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  Abstract   Axons are occupied by dense arrays of cytoskeletal elements called 
microtubules, which are critical for generating and maintaining the architecture of 
the axon, and for acting as railways for the transport of organelles in both directions 
within the axon. Microtubules are organized and regulated by molecules that affect 
their assembly and disassembly, their stabilization, their association with other 
cytoskeletal elements, and their alignment and bundling with one another. Recent 
studies have accentuated the role of molecular motor proteins and microtubule-
severing proteins in the establishment and maintenance of the axonal microtubule 
array. The growing body of knowledge on the proteins and mechanisms that regu-
late axonal microtubules has fostered a better understanding of how many debilitat-
ing diseases cause axons to degenerate. The purpose of this chapter is to provide an 
update on current knowledge of axonal microtubules and the proteins that regulate 
them, and to reflect on cutting-edge findings linking these proteins and mechanisms 
to diseases that afflict the human population.    

  1 Microtubules in the Axon  

 Each typical neuron of the body generates a single elongated axon that has the 
potential to traverse complex and often long journeys to reach its target tissue. 
The axon is effectively unlimited in its growth potential, as evidenced by the fact 
that it continues to grow unabated when neurons are transplanted into a culture dish 
(He and Baas  2003) . This is particularly surprising because axons contain relatively 
little protein synthetic machinery, and hence need axonal transport from the cell 
body for their growth and maintenance (Baas and Buster  2004) . In addition, the 
axon is an engineering marvel that clearly requires sophisticated architectural struts 
to generate and maintain its structure. The transport and architectural needs of the 
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axon are fulfilled by cytoskeletal elements, and in particular, by microtubules. 
Microtubules are polymers of tubulin subunits that provide cells with their shape by 
resisting compression, while simultaneously acting as the substrate for the transport 
of organelles and proteins in both directions (Baas and Buster  2004) . Microtubules 
are certainly not unique to axons, but rather fulfill architectural and motile needs of 
cellular apparatuses as diverse as mitotic spindles and cilia. 

 Microtubules form a continuous array within the axon, extending from the cell 
body into the growth cone at its distal tip (see Fig.  1 ). Almost every microtubule 
within the array is oriented with its assembly-favored “plus” end directed away 
from the cell body (Heidemann et al.  1981 ; Baas et al.  1987) . Although the micro-
tubule array is continuous, the individual microtubules that comprise the array are 
staggered along the length of the axon and assume a variety of lengths (Bray and 

  Fig. 1    A continuous array of microtubules provides structural support to the axonal shaft. 
Individual microtubules within the array vary in length. Almost all of the microtubules exhibit 
uniform polarity with plus ends oriented distally, away from the cell body       
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Bunge  1981 ; Yu and Baas  1994) . Some microtubules are over a hundred microns 
long, while others are only a single micron in length, or even shorter. Early studies 
on the kinetics of tubulin transport suggested that radiolabeled tubulin moves 
slowly down the axon, and in a relatively coherent manner compared to diffusion 
(Black and Lasek  1980) . It was posited that tubulin is transported in the form of the 
microtubules, and that this transport consists of a slow and synchronous “march” 
of the polymers. Live-cell imaging analyses over the past several years have refined 
this model substantially by demonstrating that the transport of microtubules down 
the axon is actually not slow and coherent at all, but it is fast, intermittent, asyn-
chronous, and bidirectional (Wang and Brown  2002 ; Hasaka et al.  2004 ; He et al. 
 2005 ; Myers and Baas  2007) . Moreover, it is only the very shortest microtubules, 
those less than about 7  µ m in length, that are in transit.  

 Recent observations have focused a great deal of attention on the molecular 
motor proteins that transport the short microtubules, as well as a category of  proteins 
called microtubule-severing proteins that break long microtubules into ones that are 
short enough to be transported (Baas et al.  2006) . In addition, strong evidence sug-
gests that the same molecular motor proteins that transport the short microtubules 
also impinge upon the long microtubules, and thereby play important functional 
roles in such matters as determining whether the axon grows or retracts, as well as 
the navigation of the tip of the axon, called the growth cone (Myers et al.  2006 ; 
Nadar et al.  2008) . The relevant microtubule-severing proteins are enzymes called 
katanin and spastin. The relevant molecular motor proteins appear to be cytoplasmic 
dynein, as well as a small number of specialized kinesins, typically thought of as 
“mitotic” motors because they were originally identified as crucial for generating 
forces on microtubules in the mitotic spindle (Baas  1999; Baas et al.   2006) . 

 In addition to being subjected to motor-driven forces and the potential for severing, 
microtubules are classically known to be dynamic polymers, which means that they 
have the capacity for rapid assembly and disassembly. In the absence of accessory 
and regulatory proteins and signals, microtubules display extremely rapid bouts of 
intermittent assembly and disassembly known as “dynamic instability.” Such 
behavior is quite apparent in living cells as well; particularly, at the leading edge of 
motile cells (Wittmann et al.  2003) , or in the case of the axon, within the growth 
cone (Suter et al.  2004) . However, neurons are exceptionally rich in proteins that 
shift the dynamics toward assembly, and also stabilize the microtubules against 
disassembly. These proteins include classic fibrous microtubule-associated proteins 
(MAPs) such as tau, MAP1b, MAP1a, and MAP2, as well as other proteins such as 
STOP (stable tubule only protein), doublecortin, and crosslinking proteins such as 
plakins/plectins (Chapin and Bulinski  1992 ; Matus  1994 ; Bosc et al.  1996 ; Horesh 
et al.  1999 ; Leung et al.  2002) . These proteins generally function by binding along 
the lattice of the microtubule, and thereby suppress the tendency of microtubules to 
disassemble. Other proteins, such as CRMP-2, may actually interact with the tubu-
lin subunits to promote their assembly onto pre-existing microtubule polymers 
(Fukata et al.  2002) . Notably, axons also contain proteins that promote microtubule 
disassembly, and these include stathmin and SCG10 (Curmi et al.  1999) . 

 The relevant molecular motor proteins exert various complementary and antagonistic 
actions, so that desired effects can be achieved by regulating the balance of forces 
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either globally or locally in the axon. The same is true of the relevant proteins that 
impact the assembly, disassembly, and stabilization of the microtubules. By having a 
number of different participants that impact the properties of the microtubules, the 
axon can judiciously regulate the microtubule array to participate appropriately in 
events such as axonal growth, retraction, branch formation, and navigation. 

 Figure  2  schematically shows molecular motor proteins transporting membranous 
cargo and short microtubules in the axon, while figure  3  schematically illustrates 

  Fig. 2    Molecular motor proteins power microtubule-mediated transport of membranous cargo, as 
well as that of short microtubules in anterograde and retrograde directions within the axon       
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the activity of microtubule-severing proteins. In both schematics, tau is also 
included, as it has been implicated in the potential regulation of molecular motors 
(Baas and Qiang  2005)  and severing proteins (see Sect. 3.1).   

