
The C-Terminal Domains of NF-H and NF-M Subunits
Maintain Axonal Neurofilament Content by Blocking
Turnover of the Stationary Neurofilament Network
Mala V. Rao1,2*, Aidong Yuan1,2, Jabbar Campbell1, Asok Kumar1,4, Ralph A. Nixon1,2,3

1 Center for Dementia Research, Nathan Kline Institute, Orangeburg, New York, United States of America, 2 Department of Psychiatry, New York University Langone

Medical Center, New York, New York, United States of America, 3 Department of Cell Biology, New York University Langone Medical Center, New York, New York, United

States of America, 4 Department of Pathology, New York University Langone Medical Center, New York, New York, United States of America

Abstract

Newly synthesized neurofilaments or protofilaments are incorporated into a highly stable stationary cytoskeleton network
as they are transported along axons. Although the heavily phosphorylated carboxyl-terminal tail domains of the heavy and
medium neurofilament (NF) subunits have been proposed to contribute to this process and particularly to stability of this
structure, their function is still obscure. Here we show in NF-H/M tail deletion [NF-(H/M)tailD] mice that the deletion of both
of these domains selectively lowers NF levels 3–6 fold along optic axons without altering either rates of subunit synthesis or
the rate of slow axonal transport of NF. Pulse labeling studies carried out over 90 days revealed a significantly faster rate of
disappearance of NF from the stationary NF network of optic axons in NF-(H/M)tailD mice. Faster NF disappearance was
accompanied by elevated levels of NF-L proteolytic fragments in NF-(H/M)tailD axons. We conclude that NF-H and NF-M C-
terminal domains do not normally regulate NF transport rates as previously proposed, but instead increase the proteolytic
resistance of NF, thereby stabilizing the stationary neurofilament cytoskeleton along axons.
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Introduction

Neurofilaments (NFs) are neuron-specific 10-nm intermediate

filaments essential for radial growth of axons [1,2,3,4], and

efficient propagation of electric impulses along axons [5]. Various

properties of NF composition, structure and dynamic behavior

have been proposed to influence the accumulation of NF along

axons that underlies caliber expansion and may determine shapes

of other regions of the neuron. To achieve this stable geometry,

axonally transported NF contribute to a large stationary cytoskel-

etal network, which also serves as a scaffold for the reversible

docking of organelles and proteins, thereby regulating their

activity, abundance, and trafficking [6]. In serving these roles,

different subunits of the NF bind to specific molecular motors,

receptor proteins, and other cytoskeletal proteins [7,8,9].

NFs are obligate heteropolymers [10,11] composed of neuro-

filament heavy (NF-H; 200 kDa), medium (NF-M; 160 kDa), low

(NF-L; 68 kDa) and a-internexin in CNS axons [12]. The

exceptionally long NF-H and NF-M carboxyl terminal tail

domains contain 51 and 7 phosphorylation sites, respectively

within repeated serine-lysine-proline (KSP) sequences [13], which

are regulated by multiple protein kinases (ERK 1/2, JNK, and

cdk5) and multiple phosphatases [14,15,16]. C-terminal domain

phosphorylation straightens, aligns, and bundles NFs and extends

C-terminal sidearms in vitro [17] promoting cross bridge formation

among NF and other cytoskeletal elements [18], and an increase in

inter-filament spacing [19,20,21,22]. The acquisition of phos-

phates on the C-terminal domains occurs mainly after NFs enter

axons and coincides with the integration of NF undergoing slow

transport into a long-lived stationary cytoskeletal network

containing interconnected NF, microtubules (MT), actin filaments

[23,24], and various cytoskeletal cross linker proteins

[23,25,26,27,28]. These events are associated with local NF

accumulation and axon caliber expansion [19], which are, in turn,

triggered by signals from myelinating glia [29].

Observations that abnormal degrees of hyperphosphorylation of

NF-H and NF-M C-terminal domains can slow NF transport

[30,31,32] and that the NF proteins in their highest states of

phosphorylation are present in the stationary NF network [26] has

suggested that C-terminal phosphorylation might regulate the rate

of NF transport, although this suggestion is at odds with recent

studies that deletion of either the C-terminal domain of NF-H or

NF-M does not change NF transport rates [21,22,33,34]. It is

possible, however, that effects on transport might arise only if both

tail domains are missing given that NF-H and NF-M tail domains

share structural similarities and could be functionally redundant

[22,33]. To test this hypothesis and further examine the roles of

these C-terminal domains in regulating axon architecture, we

generated mice that lack carboxyl terminal domains of NF-H and

NF-M subunits. Our studies with these mice unequivocally

demonstrate that C-terminal domain deletion does not alter NF

transport rate but rather decreases the stability of NFs in the

stationary cytoskeleton. The profound reduction of steady-state
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axonal NF content after tail domain deletion and the rise in

proteolytic fragments of NF-L protein implicate the tail domains of

NF-M and NF-H as major determinants of the high proteolytic

resistance and exceptionally long half-lives of NF and, thus, as key

regulators of NF number in axons.

Methods

Ethics Statement
All the animal protocols described in the paper were approved

by the Nathan Kline Institute Animal Care and Use Committee

Protocol AP2005-155.

