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Summary
Neurofilaments and microtubules are important compo-
nentsof theneuronal cytoskeleton. In axonsor dendrites,
these filaments are aligned in parallel arrays, and
separated from one another by nonrandom distances.
This distinctive organization has been attributed to
cross bridges formed by NF side arms or microtubule-
associated proteins. We recently proposed a polymer-
brush-based mechanism for regulating interactions
between neurofilaments and between microtubules. In
this model, the side arms of neurofilaments and the
projection domains of microtubule-associated proteins
are highly unstructured and exert long-range repulsive
forces that are largely entropic inorigin; these forces then
act to organize the cytoskeleton in axons and dendrites.
Here,we review thebiochemical, biophysical, geneticand
cell biological data for the polymer-brush and cross-
bridging models. We explore how the data traditionally
used to support cross bridging may be reconciled with a
polymer-brushmechanismandcompare the implications
of recent experimental insights into axonal transport and
physiology for each model. BioEssays 26:1017–1025,
2004. ! 2004 Wiley Periodicals, Inc.

Introduction
The notion of a cytoplasmic network with a defined three-

dimensional architecture emergedmore than 60 years ago.(1,2)

High-voltage electron microscopy imaging of whole cells led

Porter and colleagues to propose that the interior of a cell is

composed of a ‘‘microtrabecular lattice’’.(3) In this conceptua-

lization of the cytoskeleton, fine cross links connect organelles

to one another and separate the cell interior into protein-rich

and water-rich phases. Key elements of this framework have

since been extensively validated in many eukaryotic systems;

most notably, actin filaments form cross-linked networks and

bundles under control of regulatory proteins such as Arp2/3,

a-actinin and ABP-120.(4) Intermediate filaments and micro-

tubules (MTs) can also form a variety of organized structures

within a cell that can act as structural scaffolds,(5) an idea that

has been extended to the cytoskeleton of axons and dendrites

(collectively neurites). NFs and MTs are both present and

oriented along the length of axons, while dendrites lack NFs

but are relatively rich inMTs.(6,7) Cross sections through these

processes show that NFs and MTs are non-randomly dis-

tributed, with a large interfilament spacing (Fig. 1A,B). For

microtubules with MAPs bound (MT-MAPs), the spacing

between adjacent filaments is approximately 65 nm in dend-

rites and 25 nm in axons,(8) while NFs have an interfilament

spacing of 33-49 nm.(9) Interfilament ‘‘cross-bridges’’ have

been proposed to account for this distinctive organization.(10–13)

While this view has gained widespread recognition, there

remains significant evidence for models that do not invoke

cross-bridging. In one recently advanced model, NF and MT

organization arises from entropic, repulsive forces between

the filaments.(14,15) Here we review the evidence for this

‘‘polymer-brush’’ model, and contrast it with evidence for the

cross-bridge model. We begin by introducing the problem of

how neuronal cytoskeletal elements organize themselves in

the neurites and describe the leading hypotheses for this

organization. We then examine the data that support both

models, including evidence from axonal preparations, struc-

tural and biophysical studies with reconstituted filaments, and

biochemical and genetic studies. Finally, we explore how each

hypothesis might be incorporated into current paradigms for

the regulation of axonal caliber and transport aswell as the role

of aberrant cytoskeletal interactions in neurodegenerative

diseases.

Models for NF and microtubule
organization in neurites
The overall morphology of NFs and MT-MAPs is conspicu-

ously similar in some regards. Isolated NFs andMT-MAPs are
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both long filamentous structures that display protrusions

extending away from their surfaces, giving them a bottle-

brush appearance (Fig. 1C,D).(16–18) These protrusions

are the primary candidates for controlling the interactions

between NFs and microtubules. In neuronal microtubules,

the protruding structure is formed by MAPs; principally MAP2

in dendrites(19) and tau in axons.(20) MAP2 and tau share the

same general organization: a C-terminal microtubule-binding

domain and an N-terminal ‘‘projection’’ domain that form the

protrusions.(4) Mammalian NFs are composed of three

polypeptides, classified as light (NF-L, 61 kDa in humans),

medium (NF-M, 90 kDa) and heavy (NF-H, 110 kDa).(21–23)

The amino terminus of each subunit is composed of a rod

domain that associates with the rod domains of the other two

subunits to form the filament core. The C termini of NF-M

and NF-H have long ‘‘side arms’’ of more than 300 and 600

residues, respectively, which form the protrusions.

In one view of the neuronal cytoskeleton, NFs and MTs

are held together by cross-bridges. The molecular details of

these cross-bridge interactions are not known, but for NFs the

side arms are thought to form a non-convalent ‘‘bridge’’

between two adjacent neurofilaments (Fig. 2A). In published

schematics, the side arms are often drawn as struts emerging

from one filament and extending towards a neighbor.(24–26)

Similarly, MAP projection domains are thought to connect

microtubules by forming cross-bridges; there are also inter-

actions between NFs and microtubules.(12,27) In some cases,

accessory proteins, including plakins such as bullous pem-

phigoid antigen 1 (BPAG1), have been proposed to participate

in the cross-bridge formation.(28,29)

