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INTRODUCTION 
Microtubules form a continuous array within the 
axon.  Each microtubule within the array is oriented 
with its assembly-favored “plus” end directed away 
from the cell body (Heidemann et al, 1981).  
Although the microtubule 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 Bunge, 1981; Yu and 
Baas, 1994).  Some microtubules are over a hundred 
micrometres long, while others are only a single 
micrometre in length or even shorter.  Recent studies 
have shown that only the shortest microtubules are 
able to move rapidly within the axon, while the 
longer microtubules are effectively stationary (Wang 
and Brown, 2002).  This important observation 
prompted us to propose the “cut and run” model, in 
which long microtubules need to be cut into short 
pieces if they are to be transported (Baas et al, 2005, 
2006).  According to this model, the mobility of 
microtubules within the axon is regulated not only 

by the molecular motors that generate the movement, 
but also by microtubule-severing proteins that break 
the microtubules into pieces short enough to move. 
 Neurons express two known microtubule-
severing proteins, both of which are enzymes that 
hydrolyze ATP in order to break the lattice of the 
microtubule.   One of these proteins, termed katanin, 
was originally discovered on the basis of its 
microtubule-severing activity (McNally and Vale, 
1993).   The other, termed spastin, had been known 
for many years as a protein that goes awry during 
some forms of spastic paraplegia in humans (Hazan 
et al, 1999).  Only recently was spastin discovered to 
be a microtubule-severing protein (Errico et al, 
2002). The “cut and run” model posits that these two 
severing proteins share or divide up the duties of 
microtubule-severing required to mobilize the 
microtubule array to support axonal growth. 
Microtubules destined for the axon arise at the 
centrosome and must be severed from the 
centrosome in order to be transported into the axon 
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(Yu et al, 1993; Ahmad et al, 1994).  After that, 
microtubules rapidly elongate by polymerization.  
Therefore a fraction of them must be severed within 
the axon to ensure that sufficient numbers remain 
short enough to undergo transport.  Microtubule 
severing is accentuated at sites of morphological 
growth and plasticity, such as sites of impending 
interstitial branch formation (Yu et al, 1994) and 
growth cones (Dent et al, 1999).  Once the axon has 
stopped growing, there is still a need for microtubule 
transport to maintain the microtubule array, but 
presumably fewer microtubules need to be in transit 
compared to axons that are still growing or 
undergoing major morphological changes.  
Consistent with this expectation, we have found that 
the levels of katanin are very high during axonal 
growth but plunge precipitously once the axon has 
reached its target tissues (Karabay et al, 2004). 
 The fact that mutations to spastin can give rise to 
spastic paraplegia provides one key example of how 
a flaw in a severing protein can lead to axonal 
degeneration.  However, beyond this, very little 
work has been done to elucidate the potential role of 
the microtubule-severing proteins in human disease.   
For example, the mechanism by which the spastin 
mutations give rise to axonal degeneration remains 
unclear.  It is instructive to note that the combined 
levels of katanin and spastin in the axon, even in the 
adult, are almost certainly high enough to 
continuously sever microtubules completely into 
subunits.  Recent studies from our laboratory suggest 
that microtubules may be “protected” from too much 
severing by the protein known as tau (Qiang et al, 
2006).  We have speculated that abnormalities to this 
protective mechanism might contribute to the 
degradation of the microtubule array that occurs in 
neurodegenerative diseases such as Alzheimer’s 
(Baas and Qiang, 2005).    
 In this report, we summarize our findings and 
theories on microtubule-severing proteins during 
development and disease.  In addition, we propose 
that damaged adult axons, for example after 
traumatic injury to the spinal cord, might be made to 
regenerate with more vitality if the levels of the 
severing proteins can be restored to juvenile levels.  
 
Microtubule severing during development 
The “cut and run” model posits that longer 
microtubules are unable to move in a rapid concerted 
fashion until they are made shorter.   In order to 
generate short microtubules and to do so at strategic 
locations, it seems reasonable that neurons would 
either have to utilize factors that promote 
disassembly of long polymers into short remnants, or 
factors that break long microtubules into short 
pieces.  Certainly there are factors in the axon that 
destabilize and promote microtubule disassembly 