Production of NF-(H/M)tailD mice
The male mice that are heterozygous for NF-MtailD [22] and

female mice for NF-HtailD [21] were bred to produce NF-(M/

H)tailD, and their littermate controls at a ratio of 1:16 respectively,

with NF-HtailD, and NF-MtailD mice. The genomic tail DNAs

isolated from the mice was separately screened for NF-MtailD

according to Rao et al., 2003 [22] and for NF-HtailD according to

Rao et al., 2002a [21].

Immunoblotting of full length and tail deleted
neurofilament subunits

Sciatic and optic nerve extracts were made from 6 month old

animals as described previously [35]. Protein concentration was

determined using bicinchoninic acid (BCA) assay kit (Pierce

Chemical Co., Rockford, IL). Protein extracts, as well as known

amounts of neurofilament standards, were separated on 7%

polyacrylamide gels with SDS and transferred to nitrocellulose

membranes. Full length and the NF-MtailD proteins were detected

with a monoclonal antibody raised against the rod domain of NF-

M subunit (mAb, RMO44, Zymed, Alameda, CA). The NF-H

(pAb-NF-HCOOH, [35]), NF-L (mAb NR-4, Sigma, St. Louis,

MO), the Myc tagged NF-HtailD and NF-MtailD subunits with a

Myc antibody (mAb, 9E10, Santa Cruz Biotech, CA), R-39 (Dr.

Doris Dahl), calnexin (StressGen Biotech, Canada), a-tubulin, b-

tubulin, and neuron-specific bIII-tubulin are from Sigma, St.

Louis, MO. After blots were washed, incubated with appropriate

secondary antibodies conjugated with HRP and developed with

ECL reagent, immunoreactive bands were visualized by autora-

diography and quantified by phosphorimaging (Molecular Dy-

namics) using known amounts of purified mouse spinal cord

neurofilament standards.

For the analysis of NF subunits along optic nerves, optic

pathways from NF-(H/M)tailD and Wild Type mice at 6 months of

age were cut into 1 mm segments, and protein extracts were made

as described previously [35]. Equal volumes of extracts were

resolved on 7% polyacrylamide gels with SDS, transferred to

nitrocellulose membranes, some of the blots were Ponceau S

stained and other blots were immunoblotted with antibodies as

described above.

Axonal transport studies
Retinal ganglion cells from 3–4 month old NF-(H/M)tailD or

their WT littermate mice were radiolabeled in situ with 100 mCi of

[35S]-methionine by intravitreal injection with a calibrated

micropipette apparatus into anesthetized mice [36]. After injec-

tion, mice were sacrificed by cervical dislocation, and optic

pathways were dissected after 3 days, one, and two weeks. Three

animals were analyzed for each genotype and time point. The

optic pathways were frozen and cut into 8 consecutive segments of

each 1 mm. Each segment was homogenized with a buffer

containing 1% Triton X-100, 50 mM Tris, pH 6.8, 2 mM EDTA,

1 mM PMSF, and 50 mg/ml of protease inhibitor cocktail

(Boehringer Mannheim). After centrifugation, the Triton insoluble

cytoskeleton and soluble protein fractions were analyzed on 5–

15% polyacrylamide gradient gels, transferred to nitrocellulose

membranes and quantified by phosphorimaging.

Synthesis and Turnover of NF-L
To measure the synthesis of NF-L in retinal ganglion cells of

WT and NF-(H/M)tailD, mice were injected intravitreously with

[3H]-proline and sacrificed after 14 days. Optic pathways were

collected, fractionated as indicated above, NF-L bands on

Coomassie stained gels were cut out and radioactivity in the

appropriate bands was quantified in scintillation fluid. To measure

the turnover of NF-L, groups of 30 WT and NF-(H/M)tailD mice

were intravitreously injected with the same amount of [3H]-proline

and quantified as described previously [37]. Briefly, after injection,

15 mice from each WT and NF-(H/M)tailD group were sacrificed

14 days and at 90 days. Cytoskeletal preparations were made and

fractionated as indicated above. Gels were stained with Coomassie

Blue and the bands corresponding to NF-L were cut out and

quantified. The counts obtained at 90 days over 14 days were

calculated and expressed as the ratio of retained NF-L (turnover of

NF-L) for both the genotypes. We routinely use [3H]-proline

labeling for long term studies instead of [35S]-methionine labeling

because [35S]-methionine has a much shorter half-life and is

unsuited for long term labeling.

Morphometric analysis
NF-(H/M)tailD and their littermate WT mice of 6 month old

were perfused transcardially with 4% paraformaldehyde, 2.5%

glutaraldehyde in 0.1 M sodium cacodyalate buffer, pH 7.2, and

post fixed overnight in the same buffer. Samples were treated with

2% osmium tetroxide, washed, dehydrated and embedded in

Epon-Araldite resin. Thick sections at 50 mm and 2 mm region of

optic nerve (0.75 mm) for light microscopy were stained with

toluidine blue, and thin sections (70 nm) for electron microscopy

were stained with uranyl acetate and lead acetate. Neurofilaments

and microtubules were counted from 1000 axons for each

genotype (n = 4), axon diameters were measured using the

Bioquant Software (Nashville, TN). NF and microtubule densities

were calculated as reported earlier [29,38].