 Two other categories of proteins are worth mentioning with regard to the regula-
tion of microtubules in the axon. The first is a relatively newly discovered family 
of proteins called +tips, which preferentially bind the plus ends of microtubules 

  Fig. 3    Microtubule-severing proteins break long microtubules into shorter ones, thus regulating 
lengths, as well as numbers of microtubules within the axon. Tau limits the access of microtubule 
severing proteins, such as katanin to the microtubule lattice       
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during bouts of assembly. Shortly after the relevant tubulin subunits become part of 
the polymer, the +tips tend to lose their association, resulting in high concentrations 
of these molecules at the growing plus-end of the microtubule relative to elsewhere 
along the microtubule’s length. These +tips, which include “end binding” proteins 
such as EB1 and EB3, as well as CLIPs and CLASPs, impact the dynamic properties 
of the microtubules, and also their interactions with cortical structures, molecular 
motors, and other proteins (Vaughan  2005 ; Akhmanova and Hoogenraad  2005) . 
These proteins may be important for several functions, including, for example, the 
interaction of the plus-ends of the microtubules with structures in the cell cortex 
during branch formation and growth cone navigation (Stepanova et al.  2003 ; 
Jimenez-Mateos et al.  2005 ; Kornack and Giger  2005) . 

 The other category of proteins worth mentioning is actin, and any protein that 
impacts the organization, distribution, or properties of the actin cytoskeleton, given 
that microtubules and actin filaments are well known for interacting with one 
another. We have recently published a chapter elsewhere on this topic (Myers and 
Baas  2009) , and will refrain from including a discussion of it here. 

 Much of what is known about the various microtubule-related molecules in the 
axon has been elucidated within the context of development. Adult axons are relatively 
“hard-wired,” and do not undergo the degree of morphological plasticity as they do 
during development. Even so, it would appear that the vast majority of the micro-
tubule-related molecules important for development are still present throughout the 
lifetime of the axon. Microtubules still need to be transported down the axon; albeit, 
somewhat less robustly compared to development. That means the molecular motor 
proteins and microtubule-severing proteins still have important roles to play. 
In addition, it is very important that a substantial portion of the microtubule mass 
is relatively stable to ensure that the axon has architectural support and railways for 
the ongoing transport and trafficking of organelles, RNA, and proteins needed for 
the vitality of the axon. Of course, damaged axons have some regenerative capacity, 
especially in the peripheral nervous system, and so preserving the necessary 
elements for axonal growth makes sense. 

 Over the past few decades, scientists interested in axonal microtubules have 
made the argument that microtubules are so important for the axon that undoubtedly 
studying how they are regulated would someday yield a huge payoff in terms of 
understanding the neurological disorders that afflict the human population. Recent 
years have proven especially fruitful in this regard. For example, we now know that 
mutations to microtubule-related proteins such as doublecortin and Lis1 can cause 
congenital flaws in brain lamination, resulting in mental retardation (Gleeson et al. 
 1998 ; Reiner et al.  1993) , and it is clear that misregulation of tau is a critical 
component of Alzheimer’s disease (see Sects. 3 and 3.1). It also appears that 
microtubule-based axonal transport is particularly sensitive to toxins and misfolded 
proteins, which can lead to nerve degeneration as a result of compromised axonal 
transport (De Vos et al.  2008) . Therefore, in developing a thorough understanding 
of axonal microtubules, the microtubule research community is making rapid 
progress toward characterizing some of the most debilitating neurological diseases, 
as well as effective strategies for their treatment and prevention. The purpose of this 
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chapter is not to be exhaustive, but rather to provide a few examples of how careful, 
in-depth study of axonal microtubules has led to breakthroughs in the understand-
ing of diseases that impact the nervous system.  

   2 Microtubule-Severing and Hereditary Spastic Paraplegia      

 Hereditary spastic paraplegia (HSP) is a heterogeneous group of genetic diseases 
that mainly affect the corticospinal tracks, resulting in spasticity in the lower limbs 
(Bruyn  1992) . Although there are variable forms of the disease, the age of onset 
is usually in early adulthood, with no developmental deficiencies. Mutations to 
 several different genes can give rise to HSP, but roughly 40–60% of the cases result 
from autosomal dominant mutations to a gene called  SPG4 , which codes for a pro-
tein called spastin (Hazan et al.  1999) . The discovery in 2002 that spastin is a 
microtubule-severing protein (Errico et al.  2002)  prompted enormous interest, 
because it suggested that the axons of patients afflicted with this form of HSP may 
degenerate due to insufficient severing of microtubules. With a mechanism in hand, 
the potential existed for rapid progress on therapies. 

 Our interest in microtubule-severing activity first arose from our early work on 
the length-distribution of microtubules in the axon, which was conducted before 
katanin or spastin had been identified as severing proteins. We had determined that 
new microtubules do not spontaneously nucleate in the axon (Baas and Ahmad 
 1992) , and hence, we speculated that microtubule number could only be increased 
in the axon by either release and transport of new microtubules from the centro-
some (located in the cell body of the neuron) or by severing of pre-existing micro-
tubules in the axon such that a single microtubule would be transformed into many 
short ones (Joshi and Baas  1993) . The short microtubules could then either elon-
gate into longer ones or disassemble to provide subunits used by their neighbors 
to elongate. We performed serial reconstructions from electron micrographs of 
 cultured neurons and demonstrated the appearance of large numbers of short 
microtubules and the absence of long microtubules within the axon at sites where 
new branches were starting to form (Yu et al.  1994) . These observations provided 
support for a model in which long microtubules are severed in a very localized and 
tightly regulated fashion during the formation of collateral branches. Using live-
cell imaging, we directly observed the severing of short microtubules from looped 
bundles of microtubules within paused growth cones, and the subsequent move-
ment of the short microtubules into filopodia (Dent et al.  1999) . Producing more 
free ends of microtubules, via severing, may also be important because free ends 
of microtubules are known to interact with a variety of proteins and structures, 
such as those within the cell cortex (see discussion on +tips in Sect. 1). 
Microtubule-severing would certainly appear to be particularly important for the 
plasticity of the axon during development; however, as noted earlier, having a suf-
ficient balance of long and short microtubules is crucial for proper axonal trans-
port throughout the lifetime of the neuron (Yu et al.  2007) . 
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 Katanin was the first microtubule-severing enzyme to be well characterized. 
It was originally purified from sea urchin eggs, in which it was shown to sever 
microtubules by disrupting contacts within the polymer lattice using energy derived 
from ATP hydrolysis (McNally and Vale  1993) . In studies on neurons, we showed 
that katanin is present at the centrosome, consistent with observations in other cell 
types, and that it is also widely distributed within the axon, and throughout all 
neuronal compartments (Ahmad et al.  1999 ; Yu et al.  2005) . Inhibition of katanin 
by various experimental approaches prohibits microtubule release from the centro-
some, and profoundly increases microtubule length throughout the neuronal cell 
body (Ahmad et al.  1999 ; Karabay et al.  2004) . As a result, axonal outgrowth is 
severely compromised. In addition, we found that the levels of katanin are very high 
in axons that are actively growing toward their targets, but then decrease precipitously 
when the axon reaches its target and stops growing (Karabay et al.  2004) . 