(see for example, Grenningloh et al, 2004).  
However, shortening microtubules by disassembly 
would not increase the number of microtubules, but 
only decrease the length of individual microtubules.  
Thus the severing of long microtubules into multiple 
short microtubules is an attractive means by which 
neurons could generate high numbers of short 
microtubules in the axon.   
 Our first evidence for microtubule severing 
came from observations on the centrosome within 
the cell body of the neuron.  Using a pharmacologic 
assay, we documented that microtubules are rapidly 
severed from the centrosome, and then transit 
through the cytoplasm in order to invade nascent 
axons (Yu et al, 1993; Ahmad and Baas, 1995).  As 
for the axon itself, we performed serial 
reconstructions from electron micrographs of 
cultured neurons, and demonstrated high 
concentrations of short microtubules in the proximal 
region of the axon contiguous with the cell body and 
the most distal region of the axon contiguous with 
the growth cone (Yu and Baas, 2004).  We also 
documented the presence of large numbers of short 
microtubules and the absence of long microtubules 
within the axon at sites where new interstitial 
branches were starting to emerge (Yu et al, 1994).  
More recently, using live-cell imaging, we directly 
observed the severing of short microtubules from 
looped bundles of microtubules within paused 
growth cones and their subsequent movement into 
filopodia (Dent et al, 1999).  These observations 
strongly support the theory that long microtubules in 
the axon are strategically severed in order to 
generate high numbers of short microtubules when 
and where needed. 
 
Katanin and Spastin 
Most of the attention in our laboratory on 
microtubule-severing proteins thus far has been 
focused on katanin.  Katanin was originally purified 
from sea urchin eggs, where it was shown to sever 
microtubules by disrupting contacts within the 
polymer lattice using energy derived from ATP 
hydrolysis (McNally and Vale, 1993).  Katanin has 
two subunit proteins of molecular weights 60kD and 
80kD.  The smaller subunit has the microtubule-
severing activity (McNally and Thomas, 1989; 
Hartman and Vale, 1999).  The larger subunit targets 
some of the katanin to the centrosome, and indeed 
many cells display a centrosomal enrichment of 
katanin (McNally et al, 1996).  We have shown that 
katanin is present at the centrosome of cultured 
vertebrate neurons, but is also widely distributed 
within the axon and throughout all neuronal 
compartments (Ahmad et al, 1999).  Experimental 
inhibition of katanin function prohibits microtubule 
release from the centrosome, and profoundly 
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increases microtubule length throughout the 
neuronal cell body (Ahmad et al, 1999; Karabay et 
al, 2004).  As a result, axonal outgrowth is severely 
compromised.  As noted above, the levels of katanin 
(in particular, the 60kD subunit) are very high in 
axons that are actively growing toward their targets, 
but then plunge when the axon reaches its target and 
stops growing (Karabay et al, 2004).  Based on our 
studies so far, we have posited that microtubule-
severing proteins play critical roles in various 
aspects of neuronal morphology such as the length, 
number, and branching patterns of neurites. 
 There are no human diseases known to be 
associated with mutations of katanin, probably 
because katanin is critically important across cell 
types for events as fundamental as mitosis.  Thus 
mutations to katanin that compromise its function 
may be lethal.  Spastin, on the other hand, appears to 
be more predominantly neuronal.  Given that 
neurons express very high levels of katanin during 
development, a partial loss of spastin function would 
not be expected to be lethal.  Spastin was known for 
many years as a gene whose mutations can give rise 
to spastic paraplegia (Hazan et al, 1999).  Recently, 
it was noted that spastin has homology with P60-
katanin in the region of the molecule that severs 
microtubules (Errico et al, 2002), and indeed, spastin 
was demonstrated to be a potent microtubule-
severing protein (Errico et al, 2002; Evans et al, 
2005).  Studies on zebrafish suggest that spastin 
plays an important role in axonal development 
(Wood et al, 2006).  Studies on spastin in Drosophila 
suggest complexity of function.  One study suggests 
that depletion of spastin causes diminution of 
microtubules at the synapse (Sherwood et al, 2004) 
while the other study suggests the opposite (Trotta et 
al, 2004).  While the reasons for this discrepancy are 
uncertain, one possibility is that diminished severing 
of microtubules can certainly lead to longer 
microtubules and an elevation in microtubule mass, 
but it can also lead to an impaired transport of 
microtubules, and hence a diminution in the delivery 
of microtubules to the distal axon.  Thus, both results 
may be quite explicable by the “cut and run” model. 
 