Results

Deletion of both NF-M and NF-H tail domains markedly
lowers NF content of axons

Immunoblot analyses with a panel of NF antibodies [35]

revealed that levels of each NF subunit were lowered .50% in

optic nerves (lanes 1–4) and sciatic nerves (lanes 5–8) of NF-(H/

M)tailD mice (Fig. 1A–E). The markedly reduced NF-L levels in

NF-(H/M)tailD axons (Fig. 1I, J) were not seen in mice with single

tail deletions (NF-HtailD or NF-MtailD) (Fig. 1I–J). Similarly, the

truncated NF-H and NF-M subunits were significantly reduced in

NF-(H/M)tailD mice (Fig. 1K, 1L), but these same tail-deleted

subunits and the other full length subunits were unaltered in single

tail-deleted mutants (Fig. 1I, J, M, N) as previously observed

[21,22]. By contrast, tubulin levels (a, b, and neuron specific bIII

subunits) rose significantly in NF-(H/M)tailD axons (Fig. 1F–H), as

seen earlier in NF-M tail-less [22], but not in NF-H tail-less mice

[21]. The findings were similar whether identical amounts of

protein or nerve segments of equal length (data not shown) were

analyzed on immunoblots.

To find out whether the reduction in NF subunit levels of NF-

(H/M)tailD axons by immunoblots is associated with reduction in
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NF number and density in axons, we examined the proximal

region (50 mm area, Fig. 2) and the distal area (2 mm, Fig. 3) of

optic nerve by electron microscopy. Our examination and

quantification of NFs from electron micrographs indicate a

marked drop in the numbers and density of NF at 50 mm from

the retinal excavation (Fig. 2A–E, Table 1). We also measured the

number and the density of NFs at 2 mm region of the NF-(H/

M)tailD optic nerves (Fig. 3A–E, Table 1) and find that NF number

and density is reduced even at 2 mm region of the optic nerve

(Fig. 3B, D). NF number and density in NF-(H/M)tailD axons were

6-fold lower at the 50 mm level (Table 1) relative to values in WT

mice and .3-fold lower at the 2-mm level (Table 1). By contrast,

the number of microtubules, unlike total tubulin levels, was

minimally altered (Fig. 2C, E & 3C, E). Analysis of consecutive

1 mm segments of optic nerve samples from NF-(H/M)tailD mice

demonstrates reduced NF-L staining. Protein bands above 75 kDa

are also reduced on Ponceau S stained gels, due to loss of the most

abundant full length NF-H and NF-M proteins on these gels (3F).

Quantitative immunoblot analyses of consecutive 1 mm segments

along the entire optic pathway revealed even greater NF subunit

losses at proximal levels of the optic nerve than more distally in

NF-(H/M)tailD mice (e.g., NF-L, 70% proximally versus 50%

distally) when expressed relative to levels of calnexin, which

distributes uniformly along optic axons (Fig. 3F). These results

demonstrate that NF-(H/M) tails are essential for establishment of

stationary phase of NFs in the proximal area and normal

integration of NFs all along the optic nerve.

Deletion of NF-M/H tail domains does not alter rates of
entry or slow transport of newly synthesized NF in optic
axons

NF-(H/M) subunit C-terminal tail domain hyperphosphoryla-

tion has been implicated in slowing of NF transport rate

[31,32,39,40,41]. We analyzed slow transport of Triton-insoluble

and soluble radiolabeled proteins in optic axons after pulse

labeling retinal ganglion cell proteins of NF-(H/M)tailD and WT

mice by injecting [35S]-methionine intravitreously [37]. The ratio

of total NF protein radioactivity relative to that of actin, serving as

a control protein, was comparable in NF-(H/M)tailD and WT optic

axons at 3, 7 and 14 days. We observed no differences in the levels

of radiolabeled NF proteins entering optic axons at these time

points (Fig. 4A). Analyses of the distribution of labeled proteins

along 8 consecutive 1 mm segments of the optic pathway showed

that the fast moving edge of the NF transport wave advanced at

the same rate in WT and NF-(H/M)tailD optic axons by 3 days

(Fig. 4E–G), 7 days (Fig. 4H–J) and 14 days (Fig. 4A–D, K–M)

after isotope injection. The transport rate was constant during this

time interval (0.14 mm/day), and similar to that previously

reported [42]. Similarly, transport rates for tubulin (Fig. 4N&P),

actin (Fig. 4O), and other cytoskeletal proteins (e.g., Fodrin,

microtubule-associated protein 1A) (not shown) were also unal-

tered in NF-(H/M)tailD mice at all of these time points.

NF-H/M tail domains are a determinant of the long
residence times of stationary neurofilaments in axons

Using a second pulse-radiolabeling paradigm, we investigated

the long term disappearance rate of NF proteins from a 8 mm

length (‘‘window’’) of the optic pathway (optic nerve and tract)

after injecting identical amounts of [3H]-proline intravitreously in

large groups of WT and NF-(H/M)tailD mice. Radioactivity

associated with NF-L was measured at 14 days post injection – a

time point when peak levels of pulse-radiolabeled NF proteins

have entered the ‘‘window’’ and none has moved out [28]. These

analyses showed that NF-(H/M)tailD and WT mice exported

similar levels of labeled NF-L into optic axons indicating that

unaltered levels of newly synthesized NF-L and entry into axons in

NF-(H/M)tailD (Fig. 5A) despite having 3–6 fold lower number of

neurofilaments along these axons (Fig. 2&3).

