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1  | INTRODUC TION

During nervous system development, a neuron must modify its 
axonal cytoskeleton from a relatively plastic scaffold that accom‐
modates rapid elongation into a stabilized structure place in order 
to maintain synaptic connections for the lifetime of the individual 
(Haynes et al., 2005; Heidemann, Lamoureux, & Buxbaum, 1997; 
Landmesser & Swain, 1992; Willard & Simon, 1983; Yamada, 

Spooner, & Wessells, 1971). This transition is mediated by complex 
and continued interactions among cytoskeletal elements.

Initial elaboration of putative axonal neurites requires localized 
depolymerization of subcortical actin filaments and polymerization 
of microtubules (MTs), which provide permissive and driving forces, 
respectively (Falnikar & Baas, 2009; Shea, 1990; Shea & Beermann, 
1993). The early stages of neuritogenesis rely on transient expres‐
sion of vimentin followed by alpha‐internexin (Boyne, Fischer, & 
Shea, 1996; Shea & Beermann, 1999; Shea, Paskevich, & Beermann, 
1993; Yabe et al., 2003). Continued axonal maturation is accompa‐
nied by the appearance of neurofilaments (NFs), which are the major 
intermediate filament of mature neurons (Boumil, Vohnoutka, Lee, & 
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Abstract
Neurofilaments (NFs) undergo cation‐dependent phospho‐mediated associations 
with each other and other cytoskeletal elements that support axonal outgrowth. 
Progressive NF‐NF associations generate a resident, bundled population that under‐
goes exchange with transporting NFs. We examined the properties of bundled NFs. 
Bundles did not always display a fully linear profile but curved and twisted at various 
points along the neurite length. Bundles retracted faster than neurites and retracted 
bundles did not expand following extraction with Triton, indicating that they coiled 
passively rather than due to pressure from the cell. Bundles consisted of helically 
wound NFs, which may provide flexibility necessary for turning of growing axons 
during pathfinding. Interactions between NFs and other cytoskeletal elements may 
be disrupted en masse during neurite retraction or regionally during remodeling. It 
is suggested that bundles within long axons that cannot be fully retracted into the 
soma could provide maintain proximal support yet still allow more distal flexibility for 
remodeling and changing direction during pathfinding.
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Shea, 2015; de Waegh, Lee, & Brady, 1992; Lee & Shea, 2014; Shea 
& Beermann, 1994; Shea & Lee, 2011; Yuan, Rao, Veeranna, & Nixon, 
2012). Unlike vimentin, which is downregulated during progressive 
neuritic outgrowth and maturation (Yabe et al., 2003), alpha‐in‐
ternexin remains functionally associated with NFs (Yuan et al., 2006).

Intermediate filaments (IFs) provide mechanical strength to cells 
and mediate the formation of tissues (Coulombe & Wong, 2004; 
Goldmann, 2018). Perhaps nowhere can the need for long‐term, 
mechanical support be more critical than in axons, which once syn‐
aptogenesis has occurred, remain in place for the lifetime of the 
individual. NFs consist of three subunits, termed NF‐H, NF‐M, and 
NF‐L (corresponding to heavy, medium, and light according to their 
molecular mass; Nixon & Shea, 1992; Pant & Veeranna, 1995), along 
with α‐internexin	and	peripherin	(Yuan	et	al.,	2006,	2012).	A	devel‐
opmentally regulated cascade of kinases, phosphatases, and motor 
proteins foster interactions of NFs with each other and with other 
cytoskeletal elements, and in doing so provide stability to the ax‐
onal cytoskeleton (Lee, Pant, & Shea, 2014; Lewis & Nixon, 1988; 
Sanchez et al., 2000; Shea & Beermann, 1994; Shea & Lee, 2011, 
2013; Rao, Yuan, Campbell, Kumar, & Nixon, 2012; Yuan et al., 2012). 
Perturbation	in	NF	dynamics	are	associated	with	ALS,	Giant	Axonal	
Neuropathy,	 Carcot‐Marie‐Tooth	 disease,	 Autosomal	 recessive	
spastic ataxia of the Charlevoix‐Saguenay and psychiatric disorders 
(Gentil et al., 2019; Gentil, Tibshirani, & Durham, 2015; Holmgren, 
Bouhy, & Timmerman, 2012; Yuan & Nixon, 2016).

Extensive phosphorylation induces cation‐dependent NF‐NF as‐
sociations that compete with transport and induce formation of NF 
bundles (Boumil, Vohnoutka, Lee, Pant, & Shea, 2017; Kushkuley et 
al., 2009; Lee, Sunil, & Shea, 2011; Shea & Lee, 2011; Sunil, Lee, & 
Shea, 2012; Yabe, Chan, Chylinski, Pimenta, & Shea, 2001). Bundles 
are likely to provide support to developing and mature axonal neur‐
ites (Boumil et al., 2017; Lee et al., 2014; Yuan et al., 2009). NFs are 
present within the first few days of neuritogenesis and are thought 
to provide progressive proximal‐distal support during axonal path‐
finding (Lee & Shea, 2014). Formation of NF bundles occurs during 
axonal neurite outgrowth in NB2a/d1 cells. Their diameter varies 
in accord with overall neurite diameter and can vary within regions 
of neurites of equivalent thickness (Boumil et al., 2017; Kushkuley 
et al., 2009), similar to varying deposition of NFs along regions of 
the cortical axons in culture (Yuan et al., 2009). However, the early 

phases of neuritogenesis routinely encompasses multiple extension 
and retraction events, including in some cases complete retraction 
of neurites of considerable length (Shea, Beermann, & Nixon, 1991). 
This would require NF bundles to retain flexibility at least during 
pathfinding or to undergo dissociation within retracting regions. We 
examined the nature and extent of bundle flexibility herein.

