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Neuronal microtubules: when the MAP is the roadblock

Peter W. Baas and Liang Qiang

Drexel University College of Medicine, Dept of Neurobiology and Anatomy, 2900 W. Queen Lane, Philadelphia, PA 19129, USA

Recent studies shed new light on a potential cascade of
events by which neurological diseases such as Alzhei-
mer’s lead to axonal degeneration. In this model, the
pathology starts with an elevation in microtubule-
associated proteins (MAPs) such as tau. This renders
the microtubules less accessible to motor proteins,
which impairs their capacity to sustain anterograde
axonal transport of proteins and organelles. In response,
the neuron hyperphosphorylates tau so that it dis-
sociates from the microtubules. Unfortunately, the
hyperphosphorylated tau forms abnormal filaments
that are deleterious to the axon, and the tau-depleted
microtubules become highly sensitive to microtubule-
severing proteins such as katanin.
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Introduction

The days are gone when cell biologists could knock-down
or overexpress a single cytoskeletal protein and then
assume to interpret the results in a simple fashion.
Microtubules and actin filaments are so functionally
intertwined that it is virtually impossible to manipulate
one without affecting the other [1]. Microtubule-based
motor proteins such as cytoplasmic dynein require
cofactors that interface with any number of other motor
and non-motor proteins [2]. There is even an unusual
myosin recently shown to interact directly with micro-
tubules [3]. Despite the extra headaches for the investi-
gator, the expanding knowledge of cytoskeletal
interactions is now providing a view of the cytoskeleton
in which cascades of interrelated factors regulate and fine-
tune aspects of cellular motility and morphogenesis.
Recent studies on traditional non-motor microtubule-
associated proteins (MAPs) provide a new perspective on
the manner by which various other microtubule-related
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proteins might be regulated. These studies suggest that
MAPs can restrict access to the microtubule for certain
molecular motors. There appears to be specificity to these
‘roadblocks’ — for example in the types of motor proteins
that are most sensitive. In addition, given that the
association of MAPs with microtubules is regulated by
phosphorylation events, there is the potential for tight
regulation by signaling cues relevant to neuronal devel-
opment and degeneration. These observations, buoyed by
an exciting new paper by the Mandelkow laboratory [4],
provide the basis for a provocative theory on how various
proteins might be allowed to act on microtubules, and also
provide the crux of a new model for how tau abnormalities
contribute to axonal degeneration in diseases such as
Alzheimer’s.

Overexpression of MAPs suppresses organelle transport
The basis for these considerations is a series of studies in
which overexpression of MAPs in fibroblasts and neurons
causes inhibition of plus-end-directed microtubule trans-
port [4-7]. For example, mitochondria accumulate within
the cell body and fail to move into axons when excess tau
protein is experimentally expressed. Interestingly, the
levels of tau required to elicit this response need not be
particularly high compared with endogenous neuronal
levels. In principle, excess tau can inhibit the attachment
of both kinesin and dynein motors, but, because kinesin is
more severely affected, the net effect is a retrograde flow of
organelles towards the cell center. Other MAPs such as
MAP4 and MAP2c similarly inhibit motor-based trans-
port, with the severity of the inhibition correlating with
the strength of the binding affinity of the particular MAP.
The new findings by Mandelkow and collaborators focus
on MARK, which belongs to a family of kinases (which also
includes Par-1) believed to be essential for the establish-
ment of polarity in neurons and other cell types. Over-
expression of MARK causes MAPs to be phosphorylated at
their KXGS motifs, which in turn causes them to lose their
association with microtubules. Inhibition of transport by
overexpression of tau is relieved if MARK is also over-
expressed, indicating that it is the association of tau with
the microtubules that prohibits them from sustaining
anterograde transport.

The conclusion evoked by these findings is that
organelle transport in the axon can be regulated by
MAPs (Figure 1). Available data suggest that MAPs do
not slow the velocity of the transport once the motor is
engaged, but they do diminish the frequency by which a
motor can interact with the microtubule and thereby move
along it [8,9]. If the density of the ‘roadblocks’ is high,
there can be a significant impairment of anterograde
transport, which can lead to axonal degeneration [4,8].
The authors suggest that the microtubule-based abnorm-
alities in Alzheimer’s disease might consist of multiple
phases, the first of which is an increase in the levels of tau,
which blocks anterograde transport. The second phase
represents an effort on the part of the neuron to combat
the excess tau by hyperphosphorylating it, thus causing it
to dissociate from the microtubules. In the final phase, the
hyperphosphorylated tau forms abnormal paired helical
filaments. As it is stripped of its MAPs, the microtubule
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Figure 1. Model for microtubule-associated protein (MAP) suppression of organelle
transport and microtubule severing. The microtubule is decorated by MAPs such as
tau. The MAPs reduce the frequency by which motor molecules can interact with
the microtubule lattice, and the frequency by which katanin subunits can
hexamerize around the microtubule to break it. Phosphorylation of MARK by
MARK kinase causes MARK to phosphorylate the MAP molecule, which dissociates
from the microtubule, thereby enhancing the frequency by which motor and
katanin molecules can interact with the microtubule lattice.

gradually becomes more accessible to motor proteins, but
unfortunately also becomes highly susceptible to proteins
that cause the microtubule to disintegrate (Figure 2). As a
result, axonal degeneration ensues.

