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Abstract

Most neurons must last a lifetime and their microtubule cytoskeleton is an important contributor to
their longevity. Neurons have some of the most stable microtubules of all cells, but the tip of every
microtubule remains dynamic and, although requiring constant GTP consumption, microtubules
are always being rebuilt. While some ongoing level of rebuilding always occurs, overall
microtubule stability can be modulated in response to injury and stress as well as the normal
developmental process of pruning. Specific microtubule severing proteins act in different contexts
to increase microtubule dynamicity and promote degeneration and pruning. After axon injury,
complex changes in dynamics occur and these are important for both neuroprotection induced by
injury and subsequent outgrowth of a new axon. Understanding how microtubule dynamics is
modulated in different scenarios, as well as the impact of the changes in stability, is an important
avenue to explore for development of strategies to promote neuroprotection and regeneration.

Overview

Neurons are incredibly long-lived and long-range cells. Both aspects of their length are
supported by an exquisitely regulated microtubule cytoskeleton. Microtubules in most
neurons are extremely stable, and this likely supports long-distance transport. At the same
time, despite the energetic cost, microtubules have dynamic ends that allow them to be
rebuilt and remain responsive to stimuli including stress and damage. This balance between
stability and dynamics and its relationship to injury responses is the subject we will explore.

What is meant by dynamic and stable microtubules?

Different people have different ideas in mind when they refer to microtubules as dynamic or
stable. In part, this is due to differences in how microtubules are visualized and how stability
and dynamicity are assayed. In most assays only one aspect of microtubule state is
examined, and an inference about general dynamicity/stability is made from this. So before
moving on to discuss when microtubules are more or less dynamic it is important to lay out
what is being measured in different assays and how this relates to the whole microtubule. In
addition to the varying assays, there have also been some differences in the inferences made
from them.
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General microtubule information:

Heterodimers of a and p-tubulin are the building blocks of microtubules. Both subunits bind
GTP, but only B-tubulin can hydrolyze it to GDP. In vitro ap-tubulin heterodimers and GTP
are sufficient to generate microtubules that have many of the basic properties seen in cells
(1). After the rate-limiting step of nucleation (2-4) is overcome, afTubulins form a hollow
cylinder of about 13 heterodimers around (Figure 1). The a subunit exposed at one end and
B at the other. The end with the B exposed is termed the plus end and subunits are added
relatively rapidly here (1). The minus end has the a exposed and is also a site for subunit
addition, albeit more slowly (5). Both ends undergo switch-like behavior called dynamic
instability; where growth phases suddenly change to shrinkage (catastrophe) and back to
growth (rescue) (1, 6, 7). When tubulin heterodimers are added they are in the GTP-bound
state, and after incorporation B—tubulin hydrolyzes GTP to GDP. In a growing microtubule,
the plus end typically has a short region or cap of GTP-tubulin. If GDP-tubulin is exposed,
the probability of depolymerization is increased (8). In vitro, proteins that bring tubulin
heterodimers together (Tpx2 and XMAP215 for example) reduce the energy barrier to
initiate a new microtubule and are grouped as drivers of non-templated nucleation (2). In
vivo, it is thought that new microtubules are templated by the y—Tubulin Ring Complex
(YTuRC) (9), and that the normal role of the non-templated nucleators may actually be to
help the yTuRC (3, 10). After nucleation, minus ends can remain capped and stabilized by
the yTURC (11, 12). Uncapped minus ends can be generated from existing microtubules by
severing proteins (13, 14). In cells these newly generated minus ends are rapidly recognized
by minus end-binding proteins including the CAMSAP/Patronin family members and Asp
(15-19), so microtubules are thought to be associated at all times with either these or the
YTUuRC (20). Similarly, while plus ends in vivo undergo dynamic instability, growth
parameters are heavily regulated by partner proteins (1, 21, 22).