2  | METHODS

2.1 | Culturing and immunofluorescence

NB2a/d1 cells were cultured, differentiated by treatment for 3 days 
with	 1	mM	 of	 dibutyryl	 cyclic	 AMP,	 transfected	with	 a	 construct	
expressing GFP‐tagged NF‐H, fixed with paraformaldyhyde and im‐
aged using routine methods as described (e.g., Boumil et al., 2017; 
Jung, Chylinski, Pimenta, Ortiz, & Shea, 2004; Kushluley et al., 2009; 
Yabe, Chylinski, et al., 2001). Dorsal root ganglion (DRG) neurons 
were isolated from embryonic day 12 chickens and cultured in 
Ham's F12 medium containing 10% of fetal calf serum and 25 ng/
ml of nerve growth factor (NGF) as described (Jung, Yabe, Wang, 
& Shea, 1998). DRG neurons used within 3–5 days after culturing. 
Marine‐Darby Canine Kidney cells were cultured and transfected 
as described in Letournel et al. (2006) Some cultures were immu‐
nostained with monoclonal antibodies directed against nonphos‐
phorylated (SMI‐32) or phosphorylated (SMI‐31) epitopes of NF‐H 
and	NF‐M	or	an	antibody	DM1A	directed	against	alpha‐tubulin	as	
described (Boumil et al., 2017; Kushluley et al., 2009). To probe the 
potential role for MTs or actin in bundle distribution, some cultures 
were treated with 5 nM cytochalasin B or 330 nM nocodazole (Yabe 
et	al.,	2001)	for	2	hr	before	imaging.	Additional	cultures	were	imaged	
before and after extraction with saponin or Triton X‐100; some of 
these were incubated for 2 hr with 5 nM of the phosphatase inhibitor 
okadaic	acid	(OA)	prior	to	extraction	(Shea	et	al.,	1993);	the	images	
presented are from a preparation in which increased reactivity to 
an antibody directed against NF‐H C‐terminal phospho‐epitopes has 
been demonstrated (see Yabe, Chylinski, et al., 2001).

All	immunofluorescent	and	corresponding	phase	contrast	images	
were	 obtained	 on	 a	 Zeiss	 Axiovert	 inverted	 epifluorescent	 micro‐
scope (https ://www.zeiss.com/micro scopy/ us/produ cts/light‐micro 
scope s/axio‐vert‐a1‐for‐biolo gy.html). Images were captured using 
Image J (https ://imagej.nih.gov/ij/?) except for those of MDCK cells, 
which were imaged as described in Letornel et al. (2006). Digital con‐
focal images were obtained via the deconvolution program in Volocity 
software	(QuorumTechnologies.com)	operating	the	Zeiss	Axiovert.

Samples for thin sectioning were fixed with 3.5% glutaraldehyde, 
post‐fixed with 1% of osmium tetraoxide stained with uranyl acetate 
and lead citrate, sectioned in transverse orientation with a Sorvall 
MT2B microtome, and 60 µm transverse sections were. Negative 
stained preparations were deposited on formvar coating grids in a 
solution of 1% of osmium tetraoxide and dried via placement on fil‐
ter	paper.	Samples	were	photographed	in	a	Zeiss	10CA	or	a	Phillips	
300 transmission electron microscope (Hall, Poulos, & Cohen, 1989; 
Shea, 1999; Yabe et al., 2000).

Significance
Some neurofilaments (NFs) undergo lateral associations 
leading to formation of bundles in culture and in situ. 
Bundles are flexible, which may accommodate pathfinding 
and remodeling. They can undergo retraction independently 
of overall neurite retraction suggesting that interactions 
between NFs and other cytoskeletal elements may be dis‐
rupted en masse during neurite retraction or regionally dur‐
ing remodeling.

https://www.zeiss.com/microscopy/us/products/light-microscopes/axio-vert-a1-for-biology.html
https://www.zeiss.com/microscopy/us/products/light-microscopes/axio-vert-a1-for-biology.html
https://imagej.nih.gov/ij/
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2.2 | Cytoskeletal and NF enrichment

Cytoskeletons were isolated by sedimentation of homogenizates 
from	sciatic	and	optic	nerve	of	adult	FVB	mice	(available	from	JAX	
labs; strain 001800; https ://www.jax.org/strai n/001800) of consti‐
tutively expressing green fluorescent protein (GFP)‐tagged NF‐H 
(NFH‐GFP mice), NB2a/d1 cells expressing GFP‐tagged NF‐M or 
GFP‐tagged NF‐H, or murine spinal cord at 15,000× g in 50 mM of 
Tris	(pH	6.8)	containing	5	mM	of	EDTA,	1	mM	of	PMSF,	and	50	µg/
ml of leupeptin (Boumil et al., 2017; Kushkuley et al., 2009; Letournel 
et al., 2006; Yabe, Chan, et al., 2001). Spinal cord NFs (isolated from 
mice not expressing GFP‐tagged NFs) were labeled under cell‐free 
conditions with rhodamine as described (Kushkuley et al., 2009; 
Wagner et al., 2003).