Models based on repulsive interactions between NFs

and MTs have also been proposed. One repulsive interaction

hypothesis developed from the observation that NF side arms

are highly phosphorylated, suggesting that filament spacing is

controlled by electrostatic interactions.(30,31) Recently another

hypothesis involving repulsive interactions has been pro-

posed, where the NF side arms and MAP projection domains

are highly unstructured; by virtue of being unstructured they

exert long-range repulsive forces that maintain spacing

between NFs and MT-MAPs (Fig. 2B).(14,15,32–34) The

repulsive forces here originate from the thermally driven

(Brownian) motion of the polypeptide chain, which moves

rapidly to explore a very large number of conformations within

some characteristic volume. When this volume is compro-

mised by the approach of another molecule, the number of

conformational states available to the polypeptide is reduced

and the conformational entropy of the polypeptide de-

creases. As a result, a long-range repulsive force of entropic

Figure 1. Electron micrographs of A: an axon and B: a dendrite in cross section. The NFs in the axon and microtubules in the dendrite
exhibit a non-random liquid-crystal-like organizationwith a large interfilament spacing.Rotary shadowEMofC:NFsandD:MT-MAPsshow
the bottle-brush-like appearance produced by the NF side arms andMAP projection domains, respectively. All scale bars are 100 nm. B is
reproduced from Potter, HD. 1971. J CompNeurol 143:385–409 with permission fromWiley Intersciences, C is courtesy U. Aebi, and D is
reproduced from Voter, WA, Erickson, HP. 1982. J Ultrastruc Res 80:374–382 with permission from Elsevier.
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origin is exerted on the approaching molecule. This type of

behavior is often referred to as steric repulsion or an excluded

volume effect.(35) When unstructured polymers of this type

are tethered to a surface at high density, they tend to stretch

away from the surface to avoid one another. Such structures

are frequently referred to as polymer brushes, or less

frequently, entropic brushes.(35,36) Thus, in this model, the

NF side arms and MAP projection domains form polymer

brushes on their respective filaments and control interfilament

spacing.

Ultrastructure of NFs and MT-MAPs
The cross-bridge model was first proposed in the early 1980s

as a mechanism to explain the large interfilament spacing

between NFs and MTs in neurites. Hirokawa reported the

presence of cross-bridges between NFs, MTs and membra-

nous organelles in quick-freeze deep-etch electron micro-

graphs (QFDE-EM) of fixed and unfixed frog axons.(11) The

cross-bridges between NFs were fibrous features 4–6 nm in

diameter that connected adjacent NF backbones; they varied

in length from 20 to 50 nm (Fig. 3A). Cross-bridges between

MTs were also 4–6 nm in diameter, but shorter than their NF

counterparts at about 20 nm in length. These cross-bridges

remained after chemical extraction and physical rupture of the

axon, leading to the conclusion that the cross-bridges were

bona fide structures in the axon.(11) Subsequently these types

of cross-bridges were reported in other systems.(37,38)

Decoration using antibodies to the three NF polypeptides,

in combination with QFDE-EM, was used to identify the

composition of the cross-bridge.(39) Antibodies to NF-L

decorated the NF core uniformly but not cross-bridges;

antibodies to NF-M also decorated the core but less uniformly

and were sometimes found located at the bases of cross-

bridges. NF-H antibodies primarily decorated the cross-

bridges betweenNFs, suggesting that NF-Hwas a component

of cross-bridges. The nature of the NF cross-bridge was also

Figure 2. Schematic representations of two models for
neurofilament or microtubule interactions. A: In the cross-
bridgemodel, filaments are linked by non-covalent interactions
involving surface projections to form an interconnected net-
work; for microtubules, this interaction is mediated by the
projection domain of MAP2 or tau while, in neurofilaments, the
interaction is mediated by the side arms of the NF-M or NF-H
subunits. Accessory proteins such as BPAG1 may also be
involved. The filaments are shown in cross section as round
circles, the connecting elements are shown as squiggly lines
and the link is shownas a small rectangle. Fewdetails about the
structure of the connecting elements or the link between them
are known, and this depiction is intended as a conceptual
representation. B: The central feature of the polymer-brush
model is that the surface projections from microtubules or
neurofilaments are highly unstructured, in rapid Brownian
motion and form a so-called polymer brush. In relatively short
times, on the order of nanoseconds, these projections adopt a
very large number of conformations, essentially filling some
characteristic space. Proteins entering this space tend to be
excluded based on entropic considerations; thus as two
filaments are brought together, the polymer brush gives rise
to a repulsive interaction between the filaments.
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explored using the baculovirus expression system.(40) Cells

expressing NF-L and NF-H formed parallel arrays of 10 nm

filaments with frequent 30–40 nm cross-bridges between

filaments as determined by QFDE-EM. A series of deletion

mutants lacking varying portions of the NF-H tail were used to

delineate the role of the tail domain. The results suggested

that the last 191 amino acids of the side arms participate in

cross-bridge formation.

For MTs, it has been proposed that MAPs serve a role

similar to the NF side arms and act to cross-bridge MTs. MT-

MAPs purified from C. elegans and reconstituted in vitro

formed a cross-bridged network.(10) The cross-bridges were

periodic, with a frequency of one interfilament connection

every 7.7 nm along the protofilament length. The MAPs could

be extracted with 0.4 M NaCl, resulting in the loss of cross-

bridges. In another QFDE-EM study, tau purified from porcine

brainwasobserved to formperiodicprotrusions (18.7!4.8nm

long) from the microtubule surface. Most of these tau

projections formed cross-bridges between adjacent micro-

tubules.(41) Hirokawa and colleagues used the baculovirus

expression system to examine the role of MAP2 and tau in

organizingmicrotubules.(8) In this system,MAP2 and tauwere

both observed by QFDE-EM to form cross-bridges between

adjacent microtubules. MAP2 produced spacing between

microtubules similar to that seen in dendrites, while tau

produced microtubular spacing similar to that seen in axons.