 We next expanded our studies to include spastin, starting with detailed quantitative 
and functional comparisons between katanin and spastin in the nervous system. 
We found that katanin has widespread expression in the various cells and tissues of 
the body; however, spastin is more enriched in the nervous system, with only low 
levels of expression elsewhere (Solowska et al.  2008) . Nonetheless, during the 
development of the nervous system, the levels of katanin are many times higher 
than the levels of spastin. After development is complete, at which time katanin 
levels plunge, spastin levels are only slightly diminished. Despite this, the levels of 
katanin remain notably higher than the levels of spastin throughout the adult brain 
and spinal cord. These observations provided some support for a “loss of function” 
scenario for HSP, because a diminished level of functional spastin would presumably 
be more consequential in the adult, due to the lower levels of katanin. However, 
nothing in these studies suggested an obvious explanation of why the corticospinal 
tracks should be particularly sensitive to a diminution in functional spastin levels. 

 In terms of the functions of spastin, we found that over-expressing spastin in 
cultured neurons profoundly increased the frequency of axonal branch formation 
(Yu et al.  2008) . This phenomenon did not occur when katanin was over-expressed 
(Yu et al.  2005) , suggesting that spastin has some specialized properties to promote 
branch formation that are not shared by katanin. Depletion of spastin diminished, 
but did not eliminate branch formation, suggesting that katanin can provide sufficient 
severing of microtubules for branches to form, but that spastin is more optimal to 
perform in this capacity (Yu et al.  2008) . In part, this may be due to the fact that 
spastin tends to accumulate at sites of branch formation far more than katanin. 
Patients with spastin mutations as well as spastin knockout mice do not show 
deficiencies in axonal branching during development (Fink and Rainier  2004) , 
supporting the conclusion that katanin is sufficient to carry out this function in the 
absence of spastin. 

 Additional observations caused us to further doubt whether a “loss of function” 
scenario makes sense to explain the degeneration of the corticospinal tracks in HSP 
patients. The  spastin  gene is interesting in that it contains a second start-codon, not 
far downstream from the first one (Claudiani et al.  2005 ; Mancuso and Rugarli 
 2008) . In rodents, this results in two spastin isoforms, which we refer to as M1 and 
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M85, with respective molecular weights of 68 and 60 kDa (note: they are named 
according to the relevant methionine; in humans, the shorter isoform would be M87 
rather than M85; nonetheless, the term M85 will be used for simplicity). Notably, 
we found that M85 is expressed in all regions of the central nervous system at all 
times during development and in the adult (Solowska et al.  2008) . By contrast, 
there is little or no detectable M1 at any time during development, or in the adult, 
with one exception. About 20% of the total spastin in the adult spinal cord is the 
M1 isoform. Given that this corresponds to the location and time where degeneration 
occurs in spastin-based HSP, we wondered if mutant M1 may pose a problem for 
the axon, while mutant M85 does not. 

 In this view, spastin-based HSP would be a “gain-of-function” disease in which 
axonal degeneration is not caused by insufficient microtubule-severing activity, but 
rather by a cytotoxic mutant protein. To test this hypothesis, we compared the 
effects of truncated versions of M1 and M85 spastin, lacking the AAA ATPase 
domain critical for severing function, on cultures of embryonic cortical neurons 
(Solowska et al.  2008) . These studies demonstrated just how detrimental M1 
mutants would be if they were robustly expressed during development. Neurons 
induced to express the truncated M1 are slower to develop, have shorter axons, and 
have generally less robust morphologies. Interestingly, the truncated M85-spastin, 
which would correspond to the mutant spastin expressed during development in 
HSP patients, did not cause any developmental problems in neuronal cell cultures. 

 To further investigate the mechanism of HSP, we tested the effects of truncated 
spastin M1 and M85 on fast axonal transport. In studies on squid axoplasm, 
perfusion of full-length M1 plus M85 spastins showed no effect on fast axonal 
transport, and the same was true for the truncated M85, which lacks the ability to 
sever microtubules (Solowska et al.  2008) . However, the truncated M1 polypeptide 
strongly inhibited fast axonal transport, indicating that it is the 8 kDa amino terminal 
region of M1 that elicits these deleterious effects. One possibility is that pathogenic 
spastin mutations induce a conformational change that results in abnormal exposure 
of the 8 kDa amino terminal unique to M1. Consistent with this view, intragenic 
polymorphisms of spastin have been found within the 8 kDa amino terminus, which 
dramatically modify the HSP phenotype. In addition, spastin is known to interact 
with another HSP-related protein called atlastin via the 8 kDa amino-terminal 
region of M1 (Sanderson et al.  2006) . Interestingly, recessive mutations in  atlastin  
also lead to HSP (Zhao et al.  2001) , suggesting that the binding of atlastin or other 
polypeptides to the amino terminal of M1 could help prevent M1-induced pathology 
(Zhao et al.  2001) . 

 These observations not only provide insight into the underlying causes of the 
disease, but are also critically important for the development of effective treatment 
strategies. We do not believe the “loss/gain of function” issue is completely 
resolved; however, if our view on this problem is correct, then there is no utility in 
developing strategies to compensate for a hypothetical insufficiency in microtu-
bule-severing activity in afflicted axons. Instead, a more productive approach 
would be to try to rid the afflicted neurons of the mutant M1 spastin. According to 
our results thus far, it would be preferable for the neurons to risk losing the viable 
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spastin than to tolerate the pathogenic spastin molecules. Thus, a therapeutic RNAi 
approach may prove highly effective in depleting the problematic molecules from 
the neurons of patients with spastin-based HSP.  

  3 Tauopathies  

 Tauopathies are a class of neuro-degenerative disorders caused by abnormalities of 
the tau protein. As mentioned earlier, tau is one of the many microtubule-associated 
proteins that can influence microtubule dynamics in the axon. In addition, tau is 
thought to regulate the spacing between microtubules (Black  1987 ; Chen et al. 
 1992) , as well as interactions between microtubules and other proteins and struc-
tures in the axon (Ebneth et al.  1998) . The binding of tau to microtubules is regu-
lated by its phosphorylation at specific sites (Fath et al.  2002) . Tauopathies are 
generally caused by either mutations to tau that affect its capacity to bind to micro-
tubules or by abnormalities in the pathways that phosphorylate tau. There are two 
proposed ways in which abnormal tau behavior is believed to lead to axonal degen-
eration. The first is that the microtubules are impaired because of the loss of normal 
levels of tau binding to their lattice. The second is that the abnormal tau may itself 
be toxic, as evidenced by its tendency to self-assemble into various types of aggre-
gates, including straight filaments and paired helical filaments (Bunker et al.  2006 ; 
Arrasate et al.  1999) , and by recent studies of the effects of the amino terminus of 
tau on axonal transport (Lapointe et al.  2009) . At least 34 different pathology-
associated mutations in various regions of the  tau  gene have been identified so far. 
Such pathologies include frontotemporal dementia with Parkinsonism, linked to 
chromosome 17 (FTDP-17). Other examples of tauopathies linked to specific tau 
mutations include progressive supranuclear palsy, corticobasal degeneration, and 
Pick’s disease (Wang and Liu  2008) . Interestingly, in Alzheimer’s disease, there are 
no known mutations of tau, but only alterations in tau phosphorylation. 