NFs were enriched from murine sciatic nerve cytoskeletons as 
described (Eyer & Peterson, 1994; Leterrier & Eyer, 1987). To obtain 
fractions enriched in bundled or individual NFs, NB2a/d1 cytoskele‐
tons were sedimented over 1 M of sucrose at 15,000× g for 15 min; 
a fraction enriched in individual NFs was recovered at the sucrose 
interface, while a fraction enriched in bundled NFs sedimented 
through the sucrose cushion (Boumil et al., 2017; Kushkuley et al., 
2009; Yabe, Chan, et al., 2001). Bundles were dissociated by incu‐
bation	with	1	mM	of	EDTA	(Kushkuley	et	al.,	2009).	Isolated	bundles	
and intact NB2a/d1 cells were subjected to ultrastructural analyses 
by standard procedures (Yabe, Chan, et al., 2001).

2.3 | Antibody characterization

Antibody 
name Immunogen Manufacturer

Concentration 
used

SMI‐31 (mouse 
monoclonal; 
recognizes 
phosphoryl‐
ated epitopes 
of NF‐H and 
M)

Rat 
hypothalamus

Covance Research 
Products Inc

1:1,000

Cat# SMI‐31, 
RRID:AB_2314901

SMI‐32 (mouse 
monoclonal; 
recognizes 
phosphoryl‐
ated epitopes 
of NF‐H and 
M))

Rat 
hypothalamus

Covance Research 
Products Inc

1:1,000

Cat# SMI‐32 
RRID:AB_2315331

DM1A	(mouse	
monoclonal; 
recognizes 
alpha‐tubulin)

MTs from 
chicken brain

Novus 1:1,000

Cat# NB100‐690 
RRID:AB_521686

2.4 | Transparency and reproducibility

NFs were examined by fluorescent microscopy within multiple NB2a/
d1 cultures on 10 occasions. DRGs were examined by immunofluo‐
rescence in three separate experiments. Bundled NFs were enriched 

from NB2a/d1 cultures in four separate experiments. Digital confo‐
cal and ultrastructural analyses were carried out in triplicate. NFs 
were enriched from spinal cord in duplicate and from sciatic and 
optic	nerve	in	triplicate.	All	images	are	representative.	Panels	were	
compiled	 using	 Adobe	 Photoshop	 (https	://www.adobe.com/produ	
cts/photo shop.html). Enhancement of intensity and/or contrast 
were carried out on the entire image using the software's Levels 
(which provides grayscale adjustment) and Brightness/Contrast 
functions. For further clarity of presentation, some regions of DRG 
neurites were also presented as binary images using the software's 
“Threshold” function; these binary images were presented alongside 
the corresponding grey‐scale regions (e.g., Figure 3).

NB2a/d1 cells were generated in this laboratory in 1984 (Shea, 
Fischer,	&	Sapirstein,	1985)	from	the	“Neuro‐2A”	line	obtained	and	
still	available	from	the	American	Type	Culture	Collection	(ATTC	CCL	
131; https ://www.atcc.org/produ cts/all/CCL‐131.aspx). Stocks of 
the NB2a/d1 subclone are freely available from us upon request; in 
addition, we have made arrangements to deposit the NB2a/d1 sub‐
clone	with	the	ATTC,	which	will	be	carried	out	within	this	year.	Our	
GFP‐H construct is also freely available upon request.

3  | RESULTS

3.1 | NFs form distinct populations during 
neuritogenesis

To step away from the somewhat classical view of IFs, and in par‐
ticular NFs, as relatively static cytoskeletal components, we first 
examined the distribution of NFs and formation of bundles during 
de novo axonal neuritogenesis. For this, we took advantage of NB2a/
d1 cells, which express and phosphorylate all NF subunits and trans‐
port them into and along axonal via MT‐based motors by the same 
mechanisms observed in neurons in culture and in situ, yet have the 
additional advantage that axonal neuritogenesis commences within 
the entire culture simultaneously by simple treatment with dibutyrl 
cyclic	AMP	(dbcAMP).	This	allows	reproducible	detailed	immunocy‐
tochemical and corresponding biochemical analyses that are difficult 
to achieve in situ or with culture of primary neurons.

GFP is reproducibly observed throughout the soma and elon‐
gating	 axonal	neurites	with	12	hr	 after	 transfection	of	dbcAMP‐
treated NB2a/d1 cells with a construct expressing GFP‐tagged 
NF‐H or NF‐M subunits and co‐localizes with endogenous NF 
immunoreactivity	(Figure	1a,b).	As	differentiation	continues,	GFP‐
NFs co‐localize with the NF bundle that extends along the neurite 
length	 (Figure	1c).	As	shown	previously	 (Kushkuhley	et	al.,	2009;	
Yabe, Chan, et al., 2001), fractions enriched in individual and bun‐
dled NFs can be obtained by differential sedimentation of Triton 
X‐100 insoluble cytoskeletons (Figure 1d,e). Bundled NFs can be 
dissociated	 into	 individual	NFs	by	 incubation	with	EGTA,	 indicat‐
ing that bundles are dependent upon cation‐mediated interactions 
among NFs (Figure 1f). The physiological relevance of NF bundling 

https://www.jax.org/strain/001800
info:x-wiley/rrid/RRID:AB_2314901
info:x-wiley/rrid/RRID:AB_2315331
info:x-wiley/rrid/RRID:AB_521686
https://www.adobe.com/products/photoshop.html
https://www.adobe.com/products/photoshop.html
https://www.atcc.org/products/all/CCL-131.aspx
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as seen in NB2a/d1 cells and cultured cortical neurons is supported 
by their recovery from adult murine sciatic nerve (Figure 1g).