Regulation of microtubule severing 
The mechanisms by which the severing proteins are 
regulated remain elusive.  There are no clear 
indications, at least as of yet, that the katanin or 
spastin molecules are directly regulated by 
modifications such as phosphorylation.  However, 
the levels of the severing proteins appear to roughly 
correlate with the developmental stage of the axon.  
For example, as already discussed here, the levels of 
P60-katanin are high when axons are growing but 
drop precipitously when the axons reach their targets 
(Karabay et al, 2004).  We suspect that this is 

because signaling mechanisms target the protein for 
rapid degradation, which would be reminiscent of 
various proteins whose levels rapidly change during 
the cell cycle.  Rapid degradation of the severing 
proteins could explain how axons slow their growth 
in response to various environmental cues.  
However, this phenomenon certainly could not 
explain the rapid and highly localized increases in 
microtubule severing that are required, for example, 
during the formation of axonal branches.  
 A clue to the local regulation of microtubule-
severing may come from observations on simple 
fibroblasts and the behavior of microtubules 
assembled in vitro from purified tubulin.  In typical 
fibroblasts, microtubules have been observed to 
break upon bending, even when the bending is fairly 
modest (Odde et al, 1999).  However, microtubules 
do not break when bent in purified microtubule 
preparations (Jansen et al, 2004).  A potential 
explanation for this discrepancy is that living cells 
contain katanin and spastin, which are absent from 
the in vitro preparations.  When the microtubule 
bends, its lattice becomes more accessible to the 
severing proteins, thus leading to breakage.  
Interestingly, microtubules become highly contorted 
in neuronal axons that undergo retraction, but show 
no indication of breakage (He et al, 2002).  We know 
that these developing axons are rich in severing 
proteins, so it may be that the microtubules within 
the axon are somehow “protected” from being 
accessed by katanin and/or spastin, even upon 
bending.  Indeed, we have shown that axonal 
microtubules are more resistant to severing by 
overexpression of katanin than microtubules in any 
other neuronal compartment (Yu et al, 2005).   
 We have proposed a mechanism by which 
microtubule severing might be regulated.  We call 
this the “MAP Protection Model.”  In this model, 
fibrous microtubule-associated proteins (MAPs) 
regulate the access of the severing proteins to the 
microtubule lattice (Baas and Qiang, 2005).  This 
model was 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 (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.  Interestingly, 
phosphorylation of MAP4 causes it to lose its 
association with the microtubules.  In our model, it is 
the phosphorylation-induced detachment of the MAP 
molecules from the microtubule that enables katanin 
and spastin to gain access.  In the axon, tau, rather 
than MAP4, would be the likely candidate to fulfill 
this role.   Indeed, we have recently demonstrated 
that depletion of tau from cultured neurons renders 
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the microtubules in the axon dramatically more 
sensitive to severing by overexpression of katanin 
(Qiang et al, 2006). 
 The “MAP Protection” model is appealing 
because it offers a means by which signaling 
cascades could regulate microtubule severing quite 
focally, for example at sites of impending 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 (for more information and 
schematic illustrations, see Baas et al, 2006).  Thus it 
will be of interest to determine whether growth 
factors that give rise to axonal branching utilize 
pathways that enhance tau phosphorylation. 
  
Role of microtubule-severing proteins in 
neurodegenerative diseases 
Several neurodegenerative diseases involve the loss 
of tau molecules from the microtubules in the axon 
(Garcia and Cleveland, 2001).  The classic example 
is Alzheimer’s disease, in which tau is gradually 
hyperphosphorylated, resulting in its disassociation 
with microtubules and subsequent assembly into 
abnormal filaments (Mandelkow et al, 2003).  It has 
been known for many years that the microtubule 
array gradually deteriorates during axonal 
degeneration, but this has generally been attributed 
to enhanced microtubule depolymerization.  
However, there is no experimental evidence to 
support the view that loss of tau from axonal 
microtubules renders them less stable (see for 
example, Tint et al, 1998). Given our results 
suggesting that tau may be the “Chief Protector” of 
axonal microtubules from the severing proteins, it 
makes sense that microtubules in the axons of 
Alzheimer’s patients may fall victim to abnormal 
severing.  As the tau gradually dissociates from the 
microtubules, the available katanin and spastin 
would presumably gain better access to the 
microtubules.  Thus, we posit that the severing 
proteins may be central to the degenerative response 
during neuropathies such as Alzheimer’s disease. 
 Interestingly, the greater challenge may be to 
understand exactly how mutations to spastin result in 
the degeneration of axons during spastic paraplegia.  
Presumably a mutation to one of the two spastin 
genes results in a combination of some normal and 
some mutant spastin. The levels of katanin are 
generally higher than the levels of spastin, even in 
the adult axon (our unpublished data).  Therefore, 
the question arises as to whether the observed axonal 
degeneration results from a fairly minor diminution 
in the total levels of the severing proteins.   Although 
this might be the case, another possibility is that the 

mutant spastin itself is deleterious to the axon for 
other reasons.  For example, the mutant spastin may 
interact with other proteins in such a way as to 
inhibit important physiological processes in the axon 
that are not directly related to microtubule severing 
per se.  In other words, is the neuropathy a “loss of 
function” or “gain of function” phenotype?  More 
work needs to be done to resolve this issue. 
 