 The  tau  gene, located on human chromosome 17, gives rise to six well-recognized 
isoforms of tau protein through the process of alternative splicing of mRNA. 
Missense mutations mentioned above act by causing misregulation of alternative 
splicing. Exon 2, 3, and 10 of  tau  RNA transcript are known to undergo alternative 
splicing. While the exons 2 and 3 encode amino terminal inserts, the exon 10 codes 
for a part of the microtubule-binding region of the tau protein. Exon 10 is also the 
exon in which the maximum numbers of disease-causing mutations have been 
identified. Alternative splicing is responsible for generating tau isoforms, contain-
ing either four or three microtubule binding repeats (4R tau, or 3R tau). Of the six 
known tau isoforms, three belong to each category. The number of microtubule 
binding repeats present dictates the microtubule binding ability of a given tau iso-
form. 4R tau isoforms have a stronger affinity for microtubules (Wang and Liu 
 2008) . Interestingly, under normal physiological conditions, alternative splicing is 
regulated such that the ratio of 4R tau-to-3R tau is maintained at 1:1 (Donahue 
et al.  2007 ; D’Souza and Schellenberg  2005) . It has been suggested that perturbation 
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of this ratio lies at the root of tau-related neurodegeneration (Stanford et al.  2003) . 
A mouse model of tauopathies generated by over-expression of the smallest tau 
isoform mimics characteristic features of human taupathies, such as progressive 
accumulation of tau inclusions and neurodegenration (Lee and Trojanowski  2001) . 
However, it still remains controversial as to whether 3R or 4R tau isoforms are 
more toxic to the cell. 

  3.1 Tauopathies and Microtubule-Severing 

 One of the most common claims about tauopathies is that the loss of tau from the 
microtubules in the axon destabilizes the microtubules and leads to their depolym-
erization. This interpretation is hard to defend, however, in light of the fact that 
experimental depletion of tau from axons does not render the microtubules less 
stable, nor are microtubules less stable in tau knockout mice (Tint et al.  1998 ; 
Harada et al.  1994) . These observations do not entirely invalidate the idea, however, 
because the mix of other microtubule-stabilizing molecules may largely be able to 
compensate for the loss of tau, with modest effects accumulating over time to give 
rise to microtubule loss. 

 Another scenario is suggested by our observations on microtubule-severing 
function. Quantitatively, neurons contain total levels of microtubule-severing pro-
teins far higher than would be required to completely break down microtubules in 
the test tube (Solowska et al.  2008) . Therefore, neurons must have regulatory 
mechanisms that either attenuate the activity of the severing proteins or protect the 
lattice of the microtubules from being fully accessed by the severing proteins. 
Whatever the case, it is not hard to understand how misregulation of these mecha-
nisms could result in abnormal levels of microtubule-severing activity that could be 
profoundly deleterious to the axon. 

 The question arises as to how microtubule-severing function is regulated, such 
that severing of microtubules occurs when and where needed? We have proposed a 
model inspired by the observation that katanin-induced microtubule-severing 
becomes much more active in interphase extracts that are depleted of the frog 
homologue of MAP4, a fibrous MAP similar to tau (McNally et al.  2002) . In addition, 
severing is more active in mitotic extracts compared to interphase extracts, and this 
difference is based on phosphorylation of proteins, but apparently not of katanin 
itself (Vale  1991 ; McNally et al.  2002) . Interestingly, phosphorylation of MAP4 
causes it to lose its association with the microtubules (McNally et al.  2002) , 
consistent with a model that we call the “MAP protection model.” In this model, 
fibrous MAPs protect the lattice of the microtubule from being accessed by katanin. 
Phosphorylation of the MAPs results in their detachment from the microtubule, 
thereby enabling katanin to gain access (Baas and Qiang  2005) . In the axon, tau, 
rather than MAP4, would be the likely candidate to fulfill this role (see Fig.  3 ). 
The MAP protection model offers a potential means by which signaling cascades 
can regulate microtubule-severing activity in a spatially discrete manner, for example, 
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at impending sites of axonal branch formation. The signaling cascades would cause 
tau (or other MAPs) to dissociate from the microtubules at the site where a branch 
is starting to form, thereby permitting katanin to break the microtubules into 
shorter, highly mobile pieces, precisely where needed. 

 To test the premise of this idea, we conducted studies in which we over-
expressed katanin or spastin in fibroblasts in which we had first expressed a neuro-
nal MAP, the katanin or spastin causes dramatic severing of microtubules and loss 
of microtubule mass. We found that robust levels of tau and MAP2 are able to 
protect the microtubules from being severed by katanin, but MAP1b was not able 
to do so (Qiang et al.  2006) . Tau and MAP2 have a very similar microtubule-binding 
domain to MAP4, and so these results make sense. Tau, being the MAP enriched in 
axons, therefore, appeared to be the prime suspect for being the principal protector 
of microtubules in the axon. Indeed, when we depleted various MAPs from neurons 
with siRNA, it was only tau whose loss caused the microtubules in the axon to 
become notably more sensitive to the over-expression of katanin (Qiang et al. 
 2006) . In subsequent studies, we found that tau is less effective at protecting micro-
tubules from spastin (Yu et al.  2008) , which is probably one reason why spastin is 
always expressed at much lower levels than katanin. 

 On the basis of these observations, we posited that one of the contributing 
factors to axonal degeneration in tauopathies (such as Alzheimer’s disease) may be 
a gradually heightened sensitivity of the microtubules to abnormal microtubule-
severing activity, mainly of katanin (Baas and Qiang  2005 ; Qiang et al.  2006) . This 
hypothesis has not yet been tested, but if it is valid, it may suggest new avenues 
for therapies based on downregulating microtubule-severing activity in the afflicted 
axons.   

  4 Other Neurodegenerative Diseases  

 A number of review papers have been written on neurodegenerative orders over the 
past few years, and these include substantive sections on how flaws in microtubules 
and microtubule-related events such as axonal transport give rise to degeneration of 
axons (see, e.g., Roy et al.  2005 ; Chevalier-Larsen and Holzbaur  2006 ; Duncan and 
Goldstein  2006 ; Morfini et al.  2002) . Although it is not possible to provide an 
in-depth discussion of the various relevant diseases within the limited space available 
here, three additional diseases will be discussed briefly below. 

 Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that is 
believed to arise from accumulation of misfolded protein aggregates (Boillee et al. 
 2006) . Motor neurons of the central nervous system are preferentially degenerated 
in the pathology of ALS. Degeneration of motor neurons leads to atrophy of muscles 
supplied by these neurons, which gradually leads to complete loss of voluntary 
muscle movement as the disease progresses. Although the exact cause of the 
disease is not known, mutations in the gene that encodes copper–zinc superoxide 
dismutase (SOD1) have been linked to cases of familial ALS (Rosen et al.  1993) . 
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Under normal physiological conditions, SOD1 protects the cell from toxic superoxide 
radicals. A mouse model of ALS was created by over-expressing an ALS-linked 
SOD1 mutant; motor neurons in these mice exhibit defective axonal transport 
(Ligon et al.  2005) . Similar to the situation discussed earlier with regard to spastin 
and HSP, loss of function of SOD1 seems unlikely to be the cause of the observed 
motor neuron defects in ALS (Boillee et al.  2006) . 

 Motor neurons are large cells with long axons. Owing to their great lengths, 
these axons heavily depend on microtubule-driven transport of cargo for their main-
tenance and viability. For example, retrograde transport of trophic factors is thought 
to be essential for neuronal survival (Ye et al.  2003) . The mechanism by which 
mutant SOD1 disrupts axonal transport is not entirely understood. Cytoplasmic 
dynein, the principal minus-end-directed microtubule-associated motor protein, is 
known to colocalize with aggregates of mutant SOD1 (Ligon et al.  2005) . A recent 
report has shown interaction between mutant SOD1 and cytoplasmic dynein (Zhang 
et al.  2007) . These observations suggest disruption of dynein-mediated transport of 
cargo along microtubules as an explanation for the degeneration and death of motor 
neurons caused by mutant SOD1. The hypothesis that perturbed axonal transport is 
the underlying cause of neuronal degeneration is further supported by a recent 
report linking mutations in the  spastin  gene to etiology of ALS (Munch et al.  2008) . 
As mentioned earlier, mutations in the  spastin  gene can lead to impaired axonal 
transport. Finally, another gene whose mutations are linked with ALS, termed 
 ALS2 , generates a protein called alsin, which partially associates with the centrosome 
and appears to impact the microtubule system (Millecamps et al.  2005) . 

 Potential links between impaired axonal transport, neuronal degeneration, and 
cell death are being actively explored in other neurological diseases as well. 
Huntington’s disease (HD) is a progressive neurodegenerative disorder characterized 
by uncontrolled, uncoordinated jerky muscle movements along with decline in 
mental abilities. Mutations in the protein huntingtin, resulting in an abnormally large 
number of polyglutamine repeats in its sequence, is believed to be the cause of this 
disease. Despite widespread expression of huntingtin protein in non-nervous as well 
as nervous tissue, mutations of  huntingtin  gene lead to degeneration selectively in 
brain tissue. The mechanism of this degeneration is thus far unclear. However, it is 
known that mutant huntingtin exhibits a propensity to form aggregates within neu-
rons (DiFiglia et al.  1997)  and also has altered interactions with other proteins 
(Harjes and Wanker  2003) . The hypothesis that neuronal death is caused by toxic 
gain of function by misfolded mutant proteins in the case of huntingtin is ques-
tioned by reports suggesting that neuronal dysfunction precedes aggregate forma-
tion (Gunawardena and Goldstein  2005) . Recently, it has been demonstrated that 
huntingtin is a positive regulator of axonal transport and that it directly interacts 
with dynein (Caviston et al.  2007 ; Colin et al.  2008) . Observations on mouse mod-
els of HD and also human HD patients provide evidence for disrupted axonal 
transport in the form of swollen neuronal projections, accumulation of vesicles and 
organelles, and mutant huntingtin (Gunawardena and Goldstein  2005) . These 
pieces of evidence present a strong case for the role of disrupted axonal transport 
in the pathology of Huntington’s disease. It has been hypothesized that, owing to 
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the mutations, neuronal degeneration may be due to loss of function of huntingtin, 
thereby leading to the observed impairment in axonal transport (Her and Goldstein 
 2008 ; Szebenyi et al.  2003) . 

 Perturbed axonal transport and also direct effects on neuronal microtubules are 
implicated in the pathology of Parkinson’s disease (PD). PD is characterized by 
degeneration of dopaminergic neurons in the substantia nigra of the brain. Loss of 
these neurons leads to reduced dopaminergic input to the striatum, the part of the 
brain that controls voluntary muscle movement. The attendant functional disinhi-
bition results in nonselective, excessive muscle tone, which produces muscle rigid-
ity, and abnormalities in speech. Mutations in the  parkin  gene are associated with 
some of the familial cases of Parkinson’s (Moore et al.  2005) .  Parkin  codes for a 
protein–ubiquitin E3 ligase. Under normal physiological conditions,  parkin  inde-
pendently binds to tubulin subunits and microtubules. Interaction of  parkin  with 
tubulin facilitates its degradation, whereas  parkin’s  interaction with microtubules 
stabilizes them. PD-linked  parkin  mutants retain their ability to bind to microtu-
bules, but are unable to bind to tubulin. This leads to intracellular accumulation of 
misfolded tubulin, leading to neurodegeneration (reviewed in Feng  2006) . 
Furthermore, toxins implicated in PD, such as rotenone, cause depolymerization 
of microtubules (Marshall and Himes  1978) . This disrupts microtubule-mediated 
transport of dopamine vesicles, leading to intracellular accumulation of leaky vesicles, 
which leads to neurodegeneration (Ren et al.  2005) .  

  5 Concluding Remarks  

 In conclusion, as research investigators of microtubules, we are gratified that progress 
on the regulation of microtubules in neurons has led to a greater understanding of the 
normal physiology of the axon, as well as new mechanistic breakthroughs on neuro-
degenerative diseases that plague the human population. We look forward to further 
progress, and in particular to a new focus on potential therapies for treating, preventing, 
and perhaps even curing these microtubule-related diseases.      

  Acknowledgments   The work in our laboratory is funded by the National Institutes of Health, 
the National Science Foundation, the State of Pennsylvania Tobacco Settlement Funds, the 
Alzheimer’s Association, and the Hereditary Spastic Paraplegia Foundation. Aditi Falnikar is 
the recipient of the Doris Willig, M.D. Research Fellowship Award.  

  References 

    Ahmad     FJ   ,    Yu     W   ,    McNally     FJ   ,    Baas     PW       (1999)     An essential role for katanin in severing micro-
tubules in the neuron  .   J Cell Biol     145  :  305  –  315  

    Akhmanova     A   ,    Hoogenraad     CC       (2005)     Microtubule plus-end-tracking proteins: mechanisms and 
functions  .   Curr Opin Cell Biol     17  :  47  –  54  



Critical Roles for Microtubules in Axonal Development and Disease 33

  Anonymous   (1993)     A novel gene containing a trinucleotide repeat that is expanded and unstable 
on Huntington’s disease chromosomes. The Huntington’s Disease Collaborative Research 
Group  .   Cell     72  :  971  –  983  

    Arrasate      M   ,    Perez     M   ,    Armas-Portela     R   ,    Avila     J       (1999)     Polymerization of tau peptides into 
 fibrillar structures  .   The effect of FTDP-17 mutations. FEBS Lett     446  :  199  –  202  

    Baas     PW       (1999)     Microtubules and neuronal polarity: lessons from mitosis  .   Neuron   23  –31  
    Baas     PW   ,    Ahmad     FJ       (1992)     The plus ends of stable microtubules are the exclusive nucleating 

structures for microtubules in the axon  .   J Cell Biol     116  :  1231  –  1241  
    Baas     PW   ,    Buster     DW       (2004)     Slow axonal transport and the genesis of neuronal morphology  . 

