was no labeling of AVs that 
were incubated with only mouse (Fig. S3 G) or rabbit second
ary antibodies (Fig. S3 H).

To examine the interactions between NF proteins and auto
phagic vesicles in primary cultures, mouse primary cortical 
neurons from mouse 17-day embryos (E17) with 7–10 DIV 
were treated with Con A (10 nM) for 6 h, immuno-colocalized 
with the AP marker MAP1LC3 and NF antibodies. Our coloca
lization data demonstrate that all three NF proteins were colo
calized with MAP1LC3 in neuronal processes of mouse cortical 
neurons (Fig. S4A–C) although the occurrence of these interac
tions were very rare (similar colocalization in untreated cells was 
not observed). To further examine NFs and AVs interaction in 
these cultures, we performed IEM with NF antibodies and our 
results show that NF antibodies decorated various sizes of single 
membrane AVs (300–700 nm) in untreated mouse primary cor
tical neurons (Fig. S5A–F). Con A-treated neurons contained 
much bigger AVs (600–1078 nm) with NF labeling within the 
lumen of the vesicles (see arrows for NF labeling within AVs, 
Fig. S5G–L) and the same vesicles also contained multiple 
membrane structures (Fig. S5G–L). We further examined the 
neurites of mouse primary cortical neurons for the presence of 
NF proteins by performing IEM with NF antibodies. We found 
all the three NF antibodies decorating the filamentous structures 
in the neurites of untreated (Fig. S6A,C,E) and Con A-treated 
(Fig. S6B,D,F) cultures. Con A-treated neurites with NEFL 

antibody (NR-4) identified an AV with membranous structure 
within the lumen showed NEFL labeling (Fig. S6F, see the arrow 
within the AV).

Our IEM analyses of NF proteins with mouse optic axons, 
and mouse primary cortical neurons identified short filamen
tous structures within the lumen of AVs that were labeled with 
NF antibodies (see arrow heads for string of gold particles in 
Figure 6G, in optic axon and in mouse primary cortical neuron 
cell bodies in Fig. S5C–D). Most of the NF labeling detected 
within the lumen of AVs do not have filamentous structures 
(Figure 6A–E; Fig. S3A–F; Fig. S5A–B,E,G–L), which indi
cated non-filamentous oligomers and/or monomers of NF sub
units are present in these AVs. Based on these data, we propose 
that, consistent with the bulk of sequestration capability of 
macroautophagy, AVs contain neurofilament proteins in var
ious assembly forms, including short filament/protofilament 
assemblies, oligomers, or subunits.

To further demonstrate that NFs are degraded through autop
hagosomal-autolysosomal compartments in vivo, we isolated sub
cellular fractions from mouse brain enriched in APs, ALs, LYs, 
and mitochondria. Immunoblot analyses revealed the presence of 
NF subunits in AP and AL fractions (Figure 7A) while smaller 
amounts of NF proteins were present in LYs (Figure 7A), pre
sumably due to degradation by cathepsin CTSD [17]. By contrast, 
NF proteins were absent in a mitochondrial fraction (Figure 7A) 
that was enriched in TOMM20 (translocase of outer mitochon
dria membrane 20) [29].

Intraventricular infusion of 3-MA in mice in vivo prevents 
autophagic degradation of NF proteins

To assess whether autophagy is constitutively active in the 
degradation of NFs in vivo in the brain, we infused 3-MA (9  
mg/ml) with ALZET osmotic pumps into the lateral ventricle 
of mice for four weeks. This concentration was previously 
shown not to cause detectable neurotoxicity. Immunoblots 
of cortex/HP from 3-MA infused mice demonstrated elevated 
levels of NEFM and NEFH (Figure 7B) but not NEFL 
(Figure 7B) compared to vehicle treatment. 3-MA treatment 
significantly increased MAP1LC3-I (Figure 7B), MAP1LC3-II 
(Figure 7B) levels, while it did not alter the ratio of 
MAP1LC3-II:MAP1LC3-I (Figure 7B). Importantly, the unal
tered ratio of calpain-cleaved 150-kDa-SPTA1 fragment:FL- 
SPTA1 (Figure 7B) and unaltered levels of ubiquitin upon 
3-MA treatment indicate unchanged calpain and proteasome 
activities in mouse cortex/HP.