We have previously shown that radiolabeled NF proteins

remaining in the optic axon ‘‘window’’ beyond 45 days after

isotope injection are incorporated into a stationary NF network

because the distribution of this population along axons does not

change during the next 5 months [28,37]. To assess the loss of this

NF population in optic axons of NF-(H/M)tailD and WT mice, we

measured levels of radiolabeled NF-L at 90 days post injection in

groups of these mice intravitreously injected with identical

quantities of [3H]-proline. Our analyses showed that levels of

radiolabeled NF-L were significantly decreased (32%, p,0.009) at

90 days but not 14 days, in NF-(H/M)tailD optic nerves (Fig. 5E).

This differential loss of NF-L in NF-(H/M)tailD mice was selective

because the ratios of fodrin (Fig. 5F), p20 (a 20-kDa protein,

Fig. 5G), and tubulin (Fig. 5H) were similar in NF-(H/M)tailD and

WT optic axons.

The reduced axonal residence time for NF-L in NF-(H/M)tailD

mice was also associated with changes in the patterns of NF-L

degradation (Fig. 5I–K). Immunoblots of total extracts (optic

nerve, sciatic nerve, and spinal cord) from WT, NF-(H/M)tailD,

NF-MtailD, and NF-HtailD mice overexposed to highlight degrada-

tion products revealed increased levels of NF-L degradation

fragments (55 to 45-kDa) in all 3 neuronal tissues from NF(H/

M)tailD mice compared to the patterns in the other mouse

genotypes analyzed (Fig. 5I–K). These results indicate that the

more rapid disappearance of NF proteins from optic nerves of NF-

(H/M)tailD mice is due to at least in part to increased NF

proteolysis.

Discussion

Our results demonstrate a critical function for the C-terminal

domains of NF-M and NF-H subunits in stabilizing the axonal NF

network by increasing its resistance to proteolysis, thereby

expanding the content of neurofilaments in axons. The carboxyl

terminal tail domains of NF-H and NF-M have previously been

shown to form fine long cross-bridges that interconnect adjacent

NFs and NFs and microtubules [21,22,43,44,45]. By means of a

varied group of cytoskeleton-associated proteins [46] [23,44] the

NF network is interlinked to the microtubule, actin and spectrin

cytoskeletal elements to establish a three-dimensional lattice in the

axon. This stationary support structure, maintained by transported

cytoskeletal elements or their precursors, serves as a platform for

transport, reversible docking and organization of vesicular

organelles and possibly other macromolecular complexes in axons

[6] and provides the tensile support for axon caliber expansion

required for electrical conductance along axons.

Figure 1. Loss of both the tails of NF-H/M subunits results in reduced neurofilament content in axons. Equal amounts of optic (lanes 1–
4) and sciatic nerve (lanes 5–8) extracts were fractionated on 7% SDS-polyacrylamide gels, immunoblotted with NF-H (Fig. A), NF-M (Fig. B), NF-L (Fig.
C), NF triplets (Fig. D), tail deleted NF-H and NF-M (Fig. E), a-tubulin (Fig. F), b-tubulin (Fig. G), and bIII-tubulin (H) antibodies. Quantification of NF-L in
optic (Fig. I), and sciatic nerves (Fig. J); NF-HtailD (Fig. K); NF-MtailD (Fig. L); full length NF-H (Fig. M), and full length NF-M (Fig. N). NF preparation from
WT spinal cords indicates the position of full length NF subunits on immunoblots (lanes 9&10). Error bars represent SEM in all experiments.
doi:10.1371/journal.pone.0044320.g001
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When the C-terminal domain of both NF-H and NF-M are

eliminated in NF-H/M tail deletion mice, the NF cytoskeleton

loses most of its cross-bridging and appears highly disorganized

[47]. In normal axons, the neurofilament cytoskeleton is remark-

ably stable with NF subunits exhibiting exceptionally long half-

lives of several months [27,28,37]. We observed that loss of the C-

terminal regions had negligible effects on entry and transport of

NFs in axons but increased the rate of disappearance of stationary

NFs from axons leading to a markedly decreased NF content along

optic axons. Although the factors that contribute to the turnover of

the NFs are not clear, the unstable NF networks in NF-H/M tail

deletion mice may be more prone to proteolysis in the axon by

cellular proteases such as calpains. Calpains have been shown to

be involved in turnover of NFs, particularly when they are

relatively poorly phosphorylated at their C-terminal ends [48,49].