Types of microtubule regulators:

Several major classes of binding partners regulate microtubule behavior in cells. New
microtubules are made when the y TuRC, consisting of about 13 y—tubulin subunits
scaffolded together by -y-tubulin complex proteins (GCPs) (4, 10) is activated for nucleation.
In vitro, yTURCs can stimulate nucleation, but not particularly well (2). Moreover, in vivo
many -y TURCs are probably inactive (23). It has therefore been supposed that something
must make -y TURCs better nucleators in cells. The best candidates for nucleation activators
are proteins containing CM1 domains including CDK5RAP2/cnn (23-25). At the other end
of the microtubule, plus end growth is stimulated by the microtubule polymerase XMAP215/
msps (26). The growing plus end is a platform for +TIP proteins that can both tune
polymerization and mediate interactions of plus ends with other cellular machinery and
organelles (27-29). EB1, or end-binding protein 1, directly interacts with the GTP cap and
recruits other +TIP proteins to growing microtubules. New microtubule ends can be
generated by severing proteins, fidgetin, spastin and katanin, that recognize specific features
of microtubules including crossovers and post-translational modification of tubulin (30).
Each severing event generates a new plus end and a new minus end. Newly generated
cytoplasmic minus ends are rapidly recognized by proteins of the CAMSAP/Patronin family
(27, 31). While it was thought that minus ends never grow in cells (5), short stretches of
minus end growth mediated by CAMSAP2 help stabilize microtubules in mammalian
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neurons (16) and extended minus end growth is seen in fish and fly neurons, and in fly
neurons is important for polarity of dendritic microtubules (32). Plus ends generated by
severing can either depolymerize or begin to grow depending on the specific cellular milieu
(30). In addition to severing proteins, other microtubule associated proteins, or structural
MAPs, can recognize microtubules along their length. The basic model for function of
structural MAPs including tau, MAP1 and MAP?2 is that their binding helps stabilize the
microtubule, primarily by suppressing microtubule catastrophe and promoting rescue (1,
21). However, their function likely goes far beyond this as some MAPs promote interaction
with actin, influence motor movement, or microtubule spacing (33), or in the case of tau,
support long labile regions (34).

In addition to being regulated by binding partners, microtubules can be covalently modified
by enzymes that add post-translational modifications (PTMs) (35, 36). The C-terminus of a-
tubulin is the most heavily modified, but even lysine 40, which sits in the middle of the
hollow microtubule cylinder can be acetylated. While the direct effect of most PTMs with
the exception of polyamination (37) on microtubules is unclear, they can modulate affinities
of microtubule regulatory proteins (36, 38) and these can in turn affect the probability of
catastrophe or continued growth (39). Long-lived microtubules, including those in neurons,
tend to be more heavily modified than newly polymerized ones (35), and microtubule
stabilizing drugs can broadly increase modification (40). Similarly, neuronal microtubules
tend to have many more MAPs along them than microtubules in other cell types (33).

The relationship between microtubule regulatory proteins and stability:

Microtubule stability is controlled by the activities of the different classes of microtubule
regulatory proteins working together. The classic view of MAPs that increase stability is that
they act by modulating growth, either suppressing catastrophe or promoting rescue, with a
net effect of more tubulin incorporation into polymer and less is in the free pool (1, 21). By
suppressing catastrophe and promoting rescue the average length of microtubules would also
be expected to increase.

In vivo linking an individual regulator to specific effects on stability can be tricky, and
phenotypes from loss of a regulator or PTM are often modest or surprisingly specific (41—
44). However, there are some useful correlations that can help diagnose stability in specific
cells. Most MAPs and PTMs are associated with stable, or long-lived microtubules (33, 35),
although only polyamination has been shown to actually increase stability (37). Thus cells or
regions of cells with lots of MAPs or heavily modified microtubules tend to be those with
relatively stable microtubules, and neurons often stand out from other cell types based on
MAP or PTM labeling. Indeed, for many years the 22C10 monoclonal antibody was used as
a neuronal marker without knowing that it recognized Drosophila MAP1, futsch (45).
Similarly, endogenously tagged MAPs including Drosophila tau typically label neurons
much more brightly than other cells (46). Of the PTMs, acetylated tubulin is particularly
prominent in Drosophila neurons compared to other cells (42, 44). In mice MAP2 is used as
a specific dendritic marker and tau as an axonal one (47). Other MAPs are also particularly
abundant in neurons (48), consistent with the general idea that neurons have many MAPs
and overall very stable microtubules.
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Measuring microtubule stability:

Relative stability of microtubules is typically measured by probing one parameter of the
microtubule network in a particular cell and extrapolating from that to the overall state of the
microtubule network. For example in fixed cells or tissue microtubule acetylation is often
used as a readout of stability, with more acetylation correlating with higher stability. On the
flip side, tyrosination can be used as an indicator of “young” or less stable microtubules (49,
50). In living cells, many more options to probe stability exist (Figure 2). For example,
microtubule depolymerizing drugs like nocodazole can be added to neurons and the amount
of microtubule mass resistant to depolymerization can be a rough measure of how much
stable microtubule polymer is present in the cell. The use and cellular correlates of this
measure of stability have been very nicely reviewed together with other aspects of neuronal
microtubule stability (51). Methods relying on drug-induced depolymerization tend to work
well in culture, but can be more problematic in vivo. Using fluorescently tagged proteins
opens up additional ways to probe stability, that can be applied to neurons in culture,
explants or in whole animal preps. Turnover of microtubules in a region of axon or dendrite
can be measured using photoconvertible tubulin (40, 52). After photoconversion, free tubulin
heterodimers rapidly diffuse out of the region of interest, while those that were part of a
polymerized microtubule are trapped until the microtubule depolymerizes back through the
area. +TIP proteins can also be used as a readout of relative dynamicity (53, 54). For a
constant amount of total microtubule polymer, the number of growing microtubules in a
region is higher when microtubules have short stable regions (Figure 2). In general each
measure can distinguish between long, stable microtubules and more dynamic ones with a
shorter stable region. This model assumes that within each microtubule there are stable
regions towards the minus end and a dynamic region at the plus end (51) and that the biggest
difference between a more and less dynamic population is the length of the stable region.
Evidence that stable microtubules are capped with dynamic plus ends comes from staining
of axonal microtubules with anti-PTM antibodies, where it was seen that within an
individual microtubule regional differences were observed (55, 56). For example, staining
for tyrosination (not strictly a PTM, as de-tyrosination is the modified state), which is
associated with newly assembled more labile microtubule regions, was found in a stretch
near the plus end, while the remainder of the microtubule was not stained (56).

Although it is difficult to determine whether every microtubule in a neuron has a dynamic
end, the foundational model of dynamic instability of microtubules is based on this premise
(1). Indeed, in vitro in the presence of GTP microtubules always grow or shrink in the
absence of other factors (1). Pausing factors have been identified that modulate growth, but
the periods of pausing are on the order of seconds between bouts of growth and shrinkage
rather than representing a long-term non-dynamic state (57, 58). Similarly, tethered
microtubules, for example at the cell cortex, have increased pausing in the context of
dynamic microtubule ends (59). In neurons dynamic plus ends are distributed throughout
axons and dendrites (46, 60, 61), so in the absence of strong data to support the presence of
microtubules with non-dynamic plus ends, we favor a model in which neuronal microtubules
have a stable region of varying length towards the minus end and a dynamic plus end.
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How long and stable are neuronal microtubules?

All indicators of microtubule stability, from PTMs to resistance to depolymerization (Figure
2), indicate that neuronal microtubules tend to exist at the stable end of the dynamic>>stable
spectrum. If the general model for microtubules is that each has a stable region towards the
minus end and a labile region near the plus end (51), stability roughly translates into a long
stable region. Of course, in any cell newly generated short microtubules will be present
together with some longer ones, so when we think about length this is an average.