This suggested that the characteristic interfilament spacing

was related to the length of the projection domains of MAP2

("1,400 amino acids) and tau ("242 amino acids). Hetero-

logous cross-bridges between MTs and NFs have also been

observed; 20–50 nm cross-bridges between microtubules

and NFs were described in frog axons by QFDE-EM.(11)

Immunogold labeling and in vitro reconstitution showed that

MAP2 was a component of these cross-bridges.(27)

While QFDE-EM has provided important insight into the

location and distributions of MT-MAPs and NFs, a significant

criticism of QFDE-EM is that the structures seen by this

technique may not reflect bona fide cross-bridges. It has been

suggested that cross-bridges may be artifacts of the QFDE-

EM preparation method.(42) In the polymer-brush model, the

unstructured protrusions (i.e. NF side arms or MAP projection

domains) are in rapid Brownian motion and would not be

expected to withstand EM preparation methods. The chains

would either collapse onto the filament backbone or entangle

with protrusions from adjacent filaments thereby forming a

structure that grossly resembles a cross-bridge. This would

explain why the number of protrusions seen in QFDE-EM is

much smaller than the number known to be present from other

methods.

The spatial arrangement of NFs relative to each other as

seen in cross-sectionsof axonsprovides insight into thenature

of interfilament interactions. Katz and colleagues analyzed the

distribution of NFs in thin section electron micrographs of

axons and found aPoisson distribution.(42) Such a distribution,

they concluded, was only possible if NF organization was

primarily due to non-specific stochastic forces acting to

distribute the NFs, with no significant NF–NF binding. In a

subsequent study, NF–NF nearest neighbor spacings were

also compared with simulated distributions of highly ordered

and randomly positioned particles.(9) From the results of this

study, the authors concluded that NF distributions lie inter-

mediate between completely random and highly ordered.

Finally, this general approach was extended in a study of the

distribution ofNFs inmouse sciatic nerve cross sections, using

radial distribution functions and occupancy probability dis-

tributions to characterize interfilament interactions.(33,34)

These statistical metrics showed the NF organization to be

best described in terms of pair-wise repulsive interactions.

Monte Carlo simulations were used to compare the various

models of rigid cross-bridges, soft cross-bridges and long-

range repulsive forces. For the models tested, the long-range

repulsive force model was most consistent with the experi-

mental observations.

Physical properties of the NFs and MAPs
NFs and MT-MAPs form gels in vitro, and the physical char-

acteristics of these gels have been studied to gain insight into

interfilament interactions. Morris and Lasek initially showed

Figure 3. Micrographs illustrating central features of the
cross-bridge model and polymer-brush model. A: Quick-
freezedeep-etchelectronmicrographofa frogaxon.Cross
bridges are visible between neurofilaments (arrowhead)
and between microtubules and neurofilaments (long
arrows). Scale bar is 100 nm. Reproduced fromHirokawa,
N. 1982. J Cell Biol 94:129–142 with permission of the
Rockefeller University Press. B: AFM image of a bovine
NF.(14) A clear zone where adsorbates are excluded
surrounds the NF core for about 100 nm on either side,
suggesting the presence of a long-range repulsive force
exerted by the NF side arms. Scale bar is 500 nm.
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that axoplasm from squid giant axon retained its shape after

extrusion, where the chief difference between the sheathed

axoplasm and the extruded one was the latter was wider and

shorter.(43) This suggested that the cytoskeleton of the giant

squid axoplasm was held together, providing support for the

cross-bridging idea. However, a later study on extruded

axoplasm found that the volume increased continuously after

release from the confines of the plasma membrane.(44) This

result suggested that Brownian forces were sufficient to

separate NFs, and that interactions between NFs were either

repulsive or very weak.

Rheological studies of isolated NFs have shown that these

filaments can form gels with parallel filaments organized in

bundles that under some conditions behave as though they

are cross linked.(45) This cross linking can be modulated by

addition of peptides containing the sequence KSP, which

mimics a set of repeats found in the side arms of NF-H. This

led to the proposal that NF cross linking is mediated through

variable antiparallel overlap of the phosphorylable KSP

domains of NF side arms on adjacent NFs.(24) However, this

cross-linkedbehavior ismost prominent at high (>6mM)Mg2þ

concentrations. At Mg2þ concentrations close to those found

inside neurons (0.5 mM) there is little or no cross linking.(46,47)

Centrifugation of MTs in the presence or absence of MAPs

produces dramatically different pellets; MTs without MAPs

form a small, tight pellet, while MT-MAPs form a highly

hydrated and gelatinous pellet.(48) Analysis ofMT-MAPpellets

showed that MAPs increased the specific volumes of micro-

tubule pellets more than tenfold while the protein mass only

increased"30%. The size of the pellet was linearly dependent

on pH, without changes in the number of MAPs bound to

microtubules. Further, rheological measurements suggested

that gels were not cross linked. These observations do not

support a model where microtubule–MAP gels are cross

linked; they are consistent with the polymer-brush-based

mechanism. A natively unstructured protein has a specific

volumemuch larger than a folded protein, and an unstructured

projection domain would produce the changes in specific

volume as seen in these experiments. The pH dependence

arises from the changes in the charge on the projection

domain. Treating the projection domain as an unstructured

polyelectrolyte, reducing the charge would cause the specific

volume (and radius of gyration) to decrease. This would

produce a smooth dependence of interfilament spacing on pH.

The idea that the MAP2 is unstructured is also supported by

NMR and hydrodynamic measurements.(49,50)

Analysis of protein sequences has generated additional

insight into the potential properties of NFs andMAPs. Both the

MAP projection domain and the NF side arms are composed

of so-called ‘‘low complexity’’ sequences.(51) Low sequence

complexity has been correlated with proteins that are highly

unstructured.(52) A neural network predictor, developed to

recognize long disordered regions from protein databases,

identified the murine NF-H side-arm as the sixth highest

scoring sequence in the Swiss-Prot database.(53) Further, a

broad analysis of unstructured proteins identified MAP2 as

one such protein with a characteristic combination of low

overall hydrophobicity and excess net charge.(54)

Additional support for repulsive interactions between MT-

MAPs comes from X-ray scattering experiments on micro-

tubule gels.(55) In this work, the authors found that MAPs

hindered the parallel packing of MTs during sedimentation

while MTs without MAPs packed efficiently. Further, as the

concentration of MAPs increased, the sedimentation force

required for the efficient packing of MTs also increased.