Our study resolves the longstanding issue of whether C-terminal

domains of NF-M and NF-H regulate the axonal transport of NF

by demonstrating that NFs that lack these domains exhibit the

same transport velocities along axons as NFs with intact

physiologically phosphorylated C-terminal tails. Based on correl-

ative evidence, it was widely believed that phosphorylation of NFs

along their carboxyl terminal domains regulates the slow axonal

transport of NFs [26,31,32,39,50]. In vivo slow axonal transport

studies from NF-Hdeleted, NF-HtailD, and NF-MtailD optic nerves

indicate that neither loss of the entire NF-H subunit, nor the loss of

the tail domains of NF-H or NF-M, alters slow NF transport

[7,21,22,34]. Due to the possible functional redundancy of these

tail domains, it was thought that an intact C-terminal domain on

either subunit could preserve putative transport functions when

the C-terminal domain is lost on the other subunit. By eliminating

both C-terminal domains, we showed here that regardless of any

functional redundancy, transport is not affected by combined loss

of these domains.

Although our evidence excludes a physiological role for C-

terminal domains in regulating normal NF transport, it does not

exclude the possible significant effect of pathological C-terminal

tail phosphorylation in influencing NF transport. In vitro culture

studies with GFP-labeled NF-H C-terminal KSP mutants that

mimic hyperphosphorylation of NF-H C-terminal domain indicate

that phosphorylation of NF-H KSP sites on the tail domain does

slow the rate of axonal transport of NFs [41]. These overexpressed

NF-H mutants that mimic hyperphosphorylation may represent

pathological conditions that are observed in multiple NF

transgenic lines and ALS mouse models. Hyperphosphorylated

C-terminal regions of both NF-H and NF-M are observed in

human ALS patients and in mouse models that exhibit ALS- like

Figure 2. A marked reduction in NF number and density at 50 mm area of NF-(H/M)tailD optic axons. Distribution of NFs and MTs in WT
and NF-(H/M)tailD optic axons at 50 mm (A). Bar: 100 nm. WT and NF-(H/M)tailD optic nerves at 50 mm area analyzed for NF and MT number (B, C) and
density (D, E). NF (B) and MT numbers (C) at 50 mm in WT and NF-(H/M)tailD mice. NF (D) and MT density (E) at 50 mm area. Data is from WT-1000, and
NF-(H/M)tailD - 1000 axons. Error bars represent SEM in all experiments.
doi:10.1371/journal.pone.0044320.g002
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Figure 3. NF-M/H tails regulate NF integration, number, density and establishment of stationary NF networks in optic axons.
Distribution of NFs and MTs in WT and NF-(H/M)tailD optic axons at 2 mm region of optic nerve (A). Bar: 100 nm. WT and NF-(H/M)tailD optic nerves at
2 mm area analyzed for NF and MT number (B, D) and density (C, E). NF (B) and MT numbers (C) at 2 mm in WT and NF-(H/M)tailD mice. NF (D) and MT
density (E) at 2 mm area of WT and NF-(H/M)tailD optic axons. Data is from WT-1000, and NF-(H/M)tailD - 1000 axons. (F). Integration of NFs along the
optic axonal segments is reduced in NF-(H/M)tailD optic axons. Calnexin staining is used as a loading control. Error bars represent SEM in all
experiments.
doi:10.1371/journal.pone.0044320.g003
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disease symptoms after NF overexpression [51,52] or overexpres-

sion of mutant SOD1 [53]. In these transgenic mouse models, NF

transport rates were significantly reduced suggesting that defective

axonal transport of NFs may contribute to NF accumulation and

other ALS-related pathological symptoms. NF-M and NF-L head

domains are also relatively highly phosphorylated but most of

these phospho-residues are short lived, disappearing as soon as

NFs enter into the axon [54]. We speculate that some of the

phosphorylation sites on these domains may regulate the NF

axonal transport rate. Although phosphorylation on head domains

is believed to prevent NF assembly in cell bodies, axonal transport

studies using NF-L head domain phosphorylation mutants that

mimic permanent phosphorylation of NF-L head domain in

cortical neurons demonstrate that head domain of NF-L partly

regulates NF axonal transport [55].

The results of this study, demonstrating dramatic non-uniform

depletion of NF along NF-(H/M)tailD axons despite unchanged

transport rate, reinforce the notion that NF transport rate is not

the principal determinant of NF content in mature axons, which is,

instead the incorporation of transported NF into a large slowly

turning over stationary NF network. We show here that the size of

this stationary network is modulated at least in part by changes in

the long half-lives of NF in this network, although the rate of

incorporation of slowly transported NF into the stationary network

cannot be excluded as an additional factor. The greater reduction

of NFs at proximal levels is consistent with our original

observations [37] that degradation of the stationary NF cytoskel-

eton takes place locally in the axon although the relatively small

Table 1. NF-H/M tails together regulate NF number and
density in axons.