MG-115 infusion slows only NEFM proteolysis in mouse 
brain

To determine the contribution of proteasome activity to NF 
proteolysis in vivo, mice were infused with MG-115 (0.1 mg/ml, 
4 weeks duration) into the right ventricle of C57BL/6J mice and 
NF protein levels were measured in cortex/hippocampus by 
immunoblot analyses. An elevated level of total ubiquitin 
(Figure 7C) [30] after MG115 treatment confirmed the effec
tiveness of the inhibitor. MG115 significantly prevented the 
degradation of NEFM (Figure 7C) but had no effect on the 
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Figure 6. Immunoelectron microscopy (IEM) indicates NF proteins are present in autophagic vesicles in optic axons (A-I). Mouse optic axons were subjected to IEM 
with NEFM (RMO44; A,C,E,F, and H), NEFL (B and G), and NEFHCOOH (D and I) antibodies. NF protein labeling in lumens of double membrane AVs in optic axons (B, 
646 nm; C, 1075 nm; D, 711 nm), and cytoplasmic labeling with NEFM (A, C, E and F, see yellow arrows) and NEFL (D, red arrows) antibodies is also seen in axons 
while microtubules (MT, blue arrows in A and F) and mitochondria (Mito. Figure D) are not stained. AVs of 260-600 nm were also stained with NEFL (G, 409 nm, see 
arrow heads for NEFL staining on short filaments), NEFM (A, 644 nm; E, 606 nm; H, 260 nm, yellow arrows), and NEFHCOOH (I, 377 nm, purple arrows) antibodies. Panel 
E double labeled with NEFM (15 nm gold particles, yellow arrows) and actin (6 nm gold particles, black arrows). The size of the gold particles in images from A-D, and 
G-I, 6 nm and in F, 10 nm. AV-autophagic vesicle, NF-neurofilament.
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degradation of NEFL, NEFH, and GAPDH (Figure 7C). MG- 
115 infusion also significantly increased MAP1LC3-I 
(Figure 7C), MAP1LC3-II (Figure 7C), the ratio of MAP1LC3- 
II:MAP1LC3-I (Figure 7C), and the ratio of calpain-cleaved 
150-kDa-SPTA1 fragment:FL-SPTA1 (Figure 7C); however, 
despite statistical significance, the changes of MAP1LC3 and 
SPTA1 are very small and unlikely to influence NF levels.

Discussion

This study is the first demonstration that the subunits of 
neurofilaments are substrates for autophagy and that steady- 
state levels of NFs in vivo are modulated in part by autophagic 

activity. At least five lines of evidence from the study support 
an autophagic turnover of NF proteins: (1) levels of exogen
ously expressed NF proteins are elevated by inhibiting auto
phagy with 3-MA or depletion of autophagy protein ATG5 
with its shRNA in vitro, depletion of ATG5 combined with 
3-MA exposure, or by inhibiting lysosomal proteolysis with 
Con A in N2a cells (Table 1). (2) In vivo ICV infusion of 
3-MA in mice increases NF levels in the mouse brain 
(Table 2). (3) NF proteins are unequivocally localized within 
neuronal APs and ALs/LYs by double immunofluorescence 
cytochemistry, immunoelectron microscopy, and by biochem
ical analyses of subcellular fractions. (4) Moreover, autophagy 
inhibitor 3-MA protected NEFL and NEFM proteins more 
effectively compared to the proteasome inhibitor, MG-132, 

Figure 7. Nfs are enriched in AP, and AL fractions, and infusion of 3-MA and MG-115 into mouse brain increases NF protein levels in vivo. (A) Organelle fractions (20  
µg) from mouse brain except for total homogenate (Homog. 7 µg) were immunoblotted with NEFM, NEFHCOOH, NEFL, INA, MAP1LC3, CTSD and TOMM20 antibodies. 
Pon. S- Ponceau S stain. ICV infusion of 3-MA (9 mg/ml) into the right ventricle of mice and measurement of NEFM (B, 1.3-fold, n = 3, p < 0.0017), NEFH (B, NEFHCOOH, 