  J Neurobiol     58  :  3  –  17  
    Baas     PW   ,    Qiang     L       (2005)     Neuronal microtubules: when the MAP is the roadblock  .   Trends Cell 

Biol     15  :  183  –  187  
    Baas     PW   ,    White     LA   ,    Heidemann     SR       (1987)     Microtubule polarity reversal accompanies regrowth 

of amputated neurites  .   Proc Natl Acad Sci U S A     84  :  5272  –  5276  
    Baas     PW   ,    Vidya Nadar     C   ,    Myers     KA       (2006)     Axonal transport of microtubules: the long and short 

of it  .   Traffic     7  :  490  –  498  
    Black     MM       (1987)     Comparison of the effects of microtubule-associated protein 2 and tau on the 

packing density of in vitro assembled microtubules  .   Proc Natl Acad Sci U S A     84  :  7783  –  7787  
    Black     MM   ,    Lasek     RJ       (1980)     Slow components of axonal transport: two cytoskeletal networks  . 

  J Cell Biol     86  :  616  –  623  
    Boillee     S   ,    Vande     VC   ,    Cleveland     DW       (2006)     ALS: a disease of motor neurons and their nonneu-

ronal neighbors  .   Neuron     52  :  39  –  59  
    Bosc     C   ,    Cronk     JD   ,    Pirollet     F   ,    Watterson     DM   ,    Haiech     J   ,    Job     D   ,    Margolis     RL       (1996)     Cloning, expression, 

and properties of the microtubule-stabilizing protein STOP  .   Proc Natl Acad Sci U S A     93  :  2125  –  2130  
    Bray     D   ,    Bunge     MB       (1981)     Serial analysis of microtubules in cultured rat sensory axons  . 

  J Neurocytol     10  :  589  –  605  
    Bruyn     RP       (1992)     The neuropathology of hereditary spastic paraparesis  .   Clin Neurol Neurosurg     94 

Suppl  :  S16  –  18  
    Bunker     JM   ,    Kamath     K   ,    Wilson     L   ,    Jordan     MA   ,    Feinstein     SC       (2006)     FTDP-17 mutations compromise 

the ability of tau to regulate microtubule dynamics in cells  .   J Biol Chem     281  :  11856  –  11863  
    Caviston     JP   ,    Ross     JL   ,    Antony     SM   ,    Tokito     M   ,    Holzbaur     EL       (2007)     Huntingtin facilitates dynein/

dynactin-mediated vesicle transport  .   Proc Natl Acad Sci U S A     104  :  10045  –  10050  
    Chapin     SJ   ,    Bulinski     JC       (1992)     Microtubule stabilization by assembly-promoting microtubule- 

associated proteins: a repeat performance  .   Cell Motil Cytoskel     23  :  236  –  243  
    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  
    Chevalier-Larsen     E   ,    Holzbaur     EL       (2006)     Axonal transport and neurodegenerative disease  . 

  Biochim Biophys Acta     1762  :  1094  –  1108  
    Claudiani     P   ,    Riano     E   ,    Errico     A   ,    Andolfi     G   ,    Rugarli     EI       (2005)     Spastin subcellular localization is 

regulated through usage of different translation start sites and active export from the nucleus  . 
  Exp Cell Res     309  :  358  –  369  

    Colin     E   ,    Zala     D   ,    Liot     G   ,    Rangone     H   ,    Borrell-Pages     M   ,    Li     XJ   ,    Saudou     F   ,    Humbert     S       (2008)   
  Huntingtin phosphorylation acts as a molecular switch for anterograde/retrograde transport in 
neurons  .   EMBO J     27  :  2124  –  2134  

    Curmi     PA   ,    Gavet     O   ,    Charbaut     E   ,    Ozon     S   ,    Lachkar-Colmerauer     S   ,    Manceau     V   ,    Siavoshian     S   , 
   Maucuer     A   ,    Sobel     A       (1999)     Stathmin and its phosphoprotein family: general properties, bio-
chemical and functional interaction with tubulin  .   Cell Struct Funct     24  :  345  –  357  

    D’Souza     I   ,    Schellenberg     GD       (2005)     Regulation of tau isoform expression and dementia  .   Biochim 
Biophys Acta     1739  :  104  –  115  

    De Vos     KJ   ,    Grierson     AJ   ,    Ackerley     S   ,    Miller     CC       (2008)     Role of axonal transport in neurodegenera-
tive diseases  .   Annu Rev Neurosci     31  :  151  –  173  

    Dent     EW   ,    Callaway     JL   ,    Szebenyi     G   .    Baas     PW   ,    Kalil     K       (1999)     Reorganization and movement of 
microtubules in axonal growth cones and developing interstitial branches  .   J Neurosci   
  19  :  8894  –  8908  



34 A. Falnikar and P.W. Baas

    DiFiglia     M   ,    Sapp     E   ,    Chase     KO   ,    Davies     SW   ,    Bates     GP   ,    Vonsattel     JP   ,    Aronin     N       (1997)     Aggregation 
of huntingtin in neuronal intranuclear inclusions and dystrophic neurites in brain  .   Science   
  277  :  1990  –  1993  

    Donahue     CP   ,    Ni     J   ,    Rozners     E   ,    Glicksman     MA   ,    Wolfe     MS       (2007)     Identification of tau stem loop 
RNA stabilizers  .   J Biomol Screen     12  :  789  –  799  

    Duncan     JE   ,    Goldstein     LS       (2006)     The genetics of axonal transport and axonal transport disorders  . 
  PLoS Genet     2  :  e124  

    Ebneth     A   ,    Godemann     R   ,    Stamer     K   ,    Illenberger     S   ,    Trinczek     B   ,    Mandelkow     E       (1998)     Overexpression 
of tau protein inhibits kinesin-dependent trafficking of vesicles, mitochondria, and endoplas-
mic reticulum: implications for Alzheimer’s disease  .   J Cell Biol     143  :  777  –  794  

    Errico     A   ,    Ballabio     A   ,    Rugarli     EI       (2002)     Spastin, the protein mutated in autosomal dominant heredi-
tary spastic paraplegia, is involved in microtubule dynamics  .   Hum Mol Genet     11  :  153  –  1 63  

    Fath     T   ,    Eidenmuller     J   ,    Brandt     R       (2002)     Tau-mediated cytotoxicity in a pseudohyperphosphoryla-
tion model of Alzheimer’s disease  .   J Neurosci     22  :  9733  –  9741  

    Feng     J       (2006)     Microtubule: a common target for parkin and Parkinson’s disease toxins  . 
  Neuroscientist     12  :  469  –  476  .  