Axons Area mm NFs MTs NFs-D MTs-D

NF-H/M+/+ 50 mm 1000 212.6 11200 22055 52.7 103.7

NF-(H/M)tailD 50 mm 1000 144.7 1195 19757 8.3 136.5

NF-H/M+/+ 2 mm 1000 414 56563 30547 136.6 73.8

NF-(H/M)tailD 2 mm 1000 409 19120 35614 46.7 87.1

doi:10.1371/journal.pone.0044320.t001

Figure 4. Absence of NF-H/M tails does not influence the rate of transport of NFs in optic axons. The speed and composition of slow
axonal transport was determined by intra-vitreal injection of radiolabeled [35S]-methionine of 3–4-month-old WT (A, C) and NF-(H/M)tailD (B, D) mice
for 3, 7 and 14 days. Optic nerve proteins were fractionated into cytoskeleton (A, B) and soluble fractions (C, D) with a Triton X-100 containing buffer.
Fractionated proteins were separated on 5–15% SDS-polyacrylamide gels, transferred to nitrocellulose membranes, and visualized by x-ray film and
phosphorimaging. (E–P) Quantification of NF-subunits, tubulin and actin transport in optic nerves. (E, H&K)-NF-H&NF-HtailD; (F, I&L)-NF-M&NF-MtailD;
(G, J&M)-NF-L; (N&P)-tubulin; and (O)-actin. (E-G)-3day; (H–J)-7 day; (A–D; K–P)-14 day transport.
doi:10.1371/journal.pone.0044320.g004
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fraction of newly synthesized NF protein reaching the nerve

terminals may be degraded there as described previously [56].

Acknowledgments

We would like to thank Nicole Piorkowski for assistance with manuscript

preparation and Corrinne Peterhoff for figure preparation.

Author Contributions

Conceived and designed the experiments: MVR RAN. Performed the

experiments: MVR AY JC AK. Analyzed the data: MVR AY RAN.

Contributed reagents/materials/analysis tools: MVR RAN. Wrote the

paper: MVR RAN AY.

References

1. Friede RL, Samorajski T (1970) Axon caliber related to neurofilaments and

microtubules in sciatic nerve fibers of rats and mice. Anat Rec 167: 379–387.

2. Hoffman PN, Cleveland DW, Griffin JW, Landes PW, Cowan NJ, et al. (1987)

Neurofilament gene expression: a major determinant of axonal caliber. Proc

Natl Acad Sci U S A 84: 3472–3476.

3. Ohara O, Gahara Y, Miyake T, Teraoka H, Kitamura T (1993) Neurofilament

deficiency in quail caused by nonsense mutation in neurofilament-L gene. J Cell

Biol 121: 387–395.

4. Zhu Q, Couillard-Despres S, Julien JP (1997) Delayed maturation of

regenerating myelinated axons in mice lacking neurofilaments. Exp Neurol

148: 299–316.

5. Sakaguchi T, Okada M, Kitamura T, Kawasaki K (1993) Reduced diameter

and conduction velocity of myelinated fibers in the sciatic nerve of a

neurofilament-deficient mutant quail. Neurosci Lett 153: 65–68.

6. Rao MV, Mohan PS, Kumar A, Yuan A, Montagna L, et al. (2011) The Myosin

Va Head Domain Binds to the Neurofilament-L Rod and Modulates

Endoplasmic Reticulum (ER) Content and Distribution within Axons. PLoS

ONE 6: e17087.

7. Rao MV, Engle LJ, Mohan PS, Yuan A, Qiu D, et al. (2002) Myosin Va binding

to neurofilaments is essential for correct myosin Va distribution and transport

and neurofilament density. J Cell Biol 159: 279–290.

8. Ehlers MD, Fung ET, O’Brien RJ, Huganir RL (1998) Splice variant-specific

interaction of the NMDA receptor subunit NR1 with neuronal intermediate

filaments. J Neurosci 18: 720–730.

9. Kim OJ, Ariano MA, Lazzarini RA, Levine MS, Sibley DR (2002)

Neurofilament-M interacts with the D1 dopamine receptor to regulate cell

surface expression and desensitization. J Neurosci 22: 5920–5930.

10. Ching GY, Liem RK (1993) Assembly of type IV neuronal intermediate

filaments in nonneuronal cells in the absence of preexisting cytoplasmic

intermediate filaments. J Cell Biol 122: 1323–1335.

11. Lee MK, Xu Z, Wong PC, Cleveland DW (1993) Neurofilaments are obligate

heteropolymers in vivo. J Cell Biol 122: 1337–1350.

12. Yuan A, Rao MV, Sasaki T, Chen Y, Kumar A, et al. (2006) Alpha-internexin is

structurally and functionally associated with the neurofilament triplet proteins in

the mature CNS. J Neurosci 26: 10006–10019.

13. Julien JP, Mushynski WE (1982) Multiple phosphorylation sites in mammalian

neurofilament polypeptides. J Biol Chem 257: 10467–10470.

14. Grant P, Pant HC (2000) Neurofilament protein synthesis and phosphorylation.

J Neurocytol 29: 843–872.

15. Veeranna, Yang DS, Lee JH, Vinod KY, Stavrides P, et al. (2010) Declining

phosphatases uderly aging-related hyperphosphorylation of neurofilaments.

Neurobiol Aging in press.

16. Gong CX, Wang JZ, Iqbal K, Grundke-Iqbal I (2003) Inhibition of protein

phosphatase 2A induces phosphorylation and accumulation of neurofilaments in

metabolically active rat brain slices. Neurosci Lett 340: 107–110.

17. Leterrier JF, Kas J, Hartwig J, Vegners R, Janmey PA (1996) Mechanical effects

of neurofilament cross-bridges. Modulation by phosphorylation, lipids, and

interactions with F-actin. J Biol Chem 271: 15687–15694.