2.1-fold, n = 3, p < 0.0114), NEFL (B, n = 3, p = 0.9066), MAP1LC3-I (B, n = 3, p = 0.0142), MAP1LC3-II (B, n = 3, p = 0.0090), the ratio of MAP1LC3-II:MAP1LC3-I (B, n =  
3, p = 0.0967), ubiquitin (B, n = 3, p = 0.0874), the ratio of calpain-cleaved 150-kDa-SPTA1 fragment:FL-SPTA1 (B, n = 3, p = 0.0508) and CANX (B, n = 3, p = 0.5436) 
proteins. ICV Infusion of MG-115 (0.1 mg/ml) into the right ventricle and measurement of NEFM (C, 1.4-fold, n = 3, p < 0.0011), NEFL (C, n = 3, p = 0.1349), NEFH (C, 
NEFHCOOH, n = 3, p = 0.5212), Ubiquitin (C, n = 3, p < 0.0010), MAP1LC3-I (C, n = 3, p < 0.0145), MAP1LC3-II (C, n = 3, p < 0.0220), the ratio of MAP1LC3-II:MAP1LC3-I 
(C, n = 3, p < 0.0489), the ratio of calpain-cleaved 150-kDa-SPTA1 fragment:FL-SPTA1 (C, n = 3, p < 0.0349) and GAPDH (C, n = 3, p = 0.3512) proteins. Veh: Vehicle. 
Panels B and C, unpaired t-test; *p < 0.05; **p < 0.01.
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and the calpain inhibitor, calpeptin in N2a cells (Table 1). 
Additionally, 3-MA was much more effective in protecting 
NEFM and NEFH than MG-115 in mice (Table 2). (5) Finally, 
activation of autophagy with rapamycin reduced neurofila
ment protein levels in N2a cells.

Our findings in N2a cells and in vivo in the brain further 
document that NF proteins are substrates for all three major 
proteolytic systems (calpain, proteasome, and autolysosomal) 
and that the different subunits vary in their relative suscept
ibility to a given proteolytic system. The basis for the observed 
differential susceptibility to a given protease system in a given 
cell or in the brain likely reflects multiple factors, including 
the different structural properties of the subunits and their 
post-translational modifications, their assembly state in dif
ferent cell models, which affects accessibility to proteases, the 
varying composition of proteolytic activities in different cell 
types, and the variable effectiveness of proteolysis inhibitors at 
the concentrations used. Although it is well established that 
calpains execute limited proteolysis on native proteins, they 
can also act on selected cleavage products that they, or other 
proteases generate. It is likely, however, which the complete 
digestion of a given NF protein involves the participation of 
all three proteolytic systems studied here and possibly other 
cellular proteases. Evidence suggests that the major proteolytic 
systems cross talk, Gigaxonin protein involved in NF protein 
degradation through the ubiquitin protease system (UPS) also 
controls autophagy by the turnover of ATG16L1 [31,32], 
calpains with autophagy [33], and calpains with the UPS 
[34,35]. We speculate that the incomplete protection of NF 

degradation by individually inhibiting activity of each of the 
three studied proteolytic systems may in part reflect a need to 
block more than one proteolytic system at a time. Increased 
protection seen with 3-MA in NF protein levels compared to 
other inhibitors may be due to 3-MA partial inhibition of 
calpain (N2a cells) in NF-transfected cells and, for NEFM 
specifically, proteasome activities in the mouse brain. Also, 
given the exceptional metabolic stability of the neuronal NF 
cytoskeleton in adult mouse brain (half-life 2 months) 
[11,24,36] and the multiple factors (phosphorylation, interac
tions with cross-linking proteins, differential turnover rates of 
the NF subunits), a month of partial inhibition of a single 
proteolytic system in vivo may be insufficient time to allow 
reassembly of the axonal NF cytoskeleton, which requires 
months to build during development of the mouse brain. 
Other intermediate filament proteins, such as vimentin in 
cells [37], and keratin in mice have been shown to undergo 
autophagy [38].