    Fink     JK   ,    Rainier     S       (2004)     Hereditary spastic paraplegia: spastin phenotype and function  .   Arch 
Neurol     61  :  830  –  833  

    Fukata     Y   ,    Itoh     TJ   ,    Kimura     T       (2002)     CRMP-2 binds to tubulin heterodimers to promote microtu-
bule assembly  .   Nat Cell Biol     4  :  583  –  591  

    Gleeson     JG   ,    Allen     KM   ,    Fox     JW       (1998)     Doublecortin, a brain-specific gene mutated in human X- linked 
lissencephaly and double cortex syndrome, encodes a putative signaling protein  .   Cell     92  :  63  –  72  

    Gunawardena     S   ,    Goldstein     LS       (2005)     Polyglutamine diseases and transport problems: deadly traffic 
jams on neuronal highways  .   Arch Neurol     62  :  46  –  51  

    Harada     A   ,    Oguchi     K   ,    Okabe     S       (1994)     Altered microtubule organization in small-calibre axons of 
mice lacking tau protein  .   Nature     369  :  488  –  491  

    Harjes     P   ,    Wanker     EE       (2003)     The hunt for huntingtin function: interaction partners tell many 
different stories  .   Trends Biochem Sci     28  :  425  –  433  .  

    Hasaka     TP   ,    Myers     KA   ,    Baas     PW       (2004)     Role of actin filaments in the axonal transport of micro-
tubules  .   J Neurosci     24  :  11291  –  11301  

    Hazan     J   ,    Fonknechten     N   ,    Mavel     D       (1999)     Spastin, a new AAA protein, is altered in the most 
frequent form of autosomal dominant spastic paraplegia  .   Nat Genet     23  :  296  –  303  

    He     Y   ,    Baas     PW       (2003)     Growing and working with peripheral neurons  .   Methods Cell Biol     71  :  17  –  35  
    He     Y   ,    Frances     F   ,    Myers     KA   ,    Black     M   ,    Baas     PW       (2005)     Role of cytoplasmic dynein in the axonal 

transport of microtubules and neurofilaments  .   J Cell Biol     168  :  697  –  703  
    Heidemann     SR   ,    Landers     JM   ,    Hamborg     MA       (1981)     Polarity orientation of axonal microtubules  . 

  J Cell Biol     91  :  661  –  665  
    Her     LS   ,    Goldstein     LS    .   (2008)     Enhanced sensitivity of striatal neurons to axonal transport defects 

induced by mutant huntingtin  .   J Neurosci     28  :  13662  –  13672  
    Horesh     D   ,    Sapir     T   ,    Francis     F   ,    Wolf     SG   ,    Caspi     M   ,    Elbaum     M   ,    Chelly     J   ,    Reiner     O       (1999)   

  Doublecortin, a stabilizer of microtubules  .   Hum Mol Genet     8  :  1599  –  1610  
    Jimenez-Mateos     EM   ,    Paglini     G   ,    Gonzalez-Billault     C   ,    Caceres     A   ,    Avila     J       (2005)     End binding 

 protein-1 (EB1) complements microtubule-associated protein-1B during axonogenesis  . 
  J Neurosci Res     80  :  350  –  359  

    Joshi     HC   ,    Baas  ,   PW       (1993)     A new perspective on microtubules and axon growth  .   J Cell Biol   
  121  :  1191  –  1196  

    Karabay     A   ,    Yu     W   ,    Solowska     JM   ,    Baird     DH   ,    Baas     PW       (2004)     Axonal growth is sensitive to the 
levels of katanin, a protein that severs microtubules  .   J Neurosci     24  :  5778  –  5788  

    Kornack     DR   ,    Giger     RJ       (2005)     Probing microtubule + TIPs: regulation of axon branching  .   Curr 
Opin Neurobiol     15  :  58  –  66  

    Lapointe     NE   ,    Morfini     G   ,    Pigino     G   ,    Gaisina     IN   ,    Kozikowski     AP   ,    Binder     LI   ,    Brady     S T       (2009)   
  The amino terminus of tau inhibits kinesin-dependent axonal transport: implications for fila-
ment toxicity  .   J Neurosci Res     87  :  440  –  451  

    Lee     VM   ,    Trojanowski     JQ       (2001)     Transgenic mouse models of tauopathies: prospects for animal 
models of Pick’s disease  .   Neurology     56  :  S26  –  30  



Critical Roles for Microtubules in Axonal Development and Disease 35

    Leung     CL   ,    Green     KJ   ,    Liem     RK       (2002)     Plakins: a family of versatile cytolinker proteins  .   Trends 
Cell Biol     12  :  37  –  45  

    Ligon     LA   ,    LaMonte     BH   ,    Wallace     KE   ,    Weber     N   ,    Kalb     RG   ,    Holzbaur     EL       (2005)     Mutant superox-
ide dismutase disrupts cytoplasmic dynein in motor neurons  .   Neuroreport     16  :  533  –  536  

    Mancuso     G   ,    Rugarli     EI       (2008)     A cryptic promoter in the first exon of the SPG4 gene directs the 
synthesis of the 60-kDa spastin isoform  .   BMC Biol     6  :  31  

    Marshall     LE   ,    Himes     RH       (1978)     Rotenone inhibition of tubulin self-assembly  .   Biochim Biophys 
Acta     543  :  590  –  594  

    Matus     A       (1994)     Stiff microtubules and neuronal morphology  .   Trends Neurosci     17  :  19  –  22  
    McNally     FJ   ,    Vale     RD       (1993)     Identification of katanin, an ATPase that severs and disassembles 

stable microtubules  .   Cell     75  :  419  –  429  
    McNally     KP   ,    Buster     D   ,    McNally     FJ       (2002)     Katanin-mediated microtubule severing can be regu-

lated by multiple mechanisms  .   Cell Motil Cytoskel     53  :  337  –  349  
    Millecamps     S   ,    Gentil     BJ   ,    Gros-Louis     F   ,    Rouleau     G   ,    Julien     JP       (2005)     Alsin is partially associated 

with centrosome in human cells  .   Biochim Biophys Acta     1745  :  84  –  100  
    Moore     DJ   ,    West     AB   ,    Dawson     VL   ,    Dawson     TM       (2005)     Molecular pathophysiology of Parkinson’s 

disease  .   Annu Rev Neurosci     28  :  57  –  87  
    Morfini     G   ,    Pigino     G   ,    Beffert     U   ,    Busciglio     J   ,    Brady     ST       (2002)     Fast axonal transport misregulation 

and Alzheimer’s disease  .   Neuromol Med     2  :  89  –  99  
    Munch     C   ,    Rolfs     A   ,    Meyer     T       (2008)     Heterozygous S44L missense change of the spastin gene in 

amyotrophic lateral sclerosis  .   Amyotroph Lateral Scler     9  :  251  –  253  
    Myers     KA   ,    Baas     PW       (2007)     Kinesin-5 regulates the growth of the axon by acting as a brake on 

its microtubule array  .   J Cell Biol     178  :  1081  –  1091  
    Myers     KA   ,    Baas     PW       (2009)     Microtubule-actin interactions during neuronal development  . In: 