18. Gotow T, Tanaka T, Nakamura Y, Takeda M (1994) Dephosphorylation of the

largest neurofilament subunit protein influences the structure of crossbridges in

reassembled neurofilaments. J Cell Sci 107: 1949–1957.

19. Nixon RA, Paskevich PA, Sihag RK, Thayer CY (1994) Phosphorylation on

carboxyl terminus domains of neurofilament proteins in retinal ganglion cell

neurons in vivo: influences on regional neurofilament accumulation, interneur-

ofilament spacing, and axon caliber. J Cell Biol 126: 1031–1046.

20. Hsieh ST, Kidd GJ, Crawford TO, Xu Z, Lin WM, et al. (1994) Regional

modulation of neurofilament organization by myelination in normal axons.

J Neurosci 14: 6392–6401.

21. Rao MV, Garcia ML, Miyazaki Y, Gotow T, Yuan A, et al. (2002) Gene

replacement in mice reveals that the heavily phosphorylated tail of neurofila-

ment heavy subunit does not affect axonal caliber or the transit of cargoes in

slow axonal transport. J Cell Biol 158: 681–693.

22. Rao MV, Campbell J, Yuan A, Kumar A, Gotow T, et al. (2003) The

neurofilament middle molecular mass subunit carboxyl-terminal tail domains is

essential for the radial growth and cytoskeletal architecture of axons but not for

regulating neurofilament transport rate. J Cell Biol 163: 1021–1031.

23. Yang Y, Dowling J, Yu QC, Kouklis P, Cleveland DW, et al. (1996) An essential

cytoskeletal linker protein connecting actin microfilaments to intermediate

filaments. Cell 86: 655–665.

24. Fuchs E, Cleveland DW (1998) A structural scaffolding of intermediate filaments

in health and disease. Science 279: 514–519.

25. Nixon RA (1998) Dynamic behavior and organization of cytoskeletal proteins in

neurons: reconciling old and new findings. Bioessays 20: 798–807.

26. Lewis SE, Nixon RA (1988) Multiple phosphorylated variants of the high

molecular mass subunit of neurofilaments in axons of retinal cell neurons:

characterization and evidence for their differential association with stationary

and moving neurofilaments. J Cell Biol 107: 2689–2701.

27. Millecamps S, Gowing G, Corti O, Mallet J, Julien JP (2007) Conditional NF-L

transgene expression in mice for in vivo analysis of turnover and transport rate of

neurofilaments. J Neurosci 27: 4947–4956.

28. Yuan A, Sasaki T, Rao MV, Kumar A, V K, et al. (2009) Neurofilaments form a

highly stable stationary cytoskeleton after reaching a critical level in axons.

J Neurosci 29: 11316–11329.

29. Sanchez I, Hassinger L, Sihag RK, Cleveland DW, Mohan P, et al. (2000) Local

control of neurofilament accumulation during radial growth of myelinating

axons in vivo. Selective role of site-specific phosphorylation. J Cell Biol 151:

1013–1024.

30. Archer DR, Watson DF, Griffin JW (1994) Phosphorylation-dependent

immunoreactivity of neurofilaments and the rate of slow axonal transport in

the central and peripheral axons of the rat dorsal root ganglion. J Neurochem

62: 1119–1125.

31. Jung C, Yabe JT, Shea TB (2000) C-terminal phosphorylation of the high

molecular weight neurofilament subunit correlates with decreased neurofilament

axonal transport velocity. Brain Res 856: 12–19.

32. Jung C, Yabe JT, Lee S, Shea TB (2000) Hypophosphorylated neurofilament

subunits undergo axonal transport more rapidly than more extensively

phosphorylated subunits in situ. Cell Motil Cytoskeleton 47: 120–129.

33. Rao MV, Nixon RA (2003) Defective neurofilament transport in mouse models

of amyotrophic lateral sclerosis: a review. Neurochem Res 28: 1041–1047.

34. Yuan A, Nixon RA, Rao MV (2006) Deleting the phosphorylated tail domain of

the neurofilament heavy subunit does not alter neurofilament transport rate in

vivo. 393: 264–268.

35. Rao MV, Houseweart MK, Williamson TL, Crawford TO, Folmer J, et al.

(1998) Neurofilament-dependent radial growth of motor axons and axonal

organization of neurofilaments does not require the neurofilament heavy subunit

(NF-H) or its phosphorylation [see comments]. J Cell Biol 143: 171–181.

36. Nixon RA (1980) Protein degradation in the mouse visual system. I. Degradation

of axonally transported and retinal proteins. Brain Res 200: 69–83.

37. Nixon RA, Logvinenko KB (1986) Multiple fates of newly synthesized

neurofilament proteins: evidence for a stationary neurofilament network

distributed nonuniformly along axons of retinal ganglion cell neurons. J Cell

Biol 102: 647–659.

38. Sanchez I, Hassinger L, Paskevich PA, Shine HD, Nixon RA (1996)

Oligodendroglia regulate the regional expansion of axon caliber and local

accumulation of neurofilaments during development independently of myelin

formation. J Neurosci 16: 5095–5105.