The NEFL gene produces two alternately spliced mRNAs 
[39] and both these mRNAs could produce different size 
proteins. The change in levels of NEFL species in response 
to the PtdIns3K inhibitor, 3-MA, may be due to inhibition of 
some of the proteases that degrade higher molecular weight 
NEFL, while the lower molecular weight NEFL may be 
degraded by Con A-sensitive lysosomal proteases.

We demonstrate that autophagy degrades NF subunit pro
teins constitutively in normal neurons (Figure 8). ATG5- 
depletion prevents AP formation. 3-MA treatment inhibits 
PtdIns3K, which prevents AP formation and NF sequestra
tion, thereby blocking its autophagy (Figure 8).

Calpains can initiate the rapid degradation of the 
assembled NF cytoskeleton in pathological states and injury 
models by cleaving the long C-terminal tails of NEFM and 
NEFH, a process that is opposed by the extensive phosphor
ylation of the tails as the NF cytoskeleton matures in devel
oping axons [9,10,40]. Calpains, however, only carry out 
limited proteolysis of substrates and the proteases responsi
ble for the complete degradation of NF subunits are 
unknown. NFs are rapidly degraded by calpain under 
experimental conditions of axotomy, traumatic brain injury, 
and neurodegenerative disorders [13,41,42]. NF cytoskeleton 

Table 2. Effect of inhibitors on NF protein levels in mouse brain.

Inhibitor effect in mouse brain on NF proteins (fold increase)

Proteins 3-MA MG-115 CAST Tg

NEFH 2.114 ± 0.020 (*) NC NC
NEFM 1.312 ± 0.017 (*) 1.408 ± 0.035 (*) 0.14 (Ref. 41)
NEFL NC NC 0.07 (Ref. 41)

Note: Effect of autophagy (3-MA), proteasome (MG115) and calpain (CAST, 
calpastatin) inhibitors in brains on NF protein levels in mice. The fold increases 
are over vehicle treated or untreated samples (one-fold increase equals to 
100% increase). NC, no change. Significance is indicated in parenthesis. *p <  
0.05. The data from Figure 7B, Figure 7C and from Reference 41 are compared 
in Table 2. 

Figure 8. A model depicting NF subunit protein degradation through autolysosomal pathway in neurons. NF subunit proteins are sequestered into APs and degraded 
in ALs after fusion with LYs. Inhibition of autophagy initiation with ATG5-depletion or with 3-MA at initiation (by inhibiting PtdIns3K) as well as clearance in AL may 
prevent NF degradation through autolysosomal pathway in neurons.
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is rapidly dismantled under conditions of Wallerian degen
eration or retraction of axons during development. 
Conversely, NFs accumulate as a signature pathological fea
ture of ALS [43–45] and related neuroaxonal dystrophies 
[46–48], and are components of the abnormal inclusions in 
other neurofibrillary diseases, such as AD [5] and Pick 
disease [49]. We hypothesize that autophagy normally 
degrades NF subunit proteins constitutively in neurons, 
but in neurons with defective autophagy, NFs buildup in 
cell bodies and proximal axons to become the pathological 
hallmarks of ALS and AD. We propose that the autophagic 
pathway may modulate NF subunit protein levels in axons 
and dendrites and thereby influence axonal diameters and 
nerve conduction velocity in neurons in normal and disease 
states.

Materials and methods

All the animal protocols described in the paper were approved 
by the Animal Care and Use Committees of the Nathan Kline 
Institute and NYU Langone Medical Center.

Mice

Both male and female mice of C57BL/6J (6–9 months) were 
utilized for our studies.

DNA constructs

Full-length mouse genomic Nefh (a kind gift from Dr. Don 
Cleveland, University of California, San Diego, La Jolla, CA, 
USA), mouse genomic Nefm and Nefl clones were kindly 
provided by Dr. Jean-Pierre-Julien (University of Laval, 
Canada) were cloned into pcDNA 3.1 expression vector was 
described previously [24].