Microtubule-severing during axonal regeneration 
after injury 
Approximately 12,000 to 15,000 people per year in 
the USA (and thousands more around the world) are 
afflicted by injuries to the spinal cord.  The majority 
of these patients, if they survive, are permanently 
paralyzed.  Most spinal cord injuries afflict relatively 
young individuals who are otherwise healthy, and 
result in a dramatically diminished quality of life as 
well as huge costs to the individual and the health 
care system.  The ongoing challenge for the research 
community is to develop strategies that will restore 
injured adult axons to the vitality of growth they 
enjoyed during development so that they can re-
innervate their appropriate targets.  Decades ago, a 
great deal of effort was focused on the axonal 
transport systems of damaged and regenerating 
axons (for example, see Ingoglia et al, 1982; for 
review, see Roy et al, 2005) because it was surmised 
that the capacity of the axon to grow is directly 
related to the advance of the cytoskeletal elements 
within the axon.  An underlying premise of these 
early studies was that adult axons could be made to 
grow at rates comparable to juvenile axons if only 
the transport of cytoskeletal elements could be 
restored to the levels that occur during development.  
Unfortunately, until recently, cytoskeletal transport 
had never been well enough understood at the 
molecular level for strategies to be developed for 
achieving this goal.   
 We believe the “cut and run” model may 
represent the mechanistic breakthrough needed to 
open the door to the development of effective 
methods for augmenting microtubule transport in 
injured adult axons.  Adult axons contain mainly 
very long microtubules, sometimes exceeding many 
hundreds of micrometres in length (Bray and Bunge, 
1981; Tsukita and Ishikawa, 1981).  The fact that the 
total levels of the severing proteins are lower in adult 
axons compared to growing axons is consistent with 
the presence of far fewer short microtubules, and 
less robust microtubule transport.  Therefore, it 
makes good sense that injured axons in the spinal 
cord cannot rally their microtubules to undergo the 
vitality of transport characteristic of developing 
axons.   Restoring the levels of the microtubule-
severing proteins to their juvenile levels via gene 



Microtubule-severing in the axon 
 

 

5

therapy may be a fruitful avenue for augmenting regeneration of injured adult axons (see figure 1).  

 
Concluding remarks 
Microtubule-severing proteins were initially studied 
in the context of the centrosome and cell division, 
but today we know that two major severing proteins 
are present in the axons of postmitotic neurons.   The 
levels of the severing proteins are particularly high 
during phases of active axonal growth and 
morphological plasticity.  In the adult axon, the 
levels of the severing proteins are diminished.  Even 
so, the severing proteins are theoretically high 
enough to have profound implications for the 
degeneration of certain axons during neuropathies in 

which the microtubules lose their tau-based 
protection.  In axons with comparatively lower total 
levels of the severing proteins, mutations to spastin 
may diminish the capacity of the axon to sever 
microtubules sufficiently well to maintain the 
necessary degree of mobility within the microtubule 
array. Thus axonal degeneration could result from 
either too much or too little severing.  These 
considerations suggest that a better understanding of 
the severing proteins may prove quite beneficial for 
developing new approaches for diminishing the 
extent of axonal degeneration in a variety of 
neurological diseases.  It is also exciting to speculate 

Figure Schematic illustration showing a possible strategy for clinically augmenting nerve  
 regeneration after injury to the spinal cord.  
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that clinical manipulation of the severing proteins 
may be a fruitful means for augmenting the mobility 
of microtubules in injured adult axons, thereby 
enhancing their capacity to regenerate.  
 
The underlying hypothesis is based on the 
observations that adult neurons express lower levels 
of microtubule-severing proteins than juvenile axons 
and that short microtubules are motile whereas long 
microtubules are not.  Thus, we propose that gene 
therapy to augment katanin and/or spastin expression 
in the damaged neurons may be successful in 
altering the length-distribution of microtubules.  This 
would theoretically generate more mobility within 
the microtubule array, reminiscent of that displayed 
by developing axons.  This, in turn, may cause the 
damaged axons to regenerate with more vitality.  In 
addition, heightened microtubule mobility within 
neighboring non-damaged axons may cause them to 
sprout with more vitality, thus further augmenting 
the possibility for functional recovery. 
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