Finally, these investigators demonstrated the inhibitory effect

of MAPs on microtubule packing increased with the level of

phosphorylation. The authors concluded that these data

support a role for MAPs as repulsive spacers that maintain

MT–MT separation distances rather than attractive cross

linkers that recruit and organize MTs into bundles.

Atomic force microscopy (AFM) has enabled the direct

measurement of forcesnear neurofilaments andMAPs.These

experiments revealed long-range (>50 nm) repulsive forces

on isolated bovine NFs that are consistent with a polymer-

brush model (Fig. 3B).(14) Similar measurements on neuronal

MAPs showed a repulsive interaction that extends >100 nm,

and the MAP polymer-brush height scales with ionic strength

as expected for an unstructured polyelectrolyte.(15) These

measurements are not readily reconciled with an electrostatic

model or a cross-bridge model.

Biochemical and genetic
characterization of NFs and MAPs
If NFs and MTs are cross-bridged by side arms or projection

domains, it should be possible to biochemically demonstrate

interactions through quantitative binding assays. To our know-

ledge, there are no demonstrations of specific interactions

between NF side arms, nor has binding of side arms on one

filament to the NF core or another been shown. To the

contrary, binding measurements of purified NF-M and NF-H

sides arms showed no propensity of these molecules to

interact,(56,57) and NF-M and NF-H have been shown to

sediment as monomers.(58) Similarly, when MT–MAPs were

treated with chymotrypsin under conditions that sever the

projection domain from the MT-binding domain, only the MT-

binding domain sedimented with the MTs, suggesting that the

projection domain does not bind directly to themicrotubule.(59)

However, there are cases in which biochemical interactions

between NFs and microtubules have been reported. Using a

sedimentation binding assay, Hisanaga and Hirokawa mea-

sured the interactions between dephosphorylated NF side

arm and bare microtubules and found dissociation constants

of 1$ 10%7 M and 3.8$ 10%8 M.(60) Further, a study of MAP–

NF interactions found a specific, saturable, and reversible

binding ofMAPs toNF-Lwith aKd of 2$ 10%7.(61) Thus there is
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some biochemical evidence for a weak MAP–NF interaction,

but no MT-MAP–MT-MAP or NF–NF interactions.

This lack of an unambiguous demonstration of biochemical

binding in purified NF or MT-MAP preparations could be ex-

plained by the need for accessory proteins.One possible class

of such proteins are the plakins, which have been shown to

anchor the constituents of the cytoskeleton to each other and

to membrane junctions.(62) Onemember of the plakin family is

bullous pemphigoid antigen (BPAG1); its neuronal isoforms

BPAG1n1 and BPAG1n2 are thought to cross link NF with

actin cytoskeleton,(63) while a third splice form,BPAG1n3,was

found cross link NFs to microtubules.(64) These results imply

that BPAG1 is an integral component of the neuronal

cytoskeleton, capable of linking the three main cytoskeletal

networks. However, subsequent work on BPAG1 suggested

that it does not interact directly with neurofilaments and as

such would not be capable cross linking MTs to NFs.(65)

There have also been efforts to use mouse genetics to

probe the role of neurofilaments in determining axonal pro-

perties and contributing to neurologic disease. All three NF

subunits have been knocked out and overexpressed individu-

ally and in various combinations.(21,66) While this has provided

insight into the importance of the NF cytoskeleton to axonal

dimensions and overall neuronal physiology, these ap-

proaches have not substantially helped to distinguish between

different models for NF organization. However, recent results

where the tails of NF-M and NF-H are deleted are consistent

with the polymer-brush model.(67) Deletion of the NF-M tail

results in a reduction of the interfilament spacing, and deletion

of both the NF-M and NF-H tails produces an even smaller

interfilament spacing. Deleting the NF-M side arms would

reduce the density of the polymer brush and thereby reduce

the repulsive interaction force; deleting both NF-M and NF-H

side arms would eliminate the brush and the associated

forces.

Functional considerations
The mechanisms that organize the NF and MT cytoskeleton

must be consistent with the functional properties of the

filaments themselves and of the neuronal processes in which

they participate. We now discuss the cross-bridge model

and polymer-brush model in the context of some of these

properties.

Modulating interfilament spacing
Nearest neighbor NF spacing varies significantly in different

cellular locations, and under different physiological conditions.

NF–NF spacing varies continuously or with very small in-

crements over the entire observed range, with almost any

distance between the extremes allowed. The spacing is

also known to correlate with phosphorylation, where higher

phosphorylation is associated with larger interfilament

spacing, which implicates phosphorylation in the control

mechanism.(68,69) For a well-folded protein, it is difficult to

imagine how interfilament spacing might be modulated con-

tinuously, since this would require a gradual conformational

change over a very large distance. Although, it has been

proposed that antiparallel overlap of NF side arms could

account for a variable length cross link.(24)