Antibodies and Fine chemicals

The following monoclonal antibody (mAb) and polyclonal 
antibodies (pAb) are used in the study: mAb RMO44 for 
NEFM subunit (ThermoFisher Scientific, 13–0500), pAb to 
NEFH (NEFHCOOH) [39,50]; The following antibodies and 
reagents are from Sigma-Millipore: NEFL mAb NR-4 
(N5134) and polyclonal Ab (AB9568), NEFM polyclonal Ab 
(AB1987), mAbs to TUBA/α-tubulin (05–829), TUBB 
(T8328), INA (I0282), SPTA1 (MAB1622), ATG5 
(MAB2605), calpeptin (117,591-20-5), GAPDH (CB1001), 
3-methyladenine (3-MA, M9281), (Con A, 344-085), rapamy
cin (37,094), and cycloheximide (C7698); the MYC-tagged 
NEFH with mAb 9E10 (Santa Cruz Biotechnology, SC-40), 
SQSTM1/p62 (sequestosome 1; Cell Signaling Technology, 
23,214), Rabbit MAP1LC3 (Novous Biologicals,100–2220), 
mouse MAP1LC3 (MBL International Corporation, M152– 
3), CTSD (Rudy-4 [51]; D-2-3 [52]), Ad5-hAtg5-shRNA 
(shADV-201,644), and Ad5-SC-shRNA (1122N) (Vector 
Biolabs), ubiquitin (DAKO, Z0458), CANX/calnexin (Assay 
Designs, SPA-860), MG-115 (474,780), and MG-132 (474,791) 
(Calbiochem).

Growth of Neura-2A (N2a) cells, transfections, transduc
tions, and inhibitor treatments Undifferentiated N2a cells 
were transfected with NF-subunit genes (Nefl, Nefm, and 
Nefh) as previously described to form NF subunits into orga
nized NF networks [24]. We can detect only NEFH with 
NEFH polyclonal antibodies [47] in undifferentiated and 
untransfected (UT) N2a cells but fail to detect NEFM (with 
RM044) or NEFL (NR-4) on immunoblots since these genes 
are repressed [23]. Undifferentiated N2a cells were grown in 
Dulbecco’s Modified Eagle Medium (Gibco, 11,955–065) with 
10% fetal bovine serum (Gibco, 16-000-069) with antibiotics 
(Penicillin/Streptomycin, Gibco, 05140–122) at 0.5 x 106 cells/ 
well were plated on 6 well plates, 1.5-µg of DNA for each 
construct was transfected with Lipofectamine 2000 
(ThermoFisher Scientific, 11,688,019) (in each experiment all 
3 WT-NF constructs were used at equal concentrations) for 4  
h, fresh medium was replenished, and after 24 h, cells were 
grown in presence or absence of an autophagy inhibitor, 
3-methyladenine (3-MA, 5 mM, 42 h); proteasome inhibitor, 
MG115 (0.5 µM, 24 h); lysosomal proteolysis inhibitor, Con 
A (25 nM, 24 h); or calpain inhibitor, calpeptin (40 µM, 24 h) 
or rapamycin (10 nM, 24 h) were added in each experiment. 
Protein synthesis was inhibited in NF-transfected cells by 
treating with cycloheximide (10-µg/ml) for 0–180 min to 
examine proteolysis. For Atg5-shRNA (Ad5-eGFP-U6-h/ 
m-Atg5-shRNA; Vector Biolabs, 201,644) transduction, cells 
were first transfected with NF genes for 4 h, after 24 h cells 
were transduced with (100 Genome copies/cell, stock 2.4x1010 

GC/ml) Atg5-shRNA or SC-shRNA (Ad5-eGFP-U6-scrambled- 
shRNA; Vector Biolabs, 1122; 100 Genome copies/cell, stock 
5 × 1010 GC/ml) for 24 h, medium changed, cells were har
vested after 48 h of transduction. For combined treatment of 
Atg5-shRNA transduction with 3-MA, first cells were trans
fected with NF subunit genes for 4 h, medium changed, after 
24 h cells were transduced with Atg5-shRNA as indicated 
above for 24 h, then fresh medium replenished with or with
out 3-MA (5 mM) for 42 h. Cells were washed in 1X phos
phate-buffered saline (PBS, pH 7.4; Gibco, 10,010–023), 
scraped in 1X PBS, centrifuged, and lysed in a mammalian 
protein extraction reagent (Pierce, 78,501) with protease and 
phosphatase inhibitors. Protein concentration was determined 
using bicinchoninic acid assay kit (ThermoFisher Science, 
23,225). Equal amounts of protein extracts were immuno
blotted with the antibodies indicated above.