39. de Waegh SM, Lee VM, Brady ST (1992) Local modulation of neurofilament

phosphorylation, axonal caliber, and slow axonal transport by myelinating

Schwann cells. Cell 68: 451–463.

40. Yabe JT, Pimenta A, Shea TB (1999) Kinesin-mediated transport of

neurofilament protein oligomers in growing axons. J Cell Sci 112: 3799–3814.

41. Ackerley S, Thornhill P, Grierson AJ, Brownlees J, Anderton BH, et al. (2003)

Neurofilament heavy chain side arm phosphorylation regulates axonal transport

of neurofilaments. J Cell Biol 161: 489–495.

Figure 5. Increased turnover and degradation of NF-L in NF-(H/M)tailD optic axons. (A) Unaltered NF-L synthesis in NF-(H/M)tailD optic
axons. (B). Decreased ratio of retained NF-L in NF-(H/M)tailD optic axons indicate increased turnover of NF-L while the ratios of fodrin (C), p-20 (D), and
tubulin (E) were not significantly altered. Increased NF-L degradation in optic nerve (F), sciatic nerve (G) and spinal cord (H) of NF-(H/M)tailD mice as
evidenced by generation of proteolytic fragments detected by immunoblots probed with NR-4 antibody (see the arrows in panels F–H). Error bars
represent SEM in all experiments.
doi:10.1371/journal.pone.0044320.g005

NF-H/M Tails Regulate NF Turnover

PLOS ONE | www.plosone.org 9 September 2012 | Volume 7 | Issue 9 | e44320



42. Yuan A, Kumar A, Peterhoff C, Duff K, Nixon RA (2008) Axonal transport

rates in vivo are unaffected by tau deletion or overexpression in mice. J Neurosci

28: 1682–1687.

43. Hirokawa N, Glicksman MA, Willard MB (1984) Organization of mammalian

neurofilament polypeptides within the neuronal cytoskeleton. J Cell Biol 98:

1523–1536.

44. Nakagawa T, Chen J, Zhang Z, Kanai Y, Hirokawa N (1995) Two distinct

functions of the carboxyl-terminal tail domain of NF-M upon neurofilament

assembly: cross-bridge formation and longitudinal elongation of filaments. J Cell

Biol 129: 411–429.

45. Chen J, Nakata T, Zhang Z, Hirokawa N (2000) The C-terminal tail domain of

neurofilament protein-H (NF-H) forms the crossbridges and regulates neurofil-

ament bundle formation. J Cell Sci 113 Pt 21: 3861–3869.

46. Hirokawa N, Hisanaga S, Shiomura Y (1988) MAP2 is a component of

crossbridges between microtubules and neurofilaments in the neuronal

cytoskeleton: quick-freeze, deep-etch immunoelectron microscopy and reconsti-

tution studies. J Neurosci 8: 2769–2779.

47. Garcia ML, Lobsiger CS, Shah SB, Deerinck TJ, Crum J, et al. (2003) NF-M is

an essential target for the myelin-directed ‘‘outside-in’’ signaling cascade that

mediates radial axonal growth. J Cell Biol 163: 1011–1020.

48. Pant HC (1988) Dephosphorylation of neurofilament proteins enhances their

susceptibility to degradation by calpain. Biochem J 256: 665–668.

49. Stys PK, Jiang Q (2002) Calpain-dependent neurofilament breakdown in anoxic

and ischemic rat central axons. Neurosci Lett 328: 150–154.
50. Yabe JT, Chylinski T, Wang FS, Pimenta A, Kattar SD, et al. (2001)

Neurofilaments Consist of Distinct Populations That Can Be Distinguished by

C-Terminal Phosphorylation, Bundling, and Axonal Transport Rate in Growing
Axonal Neurites. J Neurosci 21: 2195–2205.

51. Collard JF, Cote F, Julien JP (1995) Defective axonal transport in a transgenic
mouse model of amyotrophic lateral sclerosis [see comments]. Nature 375: 61–

64.

52. Marszalek JR, Williamson TL, Lee MK, Xu Z, Hoffman PN, et al. (1996)
Neurofilament subunit NF-H modulates axonal diameter by selectively slowing

neurofilament transport. J Cell Biol 135: 711–724.
53. Zhang B, Tu P, Abtahian F, Trojanowski JQ, Lee VM (1997) Neurofilaments

and orthograde transport are reduced in ventral root axons of transgenic mice
that express human SOD1 with a G93A mutation. J Cell Biol 139: 1307–1315.

54. Sihag RK, Nixon RA (1991) Identification of Ser-55 as a major protein kinase A

phosphorylation site on the 70-kDa subunit of neurofilaments. Early turnover
during axonal transport. J Biol Chem 266: 18861–18867.

55. Yates DM, Manser C, De Vos KJ, Shaw CE, McLoughlin DM, et al. (2009)
Neurofilament subunit (NFL) head domain phosphorylation regulates axonal

transport of neurofilaments. Eur J Cell Biol 88: 193–202.

56. Garner JA (1988) Differential turnover of tubulin and neurofilament proteins in
central nervous system neuron terminals. Brain Res 458:309–318.

NF-H/M Tails Regulate NF Turnover

PLOS ONE | www.plosone.org 10 September 2012 | Volume 7 | Issue 9 | e44320