3.2 | NF bundles are flexible

Having observed the generation of NF bundles during differentia‐
tion, we probed the physiology of bundled NFs in these cells as well 
as neurons in culture and in situ.

Bundles did not always display a fully linear profile, but rather 
were often curved and twisted at various points along the neur‐
ite length (Figure 2a,b). This was further highlighted by repetitive 
imaging of neurites undergoing retraction (Figure 2c; see also sup‐
plemental video S1 Sequential imaging during retraction revealed 
that the bundle could retract faster than that of the neurite itself 
(Figure 2c). This latter observation suggested that NF bundles did 
not retract due to pressure from distal neurites but rather passively 
coiled during neurite retraction. To examine whether this was the 
case, we imaged cells prior to and following extraction with saponin 

or Triton X‐100, both of which disrupt cells but preserve the NF cy‐
toskeleton (Yabe, Chan, et al., 2001). We observed no change in bun‐
dles before and after extraction with either detergent (Figure 2d,e). 
This suggests that NF bundles may not be rigid but instead retain 
the flexibility observed for individual NFs (Figure 1h; see also Fenn, 
Monsma, & Brown, 2018).

We further probed bundle flexibility by inhibition of phosphatase 
activity, since IF bundles, including NF bundles, are formed by cat‐
ion‐dependent phospho‐mediated interactions among IFs (Kuskuley 
et al., 2009). Moreover, increasing NF phosphorylation either by in‐
creasing kinase activity or inhibition phosphatase activity increased 
axonal neurite caliber and NF content (Lee et al., 2014; Shea et al., 
1993). Treatment of cells displaying with the phosphatase inhibitor 
OA	prior	to	extraction	with	Triton	X‐100	not	only	did	not	eliminate	
curvature of bundles but also did not foster bundle extension follow‐
ing extraction (Figure 2f). Curvature of bundles was not confined to 
growing neurites in culture; bundles displayed similar twisting and 
curvature in axons from sciatic and optic nerves of adult NFH‐GFP 

F I G U R E  1   NFs form bundles within axonal neurites in culture and in situ. Panel a: Representative phase‐contrast and corresponding 
epifluorescent image of a representative NB2a/d1 cell 18 hr after expression of GFP‐H. Note that GFP is present throughout the soma 
and neurite. The magnification bar is 10 µm in all panels. Panel b: GFP‐H co‐assembles with endogenous NF. Images of an axonal neurite 
of a representative NB2a/d1 cell reacted with an antibody (SMI‐32) directed against epitopes of NF‐H and NF‐M (left panel) 18 hr after 
expression of GFP‐H (right panel). Panel c: Merged phase and epifluorescent image of a representative NB2a/d1 cell (left panel) and the 
corresponding isolated epifluorescent image (right panel). Note that GFP is concentrated within centrally located NF bundle (arrows). Panels 
d and e: Representative images of fractions enriched in individual (panel d) and bundled (panel e) NFs derived by sedimentation of NB2a/d1 
axonal neurite fractions over a sucrose cushion as described in Methods. Panel f: Representative images of the bundled fraction following 
incubation	EGTA.	Panel	g:	Representative	images	of	GFP‐tagged	NFs	from	murine	sciatic	nerve	of	NFH‐GFP	mouse.	Note	the	presence	of	
bundled NFs. Panels d‐g are the same magnification. Panel h: Representative confocal image of individual GFP‐NFs within regions of two 
NB2a/d1 axonal neurites (upper panel) along with corresponding section probed for endogenous MTs (lower panel) which more clearly 
depict the neurite boundary
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mice (Figure 2g,h). Some NB2a/d1 neurites contained bundles that 
were linear along most of their length but still displayed regional curv‐
ing (Figure 2i). We next examined cultured DRG neurons, which were 

rich in NFs but too thin to distinguish individual versus bundled NFs. 
Nevertheless, portions of axonal NFs displayed regional curving in 
and out of the plane of focus similar to that of NB2a/d1 cells (Figure 3).
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3.3 | Distribution of NF bundles depends upon 
other cytoskeletal elements

The observation of curvature of bundles prompted us to question 
whether or not NF bundles represented structures that could sup‐
port axonal neurites independently, or instead relied on interaction 
with other cytoskeletal elements. To address this, we perturbed the 
other major axonal constituents, actin, and MTs. Consistent with 
prior studies demonstrating critical interactions between NFs and 
MTs (Shea & Beermann, 1994) and between NFs and actin (Jung et 
al., 2004; Rao et al., 2002) that mediate NF transport and distribu‐
tion, treatment with the MT‐depolymerizing agent nocodazole and 
the actin‐depolymerizing agent cytochalasin B both disrupted NF 
bundle distribution (Figure 4).