SDS-Polyacrylamide gel electrophoresis and immunoblot 
analyses

Mouse tissue extracts were made from 6–9-month-old ani
mals (male and female) as described previously [12], and 
protein concentrations were determined as indicated earlier, 
and equal amounts of protein extract were separated on SDS- 
polyacrylamide gels, transferred to nitrocellulose membranes, 
and incubated with primary antibodies. Blots were then 
washed, incubated with appropriate secondary antibodies 
conjugated with HRP (Southern Biotech, goat anti-mouse 
HRP, 1030–05; goat anti-rabbit HRP, 4030–05), and devel
oped with ECL reagent and immunoreactive bands were 
quantified using Multi Gauge V3.0 (Fuji Film, Japan).
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Intracerebroventricular (ICV) infusion of 3-MA and 
MG-115

3-methyladenine (3-MA, 9 mg/ml in 50% DMSO containing 
20 mM HEPES, pH 7.4) or MG-115 (0.1 mg/ml in 25% DMSO 
containing 20 mM HEPES, pH 7.4) or the vehicle was infused 
into the lateral ventricle [51] of 9-month-old mice (n = 3 for 
each treatment) for a period of 4 weeks using an ALZET 
osmotic pump brain infusion kit (ALZET Osmatic Pumps, 
Model 2004 mini-osmotic pump) (0.25 µl/h delivery rate). 
ALZET pumps were loaded with testing drug or the vehicle 
and connected to the brain infusion assembly with polyethy
lene tubing and incubated in sterile saline at 37ºC for 48 h 
prior to implant. Mice were anesthetized with a mixture (0.01  
ml/g body weight, i.p., 26 G needle) of ketamine (10 mg/ml) 
and xylazine (1 mg/ml) and placed in a stereotaxic apparatus 
with a mouse adapter (David Kopf Instruments). The scalp 
was shaved, and a midline incision made starting slightly 
behind the eyes, exposing the skull area. Through this open
ing, a hemostat was used to open a pocket on the back of the 
mouse to house the pump. The coordinates for the cannula 
placement in the lateral ventricle were AP −0.3 mm to 
Bregma, ML 1.0 mm to Bregma, and DV 2.5 mm to cranium. 
Cannula length was adjusted with spacers. A hole was drilled 
in the skull, the cannula was glued to the cleaned and scraped 
skull with Loctite 454, and the incision closed over the assem
bly. After infusion, cortex/hippocampal areas were dissected 
from mice, homogenized in THB buffer (tissue homogeniza
tion buffer: 0.32 M sucrose, 20 mM Tris-HCl, pH 7.4, 1 mM 
each of EDTA, EGTA, and DTT; 10% homogenates) and the 
protein estimation was done using the BCA method. 
Immunoblots using antibodies indicated above were per
formed with equal protein loading.

Subcellular fractionation.

Fresh cerebral cortices (n = 4 mice, both sexes, 6 months old) 
were homogenized and centrifuged to remove nuclei and 
unbroken cells. Post-nuclear supernatants were subjected to 
differential centrifugation and by flotation in a discontinuous 
gradient of Nycodenz® (Accurate chemical and scientific cor
poration, AN1002424; 50%, 26%, 24%, 20%, and 10%) to 
isolate fractions enriched mainly in APs at an interface of 
10–20%, ALs at 20–24%, LY at 24–26% and mitochondria at 
26–50% interface [29,53]. These fractions were washed in 
0.25 M sucrose (Sigma-Millipore, S0389), centrifuged, and 
the pellets were resuspended in 1X PBS, protein assayed and 
subjected to immunoblots (20-µg of protein) with NF and 
organelle-specific antibodies.