The polymer-brush model provides a simple and intuitive

mechanism for modulating interfilament spacing. Treating the

side arms or projection domains as unstructured polyelec-

trolytes, the magnitude of the repulsive interaction that an

approaching (neutral) object experiences is closely related to

the charge of the polymer.(70) Increasing the charge along the

polymer, suchasby phosphorylation, produces intramolecular

electrostatic repulsion and causes the polymer to effectively

swell (Fig. 4). Because of the large number of phosphates in

NF side arms and MAPs, such a mechanism would allow for a

very smooth modulation of interfilament distance. It should be

noted that this mechanism is different from the electrostatic

repulsion model, where electrostatics between adjacent NFs

are thought to control spacing.(31) The polymer-brush model

also allows for interfilament electrostatic interactions, but the

dominant effect of electrostatics is to determine the excluded

volumeof individual filaments.One consequenceof thismodel

is that hyperphosphorylation of NF-M could compensate for

the loss of NF-H, which is consistent with results from the

experimental deletion of the NF-H tail.(26) Evidence for a

similar control mechanism in MTs comes from Mandelkow

and colleagues who have demonstrated that tau protein is a

highly elastic molecule that can stretch or contract by>300%,

depending on phosphorylation state.(71)

Is axonal caliber determined,
modified or maintained by NFs?
A number of studies have established a clear association

between axonal caliber and neurofilaments.(72,73) However,

the nature or functional consequences of this relationship

remains unclear. NF-L knockout mice lack neurofilaments yet

still form axons properly, albeit with a smaller bore.(74) Thus,

NFs are not essential for the formation of a functional axon,

although theyappear tobe involved inmodifyingaxonal caliber

during development. NFs may also act to maintain axonal

patency and integrity.

The polymer-brush model offers a mechanism to provide

mechanical protection of axons and dendrites. Compression

of an axon can result in collapse of the bore, and loss of

electrical conduction and material transport.(75,76) Unstruc-

tured side arms (or projection domains) would act as entropic

or Brownian springs that resist compression by virtue of the

thermally driven motion in the polypeptide chain.(32) By acting

as springs, the NF side arms in effect radially stiffen the axon

so the process can resist mechanical compression. Cell

mechanical properties could be further modulated using

phosphorylation to control interfilament forces. Interestingly,
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double NF-M/NF-H knockout mice have been shown to

recover more slowly than wild-type mice from neuronal crush

injuries.(77) Such a result could be reconciled with changes in

mechanical properties such that a given crush produces more

significant damage in knockouts than in wild-type animals,

rather than altering the maturation dynamics. It is also inter-

esting to note that, in the polymer-brushmodel, MT-MAPs can

act to functionally complement NFs. The MAP projection

domain serves as an entropic spring similar to the NF side

arms, and could similarly affect cell mechanics. This is

consistent with the observation that the number of micro-

tubules often increases when the NF number is reduced.(78,79)

It further suggests that MAPs may play an important mecha-

nical role in dendrites.

Transport
The cytoskeleton plays an important role in transport through

neurites. One issuewith a highly cross-bridged cytoskeleton is

that it a priori would seem to hinder transport, and that large

numbers of cross-bridges would have to be actively broken

and reformedasmaterial ismovedalonganaxonal or dendritic

process. A polymer brush would pose a barrier to objects

entering a neurite; this obstacle can be overcome stochasti-

cally (i.e. trying many times to enter) and would slow but not

prevent entry. Once an object has entered a process, there is

little or no barrier to movement; neuronal transport is a low

Reynolds number process and the viscosity of axoplasm is

only slightly higher than water.(80) Consistent with this idea,

Mandelkow and colleagues have shown that overexpression

of MAPs on microtubules decreases the rate of attachment

and detachment of motor proteins, but does not affect the run

length or speed of the motors.(81) We also note that, in the

microtubule motor kinesin, the motor and cargo domains are

separated by an 80nmstalk,(82) whichwould allow the cargo to

move at the periphery of the MAP polymer brush.

Pathological conditions
One pathologic hallmark of a number of neurodegenerative

diseases is the aggregation of and accumulation of neurofila-

ments.(83) In the polymer-brush model, NF side arms may act

to stabilize solutions of NFs similar to the way other colloidal

suspensions are stabilized. Grafting of unstructured polymers

is widely used in the production of cosmetics, foodstuffs

and pharmaceutical to keep particles from aggregating.(36)

A well-studied biological example is casein stabilization of

milk micelles.(84) In these systems, a failure of the polymer

brush results in particle aggregation. Thus one might spec-

ulate failure of the side arms to maintain interfilament spacing

could lead to neurofilament aggregation and subsequent

pathologies.

Conclusions
We have reviewed the evidence supporting two leading

models of NF and MT organization in neurites: cross-bridging

and polymer-brush-based repulsion. It is interesting to note

that, while entropic repulsion has only recently been formally

articulated as a hypothesis for cytoskeletal organization,

elements of this model have been sporadically invoked

throughout the literature. For example: MAPs bound to

microtubules have been described as ‘‘fuzzy coats’’;(85)

Weiss and Mayr described neurofilament and microtubule

Figure 4. Schematic representation of a mechanism for
modulating interfilament interactions by phosphorylation. If the
MAP projection domains or the NF side arms are treated as
unstructured polyelectrolytes, then phosphorylation can be
used to control interfilament interactions by primarily controlling
intramolecular interactions. The volume of the characteristic
space occupied by an unstructured polyelectrolyte depends in
large part on electrostatic interactions between different
segments of the polymer; as the overall net charge increases,
the volume increases due to intramolecular repulsion between
segments. Thus, in the polymer-brush model, increasing
phosphorylation would tend to increase interfilament repulsion.
This increase in repulsion would tend to increase the interfila-
ment spacing or increase the order of NFs (as seen in cross
sections). Because of the large number of phosphates,
relatively small changes in repulsion can be achieved by
adding or removing a small number of phosphates at any one
time.
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distribution in axons as ‘‘liquid crystals of heterogeneous

composition’’;(72) Heidemann referred to the idea that

‘‘. . .MAPs determine bundle spacing, possibly by steric

hindrance’’;(86) and Grant and Pant described the role of NFs

as ‘‘space filling’’,(21) where the phosphorylation of the KSP

repeats in the NF-H and NF-M side arms contribute to space

filling. In a study of the phosphorylation sites in squid NF-220,

Jaffe et al note that ‘‘. . .the sidearms continue to unfold as they

are phosphorylated’’.(87)