3.4 | NF bundles apparently display helical 
periodicity

Bundles typically displayed GFP at an intensity that precluded de‐
tailed analyses of the individual NFs within them. However, sequen‐
tial images in through focus series suggested that NF bundles from 
cells and adult mice consisted of helically arranged, rather than linear, 
NFs (Figure 5a‐c). We therefore carried out ultrastructural analyses 
of NF bundles within neurites and following isolation. The helical 
orientation of bundled NFs was substantiated by ultrastructural 
analyses of isolated cytoskeletons and intact neurites (Figure 5d,e). 
In some instances, bundles within apparently retracting neurites 
displayed extreme helical coiling (Figure 5f,g). The helical nature of 
bundles was further supported by confocal analyses (Figure 5h,i). 

F I G U R E  2   The NF bundle is flexible. Panel a: Representative images of NB2a/d1 cells expressing GFP‐H in which NF bundles display 
varying degrees of curvature. Note that the NF bundle does not extend fully to the axonal tip; arrows indicate the distal end of the bundle). 
The magnification bar is 10 µm in all panels. Panel b: Through focus images of a NF bundle within an NB2a/d1 axonal neurite demonstrating 
curvature of the NF bundle along the neurite shaft. Panel c: Images of an NB2a/d1 cell expressing GFP‐H which is retracting its axonal 
neurite.	Numbers	represent	minutes	at	which	each	image	was	captured.	Arrows	indicate	the	distal	end	of	the	bundle;	note	that	retraction	
of the bundle exceeds that of the neurite. Panel d: Images of a representative axonal neurite of an NB2a/d1 cell expressing GFP‐H captured 
before and 15 min after saponin extraction as indicated. Note that the curved bundle remained in the same location following extraction. 
Panel e: Images of axonal neurites of NB2a/d1 cell expressing GFP‐H captured before and 15 min after Triton X‐100 extraction as indicated. 
Note that the curved bundle remained in the same location following extraction. Panel f: Images of axonal neurites of NB2a/d1 cells 
expressing	GFP‐H	treated	with	OA	before	after	Triton	X‐100	extraction	as	indicated.	Note	that	NF	bundles	were	not	altered	following	
extraction. Panel g: Representative images of NF preparations from the sciatic nerve of NFH‐GFP mice. Panel h: Representative image of a 
bundle isolated from optic nerve of NFH‐GFP mice. Panel i: Through focus images of an axonal neurite of an NB2a/d1 cell expressing GFP‐H. 
Note regional curvature of the NF bundle along the neurite shaft

F I G U R E  3   The NF content of DRG neurons is curved rather than linear. Panels present four representative DRG neurons in culture 
probed with a monoclonal antibody SMI‐31. Each panel presents the same neuron in relatively lower and higher contrast; panels are 
separated by lines. Inserts present regions of corresponding axons subjected to thresholding via Image J, which converts grayscale images 
to	binary	and	allows	retention	of	only	the	most	intense	portions	of	the	image,	providing	additional	contrast.	All	images	and	thresholded	
inserts of b‐d are the same magnification, and a scale bar is included in the first image. The thresholded inserts of panel a are of a higher 
magnification and a separate scale bar is included for them
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The periodicity of the helix was estimated as 76–95 nm as meas‐
ured in relatively straight bundles in negatively stained samples; we 
cannot be certain that this value represents the periodicity within 
intact neurites. Periodicity could not be determined in GFP‐tagged 
samples due to the limits of resolution nor in thin‐sectioned sam‐
ples since NFs entered and departed the plane of section. No direct 
comparison between ultrastructural and eplifourescent images was 
made; It should be noted that the higher resolution of ultrastructural 
versus epifluorescent images may reveal helical turns not detectable 
by fluorescent microscopy.

Bundled NFs were observed in neurite‐like processes of MDCK 
cells	following	transfection,	and	lamprey	Anterior	Bulbar	Cells	during	
axonal regeneration following transection (Figure 6). Lateral images 
of bundled NFs were presented in Hall et al. (1989).

4  | DISCUSSION

4.1 | NF bundles are flexible

While MTs contribute to axonal outgrowth and stabilization (Shea, 
1999; Shea & Beermann, 1994), NFs, by interacting with themselves 
and other cytoskeletal elements, are thought to contribute further 
to stability of the axonal cytoskeleton. Precocious expression of 
NF‐H attenuates axonal outgrowth and stabilizes the new axon 
(Boumil	 et	 al.,	 2015)	 by	 constrast,	 shRNA‐mediated	 knockdown	
of NF‐H compromises axonal neurite outgrowth and stabilization, 
which can be rescued by expression of GFP‐H (Lee & Shea, 2014). 
Like other IFs such as keratin and vimentin, NFs form bundles via 
cation‐dependent interaction of phosphorylated side arms to pro‐
vide increased regional stability (Eyer & Leterrier 1988; Kushkuley 
et al., 2009; Leterrier & Eyer, 1987, Lin et al., 2010; Nolting, Möbius, 
& Köster, 2014; Rammensee, Janmey, & Bausch, 2007; Yabe, Chan, 
et al., 2001; Yao et al., 2010). In the case of neurons, axons are the 
regions requiring increased stabilization. Bundled NFs are nor‐
mally concentrated within axons in culture and in situ (Kushkuley 
et al., 2009; Yabe, Chan, et al., 2001; Yuan et al., 2009) but can 
accumulate within perikaryal during motor pathology, NF subunit 
overexpression and perturbation of MT‐based transport and/or 
kinase/phosphatase balance (e.g, Gentil., 2015; Lee et al., 2014; 
Motil, Dubey, Chan, & Shea, 2006; Shea et al., 2004; Straube‐West, 
Loomis, Opal, & Goldman, 1996). Herein, we provide evidence that 
bundles consist of helically arranged NFs that maintain flexibility 
in situ previously observed for individual NFs (Fenn et al., 2018; 
Kushkuley et al., 2009; Taylor, Wang, & Brown, 2012). While in‐
hibition of phosphatase activity increases NF‐NF associations and 
overall NF neurite content (Eyer & Leterrier 1988, Lee et al., 2014; 
Shea, Lee, Kushkuley, Dubey, & Chan, 2009), inhibition of phos‐
phatase activity did not alter bundle flexibility. This suggests that, 
while phosphorylation promotes NF‐NF associations leading to 
bundling, NF phosphorylation does not completely eliminate flex‐
ibility of associated NFs.