Immunohistochemistry.
WT mice at 9 months of age (n = 4, male and female mice) were 
perfused with 4% paraformaldehyde, sagittal brain sections of 
40 µm were immunostained with NEFM mAb (RMO44) or 
RM044 + CTSD (Rudy-4) [51], or RMO44+ MAP1LC3 (pAb, 
Novus) as described previously [12]. After washes, sections were 
incubated with appropriate secondary antibodies, washed, and 
sections were mounted onto cover slips and images from layer 
III and V of the cortex were captured with Zeiss LSM880 

confocal microscope with a pan Apochromat 40x/1.4 oil objec
tive lens, and optically zoomed to 100x (2.5 times) using the 
following steps: Alexa Fluor 488 (ex:488, em490–560 with MBS 
488), and Alexa Fluor 568 (ex: 561, em:582–640 with MBS 458/ 
561). As NEFM antibody strongly labels NF networks in neu
ronal cell bodies and proximal dendrites (Fig. S2A,B). To 
visualize NEFM vesicular structures in neuronal cell bodies, 
we intentionally attenuated contributions of signal from back
ground labeling and the fibrous neurofilaments. We color 
balanced the images before using the filter for noise reduction 
in Adobe Photoshop CC 2015. More specifically, we increased 
the highlights of the green and red channels by 100 with the 
“color balance” function and subsequently reduced the shadows 
of these channels by 30 and 25, respectively. We then removed 
the background with “Dust and Scratch” filter using the radius 
of 2 and threshold of 25 on all images. These NEFM-positive 
vesicular structures in cortical cell bodies were colocalized with 
MAP1LC3 and CTSD vesicles. To follow the colocalization of 
NEFM-MAP1LC3 and NEFM-CTSD puncta, Z-stack image 
series were captured at 0.1 µm thickness and colocalized puncta 
in images were shown with arrows. CTSD and MAP1LC3 
puncta colocalizations were determined using the redirect func
tion of the NIH Image J program.

Preparation of mouse cortical primary neurons

Mouse primary cortical neurons were prepared from E17 
embryos of C57BL/6J timed pregnant mice as described pre
viously [54]. Briefly, cerebral cortices were dissected from E17 
pups on ice, minced, incubated in Hibernate E medium 
(Brainbits, HE) containing 10 U/ml of papain (Worthington 
Biochemical, LK003176) and 0.2 mg/ml of DNase (Sigma- 
Aldrich, DN25) at 37°C for 15 min, then equal volume of 
Hibernate E medium with 10% FBS was added, and centrifuged 
in Sorvall ST 16 R at 184x g for 5 min. Pellets containing the 
cells were resuspended in plating medium (DMEM/F12, 
GlutaMax supplement; ThermoFisher, 10,565–018) containing 
5% horse serum (Gibco, 10,650,122) and 5% FBS (Gibco, 
16,000,069) filtered (through 40-µm nylon membrane filter), 
neurons in filtrate were plated on poly-D-lysine-coated glass 
cover slips at a density of 0.2 x 106 cells/cm2 in plating medium 
or on 6 well plates at a density of 3 × 106 cell/ml. The medium 
on the cells was replaced with Neurobasal medium 
(ThermoFisher, 12,348–017) supplemented with B27 
(ThermoFisher, 17,504–044) and GlutaMax (ThermoFisher, 
35,050–061) after 1.5 h. Neurons in the culture was maintained 
for 7–10 DIV at 37°C in 95% air and 5% CO2 with half of the 
medium replenished every 3 days until cells were used. Some of 
the cells on coverslips were treated with Con A (10 nm) for 6 h 
and processed for ICC and immunoelectron microscopy (IEM).

Immunocytochemistry and Immuno-EM of mouse primary 
cortical neurons

After 7 days of differentiation, neurons on cover slips were 
treated with Con A (10 µM) for 6 h, fixed in 4% paraformal
dehyde in cacodylate buffer for 30 min, and the neurons on 
6-well plates were fixed in 4% PFA +2.5% glutaraldehyde at 
RT for 30 min and then plates were stored at 4°C overnight. 
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Cells on cover slips were subjected to immunocytochemistry 
with neurofilament and MAP1LC3 antibodies as described 
above, and the primary neurons in 6-well plates were immu
nostained with neurofilament antibodies for IEM as described 
below.