The length of neuronal microtubules has been determined using serial section electron
microscopy in primary cultures of mammalian neurons and in C. elegans. In rodent sensory
axons the average microtubule length was just over 100 microns (62). During initial axon
outgrowth of hippocampal neurons many short microtubules are present (63), but by the time
the axon extended and dendrites began to grow, most microtubules were longer than the 12
micron region reconstructed (63) consistent with the very long microtubules in sensory
axons. Reconstruction of microtubules in two different C. elegans neurons indicated that
microtubules in their neurites had average lengths ranging from about ten to 30 microns, and
were arranged in an overlapping array (64). Neurites themselves were about 500 microns
long, so the relatively short microtubule length cannot be accounted for by short neurites
(64). A more recent study using living C. elegans with fluorescently labeled microtubule
found that in larval worms average microtubule length was about 4 microns, and this only
increased to about 10 microns in adult worms (65). It is unclear why microtubules in C.
elegans axons should be so much shorter than those in mammalian axons, and there is little
information on microtubule length in axons of other animals. The enrichment of PTMs
associated with stability and slow turnover rate (52) of Drosophila microtubules suggests
that they are stable, and therefore long, although this has not been measured directly.
Turnover of microtubules in axons and dendrites of Drosophila sensory neurons is shown in
Figure 3. In axons, some converted tubulin is still trapped in polymerized axonal
microtubules 6h after conversion. This indicates that complete turnover of axonal
microtubules takes over 6h in Drosophila, so as in mammals they are probably quite long.

While neuronal microtubules tend to be stable in mammals and Drosophila, there are some
regional differences. In general, dendritic microtubules are less stable than those in axons
((66, 67) and Figure 3). There is also a recent idea that within dendrites microtubules with
opposite polarity differ in stability. Based on resistance to depolymerization after severing
(61) and differing selectivity of motor binding (68) it is suggested that minus-end-out
microtubules in dendrites are more stable than plus-end-out ones. Note that both the more
and less stable populations still likely have dynamic plus ends, and indeed dynamic plus
ends are seen at tips of microtubules in both orientations in dendrites (61).

The bottom line is that neuronal microtubules tend to be stable, and this is most likely
associated with a long stable region, particularly in mature neurons. There are likely some
regional differences in stability, as well as potentially different populations of microtubules
within a region that may differ in stability as well as polarity. Despite the importance of
microtubules to long-term neuronal function, however, there are not a lot of direct
measurements of microtubule length in across neurons and animals. In part, this is because
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neuronal microtubules form dense bundles and so length of individual microtubules is
difficult to tease out without labor-intensive methods like serial section electron microscopy
reconstructions. It is also partly because the biological importance of microtubule
dynamicity/stability is still emerging. It is clear, however, that neurons really “care about”
microtubule stability, and respond to changes in stability with transcriptional alterations to
maintain homeostasis (69, 70). It is also becoming clear that changes in stability are
important in neuronal responses to injury and stress.

3. Microtubule disassembly paves the way for neurite elimination.

The most straightforward example of a link between changes in microtubule stability and
neuronal stability is microtubule disassembly during elimination of specific regions of the
neuron. After axons or dendrites are severed from the cell body, they undergo programmed
fragmentation that is largely due to activation of the NAD cleavage enzyme Sarm (71-74).
The role of Sarm in degeneration is conserved in Drosophila (71) and mammals (74).
Elimination of NAD by strong Sarm activation during degeneration likely makes ATP levels
fall rapidly as NAD is required for oxidative phosphorylation. However, there is some
evidence that during injury-induced axon degeneration in Drosophila an mammals
microtubules disappear as an early step (75, 76) that may occur before Sarm activation.
However, more direct evidence for microtubule regulators or changes in dynamics that play
arole in injury-induced axon degeneration remain elusive. In contrast, an early step in
injury-induced dendrite degeneration is microtubule severing by the AAA ATPase fidgetin
(52). During the first hour after dendrites are severed from the cell body, a dramatic increase
in the number of plus ends per length is seen and this increase depends on fidgetin (52).
Moreover, fidgetin reduction delays dendrite degeneration (52). It is not known how fidgetin
is activated by dendrite severing, but it is likely present, and inactive, before injury.