4.2 | Derivation of helicity

The helical nature of NF bundles is likely derived from the helical 
nature	 of	 individual	 NFs	 (Krishnan,	 Kaiserman‐Abramof,	 &	 Lasek,	
1979), analogous to the coiling of strands of strings forming twine 
or rope by winding individual strings. Notably, helical orientation 
may accommodate a degree of compression/expansion and allow 
the flexibility necessary for turning of growing axons to a greater 
degree than laterally oriented NFs. (Hesse et al., 2008; Yao et al., 
2010). It remains possible that NFs can undergo lateral sliding within 
bundles. Considerable trauma most likely accompanies isolation of 
axons and bundles themselves. Images of such preparations may 
not reveal helicity but nevertheless demonstrate that bundled NF 
remain intact within isolated axons, rather than occupying the entire 
axoplasm (e.g., Figures 2g and 5b) and following isolation of bundles 
themselves (Figures 1 and 5).

F I G U R E  4   NF bundles interact with MTs and actin. 
Representative confocal images of NB2a/d1 cells expressing 
GFP‐H, corresponding image probed for endogenous MTs or actin 
along with merged images prior to or following 2 hr treatment with 
nocodazole	or	cytochalasin	B	as	indicated.	A	single	untreated	image	
and three images are presented following treatment with each 
agent. The magnification bar (first panel) is 10 µm; all images are 
the same magnification
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Although	experimentally	separable,	bundles	in situ likely represent 
a continuum with surrounding individual NFs, since NFs transporting 
along neurites undergo continuous exchange with those in bundles 
(Yabe, Chan, et al., 2001; Figure 7a). Initial association of NFs with 
bundles may be at one end or a small region of the NF, with contin‐
ued association leading to complete incorporation into bundles (e.g., 

7A).	NF	bundles	were	devoid	of	MTs	but	surrounding	MTs	co‐purified	
with bundles under MT‐stabilizing conditions (Kushkuley et al., 2009). 
Individual NFs interact with MTs and actin via their respective motor 
proteins kinesin, dynein, and myosin, and activity of these motors is 
essential	for	NF	transport	(Ahmad	et	al.,	2000;	Jung	et	al.,	2004;	Motil	
et al., 2006; Rao et al., 2002; Yabe, Pimenta, & Shea, 1999, Yabe, Jung, 
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Chan,	&	Shea,	2000).	 Inhibition	of	pp42‐44	MAP	kinase	 (activity	of	
which is essential for anterograde NF transport) fostered retraction 
of NF bundles within 3 hr but did not perturb neuritic MTs or actin 
filaments nor induce overall neurite retraction during this brief inter‐
val (Chan et al., 2004). Neurite stability as evidenced by resistance to 
retraction following colchicine treatment is compromised by inhibition 
of phospho‐dependent NF‐MT interactions, including interactions me‐
diated	by	MAP1B	and	tau	(Lee	&	Shea,	2014;	Shea	&	Beermann,	1994).	
Bundles may therefore provide support to axons by interaction with 
surrounding NFs, MTs, and other cytoskeletal elements that them‐
selves interact with the actin matrix (Shea & Beermann, 1994; Yabe, 
Chylinski, et al., 2001; Yuan et al., 2012). These interactions are dy‐
namic and may be disrupted en masse during neurite retraction or per‐
haps only distally during remodeling or turning of an elongating axon 
(Figure 7b). In this regard, bundles do not extend for the full length 
of the neurite (Kushkuley et al., 2009; Yabe, Chan, et al., 2001; e.g., 
Figure 2a). Similar retraction of bundled MTs was observed during nitric 
oxide‐induced neurite retraction (He, Yu, & Baas, 2002), demonstrat‐
ing that neither NFs and MTs need undergo overall depolymerization 
to	accommodate	remodeling.	Alternatively,	or	in	addition,	NF	bundles	
may provide support to growing and established axons once the axon 

has reached a length such that the entire bundle cannot be retracted 
into the soma as can happen with relatively short neurites. Once such 
a length is achieved, the confines of the axonal membrane and/or actin 
cytoskeleton would allow coiling to some degree but would prevent 
large scale coiling of the entire bundle. While this represents more 
passive mechanism, it can still be effective at supporting the proximal 
portion of growing neurites yet still allow more distal flexibility for 
remodeling and changing direction (Figure 7b). Retraction of the NF 
bundle independently of overall neurite retraction (e.g., Figure 2c; see 
also Chan et al., 2004) is consistent with both of these possibilities, and 
also suggests that, during conditions that promote retraction, bundles 
themselves may be more flexible than the entire neuritic cytoskeleton. 
Either of these possibilities are also consistent with progressive sup‐
port of growing axonal neurites by NFs, while preserving distal flexibil‐
ity to accommodate pathfinding (Lee & Shea, 2014). Both possibilities 
are also consistent with the progressive shift from predominantly 
short, rapidly transporting NFs to the establishment of a resident, bun‐
dled NF population that undergoes exchange with rapidly transporting 
NFs during axonal neurite outgrowth and maturation (Yabe, Chylinski, 
et al., 2001). Notably, the observation that bundles can remain intact 
following retraction and isolation indicates that bundled NFs interact 