N2a Cells or mouse primary cortical neurons grown in 6 
well plates were fixed as indicated above and processed the 
next day with 1% osmium tetroxide for 30 min followed by 
washes and then incubation with 1% uranyl acetate at 4°C in 
the dark overnight. The next day, the cells were washed and 
dehydrated with increasing concentrations of ethanol fol
lowed by infiltration with increasing concentrations of 
Spurr’s resin. Excess resin was drained off the plate and resin- 
filled capsules were inverted over the infiltrated cell layer 
before being incubated at 65°C overnight. The next day, the 
capsules were snapped off and block face trimmed before 
being sectioned on a Leica Ultramicrotome using a diamond 
knife. Sections were cut at 70-nm thickness and collected on 
75-mesh carbon/formvar coated nickel grids (Electron 
Microscopy Sciences). Sections were then etched with 4% 
sodium metaperiodate for 10 min, washed twice in water, 
and blocked for 1 h. Grids were incubated with 
a combination of either NEFL and NEFM or NEFL and 
NEFH antibodies at 4°C overnight. Some of the grids were 
also incubated separately with NEFL, NEFM, and NEFH 
antibodies. The next day the grids were washed seven times 
in 1X PBS, and were then incubated with either mouse (6 nm; 
Electron Microscopy Sciences, 25,124) or rabbit (6 nm; 
Electron Microscopy Sciences, 25,104) or both anti-mouse 
10 nm (Electron Microscopy Sciences, 25,129) and anti- 
rabbit 6 nm (Electron Microscopy Sciences, 25,104) gold sec
ondary antibodies for 1 h. Then the grids were washed seven 
times in 1X PBS, and twice in distilled water. Grids were 
finally post stained in 1% uranyl acetate for 5 min followed 
by two washes in water and then stained with lead citrate for 
5 min followed by final two washes in distilled water. The 
grids were then imaged with a Ceta Camera on a Thermo 
Fisher Talos L120C operating at 120 kV.

Immuno-EM of mouse cortical neurons and optic axons

C57BL/6J mice of 6-month-old (both sexes, n = 4 for each 
genotype) were perfused transcardially with 4% parafor
maldehyde, 2.5% glutaraldehyde in 0.1 M sodium cacody
late buffer, pH 7.2, brains and optic nerves (OPN) were 
post fixed for 12 h, brain sections (500 µm) and OPN were 
treated with 2% osmium tetroxide, washed, dehydrated, 
and embedded in Durcupan (Sigma-Aldrich, 44,611). NF- 
gene-transfected N2a cells after 42 h were washed in 1X 
PBS and fixed in EM fixative as indicated above. Ultra-thin 
sections (60 nm) of Hippocampus, OPN, and N2a cells 
were stained with NEFM (RMO44 mAb) or NEFM 
(Millipore-Sigma, polyclonal, AB1987) + NEFL (mAb, NR- 
4) or NEFL (mAb, NR-4) + NEFH antibodies (NEFHCOOH), 
and followed by either with 10-nm gold conjugated with 
goat-anti mouse secondary Ab (Electron Microscopy 
Sciences, 25,129) or with 6-nm gold conjugated with goat- 
anti mouse secondary Ab (Electron Microscopy sciences, 
25,124) to detect NEFL and 15-nm gold conjugated with 

goat-anti rabbit secondary Ab (Electron Microscopy 
Sciences, 25,112) to detect NEFM. The images were cap
tured with a Jeol 100 CX Transmission electron microscope 
at 80 KV with Eagle 4k x 4k camera as described previously 
[55]. NF labeled AVs (double-membrane APs, and single- 
membrane ALs) were identified by previously published 
morphological criteria [29,56] in cortical neuronal cell 
bodies and optic axons.

Statistical analyses.
We performed two-tailed unpaired t-test for single comparison, 
and One-way ANOVA analyses (with Tukey’s post-hoc) for 
multiple comparison tests in GraphPad Prism 6 software to 
obtain quantitative data. Most of the data are presented as bar 
graphs with individual data points and mean ±SEM (fewer than 8 
repeats). Statistical significance is indicated by asterisks *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001. The number and ages of 
the animals used for each experiment is indicated in each method.
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