Microtubule disintegration by severing proteins

The observations reported by Mandelkow and collaborators
prompted us to consider exactly how axonal microtubule
levels are diminished after the MAPs dissociate from the
microtubules. We use the word ‘disintegrate’ as a deliber-
ately vague term because it is unknown exactly what causes
the diminution of microtubule mass. There are proteins such
as stathmin in neurons and other cell types that enhance the
tendency of a microtubule to depolymerize by loss of
subunits from the ends of the polymer. However, axonal
microtubules can be hundreds of microns in length, and
hence it probably makes more sense that the microtubules
are broken at various positions along their length. After
having been fragmented into shorter pieces, depolymeriza-
tion of the microtubules would likely ensue owing to the
creation of more microtubule ends from which subunits can
be lost. Microtubule-severing proteins such as katanin and
spastin have been identified in neurons (and other cell types)
as enzymes that hydrolyze ATP in breaking the lattice of the
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Figure 2. Model for microtubule-based axonal degeneration in Alzheimer’s disease. The initial neuropathy results from overexpression of tau, which impedes motor-based
transport on the microtubules (Phase |). The neuron responds by hyperphosphorylating tau, causing it to dissociate from the microtubule (Phase Il). The microtubules
become more susceptible to katanin access, thus resulting in the breakdown of the microtubule array. The hyperphosphorylated tau forms abnormal paired helical filaments

(Phase llI).

polymer [10,11]. Recent studies have shown that katanin,
named for the Japanese samurai sword, is more highly
expressed in neurons than it is in many other cell types and
is present throughout all compartments of the neuron
[10,12].

A perplexing issue pertains to the mechanism by which
katanin-based microtubule severing is regulated, given
that constitutively active katanin would break microtu-
bules completely into subunits [13]. One potential clue to
the regulation of katanin is that its severing activity is
stronger in mitotic extracts than in interphase extracts
[14]. The enhanced activity in mitotic extracts has been
shown to relate to phosphorylation events, but probably
not to phosphorylation of katanin itself [14,15]. It is
appealing to contemplate that katanin-based microtubule
severing might be regulated by MAPs that block access of
katanin to the microtubule (Figure 1). Indeed, the MAP4
homolog in Xenopus has been shown by in vitro studies to
suppress microtubule severing by katanin [15].

Relevant to this discussion, microtubules appear to
break more or less easily in different cell types. Micro-
tubules have been shown to ‘bend and break’ in fibroblasts
in which the bending of the microtubules need only be very
slight to cause breakage [16]. By contrast, microtubules do
not appear to break in retracting axons, despite being
highly bent, even doubling back on themselves and
forming loops [17]. It is unlikely that microtubules are
broken by strain, given that microtubules in vitro can be
dramatically contorted and bent without breaking if there
are no MAPs and no katanin present [18]. The fact that
neurons are far richer in MAPs than is the case for
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fibroblasts supports the view that the MAPs might protect
the microtubules from being accessed by katanin. It is also
appealing to speculate that signals relevant to axonal
growth, growth cone motility and collateral branch
formation might involve local phosphorylation of MAPs
in key regions of the neuron, thus permitting katanin to
access the microtubules by dissociation of the MAPs
(Figure 3). This would result in localized microtubule
severing at sites where microtubules need to be particu-
larly short and mobile such as growth cones and sites of
collateral branch formation [19,20]. Indeed, overexpres-
sion of MARK ultimately leads to the disintegration of the
microtubule array in a response that is quite reminiscent
of that observed when katanin is overexpressed [12,14,21].

The question arises as to how the presence of MAPs on
the microtubules might modulate katanin-induced sever-
ing. Is it simply a physical blockade or is the mechanism
more complex? Katanin is thought to preferentially attack
‘lattice flaws’ [22]; thus the MAPs would not need to coat the
entire surface of the microtubule to potentially prohibit
katanin from accessing the most sensitive sites on the
polymer. In addition, it is relevant to note that katanin is
thought to form a hexamer that wraps around the
microtubule so that the torque produced by ATP hydrolysis
can break the lattice [23]. Contact with the microtubule
greatly enhances the process of hexamerization, suggesting
that the hexamer is actually built around the microtubule.
Therefore, the density of MAPs on the microtubule might
well prevent sufficient contact from being made by enough
subunits for them to form a hexamer at a particular site
along the microtubule (Figure 1).
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Figure 3. Model for local regulation of katanin access to the microtubule at sites of collateral branch formation along the axon. Microtubules within the axon are generally long
but need to be locally severed at sites of branch formation so that short microtubules can move into the newly forming branch. Signals relevant to branch formation cause
local phosphorylation of microtubule-associated proteins (MAPs) at the site of branch formation, causing the MAPs to dissociate from the microtubules in that discrete locale.
As a result, the katanin can access the microtubules more readily, causing them to break.

Concluding remarks

Undoubtedly, a model in which MAPs regulate motor-based
transport will raise some eyebrows. MAPs have been
studied for decades, and there is an abundance of data
that needs to be reconciled with the proposed model. For
example, there are rather notable differences in MAP levels
in various types of central and peripheral neurons, and
sizable elevations at key phases of neuronal differentiation
[24-28], and yet these fluctuations certainly do not cause
organelle movements to cease. Perhaps the observations of
Mandelkow and collaborators do not point to a normal
means by which organelle transport is regulated but are
only relevant to pathological conditions related to axonal
degeneration. Alternatively, it is intriguing to contemplate
that the levels of various cytoskeletal proteins and relevant
kinases might be intimately co-regulated so that MAPs can,
in fact, act as roadblocks that determine the frequency by
which motor-based transport events (and katanin-based
severing events) occur within the axon. Such a model would
put MAP phosphorylation squarely at the heart of the
various cellular events relevant to the generation, mainten-
ance and pathological deterioration of neuronal polarity.
Future studies will be required to further test these
hypotheses in light of both the normal physiology of the
neuron and axonal degeneration.
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