F I G U R E  5   NF bundles consist of helically oriented NFs. Panel a: Through focus series of a representative NF bundle within an NB2a/
d1 axonal neurite of an NB2a/d1 cell expressing GFP‐H. The same images are presented in moderate (upper panels) and high (lower panels) 
contrast.	Arrows	indicate	examples	of	helical	periodicity.	All	fluorescent	images	in	this	figure	are	the	same	magnification;	a	scale	bar	is	
included	in	the	first	image.	Panel	b:	Representative	image	of	an	axon	from	sciatic	nerve	of	NFH‐GFP	mice.	Arrows	indicate	examples	of	
helical	periodicity.	Panel	c:	Through	focus	series	of	a	representative	rhodamine‐tagged	NF	bundle	from	murine	spinal	cord.	Arrows	indicate	
examples	of	helical	periodicity.	Panel	d:	Electron	micrograph	of	a	negatively	stained	cytoskeletal	preparation	from	NB2a/d1	cells.	Arrows	
indicate examples of apparent helical periodicity along a NF bundle; not all helical turns are indicated. Panel e: Electron micrograph of 
an	axonal	neurite	of	a	representative	NB2a/d1	cell	following	extraction	with	Triton	X‐100.	Arrows	indicate	examples	of	apparent	helical	
periodicity along NFs. Note: in panels a‐e, not all helical turns are indicated. Panels f and g: Representative image (panel f) and a through 
focus series (panel g) of NB2a/d1 cells expressing GFP that depict extensively coiled NF bundles. Panel h: Representative confocal images 
of axonal neurites of two NB2a/d1 cells expressing GFP‐H: corresponding images probed for endogenous MTs: which depicts the entire 
neurite, and merged images. Note that at points the bundle leaves the image slice while MTs do not (arrows). Panel i: Confocal microscopic 
“thru‐focus” series of an NB2a/d1 axonal neurite expressing GFP‐H. Images are presented within the neurite but above the bundle to those 
in which the bundle is fully within the image. Note that the entire length of the bundle presented herein does not appear within the plane of 
confocal section simultaneously (arrows)

F I G U R E  6   Bundling accompanies NF overexpression and axonal regeneration. Panel a: MDCK cells transfected with GFP‐H as described 
in Methods. Images present distribution of GFP (left), MTs (central), and these images merged (right) note the presence of a bundle within 
the GFP‐tagged network. Panels b and c: ultrastructural images of transverse section of lamprey axons undergoing regeneration following 
axotomy.	Arrows	indicate	a	centrally	situated	NF	bundle.	Panel	d:	higher	magnification	of	the	NF	bundle	in	panel	c
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with each other more strongly than with other axonal elements. While 
NFs provide support for axonal outgrowth (Lee & Shea, 2014), it re‐
mains	unclear	whether	or	not	bundled	NFs	play	any	such	role.	Axons	
in culture underwent helical retraction following mechanical perturba‐
tion of distal regions (Bray, 1979; Shefi, Harel, Chklovskii, Ben‐Jacob, 
&	Ayali,	2004).	While	the	distribution	of	other	cytoskeletal	elements	
were not examined in this study, this is consistent with the notion that 
the extent of helical coiling of NFs observed herein during neurite re‐
traction within isolated NF preparations are derived from compression 
and/or lack of extensive forces resulting from their isolation.

4.3 | Bundled NFs, some of which were helical, are 
present in multiple systems

NF bundles have not been universally reported but have been 
described in a number of studies conducted in situ and in culture. 
Closely apposed NFs were observed when NF‐L and full‐length 
NF‐H expressed in Sf9 cells, with progressive loss of bundling fol‐
lowing expression of constructs in which progressive portions of 
the H sidearm were deleted (Chen, Nakata, Zhang, & Hirokawa, 