Other types of neurite elimination or trimming have also been linked to specific microtubule
destabilizers. During development, neurites often arborize exuberantly and then compete to
innervate targets. The ones that lose the competition are then pruned back (77, 78).
Examples of this type of developmental pruning have been linked to microtubule regulators
in mice. Growth factor withdrawal from sensory neurons in culture leads to microtubule
disassembly followed by degeneration (79). The depolymerizing kinesin-13 family member
KIF2A is required for normal microtubule loss in cultured neurons, and consistent with a
role of this protein during normal developmental pruning, the skin is hyperinnervated by
sensory axons in k7/f2A mutant mice (79). During refinement of muscle innervation in
vertebrates, multiple motor axons initially innervate individual muscle fibers. Eventually
excess connections are removed and one neuron innervates one fiber (80). As the losing
axon leaves the area, retraction bulbs are formed. Within these, the number of microtubule
plus ends is elevated, and this depends on spastin (81), a sister AAA ATPase to fidgetin,
indicating that microtubule severing may also play a role in this local pruning.

A larger scale form of developmental pruning takes place in animals like Drosophila that

undergo metamorphosis during development (77, 82). As the body form is remodeled in the
pupal stage, some neurons die while others survive and selectively disassemble axons and/or
dendrites so that the neuron can regrow neurites that innervate new body structures (83, 84).
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For example, dendrites of Drosophila dendritic arborization neurons tile the larval body wall
(85) and allow animals to respond to different types of mechanosensory cues (86, 87).
During pupariation as the body wall is rebuilt, the sensory dendrites are completely pruned
leaving a bald cell body attached to the axon; many of these cells survive and grow new
dendrite arbors for use in the adult (88). Pruning has also been studied extensively in cells
that make up the mushroom body, the seat of learning and memory in the Drosophila brain.
Mushroom body y neurons prune their entire dendrite arbor and distal axonal branches. In
both mushroom body and dendritic arborization neurons microtubules appear to be reduced
early in pruning (89, 90). Additional mechanistic studies in dendritic arborization neurons
support the idea that microtubule stability is actively altered during degeneration. In a
candidate screen, the AAA ATPase katanin-60 like 1 (kat-60L1) emerged as a critical
regulator of the first step of dendrite pruning, detachment of dendrites from the soma
associated with thinning of the microtubules in this area (91). The kinase Par-1 has also been
shown to regulate this step of pruning, likely through phosphorylation of tau (92). Thus it
seems that multiple microtubule regulators act together to disassemble microtubules so that
dendrites can be self-severed from the soma during pruning.

One intriguing aspect of the function of microtubule regulators during various types of
neurite disassembly, is the exquisite specificity of each regulator (Figure 4). For example, in
mice, a kinesin-13 is required for sensory axon pruning (79) and spastin is used for
refinement of motor axons (81). One could argue that these are different cell types and so
perhaps express distinct suites of microtubule destabilizers that can be harnessed to take the
microtubule cytoskeleton apart. However, the specificity of severing proteins in Drosophila
undermines this argument. ddaC neurons are large, easily identifiable dendritic arborization
neurons on the dorsal surface or Drosophila larvae. In these cells kat-60L1 is required for
dendrite pruning, but does not have any role in injury-induced dendrite degeneration (91,
93). In this cell a different severing protein, fidgetin, is required to disassemble microtubules
during injury-induced degeneration (52). This specificity suggests that even if multiple
severing and disassembly proteins are present at the same time, they are tightly regulated so
that they can be activated in distinct scenarios.

4. Axon regeneration and microtubule stability

While the relationship between increased microtubule dynamics/reduced microtubule
stability and neurite pruning and degeneration is quite intuitive, more complex changes in
stability are associated with axon regeneration. First, there are local microtubule changes at
the injury site that are important for setting the stage for regeneration (94, 95). In a fun study
on Aplysia axons, severing was shown to cause changes in microtubule polarity just
proximal to the injury site. Normally plus-end-out microtubules near the end of the
remaining stump reversed polarity to form a trap where vesicles accumulated (96). Increases
in dynamic microtubules occur just proximal to the injury site in C. elegans, although
without any polarity reversal (97).