  Neurobiology of actin: from neurulation to synaptic function  .   Springer  ,   Heidelberg (in press)     
    Myers     KA   ,    Tint     I   ,    Nadar     CV   ,    He     Y   ,    Black     MM   ,    Baas     PW       (2006)     Antagonistic forces generated 

by cytoplasmic dynein and myosin-II during growth cone turning and axonal retraction  .   Traffic   
  7  :  1333  –  1351  

    Nadar     VC   ,    Ketschek     A   ,    Myers     KA   ,    Gallo     G   .,    Baas     PW       (2008)     Kinesin-5 is essential for growth-
cone turning  .   Curr Biol     18  :  1972  –  1977  

    Qiang     L   ,    Yu     W   ,    Andreadis     A   ,    Luo     M   ,    Baas     PW       (2006)     Tau protects microtubules in the axon from 
severing by katanin  .   J Neurosci     26  :  3120  –  3129  

    Reiner     O   ,    Carrozzo     R   ,    Shen     Y   ,    Wehnert     M   ,    Faustinella     F   ,    Dobyns     WB   ,    Caskey     CT   ,    Ledbetter     DH     
  (1993)     Isolation of a Miller-Dieker lissencephaly gene containing G protein beta-subunit-like 
repeats  .   Nature     364  :  717  –  721  

    Ren     Y   ,    Liu     W   ,    Jiang     H   ,    Jiang     Q   ,    Feng     J       (2005)     Selective vulnerability of dopaminergic neurons 
to microtubule depolymerization  .   J Biol Chem     280  :  34105  –  34112  

    Rosen     DR   ,    Siddique     T   ,    Patterson     D       (1993)     Mutations in Cu/Zn superoxide dismutase gene are 
associated with familial amyotrophic lateral sclerosis  .   Nature     362  :  59  –  62  

    Roy     S   ,    Zhang     B   ,    Lee     VM   ,    Trojanowski     JQ    .   (2005)     Axonal transport defects: a common theme in 
neurodegenerative diseases  .   Acta Neuropathol     109  :  5–13  

    Sanderson     CM   ,    Connell     JW   ,    Edwards     TL   ,    Bright     NA   ,    Duley     S   ,    Thompson     A   ,    Luzio     JP   ,    Reid     E     
  (2006)     Spastin and atlastin, two proteins mutated in autosomal-dominant hereditary spastic 
paraplegia, are binding partners  .   Hum Mol Genet     15  :  307  –  318  

    Solowska     JM   ,    Morfini     G   ,    Falnikar     A   ,    Himes     BT   ,    Brady     ST   ,    Huang     D   ,    Baas     PW       (2008)   
  Quantitative and functional analyses of Spastin in the nervous system: implications for heredi-
tary spastic paraplegia  .   J Neurosci     28  :  2147  –  2157  

    Stanford     PM   ,    Shepherd     CE   ,    Halliday     GM   ,    Brooks     WS   ,    Schofield     PW   ,    Brodaty     H   ,    Martins     RN   , 
   Kwok     JB   ,    Schofield     PR       (2003)     Mutations in the tau gene that cause an increase in three repeat 
tau and frontotemporal dementia  .   Brain     126  :  814  –  826  

    Stepanova     T   ,    Slemmer     J   ,    Hoogenraad     CC       (2003)     Visualization of microtubule growth in cultured 
neurons via the use of EB3-GFP (end-binding protein 3-green fluorescent protein)  .   J Neurosci   
  23  :  2655  –  2664  

    Suter     DM   ,    Schaefer     AW   ,    Forscher     P       (2004)     Microtubule dynamics are necessary for SRC family 
kinase-dependent growth cone steering  .   Curr Biol     14  :  1194  –  1199  



36 A. Falnikar and P.W. Baas

    Szebenyi     G   ,    Morfini     GA   ,    Babcock     A       (2003)     Neuropathogenic forms of huntingtin and androgen 
receptor inhibit fast axonal transport  .   Neuron     40  :  41  –  52  

    Tint     I   ,    Slaughter     T   ,    Fischer     I   ,    Black     MM       (1998)     Acute inactivation of tau has no effect on 
 dynamics of microtubules in growing axons of cultured sympathetic neurons  .   J Neurosci   
  18  :  8660  –  8673  

    Vale     RD       (1991)     Severing of stable microtubules by a mitotically activated protein in Xenopus egg 
extracts  .   Cell     64  :  827  –  839  

    Vaughan     KT       (2005)     Microtubule plus ends, motors, and traffic of Golgi membranes  .   Biochim 
Biophys Acta     1744  :  316  –  324  

    Wang     L   ,    Brown     A       (2002)     Rapid movement of microtubules in axons  .   Curr Biol     12  :  1496  –  1501  
    Wang     JZ   ,    Liu     F       (2008)     Microtubule-associated protein tau in development, degeneration and 

protection of neurons  .   Prog Neurobiol     85  :  148  –  175  
    Wittmann     T   ,    Bokoch     GM   ,    Waterman-Storer     CM       (2003)     Regulation of leading edge microtubule 

and actin dynamics downstream of Rac1  .   J Cell Biol     161  :  845  –  851  
    Ye     H   ,    Kuruvilla     R   ,    Zweifel     LS   ,    Ginty     DD       (2003)     Evidence in support of signaling endosome- 

based retrograde survival of sympathetic neurons  .   Neuron     39  :  57  –  68  
    Yu     W   ,    Baas     PW       (1994)     Changes in microtubule number and length during axon differentiation  . 

  J Neurosci     14  :  2818  –  2829  
    Yu     W   ,    Ahmad     FJ   ,    Baas  ,   PW       (1994)     Microtubule fragmentation and partitioning in the axon during 

collateral branch formation  .   J Neurosci     14  :  5872  –  5884  
    Yu     W   ,    Solowska     JM   ,    Qiang     L   ,    Karabay     A   ,    Baird     D   ,    Baas     PW       (2005)     Regulation of microtubule 

severing by Katanin subunits during neuronal development  .   J Neurosci     25  :  5573  –  5583  
    Yu     W   ,    Qiang     L   ,    Baas     PW       (2007)     Microtubule-severing in the axon: implications for development, 

disease, and regeneration after injury  .   J Environ Neurosci Biomed     1  :  1  –  7  
    Yu     W   ,    Qiang     L   ,    Solowska     JM   ,    Karabay     A   ,    Korulu     S   ,    Baas     PW       (2008)     The Microtubule- severing 

proteins Spastin and Katanin participate differently in the formation of axonal branches  .   
Mol Biol Cell     19  :  1485  –  1498  

    Zhang     F   ,    Strom     AL   ,    Fukada     K   ,    Lee     S   ,    Hayward     LJ   ,    Zhu     H       (2007)     Interaction between familial 
amyotrophic lateral sclerosis (ALS)-linked SOD1 mutants and the dynein complex  .   J Biol 
Chem     282  :  16691  –  16699  

    Zhao     X   ,    Alvarado     D   ,    Rainier     S       (2001)     Mutations in a newly identified GTPase gene cause auto-
somal dominant hereditary spastic paraplegia  .   Nat Genet     29  :  326  –  331      