In the end, the question remains: which model for NF and

MT organization is more important in vivo? While cross-

bridging has been promoted as the primary or even sole

structural basis for NF and MT organization in axons and

dendrites, the evidence for this is inconclusive at best. This

model has its foundation in electronmicroscopic observations,

but has not been unequivocally supported by subsequent

biochemical, biophysical or genetic studies. There are many

instances where a model in which NF–NF and MT–MT

interactions are controlled by entropic repulsive forces more

consistently explains the data and more easily integrates into

current thinking about the role of cytoskeletal filaments in

neuronal physiology. This is not to say that the twomodels are

mutually exclusive; the polymer-brush-based model does not

exclude the possibility of cross linking or other attractive

interactions. NF and MT organization in vivo is almost surely

controlled by a complex equilibrium between attractive and

repulsive forces; determining the origin of the forces and what

controls this balance represents an important problem in the

study of the neuronal cytoskeleton.

References
1. Needham J. 1968. Order and Life: Cambridge, MA, MIT Press.
2. Seifriz W. 1942. The Structure of Protoplasm. Ames, IA. The Iowa State

College Press.
3. Wolosewick JJ, Porter KR. 1979. Microtrabecular lattice of the cyto-

plasmic ground substance—artifact or reality. J Cell Biol 82:114–139.
4. Kreis T, Vale R, editors. 1999. Guidebook to the cytoskeletal and motor

proteins. 2nd Ed. Ed. Oxford. New York: Oxford University Press.
5. Fuchs E, Cleveland DW. 1998. A structural scaffolding of intermediate

filaments in health and disease. Science 279:514–519.
6. Wuerker RB, Kirkpatrick JB. 1972. Neuronal microtubules, neurofila-

ments, and microfilaments. Int Rev Cytol 33:45–75.
7. Potter HD. 1971. The distribution of neurofibrils coextensive with

microtubules and neurofilaments in dendrites and axons of the tectum,
cerebellum and pallium of the frog. J Comp Neurol 143:385–409.

8. Chen J, Kanai Y, Cowan NJ, Hirokawa N. 1992. Projection domains of
MAP2 and tau determine spacings between microtubules in dendrites
and axons. Nature 360:674–677.

9. Hsieh ST, Crawford TO, Griffin JW. 1994. Neurofilament distribution and
organization in the myelinated axons of the peripheral nervous system.
Brain Res 642:316–326.

10. Aamodt EJ, Culotti JG. 1986. Microtubules and microtubule-associated
proteins from the nematode Caenorhabditis elegans—periodic cross-
links connect microtubules in vitro. J Cell Biol 103:23–31.

11. Hirokawa N. 1982. Cross-linker system between neurofilaments, micro-
tubules, and membranous organelles in frog axons revealed by the
quick-freeze, deep-etching method. J Cell Biol 94:129–142.

12. Lewis SA, Ivanov IE, Lee GH, Cowan NJ. 1989. Organization of micro-
tubules in dendrites and axons is determined by a short hydrophobic

zipper in microtubule-associated proteins MAP2 and Tau. Nature 342:
498–505.

13. Friedrich P, Aszodi A. 1991. MAP2—a sensitive cross-linker and
adjustable spacer in dendritic architecture. FEBS Lett 295:5–9.

14. Brown HG, Hoh JH. 1997. Entropic exclusion by neurofilament sidearms:
a mechanism for maintaining interfilament spacing. Biochemistry
36:15035–15040.

15. Mukhopadhyay R, Hoh JH. 2001. AFM force measurements on
microtubule-associated proteins: the projection domain exerts a long-
range repulsive force. FEBS Lett 505:374–378.

16. Voter WA, Erickson HP. 1982. Electron microscopy of MAP2 (Micro-
tubule-Associated Protein-2). J Ultrastruc Res 80:374–382.

17. Geisler N, Weber K. 1981. Self-Assembly in vitro of the 68,000
Molecular-weight component of the mammalian neurofilament triplet
proteins into intermediate-sized filaments. J Mol Biol 151:565–571.

18. Hisanaga S, Hirokawa N. 1988. Structure of the Peripheral Domains of
Neurofilaments Revealed by Low-Angle Rotary Shadowing. J Mol Biol
202:297–305.

19. Sanchez C, Diaz-Nido J, Avila J. 2000. Phosphorylation of microtubule-
associated protein 2 (MAP2) and its relevance for the regulation of the
neuronal cytoskeleton function. Prog Neurobiol 61:133–168.

20. Shahani N, Brandt R. 2002. Functions and malfunctions of the tau
proteins. Cell Mol Life Sci 59:1668–1680.

21. Grant P, Pant HC. 2000. Neurofilament protein synthesis and phosphor-
ylation. J Neurocytol 29:843–872.

22. Janmey PA, Leterrier JF, Herrmann H. 2003. Assembly and structure of
neurofilaments. Curr Opin Coll Inter Sci 8:40–47.

23. Lee MK, Cleveland DW. 1996. Neuronal intermediate filaments. Annu
Rev Neurosci 19:187–217.

24. Gou JP, Gotow T, Janmey PA, Leterrier JF. 1998. Regulation of neuro-
filament interactions in vitro by natural and synthetic polypeptides
sharing Lys-Ser-Pro sequences with the heavy neurofilament subunit
NF-H: Neurofilament crossbridging by antiparallel sidearm overlapping.
Med Biol Eng Comput 36:371–387.

25. Nixon RA, Sihag RK. 1991. Neurofilament phosphorylation: a new look at
regulation and function. Trend Neurosci 14:501–506.