Changes in microtubules proximal to the injury site have also been seen in mouse sciatic
nerve. After nerve ligation, microtubules are deacetylated (removal of a stability-associated
PTM) by histone deacetylase 5 (HDACS5) (98), and this is associated with growth cone
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formation. Nuclear export of HDACS is also required for regeneration (99) so this protein
seems to act in two places to promote axon regrowth. The microtubule severing protein
fidgetin is an inhibitor of regeneration. It is proposed to reduce regeneration by targeting the
dynamic ends of microtubules in the growth cone (100-102). In contrast, a different severing
protein, spastin, actually promotes regeneration in Drosophila. In this case, changes in
microtubule dynamics have not been associated with spastin function, and it seems to
function primarily to couple concentration of the endoplasmic reticulum and microtubules
near the growing axon tip (103, 104).

Together the live imaging studies on increases in microtubule dynamics near the new axon
tip, and functional data on HDACS and severing proteins, provides substantial evidence that
dynamic microtubules play an important role near the tip of an injured axon to promote
regeneration. However, microtubule stabilization at the growth cone has been shown to
promote regrowth on inhibitory substrates, and destabilization leads to retraction bulb
formation (105). So although some increased level of dynamics at the cut site has been
positively linked to outgrowth, this relationship is not straightforward and exquisite
regulation of dynamics is required to facilitate growth.

In developing neurons, microtubule stability promotes axon specification, and if microtubule
stabilizing drugs are added, more than one axon is made (106). At early stages of axon
specification stability-associated PTMs become enriched in axons (40), and turnover of
microtubules is slower in the nascent axon compared to minor neurites (40). In keeping with
this idea that axons have more stable microtubules than dendrites, and their identity is
intimately associated with stability one might expect that increasing stability could promote
regeneration. Indeed microtubule stabilization in whole rodents leads to increased
regeneration in the inhibitory environment of the central nervous system (107, 108).
Surprisingly, rather than simply promoting axon growth, a major effect of the drug treatment
is to reduce glial scarring and this dual neuronal and glial effect seems particularly effective
in promoting growth (107, 108). How and where in the axon microtubule stability favors
growth is not really understood. But it seems likely that microtubules must be dynamic near
the growing tip, and then stabilized behind the tip to promote long-range transport to support
growth. Regional analysis of plus end number per length (a measurement of stability; see
Figure 2D) in regenerating C. elegans axons provides direct support for this model as fewer
comets per length are present behind the very dynamic tip (97).

5. Theriddle of dynamic microtubules and stable neurons

In addition to the local increase in microtubule dynamics seen near the axon injury site,
global increases in microtubule dynamics have also been observed in systems where live
imaging of microtubules at sites more distant from the injury is possible. In Drosophila
neurons, severing the axon leads to more than doubling of the number of growing plus ends
per length throughout the proximal axon, and even throughout the dendrite arbor of the
injured neuron (53). Similar increases in microtubule dynamics have been observed in the
proximal region of severed mouse intercostal nerves (54). In both cases there is a delay in
this global increase, and then it is sustained for several days. The rapid genetic manipulation
available in Drosophila has allowed mechanistic exploration of the increase. It requires INK
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signaling and the transcription factor fos (53, 109, 110), so likely is downstream of the core
axon injury transcriptional response. In this case, the increase in number of growing plus
ends is due to microtubule nucleation (109). Unlike the increase in plus end number due to
severing, which is associated with degeneration and pruning, the nucleation-mediated
increase in dynamics after axon injury is part of a neuroprotective program that helps the
remaining regions of the cell resist degeneration (109). Similar increases in dynamics are
seen in neurons that express proteins that cause neurodegeneration including expanded poly-
Q proteins in Drosophila (109) and disease-causing SOD1 mutants in mice (54), and in
Drosophila this is also due to nucleation and is neuroprotective (109). How dynamic
microtubules might promote neuronal resistance to degeneration is not understood, but it is
an intriguing lead that could yield new ideas about how to help neurons win the battle
against pro-degenerative genetic burden.