2000). Centrally situated bundled NFs, which seemed helical rather 
than linear were present in cultured dorsal root ganglion neurons 
(Yamada et al., 1971) and throughout cultured motor neurons 
(Gentil et al., 2015). Consistent with this notion, closely apposed, 
twisted NFs have been reported within regions of cultured cortical 
neurons displaying relatively dense NF content, while other regions 
of the same neurite have more dispersed NF in regions display‐
ing	 less	 total	NF	content	 (Yuan	et	al.,	2009).	A	mixture	of	closely	
apposed NFs along with dispersed individual NFs were observed 
within crude NF preparations from bovine brain (Moon, Wisniewski, 
Merz, DeMartini, & Wisniewski, 1981). Progressive bundling of 
NFs was observed in preparations from bovine spinal cord; gels 
ultimately formed by NFs in such preparations were more resist‐
ant than vimentin networks (Leterrier, Kas, Hartwig, Vegners, & 
Janmey, 1996). Extreme levels of densely packed NFs during axonal 
regeneration following traumatic injury or transection (Hall et al., 
1989; Okonkwo, Pettus, Junta Moroi, & Povlishock, 1998; Pannese, 
1963; see also Figure 6 herein). Curved NF bundles in grafts display‐
ing prominent immunoreactivity with the delayed phospho‐epitope 
RT97 were observed in inter‐sciatic grafts (Doering, 1992) and 
in spinal and pyramidal neurons of mice expressing GFP‐H in situ 
(Letournel et al., 2006). Bundles were also detected following ex‐
pression of GFP‐H in MDCK cells with GFP‐H by co‐assembly with 
endogenous vimentin (Figure 6), similar to the prior observation of 
bundles following NF‐M expression in SW13+ (which express vi‐
mentin) but not SW13‐ cells (which do not express vimentin (Yabe, 
Chylinski, et al., 2001; Yabe et al., 2003). Inhibition of dynein, which 
along with kinesin plays a key role in MT‐based translocation of NFs 
into and along axonal neurites (Motil, Chan, et al., 2006), fostered 
increased curvature of bundles within the hillock and proximal neu‐
rite. The dependence of bunding upon overall NF levels is to be 
expected, since bundling is a manifestation of extensive NF‐NF as‐
sociations. Cultured sympathetic neurons, which have been exten‐
sively utilized for studies of NF transport, express low NF levels 
and moreover lack phosphorylated NF‐H (Yan, Jensen, & Brown, 
2007), which is essential for bundling (Kushkuley et al., 2009; Yabe, 
Chylinski, et al., 2001; Yuan et al., 2012).

4.4 | NF‐NF distance differs in culture versus 
in situ: potential critical difference(s) in sidearm 
phosphorylation

The average distance between murine NFs within regions of axons dis‐
playing prominent reactivity with late‐appearing phospho‐dependent 
antibodies in situ was 45–65 nm (Nixon, Paskevich, Sihag, & Thayer, 
1994; Sanchez, Hassinger, Paskevich, Shine, & Nixon, 1996), which 
greatly exceeds the 10–20 nm spacing observed in bundled NFs (e.g., 
Yabe,	Chylinski,	et	al.,	2001;	Yuan	et	al.,	2012).	A	closer	NF‐NF	align‐
ment (25–35 nm) was observed in the most proximal regions of the 
same murine axons, which do not display the full range of phospho‐
dependent immunoreactivity and moreover have not undergone the 
increase in caliber of more distal regions, (Nixon et al., 1994; Sanchez 
et al., 1996). It may be possible that bundled NFs, although the most 

F I G U R E  7   Events of NF bundling and neurite retraction/
remodeling. Panel a: (1) NFs undergoing MT‐based transport can 
dissociate from their motor and interact with bundled NFs of NFs 
with bundles. (2) Continued NF‐NF associations foster spiraling. 
(3)	Since	NFs	can	undergo	end‐to‐end	annealing	(Colakoğlu	&	
Brown,	2009;	Uchida,	Çolakoğlu,	Wang,	Monsma,	&	Brown,	2013),	
individual NFs and/or NF complexes may anneal with bundled NFs 
during axonal outgrowth. (4) Bundles undergo continuous exchange 
with individual NFs. Panel b: Upper images depict a neuron with 
a relatively short axon (1), in which the entire bundle can retract 
into the soma (2), allowing complete neurite retraction (3). Lower 
images depict a neuron with an axon of sufficient length that the 
entire bundle cannot undergo complete retraction into the soma 
(1). Partial retraction of the bundle (2) allows retraction of the distal 
portion of the axon (3) and accommodates redirection (4)
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highly phosphorylated NFs within NB2a/d1 cells and having formed 
NF‐NF associations that permit their isolation from individual, sur‐
rounding NFs by differential centrifugation, have not been phospho‐
rylated at key sites that may contribute to increased axonal caliber in 
situ.	Along	these	 lines,	while	NF‐H	of	NB2a/d1	cells	displays	promi‐
nent immunoreactivity with most phospho‐specific antibodies, they 
display relatively weak reactivity with the phospho‐specific antibody 
RMO24 (Lee et al., 2014), which is prominent following myelination in 
situ (Sanchez et al., 1996) and following cell‐free incubation of NF‐H 
with kinases (Bajaj & Miller, 1997; de Waegh et al., 1992). Bundles 
are derived from cation‐dependent interactions between phosphoryl‐
ated tail domains (Kushkuley et al., 2009; Yabe, Chylinski, et al., 2001). 
Cations not only eliminate repulsion by opposing negative charges 
but form crossbridges among phosphorylated sidearms. It is possible 
that there may be additional phosphorylation events on NF‐H and/
or NF‐M that may not form cation‐dependent interaction and there‐
fore would remain repulsive interactions. Such sites could reside in 
the proximal portion of the tail (which does not overlap with the tail 
of an opposing NF); phosphorylation of any such sites could therefore 
induce further extension of the tail away from its corresponding rod 
domain, with a resultant increase in NF‐NF spacing. Elucidation of any 
potential phosphorylation sites in NFs of NB2a/d1 cells that have not 
undergone phosphorylation during bundle formation may be useful 
for further analyses of axonal cytoskeletal maturation.

While originally considered as relatively static structures com‐
pared to other cytoskeletal polymers such as actin and MTs, analyses 
of GFP‐tagged subunits continue to reveal unanticipated dynamics.
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