26. Rao MV, Garcia ML, Miyazaki Y, Gotow T, Yuan AD, et al.
2002. Gene replacement in mice reveals that the heavily phos-
phorylated tail of neurofilament heavy subunit does not affect axonal
caliber or the transit of cargoes in slow axonal transport. J Cell Biol 158:
681–693.

27. Hirokawa N, Hisanaga SI, Shiomura Y. 1988. MAP2 is a component of
crossbridges between microtubules and neurofilaments in the neuronal
cytoskeleton—quick-freeze, deep-etch immunoelectron microscopy and
reconstitution studies. J Neurosci 8:2769–2779.

28. Houseweart MK, Cleveland DW. 1999. Cytoskeletal linkers: New maps
for old destinations. Curr Biol 9:R864–R866.

29. Fuchs E, Yang Y. 1999. Crossroads on cytoskeletal highways. Cell 98:
547–550.

30. Carden MJ, Trojanowski JQ, Schlaepfer WW, Lee VMY. 1987. 2-stage
expression of neurofilament polypeptides during rat neurogenesis
with early establishment of adult phosphorylation patterns. J Neurosci
7:3489–3504.

31. De Waegh SM, Lee VMY, Brady ST. 1992. Local modulation of neuro-
filament phosphorylation, axonal caliber, and slow axonal-transport by
myelinating Schwann-cells. Cell 68:451–463.

32. Hoh JH. 1998. Functional protein domains from the thermally driven
motion of polypeptide chains: a proposal. Proteins 32:223–228.

33. Kumar S, Yin X, Trapp BD, Hoh JH, Paulaitis ME. 2002. Relating
interactions between neurofilaments to the structure of axonal neurofila-
ment distributions through polymer brush models. Biophys J 82:2360–
2372.

34. Kumar S, Yin X, Trapp BD, Paulaitis ME, Hoh JH. 2002. Role of long-
range repulsive forces in organizing axonal neurofilament distributions:
Evidence from mice deficient in myelin-associated glycoprotein.
J Neurosci Res 68:681–690.

35. Bright JN, Woolf TB, Hoh JH. 2001. Predicting properties of intrinsically
unstructured proteins. Prog Biophys Mol Bio 76:131–173.

36. Napper DH. 1983. Polymeric Stabilization of Colloidal Dispersions.
London, New York: Academic Press.

Problems and paradigms

1024 BioEssays 26.9



37. Metuzals J, Hodge AJ, Lasek RJ, Kaisermanabramof IR. 1983. Neuro-
filamentous network and filamentous matrix preserved and isolated by
different techniques from squid giant-axon. Cell Tissue Res 228:415–432.

38. Schnapp BJ, Reese TS. 1982. Cytoplasmic structure in rapid-frozen
axons. J Cell Biol 94:667–679.

39. Hirokawa N, Glicksman MA, Willard MB. 1984. Organization of mam-
malian neurofilament polypeptides within the neuronal cytoskeleton.
J Cell Biol 98:1523–1536.

40. Chen JG, Nakata T, Zhang ZZ, Hirokawa N. 2000. The C-terminal tail
domain of neurofilament protein-H (NF-H) forms the cross-bridges and
regulates neurofilament bundle formation. J Cell Sci 113:3861–3869.

41. Hirokawa N, Shiomura Y, Okabe S. 1988. Tau proteins: the molecular
structure and mode of binding on microtubules. J Cell Biol 107:1449–
1459.

42. Price RL, Paggi P, Lasek RJ, Katz MJ. 1988. Neurofilaments are spaced
randomly in the radial dimension of axons. J Neurocytol 17:55–62.

43. Morris JR, Lasek RJ. 1982. Stable polymers of the axonal cytoskeleton—
the axoplasmic ghost. J Cell Biol 92:192–198.

44. Brown A, Lasek RJ. 1993. Neurofilaments move apart freely when
released from the circumferential constraint of the axonal plasma
membrane. Cell Motil Cytoskeleton 26:313–324.

45. Leterrier JF, Eyer J. 1987. Properties of highly viscous gels formed by
neurofilaments in vitro—a possible consequence of a specific interfila-
ment cross bridging. Biochem J 245:93–101.

46. Alberts B. 1994. Molecular biology of the cell. New York: Garland Pub.
47. Brocard JB, Rajdev S, Reynolds IJ. 1993. Glutamate-induced increases in

intracellular free Mg2þ in cultured cortical neurons. Neuron 11:751–757.
48. Brown PA, Berlin RD. 1985. Packing volume of sedimented micro-

tubules—regulation and potential relationship to an intracellular matrix.
J Cell Biol 101:1492–1500.

49. Hernandez MA, Avila J, Andreu JM. 1986. Physicochemical character-
ization of the heat-stable microtubule-associated protein MAP2. Eur J
Biochem 154:41–48.

50. Woody RW, Roberts GCK, Clark DC, Bayley PM. 1982. H-1-NMR
evidence for flexibility in microtubule-associated proteins and micro-
tubule protein oligomers. FEBS Lett 141:181–184.

51. Wootton JC. 1994. Sequences with unusual amino-acid compositions.
Curr Opin Struct Biol 4:413–421.

52. Romero P, Obradovic Z, Li XH, Garner EC, Brown CJ, et al. 2001.
Sequence complexity of disordered protein. Proteins 42:38–48.

53. Romero P, Obradovic Z, Kissinger CR, Villafranca JE, Garner EC, et al.
1998. Thousands of proteins likely to have long disordered regions.
Pac Symp Biocomp 3:437–448.

54. Uversky VN, Gillespie JR, Fink AL. 2000. Why are ‘‘natively unfolded’’
proteins unstructured under physiologic conditions? Proteins 41:415–427.