In keeping with the idea that microtubule stability is required somewhere in the axon for
regenerative outgrowth, the global increase in microtubule dynamics is transient and largely
finished by the time growth begins (109). In fact, if the high dynamics phase is prolonged by
overexpression of fos or the neuroprotective protein Nmnat, then axon regeneration is
dampened (110). Thus different levels of microtubule stability are beneficial in different
scenarios. Paradoxically, high dynamics seems to lock down the neuron against further
degeneration, but also against the plasticity required to regenerate. This paradox highlights
how much more remains to be understood about the downstream impacts of changes in
neuronal microtubule stability, and how important precise regulation of dynamics is for
long-term neuronal function.
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Basic building blocks of microtubules. Microtubule nucleation in vivo occurs from the -y-
tubulin ring complex (-y-TuRC). Heterodimers of a-B-tubulin are added to the growing
microtubule with the B end of the dimer out. The end with B-tubulin exposed is the plus end,

and undergoes dynamic instability.
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Assays to probe neuronal microtubule stability. (A) Antibodies that recognize PTMs
associated with stable (blue) regions of microtubules can be used to get a relative idea of the
amount of stable polymer in a region. Assuming the total amount of polymerized tubulin is
similar, more antibody-binding is associated with microtubules with long stable regions
(top) compared to shorter more dynamic microtubules (bottom). (B) Drugs that
depolymerize microtubules initially cause loss of dynamic regions (orange) as they cycle
through catastrophe and rescue. For long stable microtubules relatively little polymer is
destabilized at early time points (top), while regions with short microtubules (bottom) show
a greater loss. (C) Incorporation of photoconvertible, for example tdEOS, a-tubulin into
microtubules allows conversion of a region of the microtubule to red over a green
background using UV light. The red tubulin is trapped in the microtubule as long as it
remains polymerized. Long microtubules may take hours to depolymerize back through
stable regions and so the converted mark will remain (top), while complete depolymerization
occurs on a much shorter timescale with more dynamic microtubules eliminating the red
mark sooner (bottom). (D) Use of a labeled +TIP protein like EB1 allows visualization of
each plus end that is growing, and each individual microtubule will cycle through periods of
growth and shrinkage as it undergoes dynamic instability. With long stable microtubules
relatively few growing plus ends will be seen at any one time (top), while shorter more
dynamic microtubules will result in many more visible plus end comets (bottom).
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Figure 3.
Microtubules turn over faster in dendrites than axons. Photoconvertible tdEOS-a-tubulin

(111) was expressed in Drosophila class IV dendritic arborization neurons with 477-Gal4.
Whole larvae were mounted for live imaging; an example image of the ddaC neurons used is
shown in B. Ten micron regions in either the dendrite or axon were converted from green to
red using UV light. Example images of converted segments can be seen in red channel of the
Oh images in C and D. The green unconverted signal is also reduced in the conversion
region. 1h after conversion the converted region can still be seen in axons and dendrites (C).
However, by 6h only the axon still has a visible conversion region. The conversion signal
was set at 1 in the Oh images, and the relative amount remaining at 1h and 6h is shown in A.
The error bars show standard deviation and the number on the bars are the numbers of
animals analyzed. Dendrite data is a re-analysis of data from (52). The statistical test used
was a t-test, ****p<0.0001.
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Figure 4.
Severing proteins disassemble microtubules in neurites prior to pruning and degeneration.

(Left panel) During competition to innervate muscle fibers, some motor axon terminals are
eliminated from fibers. Spastin acts to increase the number of plus ends during elimination
to help disassemble the “losing” terminal (81). (Middle panel) During large-scale pruning of
Drosophila sensory dendrites, kat-60L1 is required to separate the dendrite from the cell
body at its base (91). (Right panel) A different severing protein, fidgetin, is used to increase
microtubule dynamics in a cut off dendrite after it is severed from the cell body (52).
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