55. Marx A, Pless J, Mandelkow EM, Mandelkow E. 2000. On the rigidity of
the cytoskeleton: Are maps crosslinkers or spacers of microtubules?
Cell Mol Biol 46:949–965.

56. Chin TK, Harding SE, Eagles PAM. 1989. Characterization of 2 pro-
teolytically derived soluble polypeptides from the neurofilament triplet
components NFM and NFH. Biochem J 264:53–60.

57. Julien JP, Mushynski WE. 1983. The distribution of phosphorylation sites
among identified proteolytic fragments of mammalian neurofilaments.
J Biol Chem 258:4019–4025.

58. Cohlberg JA, Hajarian H, Saintemarie S. 1987. Discrete soluble forms of
middle and high-molecular-weight neurofilament proteins in dilute
aqueous buffers. J Biol Chem 262:17009–17015.

59. Vallee R. 1980. Structure and phosphorylation of Microtubule-Associated
Protein-2 (MAP-2). PNAS USA 77:3206–3210.

60. Hisanaga S, Hirokawa N. 1990. Dephosphorylation-induced interactions
of neurofilaments with microtubules. J Biol Chem 265:21852–21858.

61. Heimann R, Shelanski ML, Liem RKH. 1983. Specific binding of MAPs to
the 68,000 dalton neurofilament protein. J Cell Biol 97:A286–A286.

62. Leung CL, Green KJ, Liem RK. 2002. Plakins: a family of versatile cyto-
linker proteins. Trend Cell Biol 12:37–45.

63. Yang YM, 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.

64. Yang YM, Bauer C, Strasser G, Wollman R, Julien JP, et al. 1999. Inte-
grators of the cytoskeleton that stabilize microtubules. Cell 98:229–238.

65. Leung CL, Sun DM, Liem RKH. 1999. The intermediate filament protein
peripherin is the specific interaction partner of mouse BPAG1-n
(dystonin) in neurons. J Cell Biol 144:435–446.

66. Julien JP. 1999. Neurofilament functions in health and disease. Curr Opin
Neurobio 9:554–560.

67. 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.

68. Mata M, Kupina N, Fink DJ. 1992. Phosphorylation-dependent neuro-
filament epitopes are reduced at the Node of Ranvier. J Neurocytol 21:
199–210.

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

70. Zhulina EB, Birshtein TM, Borisov OV. 1995. Theory of ionizable polymer
brushes. Macromolecules 28:1491–1499.

71. Hagestedt T, Lichtenberg B, Wille H, Mandelkow EM, Mandelkow E.
1989. Tau-protein becomes long and stiff upon phosphorylation—
correlation between paracrystalline structure and degree of phosphor-
ylation. J Cell Biol 109:1643–1651.

72. Friede RL, Samorajs T. 1970. Axon caliber related to neurofilaments and
microtubules in sciatic nerve fibers of rats and mice. Anat Rec 167:379–
387.

73. Weiss PA, Mayr R. 1971. Organelles in neuroplasmic (axonal) flow—
neurofilaments. PNAS USA 68:846–850.

74. Julien JP, Beaulieu JM. 2000. Cytoskeletal abnormalities in amyotrophic
lateral sclerosis: beneficial or detrimental effects? J Neurol Sci 180:7–14.

75. Hoffman PN, Griffin JW, Price DL. 1981. The dynamic role of the axon
cytoskeleton—regulation of axon caliber. J Neuropathol Exp Neurol
40:316–316.

76. 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.

77. Zhu Q, Couillard-Despres S, Julien JP. 1997. Delayed maturation of
regenerating myelinated axons in mice lacking neurofilaments. Exp
Neurol 148:299–316.

78. Elder GA, Friedrich VL, Bosco P, Kang CH, Gourov A, et al. 1998.
Absence of the mid-sized neurofilament subunit decreases axonal
calibers, levels of light neurofilament (NF-L), and neurofilament content.
J Cell Biol 141:727–739.

79. Zhu QZ, Lindenbaum M, Levavasseur F, Jacomy H, Julien JP.
1998. Disruption of the NF-H gene increases axonal microtubule
content and velocity of neurofilament transport: Relief of axonopathy
resulting from the toxin beta,beta0-iminodipropionitrile. J Cell Biol 143:
183–193.

80. Haak RA, Kleinhans FW, Ochs S. 1976. Viscosity of mammalian nerve
axoplasm measured by electron-spin resonance. J Physio 263:115–137.

81. Seitz A, Kojima H, Oiwa K, Mandelkow EM, Song YH, et al. 2002. Single-
molecule investigation of the interference between kinesin, tau and
MAP2c. EMBO J 21:4896–4905.

82. Hirokawa N. 1998. Kinesin and dynein superfamily proteins and the
mechanism of organelle transport. Science 279:519–526.

83. Al-Chalabi A, Miller CC. 2003. Neurofilaments and neurological disease.
Bioessays 25:346–355.

84. De Kruif CG, Zhulina EB. 1996. Kappa-casein as a polyelectrolyte brush
on the surface of casein micelles. Colloid Surf A 117:151–159.

85. Porter KR. 1966. Cytoplasmic microtubules and their functions. Ciba
Found Symp Princip Biomol Org 12:308–345.

86. Heidemann SR. 1996. Cytoplasmic mechanisms of axonal and dendritic
growth in neurons. Int Rev Cytol 165:235–296.

87. Jaffe H, Sharma P, Grant P, Pant HC. 2001. Characterization of the
phosphorylation sites of the squid (Loligo pealei) high-molecular-weight
neurofilament protein from giant axon axoplasm. J Neurochem 76:1022–
1031.

Problems and paradigms

BioEssays 26.9 1025


